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Foreword

Copper 1% one of the oldest transition metals to be used in synthetic orgamc
cheristry. Starting in the 60°s, organocopper reagents becarne among the rmost
popular synthetic tools i the total synthesis of natural product. This ix due to the
ease of handling and to the chemo-, regio- and stereoselectivities attained with
these reagents. Their urique properties for the conjugate addition, for the clean
Sw2 substitution, for the mild opening of epoxides, for the carbometallation of
friple bonids, ete ... rmakes them umnavoidable reagents for these synthetc trans-
fortnatiors.

Over the years, a whole family of reagents evolved with increased selectvity and
reactivity. “Hornoctiprates”, “heterocuprates”, “higher order cuprates”, “mixed
cuprates”, and others, are terms often employed, and a newcomer chernist may
worry about their different propertes. Despite a lot of progress in the area of
organocopper chernistry there 15 still a strong lack of knowledge in the mecharmstic
msights. No reactive imtertnediates have been trapped, and thig “black box™ wag
only considered through analogies with other closely related transition metals or,
more recently, through extensive caleulations. This is to say that all our knowledge
about organocopper chemistry did net came by raronal design but through em-
pirfcal way with experimentation.

Over the years, several review articles appeared on organocopper chemistry. Most
often, they cover some aspects or some restricted class of reagents, and they are

ardApmrand e ol by Terr ey Alran Ao dlia gma T e s e el ey g e
alUlCasCa 10 CACTNISIS RIGWITIE aiTCEa0yY e NEill TEataons Of OGTEanioluppleTr I

agents. I comtrast to other transiton metals, such as Pd, Ni, Rh etc ... only few
books, covering the entire area of organocopper chermistry, have been published.
The present book is the most comprehensive and all the most recent advances are
extengively discussed: Zn-Cu reagents, Sn and $i-Cu reagents, H-Cu reagents,
agymimetric reactons. The reader will learn about the structure of organocopper
reagents and about the most updated mechanistic beliefs presently knowr.
Organocopper chemistry 15 of wide applicability, very efficdent and easy to per-
formn. The main problem is to know the most appropriate reagent to usge. The
reader will find in this book all the details for the reagent of choice, for the scope
and lirnitations, for the type of substrate needed. This book should be helpful not
only to advanced research chemists, but also for teaching this chemistry to younger



vi

Foreword

students in a comprehensive and modern way. Such a wide coverage of an impor-
tant piece of chemnistry is not only welcorne; it wag needed!

Decemmber 2001

Professor Alexandre Alexakis
University of Genevg
Geneni
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Preface

“When one equivalent of cuprous fodide was treated with ene equivalent of methyllithivm
the yellow, ether-insoluble product was formed. Both the precipitate and the ether solution
give ¢ negative color test with Michler ketone.... However, when one equivalent of
cuprous fodide was treated with two equivalents of methyllithium o dear, practically
colerless ether selution was formed. This ether solution gove o stromg color test.”

H. Gilman, R. G. Jones, L. A, Woods, ““The Preparation of Methyleopper and some
Cbservations on the Decomposition of Organccopper Compounds”, . Org. Chem.
1952,17, 1630-1634.

Fifty years ago, Gilman and coworkers marked the begirming of the era of organo-
copper reagents ag synthetic tooly in organic chemistry by describing the first
preparation of an organocuprate, namely lithium dimethyleuprate (MeyCuli-LiT).
Nonetheless, 1t took mmore than a decade after this discovery until the widespread
uge of organocuprates wag initiated by the serminal work of House, Corey and
others. Soon, the synthetic versatility of organocopper compounds and in partieular
thoge of cuprates (which i1 the cage of the composition Ry Culi-IiX are referred to
ag Giltnan reagents) was exploited and, in ity wake, created an abundance of new
reagents, methods, and applications.

Notable i this respect are the imroduction of heterocuprates, the use of
“dummy ligands” in order to improve the “economny’ of the reagents, the imple-

T L Py e L [P PR, IR L S R ape T pveps [y A, [T (R enra 4
MeTHatIon o7  mgner-order aTia  LOWED-OTGer CUPTEIes and tnd Gevaopment or

chiral organocopper reagents. Last but not least, the refinement of both theoretical
and experimental methods (eg, X-ray, NMR spectroscopy, kinetics) has shed
light on the structures of organocopper compounds and the mechanism of their
reactions. Although nowadays regarded as indispensable tools in the repertoire
of synthetic organic chemists, organocopper chemistry 1s still a vivid fleld with
nurmerous new copper-promoted transformations and chiral catalysts being devel-
oped over the last years.

This book captures recent advances of organocopper chermistry and serves as a
detailed guide to the high standard now reached in the field. Brief sumrmaries of
previous achievemnents as well as thorough discussions of new methods and tech-
mques facilitate [even for students) the entry into Modern Organocepper Chemistry,
an area that will certainly witness further exciting discoveries in the near furure.
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Preface

Selected authors, all of themn being protagonists in the respective area, provide
profound expertise about both experimental and theoretical aspects of copper-
mmediated transformations to a wide range of sdentists in acadernia and industry.
Combined with essays about structure and mecharisen (chapters 1 and 10), Medern
Organocopper Chemistry cornpiles novel techniques for the generation of function-
alized organocopper reagents (chapter 2) and heteroatom- as well as hetero-
atornalkyleuprates [chapter 3). Application of these organometallics i reactions
with extenided multiple bond systemns (chapter 4}, in reductions (chapter 5} and in
stereoselective conjugate addiion and substitution reactons [chapters 6-8), as
well as their use for the synthesis of biologically active products (chapter 9), round
out this monograph

The idea of this book, bringing together all important aspects of Modern Organo-
copper Chemistry and presenting thern in a prolific way, hay emerged over the
last years in discussions with many colleagues, students and friends. Here, the
European Commission deserves special mention for genereous support of several
profects within the framework European Cooperation in the Field of Scientific and
Technical Research (COST). I thank the authors of this volume for their determi-
nation to complete their contribution in time of the 50% anniversary of Gilman's
groundbreaking discovery. Finally, I dedicate this monograph to the over 2000 sci-
entists mentioned in the author index for their original contributions which made

the book possible.

Dortnund, Decernber 2001 Nothert Kratge
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T Structures and Reactivities of Organocopper Compounds

Finally, some organocopper compounds undergo charge disproportionation
under the influence of ligands that bind strongly to copper. Treattnent of mesityl-
copper with 1,2-bis-(diphenylphosphine)ethane (DPPE), for example, results in the
formation of bis(mesityl)copper anions and a copper cation to which four phos-
phorus atoms of two DPPE moelecules are coordinated [75].

The selective formation of symmetric biaryls in high yield through thermal or
oxidative decomposition i a feature that can be directly associated with the strue-
ture of the compound involved. It has been shown that aryleopper cormnpounds with
a structure comprising three-center, two-electron-bonded bridging aryl groups un-
dergo this selective reaction [see Scheme 1.13), while aryleopper compounds in
which the Cu atomn is »!-bonded to the aryl group give a mixture of unidentified
decomposition products, most probably by a radical pathway. In stuctures in-
corporating bridging aryl groups, the carbon atorng are already in close proximity
[76], ax shown schernatically in Scheme 1.13. Therefore, only a slight further dis-
tortion of this geornetry is needed to bring the ipso-carbon atoing even cloger to-
gether; thug prometing the C C bond formation.

T e OO

Scheme 1.13.

Furthermore, it has been demonstrated that an increase in the electrophilicity
of the copper centers in aggregate structures, by incorporation of Cut into such
structures, for example, favors C C bond formation to give biaryls. Treatment
of varfous organocopper compounds with Cut (in the form of CuOTf, OTf =
triflusromethanesulfonate) has been studied [77]. For some compounds containing
potential coordinating substituents, it was possible to isolate and study spedes
stch as [(CugRq)*F][2 OTF ][76], but addition of only catalytic amounts of CuOTE
to simple arylcopper compounds such as Cug{CsHaMe-2)4 and Cug(CeHaMe-4)
affords the corresponding biaryls in quantitative yield. This was explained in terms
of a mechanism involving a valence disproportionation reaction of two Cu(I) into
Cu(II) and Cu(0) [77].

Finally, pure organocopper compounds have found applications in one-step gyn-
theses of tri- and diorganotin halides. Ttz has now become well established that
treatment of Grignard and organolithium reagents with tin(IV) halides always
gives a mixture of products (Eqn. 1in Scherme 1.14) rather than the desired tri- or
diorganotin halides.

In contrast, treatment of SnCly with excess CuPh affords SnPhyCl ag the
only product [78] (Eqn. 2 in Scheme 1.14). Furthermore, it has been shown
that reaction of funchonally substituted arylcopper compounds with organotin
halides proceeds very selectively to afford a novel type of pentacoordinate
organotin compounds possessing interesting structural features [79]. Treatment
of Cuy(CyH4CHyNMe-2), with four equivalerts of SnMeCl;, for example, gives
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RMgX or RLi

SnXy ReSn¥4.n {1}
MgXz or LiX
PAGU
SHCl— o PhySnG @
- 3CuCl1
=
M
14 Cus(CoHaCHNMes-2)s + MeSnCly —— . ¢ (@
? Cl
ci
Scheme 1.14.

StMeCly(CH4CHy NMe-2) ag the only product, in quantitative yield [80] (Equ. 3
in Scheme 1.14)

1.3
Heteroleptic Organocopper Compounds Cu, R, X,

Az outlined previously, aggregation of organocopper compounds is a consequence
of the fact that the carbon moifeties in these compounds are capable of bridging
between two copper atorns. It is therefore to be expected that other anionic ligands
capable of bridging between metal centers — halides, for example — might easily
become incorporated into such aggregates.

By the early 1970s it was already recognized that the excess CuBr in the red prod-
uct obtained on treatrnent of LiC,HyNMe,-Z with CuBr (for which the elemerntal
analysis pointed to a Cus(CsHsNMey-2)3Br stoichiometry) is not a contaminant but
an integral part of an aggregated species [47]. An X-ray crystal structure deterenina-
tion of this compound showed a structure (see Fig. 1.13) of Cug(CgH4NMe;-2)4Br;
stoichiometry, with the copper atoms in an octahedral arrangement [44].

Each of the four organic mofeties bridges between an equatorial and an axfal
copper atomn through its C(1) atom, while the nitrogen atom in the substituent is
coordinated to an adjacent equatorial copper atom. The two bromine atoms bridge,
at opposite sites, between two equatorial copper atoms. This structural arrange-
ment hag the consequence that the aggregate incorporates two distinct types of

Fig. 1.13.  Structure of Cug {CgHyN Meo-2),Bry in the solid state.
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T Structures and Reactivities of Organocopper Compounds

copper atoms: four equatorial ones with distorted trigonal coordination geometries,
and the two apical ones, with distorted digonal coordination geometries.

It should be noted that a combination of various bonding features — bridging
organic groups, bridging anionic ligands such as halogen atorns, and alse the
presence of potentially coordinating substituents — might give rise to more diverse
structural patterns, as hag been observed for homoleptic organocopper compounds
(vide supra). In additon, though, organocopper compounds that do not contain
functional substituents can alse aggregate with copper halides, as dermonstrated by
the following observation:

During the synthesis of Cu{C;H,Me-4), prepared by gradual addition of a solution of
LiC,H,Me-4 to a suspension of CuBr in Et,0 [16], a cornpletely clear solution is obtained
at the stage at which about half of the quantity of LiC;H,;Me-4 has been added. This
indicates that at this point the excess CuBt has been solubilized, most probably as a con-
sequence of aggregation with the Cu{ C;HyMe-4] produced {see Scheme 1.15). It was im-
possible to isolate any well defined compound from this solution, due to the intrinsic low
thermal stability of the apecies formed.

LiCgHsMe 4 LiC5H4I\-"I£:-4

2 CuBr
Scheme 1.15.

[CuCgHsMe-4 CuBr| 2 [CuCiHaMe-41

To discuss all the structures elucidated for heteroleptic organocopper compournds
to date [29, 45] s beyond the scope of this chapter, and so only sorne representative
examples of the various kinds of structural motifs are discussed. As outlined in the
previous section, the order of addition of the reagents can play an important role in
the synthesis of homoleptic organocopper compounds, and might determine the
structure of the final product Similar observations have been made for the syn-
thesis of organocopper-copper halide aggregates. In other cases, however, the same
aggregated species ix always formed, irrespective of the order of addition or the
stoichiometry of the starting materfals. This is most probably the result of a large
differerice in thermodynamic stability of the possible fimal products, the most
stable one acting as a thermodynamic sink.

Organic moieties containing potentially coordinating substituents are largely
responsible for the diversity of structures observed in heteroleptic organocopper
compounds. The structures observed in compounds containing one of the lgands
depicted in Fig. 1.14 demonstrate that important roles are played not only by

Mq P

NME"' ; NMes <:§ Nhes CE;NMBQ
NMeg i;\JNM@

Fig. 1.14. Bidentate-, tridentate- and pentadentate monoanionic ligands applied in the synthesis
of various organocopper aggregates.
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the number of heteroatorns, but also by the spatfal arrangement of the functional
groups.

Ag outlined above, the aggregate Cug[CyH4NMe,-2)Br,, incorporating ligand
A, compriges a structure with six copper atoms in an octahedral arrangernent
(see Fig. 1.13). It ix interesting to note that the other group 11 metals, silver and
gold, can also be incorporated into this metal framework. Cornpounds of composi-
Horg Ags[CsH4NM62—2}4X2j Ag4Cu2[C5H4NMe2-2}4X23 Agz(:.'1.14[(:.'(,I—Ld"ﬂ\/[t":z-2}4}(2j
A Cug (CeHyNMe;-2)4X;, and A Aga(CeHaNMe-2 WX, (X = anionic ligand) [77,
81] have been isolated. On the basis of spectroscopic evidence, structures comn-
parable to that observed for Cug(CsH4NMes-2)4Br; have been proposed. For the
latter two compotinds it 18 most likely that the Au atoms occupy axial positions,
ag a congequence of the tendency of gold(I) to attain a linear digonal coordinaton
geotnetry.

Ag mentioned in Section 1.2, the organocopper compound dertved from ligand
B ix a discrete, tetranuclear species. Aggregation of thiy compound with CuCl or
CuBr results in an insoluble material with the composition Cu(CeHyaCHyNMe,-
2)-CuX (X = Br, Cl) [35]. Becauge of ite insolubility, which hampery structural
characterization, a pelymeric stricture hag been propoged for this compound.

When the (dirneric and structurally characterized [82]) organolithim compotined
derived from ligand C s treated with CuBr, efther CusBr[CsH4CHzN(Me)CHz-
CH,;NMe,-2], or CuyBry[CeHyCH,N(Me)CH,CH,;NMe;-2], is formed, depending
on the RLi/CuBr molar ratio (see Scheme 1.16).

3CUBr _ Me- H_'/Br\|/[\\l\ne

. -2 LiBr ! H
Ve s /3
: N MNMey U
2N '
— I Mez I‘JIcJ
-2
| B(‘\ r | ‘>
4 CuBr Meﬁ_ U/Fi N
= .
2L5r 5311
“\ﬁ\
Scheme 1.16.

The structure of the first compound was unambiguously proven by X-ray crystal
structure determination (see Fig. 1.15) [46]. It should be noted that an attempt
to prepare and isolate the pure, copper halidefree organocopper compound (by
application of lesg than three equivalents of CuBr) failed, with the 2:1 organo-
coppet-copper bromide aggregate always being isolated, although in lower vield. An
interesting structural feature of these compounds is that they may be regarded as

19



o0 | T Structures and Reactivities of Organocopper Compounds

Fig. 1.15. Structure of CuyBr{CoHy CHoN{Me)CH, CH, NMe, 2], in the solid state.

consisting of a cuprate anionic moiety R;Cu  and either a [Cu,Br]* (first com-
pound) or a [CusBry]t (second compound) cationic unit.

Introducton of a second orthe-(dimethylamino methyl substituent, ligand D in
Figure 1.14, affords an aggregated species with CuyBrR; stoichiotmetry, estab-
lished by Xray crystal structure determination [83]. The structure comprises two
organic, motoationic, terdentate ligands binding four copper atoms (arranged in
a butterfly pattern) through Cype, bridge bonding and N Cu coordination, as well
as by two bridging bromine atoms (see Fig. 1.16). This compound may also to
be considered as consisting of a R;Cu  (cuprate) anfonic unit and a [CusBry]*
cationic molety, held together as a consequence of the special spatial arrange-
ettt of the heteroatorn-containing substituents.

Omn extension of the cordinating properties of the ligand systern to a mono-
anforic pentadentate representative — ligand E in Fig. 1.14 — an even less expected
structure was obtained. Treattnent of the correspending organolithium compourid
(which only exists ag an aggregate with LiBr [84]) with CuBr afforded an aggregate,
the Xray structure of which ix shown in Fig. 1.17. The structure consists of two
tmotweationie, pentadentate organic groups, five copper atomns, and three bromine

Fig. 1.16. Swucture of Cu,Bry[CoH{CHNMe,),-2,6]; in the solid state.
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Fig. 1.17.  Structure of Cug Bry[CoHy {CHoN{Me)TH CHy N Mes)5-2,6]; in the solid state.

atorns, and can be described in terms of two [RCu, ]t cationic building blocks held
together by a central [CuBr;]?  anionic unit [85].

Treatment of a functionalized vinyllithium compound with two equivalents of
CuBr [see Scheme 1.17) afforded an aggregate, the structure of which was estab-
lished by an X-ray crystal structure determination [41, 42] (see Fig. 1.18A).

Scheme 1.17.

Fig. 1.18. Structures of Cu Br[2-Me;NCH,C{Me)—C{C;H,Me4)]; {A) and Cuy[2-MezNC,
H, C{Me) —C{CcHy Me-4)],[Co Hy N e, -2], (B) in the solid state.

1



22

T Structures and Reactivities of Organocopper Compounds

This structure represents the first of the very few examples of structurally char-
acterized organocopper compounds containing vinylic carbon-to-copper bonds. The
four copper atorns are arranged in a thombustype pattern, while the propenyl
groups and the two bromine atoms occupy adjoining edges. As a consequence, the
copper atoms are alternately two- and three-coordinate. An interesting feature of
this compound is that the twe bromine atomns can be replaced by aryl groups on
treatrnent with an aryllithium compound, with retertion of the overall structural
arrangernent [41] (see Fig. 1.18B).

This latter compound represents an exarnple of a heteroleptic organocopper
cormnpound containing two different organic moleties: aryl groups and vinyl groups.
The existence of such heteroleptc organocopper compounds had been proposed
earlier, on the basis of spectroscopic and cherical evidence [77]. Thus, it had
beent shown by NMR spectroscopic studies that organocopper species in solution
undergo interaggregate exchange. Mixing of pure [CuC H4 CHNMe,-2], with
[CuCsHyMe-4]y, for example, affords an equilibriten mixture of all possible mixed
aggregates [Scherne 1.18).

[CLCgH4CH;NMEz]y +  CuCgHyMe-4]y « = Cuy{GsHaCHANMe R CsHy Me-a)4 ]
’ n-0,1.234
CulT
T
MCQNCH;U;;Hacg;HqCH;NMDy + MUC."HQC:‘.HdhﬂL‘. - Me;NCH:CngchgPﬂe
Schame 1.18.

Decomposition of this equilibritum mixture with catalytic ameounts of CuOTY af-
fords a mixture of all three possible biaryls. The formation of the unsymmetrical
biaryl 2-Me;NCH; CyHsC HyMe-4 can only be explained by the ocourrence of ag-
gregated copper species in which both the CqH4CH,NMe,-2 and the CiHyMe-4
groups are bound to the sarme copper core [77]. It was furthermore observed that
the ratio of the formed biaryls is not statistical, which potnts to signifieant differ-
ences in the thermodynamic stabiliies of the various mixed aggregates present in
solution.

Treatment of Cug(CaHsNMe,-2)4Br; (Fig. 1.13) with two equivalents of a lithium
acetylide resulted in selective replacement of the bromide anions with acetylide
groups (see Scheme 1.19) [86]. The aggregate thus formed represents another ex-
ample of a heteroleptic organocopper compound containing two different organic
groups.

Two other synthetic approaches to this type of aggregates are available (Scheme
1.19). The first involves mixing of the pure arylcopper compound with an appro-
priate copper acetylide in a suitable solvent [87]. In this regard, it is interesting to
note that the aggregate Cug(CeHyNMe3-2)4(C_CR); is always obtained irrespective
of the stoichiometry of the reagents, thus representing a nice example of selective
gelf-agsgembly. The second approach involves treatment of a monosubstituted acet-
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ylene with the pure organocopper compound Partial protonolysis of the organo-
copper compound produces a copper acetylide, which is immediately trapped by
unreacted organocopper compound. The structure of the obtained aggregate was
unambiguously proven by an Xray crystal structure determination (see Fig. 1.19)
[88].

An interesting feature of these compounds is that, upon thermolysis in benzene
at 80 °C, the unsymmetrical C C coupling product 2-Mey NCyH,C_CR is formed
exclugively. The selectivity of this reaction is probably directly related to the strue-
tural features of this heteroleptic aggregate [89].

There is ample evidence that anfons other than halides can alse becormne incor
porated in aggregate structures. For examnple, interaggregate exchange between ot-
gatocopper compounds and copper carboxylates hag been observed in reactions
between copper benzoate and mesitylcopper it the appropriate molar ratio [90]. In
one reaction, a yellow, crystalline material was isolated in high yield. According to
Xray arystallography [90], it appeared to be a trinuclear aggregate with one mesityl
group bridge-bonded between two copper atomns, and with the two benzoate anions
each binding i a bridging fashion between one of these copper atorns and a third
one (see Fig. 1.20).

Other examnples are provided by structures with bridging arenethiolate anions.
The application of functionally substituted copper arenethiolates ag catalysts in

Scheme 1.19.

Fig. 1.19.  Structure of Cug {CgHyN Meo-23, {C_CC HyMe-4), in the solid state.
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Fig. 1.20. Structure of Cuy{Mes){O,CCcHs); in the solid state.

copper-mediated C C bond formation reactions is now well established [91, 92],
and it has been argued that the formation of mixed arenethiolate alkyl- or aryl-
copper aggregates might play a role in these reactions. This assumption s sup-
ported by the synthesis of Cuy(Mes)(SCyHsCHyNMe3-2);, which was achieved by
treatment of the appropriate copper arene thiolate with mesitylcopper in 1:1 molar
ratio. The molecular geometry of this compound was established by X-ray crystal
structure determination (Fig. 1.21) [93].

The structure of this compound consists of four copper atoms in a butterfly ar-
rangement, in which the two mesityl groups bridge opposite edges. The remaining
two edges are occupied by the arenethiclate ligands through bridging Cu S bonds,
while the nitrogen atoms of the substituents are coordinated to two opposite copper
atorns. In this way, two of the copper atoms become three-coordinate and the other
two copper atoms two-coordinate.

Fig. 1.21. Swucture of Cu,{Mes); {(SC H,CH,NMe,-2); in the solid state.
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It is not only heteroatom-functionalized organocopper compounds that give rise
to a large diversity of aggregates with copper halides. Organocopper compournds
with elefinic substituents, which are also able to coordinate to copper, similarly form
aggregates, such as [CusBry(C,HyCH=CH;-2);] and [CusBry(CHsCH=CH;-2)4]
[94]. These anionic aggregates forrnally belong to an other class of compounds: the
cuprates, discussed in the next section.

The ability of organocopper compounds to form varfous kinds of aggregated
species with metal halides ix a factor often overlooked when organocopper com-
pournds are applied ag reagents in orgaric synthesis. It needs to be taken into ac-
count that copper halides are often formed during reactions of pure organocopper
reagents. It i obvious that these can form aggregates with the organocopper re-
agent, so that, at a certain stage in the reaction, the initial reagent ix no longer
present. The organocopper-copper halide aggregate produced probably hag a reac-
fivity different to that of the initial organecopper reagent. At the current state of
knowledge, the congequences are unpredictable and may well be different for each
specific organocopper compotnd. When an aggregate with rmuch higher stability
than the pure organocopper cornpound ig formed, any further reaction may be
preverted. If, on the other hand, the aggregate hag a considerably reduced therinal
stability, extensive decomposition might ocour, giving rise to the formation of un-
warrted side products.

An illustrative example is the formation of the symmetric biaryl from the reac-
tion between CuCgHyiNMe;-2 and IC H NMe,-2, which hag been studied in detail
in the authors laboratory [95]. When this reaction is carried out in benzene as a
solvent, the reaction stops when one third of the original erganocopper compound
hag been consumed (Eqn. 1 in Scheme 1.20).

. Cette
B OUCs LNME2 - ZICsHMME2 — 8 CugCedaNMos2igl + 2/CaHMNMar2h, 1)

M
CuCetlaNMeg-2 «  ICHMNNes-2 . {CgHMNMes-2)n + Cual (2
Scheme 1.20.

The Cul formed during the reaction is immediately trapped by the unreacted
organiocopper compound, resulting in the formation of Cug(CyHyNMe;-2)1;. This
aggregate hag a structure similar to that of the corresponding bromine compound
(Fig. 1.13). Compared to the parent organocopper compound, this aggregate has
congiderably greater kinetic stability and so blocks any further reacton even when
excess of aryl iodide is present. When, however, the same reaction is carried out in
DMF, quantitative formation of the biaryl is observed (Eqn. 2 in Scheme 1.20). It
appears likely that the good donor DMF effectively cleaves the aggregated spedies
into the parent organocopper compound and solvated Cul, so that the reaction goes
to completion. This observation might also explain why co-solvents such as DMF,
NMP, or HMPA are often required to produce high yields in reactions involving
organocopper compounds.

5
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14
Organocuprates

Frorn the viewpoint of their synthetic potential in organic synthesis, the organoe-
cuprates are the most important of all organocopper cornpournd types [13, 96-98].
Organocuprates are cormenonly obtained by addition of more than one equivalent
of an organolithium or Grignard reagent to a copper halide [5] (Eqn. 1 in Schermne
1.21). The existence of such species was discovered after the observation that
insoluble MeCu reacts with an additional equivalent of Meli to afford a dear, col-
otless solution of a compound represented ag “Me,Culi’ (Eqr. 2 in Scheme 1.21)
(6, 7].

2 BMgX or 2ALI

Gux RAzCuiMgX) or (Li) 4}
Mg Xy ar LiX

Mel i Mel:
Cux MeCs "MeaCuli’ 2]

- LK

I yellow colgness
ineolub & sol.tion

Schama 1.21.

A large variety of cuprates are known nowadays. They incude heteroleptic
dertvatives R(Y)CuM (Y = alkynyl, halide, amido, alkexide, thiolato, phosphido;
M = Li or Mg), and have found widespread application in organic chemistey. Their
syntheses and applications are discussed in the other chapters of this book. In ad-
dition, compounds in which the copper to lithium {or magnesium) ratio differs
from 1:1 are also knowr; examnples are R;Culi; and the so-called higher order
cyanocuprates introduced by Lipshutz et al. [99].

Studies of the structures of cuprate species were initiated to elucidate the mech-
anisms by which they interact with substrates and to understand their special re-
activities. In the early days these investigations were restricted to solution studies
by spectroscopic techniques. It wag not until 1982 that the first example of a cup-
rate species — [[CusPh)(Li(THEF,))] - was structurally characterized by X-ray crys-
tal structure determination [100] (vide infra). It should be noted that most of these
studies, reviewed previously [29, 45, 101], were limited to “simple” alkyl and aryl
dertvatives.

In principle, three different types of organocuprates need to be taken account of.
These are:

(1) the neutral homoleptic organocuprates, as initially discovered by Gilman,

(2} fonic gpedies, often obtained by adding strongly coordinating molecules such as
crown ethers to neutral organocuprates, and

(3) heteroleptic cuprates, of which the cyanocuprates are the most important and
most extensively studied representatives,

However, thege borderlines should not be taken too strictly.
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Fig. 1.22. Proposed structures for Cuzliz Mes {A) and CuzLizfCH:SiMes)s (B)

It is beyond the scope of this chapter to discuss the special reactivitiey aggociated
with each specific type of cuprate; these are covered in other chapters in this book.
Here, we will concentrate on the varfous structural motifs of organiocuprates inn or
garie synthesis.

14
Neutral Homoleptic and Heteroleptic Organocuprates

Molecular weight determination — by vapor pressure depression, 'H NMR, and
solution X-ray scattering data — made it evident that CuLiMe; exists ag a dimer in
Et, O solution [102]. A planar cyclic structure Cu,Li;Mey, shown schematically in
Fig. 1.22A, hag been proposed; it comprises alternating copper and lithium atomns
with each of the Me groups bridging between one lithium and one copper atomn.
Similar conclusions were drawn from variable temperature 'H NMR studies of
LiCH; 8iMe; and CuCH;S8iMe; in various ratios. It was shown that the only sig-
nificartt “mixed” species present in solution was the 1:1 aggregate, for which a
similar dimeric planar structure was proposed (see Fig. 1.22B) [39, 103]. Further
more, kinetic data relating to the reaction between CuliMe; and Mel implied that
the rate-determining step involved the dimeric aggregate, Cu, LisMe, [102].

The first example of an arylcuprate isolated as a pure compound and studied in
detail was the compound of stoichiometry Culi{CyHyCH; NMe;-2);, incorporating
the monoanionic, bidentate CyH4CH;NMe;-2 ligand framework [104]. The synthe-
sig of the corresponding pure aurate, AuLi{C,H4CH;NMe;-2); [105] and the pure
argentate Agli{CeH4CHaNMe3-2)y [106] were reported by the same authors. Mo-
lecular weight determinations by cryoscopy in benzene revealed that these com-
pounds exist in apolar solvents as dimeric aggregates MyLioC HACHoNMey-2)y
(M = Cu, Ag, Au). The presence of different magnetically active nuclei (*H, *C,
07,1094 and %711} in the argentate allowed detailed structural characterization in
solution to be carried out by NMR spectroscopy. 'H and *C NMR spectroscopy
showed the presence of four magnetically equivalent organic moieties over the
whole temperature range studied [—70 to 4100 °C). At the low exchange lirnit
(<2 10 °C}, the nitrogen atorns of the substituents are coordinated in pairs to the
same type of metal, most probably lithium. Furthermore, the 1*C NMR spectrum

7
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Fig. 1.23. Proposed structures in  solution for  M;Li{CsH,CHoNMe:-2), (A} and
M, Lio{CH, Me-4), (OFt,) (B).

showed that each of the Cy,, atoms is coupled to one Ii atom (1](13C,7Li) = 7.2
Hz) and to one Ag atom (YJ(13C, 1% Ag) = 136 Hz). The °Ii, 711, and ®Ag NMR
spectra pointed to the presence of one type of silver and one type of lithium atom,
with each lithium atom being eoupled to two silver atoms and each silver atom
coupled to two lithium atoms (4 (7Li, 1% Ag) = 3.91 Hz) [107).

Omn the basix of these data and of spectroscopic similarities between the Cu, Ag,
and Au compounds, a structure for these compournds was proposed. This is shown
schernatically in Fig. 1.23A. This dimeric aggregated structure is not a consequence
of the orthe functionalization of the aryl anion with a coordinating heteroatom
stibsttuent, ag becarne evidert from studiex of the structural feattres of the sim-
ple arvlcuprate Cu,li; (C Hy Me4),(OEL), and the corresponding gold com-
pound in solution [108]. For these aggregated species, a structure similar to that
of M;Li,(CsH4CH;NMe,-2), was proposed (see Fig. 1.23B). However, the lithium
atomns are now trigonally coordinated.

The solid state structures of CuplLiz(CoH4CHyNMe,-2), (Fig 1.244) [72],
AugLig(C6H4CH2NMEQ-2}4 [109]} and CUQLig[C(,HS }4[0Et2}2 [F'I.g 1243} [110]_,

Fig. 1.24. Structures of CupLiz {CH CHa NMey -2}, {A) and Cug Liz {C:Hs ) {OEL); (B) in the solid
state.
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were later established by Xray crystal structure determination and appeared to be
in full agreement with the corresponding structures in solution ag deduced from
spectroscopic data.

Cu,Li,(CoHyCHyNMe,-2)y was the first neutral cuprate for which the structure
cotld be unambiguously established. A cornmon feature of such structures ix the
bridging nature of the aryl group. As a consequence of the binding of Cyy, to two
different metal atorns, this bridging (in cornparison with that in homoleptic orga-
nocopper compotnds) is unsymmetrical (shorter Cu C bond, longer Li C bond).
This asymmetry is even more pronounced in the cotresponding gold compound
[109], which iz best described as consisting of two RpAu  anionic units linked to-
gether by solvated lithium cations through contact fon-pair formation. Another
consequence of the bridging between two different metal atorns iy the fact that,
if the aryl group is not symmetrically substtuted, the bridging carbon atom
becornes a center of chirality. This hag fnportant stereocherical consequences
[111]. A particularly comnplicated situation arises if the benzylic group in, for
example, CuyLi,(C HyCHy NMep-2), bears a substitent that gives rise to the pres
etice of different diastereoisomeric units in ore aggregate [111]. The pure organo-
copper commpotind Cuy(CH4CH{Me)NMe,-2),, and the corresponding cuprate,
Cu,Lis [CoHaCH{Me)NMe;-2)s, were prepared starting both from the enantopure
ligand and from the racemic ligand. It appeared that the organocopper compournd
Cuy[CyH4CH{Me)NMe,-2)y derived from the racermic ligand exists in solution as a
mixture of all possible diastereoisomeric aggregates. This observation, however,
contrasts with the situation found for the cuprate Cu,Lis[CoHyCH(MeNMe,-2)y
derived from the racemic ligand. In this case, only aggregates in which all four
bridging and benzylic carbon centers have the same relative stereochernical con-
figuration are formed, in a nice example of diastereoselective self-agssermbly [112].

That the natures both of the organic group and of the additonal donor-solvent
molecules are factors that determine the actual cuprate aggregates forrmed is dem-
onstrated by the structure of [Cuy Li;(CH,8iMes)s[DMS);], i1 the solid state [113]
(see Fig. 1.25). In this structure, the basic framework consists of repeating central

Fig. 1.25. Structure of [Cu, Li,{CH,SiMey ), {DMS);], in the solid state.

9
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Fig. 1.26. Swructure of CusLiy Phs {DMS), in the solid state.

Cu,Li, cores with bridging Me;SiCH, groups. These CuyLi, cores are interlinked
to form linear chaing through bridging Me, S ligands between the lithium atoms of
two adjacent Cu, Li; cores.

The solid-state structure of Cu,Li;Phy(DMS); is closely related to that observed
for CuyLi,Ph,(OFEt,);, except that one of the lithium atoms here is now four
coordinate as a result of coordination of two DMS molecules [114]. This observa-
ton shows that even slight changes in the coordinating properties of denor solvent
molecules may change the overall structure of the cuprate.

So far, only cuprates with a 1:1 copper/lithium ratio have been considered.
Treatmernt of phenyllithium with various substoichiometric quantities of copper
bromide in DMS ag solvent afforded so-called higher order cuprates, of which two
were characterizable by Xray crystallography. These have the overall stoichio-
metries CupLi; Phs(DMS), and CuyLisPhe(DMS) [114, 115]. The structure of the
former compound in the solid state is shown in Fig. 1.26.

The CuyLisPho(DMS), aggregate may be described as consisting of three linear
CuPh, anions, triply bridged by two lithium cations, and of one trigonal Ph;Cu®
anion, which is associated with three lithium cations and coordinated by four DMS
ligands. The two resulting umits — [[CuPhy};Li;] and [[CuPhsilis(DMS )]t — are
linked together by a bridging phenyl group ipgo carbon atom.

The only examples of cuprates in which copper and magnesium atoms are
incorporated in one aggregate have the stoichiometries CuyMgPhy(THE), [60],
Cu;MgzPthrg[THF}n [60]3 CU4Mg[PhME-4}5[OEt2} [116]} and CudMgPhG[OEtz}
[116]. The structure of CuysMgPh(OEY) in the solid state (Fig. 1.27) was estab-
lished by X-ray crystal structure determinaton [117].

The structure of CuyMgPhg(OEtL ) comprises a central core of five metal atoms
in a trigonal bipyramidal arrangement, with the magnesium atormn at an axial po-
sition. The six phenyl groups bridge across the axial-equatorial edges of the trigo-
nal bipyramid. One diethyl ether molecule is coordinated to the magnesium atom,
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Fig. 1.27.  Structure of Cuy MgPh {OEL,) in the solid state.

to attain coordination saturation. A similar arrangement of the metal framework is
observed inn the anions [CusPhg] and [CusLi; Phe] | discussed in the next section.

For reasons outlined above, the reutral heteroleptic cuprates “RCuliX” (X =
heteroatom-containing ligand) are valuable reagents in organic synthesis. Degpite
this importance, however, only a very few have been structurally characterized.
The structure of CuliMe(tBu,P)(THF); has been established by Xray crystal
structure determination [118] (Fig. 1.28A). The copper atom has a linear C Cu P
geometry. In contrast to most other cuprates, in which lithiuen is invelved in two-
electron, three-center bonding with the organic group, the lithium atom is bound
in this case to the hetercatom anion (P) and three THF molecules.

Another example of a neutral, heteroleptic cuprate is the arylcopper magnesium
arenethiolate [CusMesy][Mg[SC H4CH(Me)NMe,-2),]; (Fig. 1.28B), formed by
self-asgembly in golutons of Cus(SC H4CH(Me)NMe,-2); and Mes; Mg [93]. This
coppet complex may be regarded as a model compound for a pogsible active spedies

Fig. 1.28. Structures of heteroleptic cuprates CuliMe{#-BuzPj-{THF)s {A) and [Cushesq)
[Meg{SCH CH{Me}NMe;-2):]: (B} in the solid state.

n
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when Cus[SC,H,CH{Me)NMey-2); s used ag a catalyst in enantioselective 1,4
addition reactions of Grignard reagents to enones [91, 92].

The formation of heteroleptic organocuprates “CuliRR™ in solution has been
proposed in, for exarnple, the reaction in diethyl ether between enantiopure
Cuy[CeHyCH(Me)NMe,-2)y and LigMe,y (Eqn. 1 in Schere 1.22) to afford a heter-
oleptic cuprate CuyLis (CeHyCH(MeNMe,-2)3(Me);. These solutions were applied
in 14-addition reactions. Although mmethyl transfer to the substrate occurs, no
enantoselective induction is observed [119]. A possible explanation for this lack
of stereoselectivity involves the occurrence of a disproportionation reaction of the
heteroleptic cuprate into the corresponding homeleptic cuprates CuyLiz(CsH4CH-
(Me)NMeg-2)y and CupLi;Mey. In the authory laboratory, the reaction between
the corresponding achiral organocopper compotind Cuy(CoHyCH;NMe,-2), and
LiyMey in various ratios has been studied. TH NMR spectroscopy has shown that
such golutions are cornplicated equilibrium miktures (Eqr. 2 in Scherne 1.22) of
geveral aggregates, of which the homoleptic cuprates CuyLiy[CoHyCHyNMe,-2),
and CupLi;Mey are the rnost abundant It should be noted that species in which
the Cu/Ii ratio is different from 1:1 can also not be ruled out a prio.

CugiCetCHiMelNMes-204 v LigMeg 2 2 CusLin[CgHaCH{Me)NMez-212Mes (1)

Cugly + LaMey
i

R CgHaChipNMep-2

Cud ibRs v GuplpRaMe - CluploRpMes +  CuplisRMes +  Cuplighe;  (2)
Schamea 1.22.

Such equilibria are governed by thermodynamics, and so the abundances of the
differert species in solution are dependernt on their relative thermodynarmic stabil-
ities. If, however, such a mixture of species is applied i1, for example, a conjugate
addition reacton, the product formation will be controlled by kineties, and it is
most likely that Cu,Li;Mey would be kinetically the most active species present.

1.4.2
Anionic Homoleptic and Heteroleptic Organocuprates

The first example of a cuprate structurally characterized by X-ray crystal structure
determination was the ionic aggregate [CusPh][Li(THF),] [100] (Fig. 1.294). The
structural features of the anionic cuprate unit are closely related to those observed
in [CugliPhg] [117] and [CuzLi;Phg] [20]. These aggregates have in common
that the metal atoms are arranged in trigonal bipyramidal fashion, and the lithium
atorns in the latter two compounds reside in axial positions. The six phenyl groups
are bridge-bonded, sparming the axial-equatorial edges of the trigonal bipyramid.
Twopeculiarexamples of anionicaggregated cuprate speciesare [ Cus Bry (CyH4CH=
CH32)] and [CusBry(CyH4CH=CH,-2)s] (Fig. 1.30). In the first compound,



.4 Organocuprates

Fig. 1.29.  Structures of [CusPhe]  {A) and [CuyLi; Phg]  {B) in the solid state.

both vinylic substituents are n-coordinated to two adjacent copper atorns, whilst
inn the second comnpound only one of the four available vinylic substituents ig
involved in m-coordination [94]. Bridge-bonding by the phenyl groups, however, ag
well ag various types of Br-to-Cu bridging, is alse clearly present in these structures.

Addition of the strongly coordinating 1,2-big(diphenylphosphinojethane (DPPE)
ligand to a solution of CusMess cuses a digproportionation reaction, resulting in
the formation of ionic [CuMes;][Cu(DPPE);]. Thix was the first example of a
monetudear cuprate anion for which the structure was established by Xray aystal
structure determination (Fig. 1.314) [75]. After this discovery, other fonic mono-
nuclear cuprates were prepared by different approaches and structurally charac-
terized. The first approach made usge of bulky substituents in the organic groups
bound to copper to prevent aggregation. This was achieved in, for example, the
arystallization of CuliC[8iMe;)s]; frorn THF, which gave the fonic compound
[Cu(C(SiMes )3 L |Li{ THF)4] [120]. Another approach used an additoral ligand

Fig. 1.30. Structures of [Cu; Bry{C;H, CH-CH;-2);] (A} and [CusBre {CH, CH-CH;-2),] (B} in
the solid state.

33
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A B #

Fig. 1.31. Structures of the mononuclear cuprate anions [Cules;] (M), [CuPh,] (B}, and
[Cu{CH{SiMey)2)Br]  {C) in the solid state.

(such as 12-crown-4 or PMDTA (PMDTA = pentamethyldiethylenetriamine)), ca-
pable of binding very strongly to the catiorn; these can break down the aggregated
cuprate to form mononuclear ionic species. Examples of mononuclear ionic cup-
rates obtained in this way are [Cube; || Li(12-crown-4);] [121] and [CuPh,][Li[12-
crown-4);] [121] (Fig. 1.31B).

The reaction between equimnolar quantities of LICH(SiMe;); and CuBr in the
presence of 12-crown-4 afforded [Cu(CH(SiMes);)Br][Li[12-crown-4};], the first ex-
ample of an fonic mononuclear heteroleptic cuprate [121] for which the structure
was established by X-ray crystal structure determination (Fig. 1.31C).

1.4.3
Lower- and Higher-order Cyanocuprates

The importance of cyanocuprates as a synthetic tool in organic chemistry is well
established. Depending on the amount of organoclithium reagent LiR (one or two
equivalents) added to CuCN, two different type of cyanocuprates are formed, with
stoichiometries of RCu(CN)Ii and RyCu(CN)Li;, respectively [122] (Scheme 1.23).
In order to distinguish between these two different types of cyanocuprates, the
term “higher-order” cyanocuprates was introduced by Lipshutz et. al. for the sec
ond type of cyanocuprate, and the term “lower-order” cyanocuprate consequetitly

cucN —tB RGu(CN)LI )
RLi
2 LR _

CucN ——— RgCL(CN)Lg (2}

Scheme 1.23.
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vl
¢ oLk [ A-CuR ] Li* LICN
c

A B
Fig. 1.32. Proposed structures for higher-order cyanocuprates.

becarne established for the first type. The eatliest report on cyanocuprates (with a
1:1 stoichiometry) dates froem 1973 [123).

The discovery of these cyanocuprates and their application in organic synthesis —
particularly of the higher-order cyanocuprates, to which a special reactivity was as-
cribed [97, 124, 125] - resulted in a sclentific controversy concerning the actual
structire of these compounds. For a number of years, a large number of reports
with appealing fitles such as “If the eyano ligand is not on copper, then where is
it?” [126] and “It's on Lithium” [127] appeared in the literature. Initdally, two
models to deseribe the structure of these cyanocuprates were put forward: (1) a bis-
anfonic species in which two organic groups and the cyanide were bound to the
same copper atomn [Fig. 1.324), and (i) a cyano-Gilman cuprate in which only the
two organic groups were bound to copper (Fig. 1.32B). The controversy was re-
solved in 1999 [128), in favor of proposal B.

For lower-order cyanocuprates, it was already clear at an early stage that the or-
garic group and the cyanide were bound to the same copper atom. An elegant
NMR study by Bertz [129)] on *C-labeled MeCu**CNILi showed that a coupling of
22 Hz was present between the cyanide carbon atom and the methyl group, which
could only be the case if both groups were bound to the same copper atom. This
spectroscopic evidence was later confirmed by Xeray crystal structure determni-
nations of [t-BuCu(CN)Li[OFEt);] [130] (Fig. 1.33) and [2,6-Trip;CyH;Cu(CN)1i]
(Trip = 2,4,6-(1 C;H7)3CH3) [131], which appeared in the literature at practically
the same time.

It appeared that [+BuCu(CN)Li(OEt);] existe in the solid state as a dimer
[+-BuCu(CN)Li{OFt)],. Two anionic +BuCu[CN) units, with almost linear geom-

Fig. 1.33. Structure of [-BuCu{CN)LI{OEL),], in the solid state.
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Fig. 1.34. Swucture of polymeric [{CgHyCHoNMe;-2)Cu {EN) Lio{THF),], in the solid state.

etrfes, are linked together through bridging cyanide group nitrogen atoms to two
lithium cations. Each lithium cation adopts a tetrahedral coordination geormnetry
ag a result of coordination of two diethyl ether rmolecules. The overall strue-
tural features of [2,6-Teip, CH3Cu(CNILIOEL), ], are very sinflar to these of [t
BUCU[CN}L‘[[OE‘t}g]g

NMR irvestigations [129, 132, 133], EXAFS and XANES studies [134-136], and
theoretical caleulations [127, 137, 138] performed on higher-order cyanocuprates
strongly suggested that the cyanide ardon was not bound to copper in these
R, Cu(CN)Li, species. Additional evidence wag provided by the first Xray crystal
structire determinations of “higher-order” eyanocuprates: [[CoHyCHyNMe,-2),
Cu(CNJLiz] [139] (Fig. 1.34) and [(tBu)Cu(CN)Li;] [130] (Fig. 1.35).

The molecular structure of the first compound omprises a polymeric chain,
consisting of alternating [(CqHsCHyNMe;-2),Cu] anfonic and [Li,(CN)(THF)]
cationic units. In the catonic unit, two lithiurn atorns are end-on bridged by the
cyanide group, and two additonal THF molecules are coordinated to each lithium
atomn. The fourth coordination site it occupied by the nitrogen atom of the adjacent
(dimethylamine)methylphenyl group of the [(CH,CH; NMe,-2); Cu] anioric ueit.

On the basis of molecular weight determinations by cyoscopy in THF and
conductivity measurements, it was concduded that the polymeric chain breaks up
in solution to form stnaller aggregates, probably giving rise to solvent-separated

O

Fig. 1.35. Swructure of [£-Bu,Cu][Liz CN {THF), (PMDTA);] in the solid state.
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ion-pairs. The presence of donor solvents, THF in this case, may greatly contri-
bute to the (thermodynamic) stability of a particular structure. This may be in-
ferred from the observation that the use of a less polar solvent such as benzene
induces a disproportionation reaction, giving the neutral homoleptic cuprate
[CuyLiy[CoHyCHy NMe,-2), ] (discussed previously) and LICN.

The structure of [t+-BupyCu(CN)Li;] in the solid state consists of ixolated [t
BuyCu] amionic units and [Li;CN(THEF);[PMDTA};] catbonic units [Fig. 1.35).
The structural features of the linear R Cu R arrangernent are identical to those
obgerved for other [RyCu] anfonic units discussed previously (cf. Fig. 1.31). The
[LE2CN(THE):(PMDTA);] cationic unit cmonsists of a central cyanide molety, to
which two lithium atoms are bound in end-on fashion. Coordination saturation at
each lithium atorn 1s achieved by coordination of the three nitrogen atoms of the
PMDTA molecule and one THF molecule, rendering each lithium atom perta-
cootdinate. Recent 1H, °1i HOESY experitents showed that this fonic structure
found in the solid state ix probably retained in polar solvents such as THF [140].

The solution structures of cyano-Gilman cuprates and lower-order cyanocuprates
have been studied by aryoscopic measuremnents in THFE [141]. The results of thig
study have fn geveral cages shown ways to obtain useful single crystals of several
higher and lower-order cyanocuprates and consequently to determine thelr strue-
tures inn the solid state. It appears that a munber of thege cyanocuprates retain thetr
observed solid-state structure when dissolved in THF.

1.5
Concluding Remarks

This review substantiates the earlier opinion [29, 45] that the various types of orga-
nocopper compounds known today are almost always highly aggregated species. Inn
spite of thig structural information, it remaing very difficult (and often also incor
rect) to correlate a given structural feature of an organocopper or cuprate reagent
with its specific reactivity. It always has to be kept in mind that X-ray crystal strue-
tural information iz generally obtained from crystalline material that selectively
crystallized out of a solution existing as a complicated equilibrium mixture of a
number of aggregates, rather than as a solution of one pure compound. The aggre-
gate that crystallizes from solution is the thermodynamically most stable one, and
thiz i often the kinetically less reactive species. Indeed, there are only a very few
examples of compounds for which it has been proven that the structure as observed
in the solid state is retained in solution. One such is [Cuy Liy(Cy Hy CH; NMe3-2)4]
in apolar solvents such as benzene,

Another factor that complicates understanding of reaction mechanisms and of
the actual species involved in reactions of organocopper compounds is the strong
tendency of organocopper compounds and cuprates to aggregate with metal hal-
ides. These metal halides are often formed as unaveidable co-products when an
organocopper compound or an organocuprate is applied as a reagent in organic
synthesis. This means that, during a reaction, the inital reagent is gradually con-
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verted into another aggregate with different structural features and, consequently,
often a different reactivity (cf. Eqns. 1 and 2 in Scherne 1.24) [95].

CaHg
B LUG:H N e? 1 2 IGGHNME:-2 e m GuglGelleNMey-2icly 1 PICeHsNMez22a (1)

OMF
CUCgHaNMes? « 1CsHaNMe g2 . CaHaNMes2)s + CUl (@)
Scheme 1.24.

To correlate the structural feattires of a gpecific copper or cuprate reagent with its
reactivity, a better understanding of the interaction of such species with metal hal-
ideg, ligands, solvents, and, last but not least, substrates ix required. Such inves-
tigations have already begur and seern to have a promising future. In an elegant
NMR study by Krause et al [23] it was dermonstrated that the reacton between
t-BuCu(CN)I and tethyl propiolate [see Scherne 1.25) could be monitored by
13C NMR. At —100 °C, resorances atttibutable to the presence of a n-complex be-
tween the organocuprate and the substrate were observed. After the tempera-
ture had been raised to —40 °C, the 3C NMR spectrum of a vinylcopper intermediate
wag observed. Finally, hydrolysis afforded the final product.

t-Bu-Cu TN ‘PN
; L
o LBuCu(ChILE oy 0 AL =d
Cr= e, O L4
OMe \ / e
m-complex vinylcoppar-intermediate
hydralysis

tBL

— CilaMe
)

Scheme 1.25.

More recently, 'H, ®1i HOESY studies of the structures of cuprates in solu-
tion have been undertaken [24, 140]. As outlined in the previous section, the solid-
gtate structures of neutral cuprates such as Cuy i Phy(OFt ), may be described in
terms of comtact ion-pairs (CIPs) of [CuPhy] and [Li(OFt;)]T. These studies
show that such “simple’ cuprates exist in solution in equilibrium between the
CIPs and solvent-separated ion-pairg (SSIPs), shown schermnatically for CuliMe; in
Fig. 1.36.
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5
; )“S\ [Me—Cu—Me]
S--- L Cu
AN 48
M
; Me .48 2 s-leg
LA s |
Me/li L S
3
Cip sgIp

Fig. 1.36. Equilibrium between CIP and $SIP structures.

It has become evident that essentially only the CIP is present in less polar sol-
vents such as diethyl ether, whereas in solvents with a strong affinity for Lit, such
as THF, the major species in the equilibrium is the §SIP. Moreover, this difference
in the structural features of the spedies present in sclution could be directly related
1o its reactivity. In the Michael addiion reaction it is most likely that the reactive
species is the CIP, as shown by the following experiments. No reaction was ob-
served when CuliMe; was treated with 2-cyclohexenone in the presenice of two
equivalents of 12-crown-4; the pure $SIP is present [142]. Furthermmore, it hag been
wbgerved that the rate of the reaction between CuliMe; and 2-cycdlohexenone in
THF is congiderably slower than that of the same reaction in diethyl ether. Again,
thiz solvent dependernce can be explained by a CIP/ $8IP equilibrium, which in the
case of THF ag the solvent lies predominantly on the $SIP side. These data are in
petfect agreermnernt with the logarithmic reactivity profiles of reactions between
CuliR; and enones in diethyl ether and THF ag reported by Bertz [143, 144].
Moreover, recent theoretical calculations for this type of reactions [145] point to a
fransition state involving a CIP type of structure for the cuprate molety (see Fig.
1.37).

The present challenge for sclentists is to use modern spectroscopic techniques
(such as NMR, in situ IR, in situ EXAFS, and others already available, or which will
become available in the near future) in combination with advanced theoretical cal-
culations to obtain new insights inte the actual mechanisims and spedes that play
roles in reactions of well known organocopper and cuprate compounds.

[t
- Me
e
M;u Il_i/ AN g
h hya 1] +)
O\L-—'O 4§Zi\<\
H H

Fig. 137. Calculated structure of the transition state in the reaction between CuliMe; and
2-cyclohexenone.
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2
Transmetalation Reactions Producing Organocopper Reagents

Paul! Knoche! and Bodo Betzemeier

21
Introduction

Organocopper reagents constitute a key clasy of organometallic reagents, with -
merous applications in organic synthesis [1]. Their high reactivities and chemo-
selectivities have made them unique intermediates. Most reports use organocopper
reagents of type 1 or I, which are prepared from organolithiums. This trans-
metalation procedure confers optimal reactivity, but in many cases it pernits
only the preparation of relatively unfunicionalized organocopper reagents. More
recently, substantial developments have been taking place in transmetalations to
organocopper reagents starting from organometallic spedes that tolerate the pres
ence of functional groups [2], while synthetic methods permitting the preparation
of functionalized organolithiums and organomagnesium compounds have also
been developed. All organometallics in which the metal M i less electronegative
than copper, and all organometallic species of similar electronegativity but with
weaker carbon-metal bonds, are potential candidates for transmetalation reac
tions [3]. Thus, reacton conditions allowing the transmetalation of organo-boron,
-aluminium, -zine, -tn, lead, -tellurfum, -ttanium, -manganese, -zirconium and
-samarium compounds have all been found, resulting in a variety of new organo-
coppet reagents of type 3. Their reactivity is depenident on the nature of the origi-
nal metal M, which in many cases iz still intimately associated with the resulting
organocopper reagent (Scheme 2.1) [3-5].

In this chapter, we will emphasize these recent developments, egpecially thoge
that allow the preparation of organocopper species not accessible through the
standard procedures involving organolithiums as precursors and their use in re-
actiong with organic electrophiles.

22
Transmetalation of Functionalized Organolithium and Organomagnesium Reagents

Many functional groups are incompatible with organolithium reagents. Execu-
tion of trangmetalations at very low temperatures, however, enables functionalized
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RLI + GuX RCu - LiX
1

2RLl + CuX RCull + LIX
2

RM + CuX RCu - MX
3

M = B, Al, Zn, Sn, Pb, Te, T, Mn, Zr or Sm

M-X
RCu-MX = R

Scheme 2.1. Transmetalations producing organocopper reagents.

alkenyllithiurns and aryllithiumms to be prepared, and subsequent further trans-
metalation at low temperatures provides the corresponding copper reagents [6].
Thus, treatrment of 4-bromobenzonitrile 4 with nBuli at —100 °C in a THF/ether/
pentane mixture provides the corresponding aryllithium within 5 min. (Scheme
2.2), and subsequent treatrnent with the THF-soluble copper salt CuCN-2LiCl [7]
then affords the functionalized arylcopper compound 5. Treatment of this with
2-cycdohexenone in the presence of TMSCL [8] furnishes the expected Michael
adduct 6 in 93% yield.

o 0
c/@/BrL nBuLi, -100 °C, 5 min n/@/c“ s LiX é
N 2. CuCN *2Lic! N e NC
4 5 6:93%
)

o
@:' 1.PhLl, - B0 °C Gu .’b O _
—_—— -
N 2.Z2nl, - B0 *C N -10°C N
O 3 CuaN -201C), - 30 °C 02 02
7 s ®70%

Scheme 2.2. Preparation of functionalized arylcopper reagents from functionalized aryllithiums.

In some cases it aan be advantageous first to transmetalate the functonalized
aryllithium reagent to the corresponding zinc reagent and then to perform a
gecond transmetalation to afford the corresponding organocopper species. Thus,
2Hodo-1-nitrobenzene 7 is converted into the corresponding lithium reagent by
treatment with phenyllithium [9]. Subsequent transmetalation, firstly with Znl; at
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—80 °C and then with CuCN-2LICl [7] at —30 °C, provides the arylcopper 8. This
reacts with 3-fodo-2-cyclohexenone to give the expected addiion-eliminaton prod-
uct 9 inn 709 yield.

This method can be extended to the preparation of alkenyleopper compounds.
Thus, treatnent of the fodealkenyl azide 10 with nBuli at —100 °C (Scheme 2.3),
followed by transmetalation with Znl; in THF and then by a second transmeta-
lation with CuCN-2LiCL produces the copper species 11. Thix then effects a cis-
selective carbocupration of ethyl propiolate to furnish the (EE) diene 12 in 819%
yield

C"‘i 1. nBull, - 100 *C, 5 min Oi =—CO,Et CN:/\
PN 2.Znl;, -80°C A ou =40 °C to -30 °C NP0k

3. CuCN -2LCl

10 L] 12801 % 100% E E

Scheme 2.3. Preparation of an azido-alkenylcopper reagent from an alkenyl iodide.

In general, the preparation of functionalized organolithiums is difficult, al-
though direct lithiation with lithium powder in the presence of a catalytic amount
of 4.4'-di-t-butylbiphenyl (DTBB) as introduced by Yus [10] ix a very general
approach to a broad range of polyfunctional organolithiums [11-16], which may be
converted inte the corresponding organocopper compotinds by treatment swith
CuCN-2LICl [6]. Organomagrestumn compounds are less reactive than organo-
lithiurns and tolerate a wider range of functional groups. Mild methods are re-
quired for their preparation and excellent results have been obtained by insertion of
highly reactive "“Rieke-magnesium” into alkyl or aryl halides [17]. Unfortunately,
the presenice of such fmportant electron-withdrawing functional groups as esters or
cyano functions inhibits the formation of Grignard reagents [18]. Complemen-
tarily, halogen-magnesium exchange [19] has proven to be an excellent method for
preparation of functionalized organomagnesitm compounds. Thus, treatmernt of
4-iodobenzonitrile 13 with {PrMgBr or {Pr,Mg in THF at —25 °C furnishes the
corresponding organomagnesium reagent, which is transmetalated to produce the
desired functionalized organocopper 14. Treatment of 14 with allyl bromide pro-
duces the allylated product 15 in 75% yield (Scheme 2.4) [20]).

This iodine-magnesium exchange can also be performed with heterocyclic
iodides, such ag the functionalized pyridine 16 [21] or the fodouracil derivative 17
(Scheme 2.5) [22]. In both cases, the intermediate organomagnesium reagent can

| 1. ;rivgar /@,Cu-Msxz A o
Nc/©/ THE -25°C. 0.5 h yo -10°C ND@/\/

2. CuCN - 2LiC1
13 14 15:75%
Scheme 2.4. Preparation of functional arylcoppers from functionalized andmagnesium com-
pounds.

47
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| Cu- MgXp 5
| ~COE 1. Prighr A COEt BT | Y~ COEL
NZ el THF, -35°C, 0.5h N el -10°C N"

2. CuCN - 2LiC

1] 18 20:82 %

0 0 0 o
Bn., | 1. PFTMgB Bn., Cu-nge Bn..

N . gor N PhCOCI N Ph
A A T P
oW Gt N -toec 07N

Bn ) ) Bn En
17 19 21:73%

Scheme 2.5. Preparation of highly functionalized, six-membered heterocyclic copper reagents.

be converted into the corresponding organocopper compound (18 and 19, respec-
tively) and then treated with several electrophiles such ag allyl bromide or bernzoyl
chloride, resulting in the expected products 20 and 21 in good yields.

The preparation of polyfunctional 5-tmembered heterocycles can be achieved in
the same mammer. The ester-substituted imidazole 22 undergoes a smooth fodine-
magnesiurn exchange at —40 °C withirt 1h (Scheme 2.6). After transmetalation with
CuCN-2LiCl, the copper reagemnt 23 ix obtained. Treatment of this with benzoyl
chloride furnishes the berizoylated imidazole 24 in 679 yield [23]. Inn the case of the
2,3-iodoindole derivative 25, it is possible to perform a selective fodine-magnesium
exchange at position 2, furnishing the 3-iode-2-indolylcopper reagent 26 after trans-
metalation with CuCN-2LICL Treatment of 26 with allyl bromide provides the
monoallylated indole derivative 27 in 929% vield [24].

o]
I CO,EL MgX; - Cu Et Fh Et
H 1. PrMgBr — PhCOCI —
Na, M- Na N~ Na N~
Y CHaQEL THF, -40°C. 1 h Y CHOEt  _ 10C Y CHz0Et
Me 2.CuCN -2Lc| Me Mo
22 2 24:67 %
1 | I
Br
m' il m—m g, 2 %
N THF,-30°C,2h N N =
Bn 2.CuCN - 2LICH Bn Bn
25 26 27:92%

Scheme 2.6. Preparation of highly functionalized, five-membered heterocyclic copper reagents.
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Rernarkably, halogen-tnagnesium exchange can also be extended to aryl and
heteroaryl bromides [24, 25]. Thus, the functionalized aryl bromides 28 and 29
(Scherne 2.7) were converted, at 0 °C and at —30 °C, respectively, into the corre-
sponding Grignard reagents. After treatment with CuCN, the copper derivative 30
and 31 were obtained. Subsequent treatment with typical electrophiles such as
berizoyl brornide or allyl bromide furnished the products 32 and 33, in 70 and 809%
yields.

Ph Ph Ph
‘gN "l*u ‘km 0
/@iﬂr 1. iPraMg /@:Cu 1.PhCOCI, - 30t0 0 *C /t:f‘\m
CFy CF; ;H("::LUC;JC' Q.75 h CFy CFy 2.HCl, 2M CF5 CF5
28 ] ] 32:70%
Et
Br ..o
CHOE 1, ProMig /©/ OCH,OEt
THF, -30°C, 2 h 10
NC 2.CuCN
29 M 3380 %

Scheme 2.7. Preparation of functionalized arylcoppers from aryl bromides.

The rate of bromine-magnesium exchange largely depends on the electron den-
sity on the aromatic ring, although alse being accelerated by the presence of che-
lating groups [25]. In the case of polyhalogenated heterocycleg, these effects enable
selective exchange reactions to be accomplished. Thus, the tribromoimidazole 34
(Scheme 2.8) can be successfully converted first into the magnesium derivative
and then into the copper reagent 35, by treatment with {PrMgBr followed by

Br. Br Br, Br Br, r
= 1. PrivgBr 3=( PN =
N N~ — NN~ N N-.
Y CHOE! sther, rt, 0.5 h ‘\\r CHo0Et e CHOE
Br 2. CuCN * 2LiC! Cu X
34 s 36
1. PrMgBr Br, COEt
THF, 40 °C =
Neo N,
2.NC-CO,Et ¥ TCHOR
=40°Ctart .
IS5 %

Scheme 2.8. Stepwise Br Mg exchange reactions.
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CuCN-2LiCL This can then be selectively allylated with allyl bromide to provide the
dibromoirnidazole 36, which can now be magnesiated by treatment with a further
equivalent of iPrMgBt, providing the ester-substituted fmidazole 37 in 55% yield
after carboxylation with ethyl cyanoformmate [25].

The halogen-magnesium reaction can be extended to electron-poor hetero-
aryl chlorides. Thus, tetrachlorothiophene 38 {Scheme 2.9} undergoes chlorine-
rmagnesium exchange at 25 °C, providing the corresponding Grignard reagent in
2 h. Treatnent with CuCN-2LiCl gives the copper reagent 39, and allylation with
ethyl (2-bromomethyl}acrylate produces the functionalized thiophene 40 inn almost
quantitative yield.

G cl cl cl Gt Cl
1. PriigBr Br COEt
DO s G
cl Gl THF, 26°C,2h G Sg~ ™ Cu - MgXa Cl

s 2.CuCN. 2L1CI s
s as 40: 98 %

Scheme 2.9. Execution of a €l Mg exchange reaction.

All the allylation reactions can be perforrned using enly calytic amounts of
CuCN-2LICL with yields the sarme ag thosge obtained when a stoichiometric amount
of the copper salt is deployed The halogen-magnesium exchanige reaction can also
be extended to the solid phase, allowing a varfety of polyfunctional copper spedes
to be generated on a resin. Thus, various aryl or heteroaryl iodides or bromides can
be attached to Wang resing and treated with an excess of {PrMgBr (3-8 equiv.) at
—30 °C to —15 °C to provide the expected functionalized Grignard reagent. Trans-
metalation with CuCN-2LIC] then gives, as expected, the corresponding copper re-
agent, which can react with various electrophiles such ag acid chlorides or allylic
halides. After cleavage from the resin, a range of functionalized products may be
obtained. Use of the resin-bound bromothiophene 41 as starting material furnishes
the copper reagent 42, which produces the carboxylic acid 43 after allylation and
cleavage from the resin (Scheme 2.10) [19, 24].

R 1. PrivigBr (8 equiv) \n@\
O—o\g/Q\B, TE T A

2. CuCN. 2LICI
H 12
COE Et
L A DN
HO s
2.TFA
43: 94 %2
& HPLC purtty (UV, 264 nm)

Scheme 2.10. Ceneration and reaction of functionalized organocopper reagents on the solid

phase.
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Funconalized organocopper reagents also undergo 14-addiions. Thus, the
alkyleopper 45, prepared from the corresponding Grignard reagent 44, reacts with
cyclohexenone at —78 °C to give the expected product 46 [26]. Aryleopper comn-
pourids such as 47 add to 2Z-enones in the presence of TMSCl and CuCN-2LiCl [27)
(Scherne 2.11).

05519& Do D(SJ‘Gumm@c- LICN b C*Of\/é

-78°C
a4 45 40:96 %
Th = 2-thiamyi
[ +]
I 1. /PrMgBr, -40 *C, 1h Cu - MgX d o
i
2. Cul - 2LiC! {10 moi%) ?r:a.,csgln
COoEt ~40°C, 1h CO,Et ) COoEt
& 74 %

Scheme 2.11.  Michael additions of functionalized organocopper reagents derived from Grignard
compounds.

It iz alse possible to perform copper-catalyzed alkylation of arylmagnesium
compeunds. Thus, the copper reagent 48 undergoes a selective cross-coupling [28]
with ethyl 4-lodobutyrate to furnish the desired product 49 in 69% yield (Scheme
2.12)[29].

Cu - MgX;
1. Pridghr oo CoE
THF, - 10°C, 0.5 h 0.5 equiv
«20°Cto 25°C
COgMe 2 CUCN-2LICI COpMe Some
a8 48:59 %

Scheme 2.12.  Alkylation of organocopper reagents derived from CGrignard compounds.

23
Transmetalation of Organoboron and Organoaluminium Reagents

Direct transmetalation of organoboranes to organocopper reagents i not a general
reaction. Because of their simnilar bond energies and electronegativities, this trans-
metalation is limited to the preparation of alkenylcopper and unfunctionalized

51
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alkyleopper compounds. Inn the latter case, the reaction is favored by the formation
of an ate-complex [30]. Thus, treatrnert of tripropylborane with MeLi produces the
lithium organeboronate 50, which i converted into the copper boronate 51. Treat-
ettt of 51 with benzoyl chloride is not selective, since both the methyl group and
the propyl group are transferred, affording a mixture of two ketones (Scheme 2.13).

CuCHCOD) 0 o

MeLl =] ] PhCOC!

Praf — = . .

il Pra(Meje LI~ — Prs(Me)B Cu Ph)LPr o h)LMB
5 min

50 L 83 % 12 %

Scheme 2.13. Acylation of organocopper reagents derived from organoboranes.

The transmetalation of dialkenylchloroboranes of type 52 with methyleopper (3
equiv) provides an alkenyleopper compound 53, which undergoes cross-coupling
with allylic halides to produce mixtures of Sy2 and Sy2' products. Interestingly,
this method s alse usefud for the preparation of functionalized alkenyleoppers
such as 54 (Scherne 2.14) [31].

Ma
3 MaCu g
(R/\\\}BGI 2R %,Ou R’W RN NN
2 - BMay
52 53 majar minor
1.9-BBN L
MeOG{CHz)-C=CH MeO:C{CH) M MeOzC{CHa™ "
2. MaCu
54

Scheme 2.14.  Allylation of alkenylcopper species derived from alkenylboranes.

Better results can be obtained by generating the boronate species with the aid of
godium methoxide. In thiz case, satisfactory transmetalation occurs on treatrmert
with Cul. Thus, the functionalized copper reagent 55 can be alkynylated with
1-brotmo-1-hexyrie at —40 °C, furnishing the enyne 56 in 75% yield (Scherne 2.15)
[32].

It the preserice of a polar cosolvent such ag hexamethylphosphoric tiamide
(HMPA), it i possible to generate the fluorine-substituted copper cotmpound 57,

Bu
1.8-EBN —_ ,\/2"’
cl/\/\\ P N H.. Cl{CH)y
2. NaOMe '
3.cul 55 58:75%

Schame 2.15.  Allynylation of alkenyvlcopper reagents obtained from alkenylboranes.
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obtained through a 1,2-migration of a butyl group. After acylation, this provides
useful unsaturated ketones such as 58 (Scherme 2.16) [33].

o]
s 1. BugB 000! Bu
2 nBuLl Pl
CF3CH0Ts ———— F3C Fal — | eF.
U 2 Cul, HMPA Cu Ph 2
57 88:72%

Scheme 2.16. Preparation of fluorinated ketones by way of fluorinated alkenylcopper species.

Thus, direct transmetalation of organoboranes to form organocopper cotn-
pourds is a capricious reaction, tot really generally applicable. Much more general
access to organocopper compounds can, on the other hand, be achieved by prior
conversion of the organcboranes into organozine compounds. After addition of
CuCN-2LICl [7], the desired copper compounds are then cleanly generated and can
be treated with a broad range of electrophiles, giving excellent yields (Scheme 2.17;
see also Sect. 2.4) [34].

1.MX
RyB - ommmmomee = RCu

2.MeCu
Etaz\ /:ucn -sLel
RaZn

Scheme 2.17. Preparation of Organocopper reagents from organoboranes,

A srnoother transmetalation procedure should be ensured by the more electro-
negative character of aluminium, as first demonstrated by Wipf and Ireland [35].
Thus, hydroalumination of 1-hexyne with DIBAL-H, followed by additfon of the
cuprate 59, bearing non-transferable alkynyl groups, provides the copper interme-
diate 60. This adds smoothly to 2-cycohexenone to produce the Michael adduct 61,
in 72% yield [Schemne 2.18) [36].

s b g
=]
1. DIBAL-H 5 u/‘\-/cu = By,
9, (Bu—==30ull- LKN |
59 ] Bu
81:72%

o
v a X
1. MagAl, CpaZrCly —
Bu)x\\/Cu =—Bu Q(Ma
Bu

2, [aue}-:mu -LicN
58

62 £3:63%

Scheme 2.18. Michael additions using alkenylcopper species derived from alkenylaluminiums.
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Alternatively, by performing a zirconiurn-catalyzed Negishi methylalumination
on 1-hexyne, it is possible to produce stereochemically pure alkenyleopper species
62, which adds to enones in a 1 4-fashion, to give compounds such as 63 (Scheme
2.18) 35, 36).

Wipf has shown that this method ix quite general and tolerates several func-
tional groups, such as ethers, thicethers, silanes, halides, aromatic rings, and
olefing. The iodoalkyne 64 is readily carbometalated and after treatment with
the dialkynyleuprate 59 furnishes the functionalized copper reagent 65, which
smoothly undergoes 1 4-addion reactions with enones. Thuy, in the cage of 2-
cyclohexenone, the funcionalized ketone 66 is produced in 85% yield (Scheme
2.19) [2, 36).

0
1. MayAl, CpoZrCly ij o
CICH,CHICI, 22 °C
/\/' 20hC cm' o
= 2 (Bu%)-zcuu .LCN 58 Me =23°C, 20 min |
- 23 °C, 5 min Mo |
64 65 66: 85 %

Scheme 2.19.  Michael addition of a functionalized alkenyvlcopper species.

The scope of this transmetalation is very much a function of the availability of
interesting alkenylaluminium spedes [37]. Stannylalumination of alkynes also
proceeds through a stanmyleopper intermediate 68, obtained by transmetalation of
the starmylated alurniniuen precursor 67. This reacton enables regioselective stan-
riylation of alkynies to be accomplished (Scherne 2.20) [38].

CuCN BuaSnueN AL =  Oa N HCI Ot
BusSnAl g —_ ————— = =<
ta Etz THF, -30 °C =30°C, 4h BuySH AlEty Buy
.74 [1] 1%

Scheme 2.20. Stannylation of terminal allynes with stannylcopper reagents derived from stanny-
lated aluminium compounds.

24
Transmetalation of Functionalized Organozine Reagents

241
Preparation of Organozine Reagents

Organozine compounds have been known for more than 150 years, but their
application in organic synthesis was formetly rather limited [39], due to their



2.4 Transmetalation of Functionalized Organozine Reagents

moderate reactivity. Only when it was realized that organozines underge smooth
fransmetalations to give a broad range of organometallics did their synthetic ap-
plications begin to increase exponentially. Transmetalation of organozine reagents
to give organopalladium interrnediates [40] and their transmetalaton to organo-
copper compounds proved to be particularly important [7, 34, 41, 42]. Since it is
possible to prepare organozine compounds bearing a large range of organic fune-
tional groups, this methodology broadens the scope of organocopper chernistry
considerably. Thisx high functional group cornpatibility is a funiction of the pro-
nounced covalent character of the carbon-zine bond, while the excellent trans
metalation capability of organozines for producton of other organometallics is a
consequence of the presence of low-lying empty p-orbitals. Especially useful for
thix transmetalation are THE-goluble copper salts of the type CuCN-2LiX [7, 41].
After transmetalation, the resulting copper species, tenatively represented ag
RCU[CNIZnX, reacts with most of those electrophiles E7 that also react with the
more clagsical diorganolithium cuprates (R,Culf), to afford products of type R-E
{Scherne 2.21).

CUGN - 2LiX g®
RCUCN)ZnX

RZnX
THF

Scheme 2.21. Preparation of zinc-copper reagents.

Notable exceptions are epoxides and alkyl halides, which de not react direcily
with RCu(CN)ZnX, although reaction conditions for perforrming alkylation reac-
fong are available [43]. There are two dasses of organozine compounds: organo-
zitie halides (RZnX) and diorganozines (RaZn). The reactivity of diorganozines is
slightly higher, but the major difference relevant to this second dass of organozine
compounds i the absenice of zine salts (ZnX,), which is highly important for
applications in asymrnetric addition reactons [44]. The preparaton methods are
different. Whereas organozine halides are obtained either by transmetalation
reactions or by direct insertion of zine dust inte alkyl halides, diorganozines
are best prepared by means either of an indine-zine exchange reacton or of a
boron-zine exchange reaction (Scheme 2.22).

R-X R—I olefin

Zn EtzZn

] 2 1) S

Scheme 2.22. Preparation of organozinc reagents.

- -
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2411 Preparation of Organozinc Halides

Functionalized organozine halides are best prepared by direct ingertion of zine dust
into alkyl iodides. The msertdon reaction ix usually performed by addifon of a
concentrated solution (approx. 3 M) of the alkyl fodide in THF to a suspension of
zine dust activated with a few mol% of 1,2-dibromoethane and Me;SIiCl [7]. Pri-
rnary alkyl fodides react at 40 °C under these conditions, whereay secondary alkyl
Iodides underge the zine ingertion process ever at roorn termnpetatuire, while allylic
brotnides and benzylic bromides react under still milder conditions (0 °C to 10 °C).
The amount of Wurtz homocoupling products s usually lirnited, but increases
with increased electron density in benzylic or allylic mofeties [45]. A range of poly-
functional organozine compounds, such ag 69-72, can be prepared under these
conditions [Scheme 2.23) [41].

2Zn dust, THF
R—I RZnl
30-50°C > 85 % yleld
[+)
Znl o ZnX
3 d Ph’l\/cN
N
89 [7] 70 [48] 71 [47] 72 [45]

Scheme 2.23. Preparation of functionalized zinc reagents by direct insertion of zinc.

Insertion of zinc dust into aryl or heteroaryl iodides ix also possible, but polar co-
golvents are required in some cases [48, 49]. The use of highly activated zinc (Rieke
zinc) prepared by reduction of zinc halides with lithium results in faster insertion
(Scheme 2.24) [50-57].

Znl

|
oy N
N Zn dust AcO N
THF, 25 °C, 3h o
Ohc OAc OAc A 0%

W

ml Rieks-Zn Znl
—_—
Yig THF, 25°C, 3h N >80 %

Scheme 2.24. Preparation of functionalized arylzinc reagents.
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Crucially, this allows organozine reagents o be prepared from less reactive aryl
bromides and secondary or tertiary alkyl bromides. Alternatively, organozine fo-
dides can be prepared by means of a palladiurn(0)-catalyzed reaction between alkyl
iodides and Et;Zn [Scherne 2.25) [53-56].

EtyZn, Pd(0}
Oct—| Oct-zZnl
THE25°C.2h oo
b L
L-Pd-Oct L-Pd-Oct
| ™ Et
EtoZn EtzZnl
Etﬂzn \
- - Ethou«/
EtaZn L

LPdX; —  LoPd v/ L-Pd-Et
Et

CHp=CHp + CH3—CHj
Scheme 2.25. Pd{0)-catalyzed formation of alkylzinc iodides.

The palladium(0}-catalyzed inserton proceeds through a radieal insertion
mechanism, allowing radical cyclizatons to be performed This procedure con-
stitutes a new, stereoselective preparation of cyclic zine reagents from unsaturated,
open-chain compounds. Since the cyclization is radical in nature, the relative ster-
eochernistry of the starting alkyl iodide does not need to be controlled. Thus, the
unsaturated iodide 73, used as a 1:1 mixture of diastereomers, produces a cyclic
organiozine reagent after Pd(0}-catalyzed iodine-zinc exchange, by way of the tran-
sition state 74, This then, after transmetalation with CuCN-2LICl, gives the stereo-
merically pure organocopper 75. Allylation with ethyl 2-(bromomethylacrylate
affords the cyclopentane derivative 76 almost as a single stereoisomer (Scheme
2.26) [ 54).

This reaction can also be applied to the preparation of heterocyclic organocopper
reagents such as 77 from readily available secondary alkyl {odides. Ring-closure in
this cage i catalyzed by Ni{acac); rather than by Pd(0), affording new heterocyclic
molecules such ag 78 [Scherne 2.26) [55]. These cyclization reactions are key steps
in the preparation of such natural products as [-)}-methylenolactocin 79 [57] and
methyl epijasmonate 80 [538] (Scheme 2.27).
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H H *
a0 i_\;,: EtzZn {2 equiv) GuCN - 2LiCI
| BnCO . Ma
¥ PdClx{dpaf) { 1.5 mol %)
Me 25°8, Sh H
T3 T4
OBh COoE OBn
E Q\/B’ ?
A u EY
Me Me COuEt
78:dry ;=946 T6:71%; dr=04:6
[u]
y o " ?Am
O a0 ™= R
Ni{acac)z (cat) Q
0 2.CuCN -2LiC H H
e 7564 %

Scheme 2.26. Radical cyclizations resulting in cyclic copper organometallics {dppf= 1,1"-bis
{diphenylphosphino}ferrocene).

Me,3l B 1. EtaZn, Lil OHC, HOLG,
PR i o Ut o
Pent™ ” ~0Bn THF, 40 *C Pont'Q‘OBn Pert™ g OB
2.0, TMBCI
THF, -5*C .
55 % 79: (-mattpdanalactocin
OBn

H 1. Et,Zn, Ni{acac); (cat) BnQ — =
— THF, 25 (c 2 (o) :( = = #
! 2.CuCN -21C| COMe CO,Me

COuMe —_
> .g's ., 4aE|t, BE %;dr=955 80: methyl epljasmanate

Scheme 2.27. Preparation of {-)-methylenolactocin 79 and methyl epijasmonate 80.

Various other less general methods for the preparation of organozine halideg are
available, transmetalation from organomagnesium compounds being of interest.
Thus, iodine-magnesium exchange in ethyl 2-iodobenzoate 81 produces a magne-
gium intermediate, which iz transmetalated with ZnBr, to give the corresponding
zinc reagent 82. This undergoes smooth Ni(0})-catalyzed crogs-coupling with func-
tionalized alkyl iodides {Scherne 2.28]) [59].
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o}
I/\)L
O g O 0 GO
THF, -10*C
| 2.ZnBr, ZnBr
FsC

Scheme 2.28. Preparation of a functionalized arylzinc halide by transmetalation of an organo-
magnesium compound.

Finally, the uge of horneallylic zine aleoholates ag magked allylic zine reagenits
hag beent described [60]. Thus, the ketone 83 swag treated with nBull, producing a
highly sterfeally hindered lithiurn alkoxide that, after conversion to the corre-
sponding zinc alkoxide, underwent a fragmentation reaction to form the allylic
zine reagent 84, After transmetalation with CuCN-2LICL, this organozine species
underwent an intermolecular additon to the double bond, furnishing the spiro-
organometallic compound 85. Benzoylaton of this produced the ketone 86, in1 a
diastereotneric ratio of >98:2 and in 609% yield [Scheme 2.29) [61].

,Bu oLi
_Bull Zncl, -an CuCN - 2LIC!

g PhODCI
88: 80 %,; dr > g&:2

Scheme 2.29. Organozinc reagent prepared by an ene reaction.

24.1.2 Preparation of Diorganozinc Reagents

Other than transmetalation reactions from organolithium and organomaganesium
compounds, there are two general methods for preparing diorganozines, These are
boron-zine exchange and iodinezinc exchange [42]. The iodine-zinc exchange re-
action is catalyzed by the presence of copper(I) salts and is radical in nature. Itis
best performed with EtzZn [62, 63], and usually takes place within 12 h at 50 °C. Tt
iz algo possible to perform the exchange under irradiation conditions [64]. Provided
that the presenice of metal salts does not perturb the further course of the reaction,
iodine-zinc exchange can be performed by using iPr, Zn generated in situ by treat-

|59
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ettt of {PrMgBr with ZniBry (0.5 equiv). With this reagent, the exchange reaction
occurs very rapidly (25 °C, 1 h), allowing complex secondary dierganoezines to be
prepared (Scheme 2.30) [65].

FPriigBr (3 equlv)

ZnBr; {1.5 equiv)
gther, rt, 1h

> 60 %

Schame 2.30. Preparation of a diorganozinc compound by iodine-zinc exchange.

Because of the radical character of the exchange, it is not possible to prepare
chiral diorganozine reagents in this way [66]. The most general and practical
preparation of dierganozines i the boren-zine exchange reaction, which hag
several advantages. It tolerates various functional groups and, since the starting
organeboranes used for the exchange are prepared from olefing, numerous fune-
tionalized olefing are available as starting materials. More importantly, boron-zine
exchange proceeds with retention of configuration. Thus, chiral organoboranes are
excellent precursors for chiral secondary alkylzine reagents (Scheme 2.31) [42].

Ma Me
RaBH PraZn
RO T n"\(f"‘ﬂ—' R/H/ZnFr
Me Me*

Scheme 2.31. Boron-zinc exchange for the preparation of chiral organozinc reagents.

In the case of primary organoboranes, the exchange reaction is best performed
with EtyZn, whereas less reactive secondary organcboranes require the use of
iPr, Zn. Thus, a wide variety of terminal olefing have been converted into primary
diorganozine such as 87-89 (Scheme 2.32).

1. EtoBH Zn
2. EtgZn ( R/\%’

COuEt BHy
(,/xl\/\/“}zz,, (npso R zz" ("‘""z; “an

87 [67] 88 [68] 8869
Scheme 2.32. Preparation of polyfunctional primary dialkylzine compounds by boron-zinc
exchange.
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Rernarkably, this reaction sequence permits the preparation of diorganozines
bearing acidic hydrogen atoms inn the molecule. The unsaturated nitroalkane 90
and the unsaturated alkylidenernalonate 91 are stnoothly converted into the corre-
sponding diorganozine reagents by the sequence shown in Scheme 2.33. Trang
metalation with CuCN-2LICl provides the expected organocopper reagents 92 and
93. After allylation with an excess of allyl bromide, the desired products 94 and 95
are obtained in excellent yields [70].

quz 1. EtzBH, ether CN\oz //"\/Br Chfz/\
= 2. EtaZn CHCN)ZnX n

3. CuCN - 2L1C1
[: 1] 22 84:83 %
jfzit\ 1. EtzBH, ether COEL B COzEt
BOL™ ™% 2 EtZn (2equv), 0°C  EIOL g
3.CuCN . 2LiCI Cu(CN)ZnX
3] 92 85: 88%

Scheme 2.33. Preparation of organocopper reagents bearing acidic hydrogens.

Ag mentioned above, chiral diorganozines can be prepared by this procedure.
Thus, treatment of 1-phenyleydopertene (96) with (-)-IpcBH; provides a chiral
organoborane [99% ee after recrystallization). Treatment of this with Et;BH at
60 °C for 16 h givex a diethylorganoborane, which undergoes transmetalation
with {PraZn to afford the chiral organozine reagent 97. After further transimeta-
lation with CuCN-2LiCl, the chiral secondary organecopper reagent 98 ix formed.
Allylation of thix with allyl bromide gives the cyclopentane 99 in 449 overall yield
(949 ez and 98:2 transicis ratio; Schetne 2.34) [71].

cucNznx  ph, ~F

Ph Ph, ~ ZniPr
b 1. (JIpcBH; b CuGN-2Lict b
2. EtzBH, 80 °C "’\’Br
96

3. Pr2Zn
97- 84 %o 99:44 %
dr 98:2; 84 %ee

Scheme 2.34. Preparation of chiral alkylcopper reagents {lpc = isopinocampheyl).

The same method can be applied to the preparation of chiral acyclic organo-
copper reagents of somewhat lower configurational stability [72]. Chiral cydlic or-
ganocopper compounds can also be prepared by diastereogelective hydroboration
of prochiral allylic ethers [73]. Mixed secondary organozine reagents of the type
FG RZnCH,S5iMe; (FG = functional group; CH;SiMe;: non-transferable group)
cant also be prepared [74-76].
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24.2
Substitution Reactions with Copper-Zine Reagents

Organocopper reagents prepared from organozine species undergo Sy2’ reactions
with allylic halides or allylic phosphates in high yields. These reactions display ex-
cellent Sy2’ regioselectivity. The polyfunctional erganozine species 100, obtained
from the corresponding olefin by a hydroboration/ boron-zine exchange sequence,
can be smoothly allylated in the presence of the THF-soluble salt CuCN-2LiCl [7,
70] 1o give the polyfunctional quineline derivative 101. Selective double Sy2’ reac-
tion ig observed with 1,3-dichloropropene reagent 102, producing the unsaturated
selenide 103 in 89% yield and with high regioselectivity (Scherne 2.35) [77].

\j7©
N Zn N
Br
m o C}T‘;
- CuCN - 2LiCl P
N 2 N
100

101: 85 %

SeFh
AN 102 /vv(\/\ODzEl
BOCCUCNIZN  —— 2 - EiO,C 7 ~gePh

25°C, 7h G

103: 80 %
Scheme 2.35. Copper{l}-mediated allylation reactions.

In most allylation reactons, only a catalytic amount of CuCN-2LiCl ig required
[41]. Use of the chiral ferrocenylamine 104 ag a catalyst makes enables asymmetric
allylation of diorganozine reagents to be effected with allylic chlorides (Scheme
2.36) [78]. Related electrophiles such ag propargylic bromides [79] and unsaturated
epoxides [80] also undergo Sy2’-substitution reactions (Scheme 2.37).

Locs 104 (10 mol9%)

T CO,E
(Etozc Zn + P - N):;,
2 GuBr - MeaS {1 meal%) P

THF, -30*C, 2h

75 %; 50 %ee

Scheme 2.36. Enantioselective allylation with diorganozinc reagents.
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iz~ NHBoG 1.CuCN -2LiC] S~ NHBoC
:OOZBn 2. = CHaBr éoan
55 %

Znl MaCu{CN)Li (5 mol%}
/j(] - CI/W GI/\/\/YOH
0 THF

o8 %
Scheme 2.37. Substitution reactions of propargylic bromides and unsaturated epoxides with

organozinc reagents,

Substitution reactions also proceed well with cationic ° -cycloheptadienyliron com-
plexes such ag 105 [81] and related chromium complexes [82], and have found
applications in natural product synthesis (Scheme 2.38).

1= Cu{CNYZnI
BF A
k)\ s _EIOC i/  ~com
ge(co)s (OC);Fa/

105 85 %

Cu(CNZnl A

Q, Z=- =

Gecos (o)

80 %

Scheme 2.38. Reactions between copper-zinc reagents and cationic metal complexes.

Alkyl indides do not react with zine-copper reagents. However, use of copper
species RyCu(CN)(MgX); -Mey Zn, obtained by treatrent of the cuprate Me, Cu[CN}
(MgCl}, with a dierganozine compound RyZn, results in a aross-coupling reacton
at 0 °C in DMPU. The reaction tolerates a number of functional groups, ag well
ag alkyl fodidex containing acidic hydrogens, such as 106. The desired cross
coupling product 107 is produced in good yield (Scherne 2.39) [43].

1. MeaCu(CNYMgCly Ph
DMPU, 50 °C
(AcO(CHm);Zn — m/\/\/\/\.)\/ NOz
2 |’\./\.)\/m= 107:83 %
0°C,2n

Scheme 2.39. Cross-coupling between copper-zinc reagents and alkyl iodides.
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Cross-cotupling between functionalized zine-copper reagents and 1-iodealkynes
or 1-bromoalkyries is very fast [83]. Thisx smooth cross-coupling occurs at low
ternperatures [—55 °C) and offers high stereoselectivity in reactions with chiral
secondary organozine-copper reagents such ag 108 (obtained by a hydroboration/
boron-zine exchange sequence), producing the alkyne 109 in 429% overall yield
(Scheme 2.40) [73].

OCH,0EL EIOCH0 H Cu{GN)ZnX EtOCH0
1. EtBH, CHxClp Br——SiMesy 973

2. Prozn
H 3.CuCN - 2LCI

H

Ly

108 109: 42 % overall vield

Scheme 2.40.  Alkynylation of chiral secondary copper-zinc reagents.

Alkynylation of zinc-copper compounds has been used for the synthesis of
polyfunctional acetylenic ethers [84] and for the preparation of building blocks
for pharmaceutically active compounds [85]. Whereas cross-coupling between non-
activated iodoalkenes and zinccopper reagents only proceeds at elevated tern-
peratures and it polar solvents such as NMP or DMPU (60 °C, 12 h) [86], alkenyl
Iodides conjugated with electron-withdrawing groups react under milder con-
ditforg. Thusg, 3-lodo-2-cydohexenone undergoes the addifion-elimination reaction
with the Zine-copper reagent 110 at —30 °Cwithin 1 h, affording the functonalized
enone 111 in excellent yield [Schetrne 2.41) [46].

The samme mechanisim is operative for the preparation of squaric add dertvatives
of type 112, Treatment of 3, 4-dichlorocydobutene-1,2-dione with two different zine-
copper reagents provides the double addiion-elimination product 112 it 679% yield
(Scheme 2.41) [87].

4]
Q, A
=—{(CHa}yCu(CN)2Znl : cj\/\//)
THF, -30*C, 1h

110 111: BB%
1. c-HexCu(CN)Znl
oﬁ: o QKO/\/\/OAg
2. ACO{CHg)sCu{CN)Znl
cl I ek oHex
112: 87 %

Scheme 2.41. Substitution reactions with copper-zinc reagents by addition-elimination mecha-
nisms.
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The reaction between zinc-copper reagents and acid chlorides ix very general and
provides a useful synthesis of ketonies [7, 34, 41, 42]. This acylation hag alse been
used to prepare various indoles substituted in position 2 (Scherne 2.42) [88].

cl o cl
@(\CU(GNWN 1. an o A o
THF, 0 *C
N(SMes)z 2. NH4Cl N

73%

Scheme 2.42. Synthesis of 2-substituted indoles by acylation of functionalized organozinc
reagents.

24.3
Addition Reactions with Copper-Zine Reagents

Zinc-copper comnpotnds readily undergo Michael addition reactions in the pres
etice of TMSCL selectively affording 14-adducts [7, 34, 41, 42]. In the case
of f-disubstituted erones, the 14-addiion proceeds well in the presence of
BF;-OFt, (Scheme 2.43) [89].

o]

0
MesSICl, THF CN
N ~"CuCcNZnl  +
-TEW25°C
57 %
0 el
cuen) BFa - EyO, THF |
u Znl +
e -30100°C
eHex

%

Scheme 2.43. Michael additions of copper-zinc reagents to enones.

Prostaglandin derivatives may be prepared by the addition of copperzinc re-
agents to substituted cyclopenteniones [90-92]. In the presence of a copper(I}
monosubstituted sulfonamide, dialkylzines also add to enones [93]. The addition
of zinc-copper compounds to unsaturated esters i difficult, and only efficlent if a
leaving group is present in the f-position. Alkylidenemalonates, on the other hand,
readily undergo Michael additions [94]. The g-phenylsulfonylalkylidenernalonate
113 undergoes an addifion-elimination process to provide functionalized alkylide-
nemalonates such as 114 in excellent yields [95]. Similarly, the f-phenylsulfonyl-
nitroolefin 115 readily reacts with copper-zinc organometallics to provide nitro
compounds such as 116, which readily undergo intramolecular Diels-Alder reac-
tions (Scheme 2.44) [96].
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PhSO,  COEt  THE 3pC AcO(GHz\)if(}‘Et
ASO{CHJgCu(CN)Znl + \=( =
CO.Et CO4Et

13 114:88 %

M
CA/W+ Pheos” N0z THE Mo IOz heane
CWCN)Znl 55°C MOz 25°C,4h

115 118 85 %

Schame 2.44. Addition-elimination reactions involving copper-zinc reagents.

Ir general, copper-zine compournds, unlike organolithium-derived organocopper
reagents, undergo clean addition reactons to nitroolefins. After Michael addition,
the resulting zine nitronates can be oxidatively converted into polyfunctional ke-
tones, such as 117 (Scheme 2.45) [96].

NG 1.THF, 0°C, 4h i
BI0,C7 ™ ouoNz fj\/\oo,m 2.05,-78°C Ooz:licozua
3, Me,S
1787 %

Scheme 2.45. Addition of zinc-copper reagents to nitroolefins.

Addition to unsaturated aldehydes results either in the 1.2- or in the 1,4-addition
product, depending on the reaction conditfons. Thug, in the case of dnnam-
aldehyde, the 1,2-addition product is produced in the presence of BF:-OFEt; and the
1,4-addition product is obtained in the presence of MezSiCl (Scheme 2.46) [97].

OPiv OH ~ CHO  OPiv o CHO  OP Ph
= /I\/\,cu(CN)ZnI /I\/'\/l\l
|  BFy.EHO T™SC! o
Ph
89 % 1, 2-aciilition 1,4-acicifon 92 %

Schama 2.46. Reactions between zinc-copper compounds and unsaturated aldehydes.

Acetylenic esters react well with copper-zinc compounds. Propiolic esters are
especially reactive [83], but other acetylenecarboxylic acid derivatives such as di-
methyl acetylenedicarboxylate or propiclamide 118 undergo highly stereoselective
¢is addition (Scherne 2.47) [46].
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THF, 30 *C
EtO.C” ™""Cu(CN)Znl + H—=—CONH; — = E0,C" ™~ = “CONH,

118 53% 100%E

Scheme 2.47. Addition of zinc-copper compounds to propiolic acid derivatives.

Finally, zine-copper exchange by treatment of FG RZnl with Me,Cu(CN)Li,
provides copper species that add senoothly to various alkynes and which can also be
used to perform cydization reactions (Scheme 2.48) [98].

1. H—=—H
EtOzC’\/\(c" EtO. =
Pert 212 Pent 1
66 %; 100 % Z
z
o o COFt o} By CO:Et
\J 2 w (S
60 %

Scheme 2.48. Intermolecular and intramolecular carbometalation of alkynes with copper-zinc
reagents.

Grganozinc copper reagents have very broad synthetic potential and a rurnber of
typical experimental procedures have recently been published [99, 100].

23
Transmetalation of Organotin, Organosulfur, and Organotellurium Reagents

Transmetalations of alkenylstarmanes with copper salts are reversible if they are
petformed with CuCl in pelar solvents [101)]. Thix has found application in cyci-
zation reactons (Scheme 2.49) [102].

5nMe; | Cu I

cucl N
\/I\|/\/-.\I\/ 2 \A/\)\v +M.a,s|1c|_../
£t min £t
€0- €0 CO,E
BO %
0 o
CuCl, DMF
H
SnMey . 18h
2

88 %

Scheme 2.49. Cyclization of alkenylcopper compounds generated from organostannanes.
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Transmetalation of this type has also been used to assist palladium(0)-catalyzed
cross-coupling reactions in sterically congested substrates. Transmetalation of stan-
nanes into alkenyleopper intermediates considerably accelerates subsequent
palladium(0)-catalyzed cross-coupling with arylsulfonates (Scherme 2.50) [103].

Pd({PPha)s {10 mal%)
OTf LICI (6 equiv) Pent
Pent
Bussn " i
& CuCl {5 equiv) OH

DMS0, 80°C, 48 h

a5 %; 93 %ee

Scheme 2.50. Copper{l} chloride as a promoter of Stille cross-coupling.

These transrmetalations may be performed not only with copper(I) halides in
DMF [104], but also by using Me; Culi-LICN. This transmmetalation has been used
in the synthesis of prostaglandin derivatives (Scheme 2.51) [105).

Mo 1. Mo Cu(CN)L
THE, tt, 2h
BuSn 2 Bu
0OSIMe; &
2 é«m
S0’

1%

3. AcCH f H20 I THF

Scheme 2.51. Prostaglandin synthesis using 5n Cu transmetalation.

Ag well ag alkenylstannanes [106-108), other classes such ag wheteroatom-
gubstituted alkyltributylstannanes [109] and, more importantly, allylic stannanes
[110, 111] also undergo these Sn Cu transmetalations. Otherwise difficult to pre-
pare, allylic copper reagents may, however, be obtained by treatment of allylic stan-
nanes (produced in turn from organolithium, magnesium, or zinc organometallics)
with Me,Culi-LiCN. They enter into coss-coupling reactions with alkyl bromides
[110] or vinyl triflates (Scheme 2.52) [111].

Michael additions [112] and other reactions typical of organocopper spedes
can also be performed with silylcopper reagents such as TBDMSCu, prepared by
Sn/Cu exchange [113] between Me; SnSiMe,(tBu) and Bu(Th)Culi-LiCN (Th =
2-thienyl) (Scheme 2.53) [113, 114].

Transmetalation of thicethers to organccopper compounds can also be per-
formed in some special cases. Thus, treatment of the ester 119 with Me,Culi-LiCN
provides the copper reagent 120, which can be treated successfully with several
electrophiles such ag allyl bromide or acid chlorides to afford the expected products
guch ag 121 (Scheme 2.54) [115, 116].

This reaction can be extended to cyanoketone dithicacetals [117]. Alkenyltellu-
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1.Me,Cull - LICN Y

THF, @ °C, 30 min 5
Y\/SHB“: |
! Bn

2. S._BE
BnnI/‘Br T%
A0°C,25h
ot 78°*C z
COsEt  + Y\/Qllm‘)'-i ‘LGN ——— COoEt
Th = 2-4hlersd ar%

Scheme 2.52. Cross-coupling of allylic copper compounds.

1. Bu(Th)cuLl - LIGN

2. >—Q=0 ""SIMe{Bu}

Th = 2hlemyd a7 %
Scheme 2.53. Preparation of silylcuprates by Sn/Cutransmetalation.

Me3SnSiMe{u)

Et._..COzEt 2 Me,Culi - LICN Et. _COEt . .Br Et O-Et
| e s
MQBISME athar, -20*C. 0.5 h MaS”" “Cu MeS s
119 120 121: 72 %

Scheme 2.54. Sulfur/copper exchange reaction.

riurn species also undergo exchange with Me,Culi-IiCN. The synthetic impor-
tance of this exchange is due to the easy availability of (Z)-alkenyltellurium species
by reducton of alkynyl tellurides such as 122 (Scheme 2.55) [118].

NaBH, /EIOH 1.Me,CuLl - LICN
Ph—=—TaBu P’ “TeBu N
80°C THF, 22 °C, 1.5 h

122
2. BT %
]

Scheme 2.55. Te/Cu exchange reactions of {Z)-alkenyltellurium species.
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26
Transmetalation of Organotitanium and Organomanganese Reagents

Transmetalatons with first row transition metal elements such as tHtamium or
mariganese have produced useful synthetic applicatons. Organotitanate species of
type 123 show the advantage of high 842’ selectivity inn the anti stereochemistry of
the resulting copper(I} interrmediates (Scheme 2.56) [119, 120].

MegCuLi - LICN
THF, -70.°C, 6 h «Bu

BusTH{OPrL
123

2%

Scheme 2.56. Copper{l}-catalyzed anti-Su2’ substitution of allylic phosphates.

Organemnanganese reagents are very useful organometallics, reacting with high
chetnoselectivity with acid chlorides [121] and several other dasses of electrophiles
[122]. The scope of organomanganese reagents can be greatly increased by use of
coppet(I) catalysis. Especially imnpressive is the performance of Michael additions
[123-128]. Thus, the Michael addition betweenn BuMnCl and pulegone 124, fur-
nishing 125, proceeds in excellent yield in the presence of Li;CuCly (3 mol%)
(Scheme 2.57) [128].

124 125

BuMnCl, THF, 30 *C to rt: <5%
BuMnCl, Li2CuCly (3 mol%), THR, 0 °C, 1h: 85 %
BuMgC, Li2CuCl, (3 mol%), THF, 0 °C, 2k 51 %

Schama 2.57. Copper-catalyzed Michael addition reactions between organomanganese reagents
and pulegone.

Acylation reactions can also be greatly improved in this way, with t-alkyl- or sec-
alkyl-mangarnese reagents reacting with acid chlorides in excellent yields [123]. The
related addition-elimination to 3-ethoxy-2-cyclohexenone iz also improved, result-
ing after acidic aqueous workup in 3-methyl-2-cyclohexenone [125]. The perilla-
ketone 126 was prepared in an improved yield using copper(I) catalysis (Scheme
2.58) [129].
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o 0
FentvnCl
3 :
o THF, -10°C

126: 84 % in prezence of CuCl {1 mol%)
63 % without CuCl

Scheme 2.58. Preparation of perilla-ketone using copper-catalyzed acylation.

Alkylation of organomangarese reagents with alkyl bromides can also be im-
proved by addition of CuCl (3 mol%). The reactions proceed at room temperature
annd are complete within a few hours [123, 130]. The opening of epoxides is algo
improved under these conditions. The reaction also features good chemoselectivity,
tolerating the presence of sensitive functions such as ketories (Scherne 2.59) [130].

CuCl {3 mol%)

BuMnCl + BK\NYB" Bu’\/\/\n’B“

o THF / NMF, 20 G 0

80 %
Scheme 2.59. Copper-catalyzed alkylation of alkyl manganese reagents.

Benzylic organomanganese reagents prepared by direct insertion of activated man-
ganese metal display the same behavior (Scheme 2.60) [131]. Excellent results are
also obtained for 1,4-additions of organomanganese reagents to unsaturated esters
in the presence of CucCl (3 mol%) [127].

Oﬁ@/‘mcu Cul (5 mol%) m &
Me THF, 25 °C Me0,C °

PHGOCI

75 %
Scheme 2.60. Copper-catalyzed aclation of benzlic manganese reagents.

27
Transmetalation of Organozirconium and Organosamarium Reagents

Transmetalation reactions of organozircomium reagents were pioneered by
Schwartz [130-132], with improved procedures developed more recently by
Lipshutz [133] and Wipf [134]. The hydrozirconation of 1-hexene with H(CLjZrCp,
at 25 °C under sonication conditions produces the n-hexylzirconium complex 127,
which adds to cydohexenone in the presence of CuBr-Me; $ (10 mol%%) to afford
the desired product 128 in 79% isolated yield (Scheme 2.61) [134].

n
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vl
o
CpaZr(HYCI
Bu HexZrCpoLCl
25 °C, 20 min, ulrasound CuBr- Mag5 {10 mol%) Hax
25°C, 1h
127 128:79 %

Schame 2.61. Copper-catalyzed 1,4-addition of alkylzirconium derivatives.

Simnilarly, alkenylzrconium species prepared by the hydrozirconation of alkynes
add in a corjugated fashion to enones. Formation of an intermediate zineate prior
to transmetalation to the copper species fadlitates the Michael addition (Scheme
2.62) [135]. Thix methodology has beerr applied to the preparation of protected
misoprostol 129 {Scheme 2.63) [136, 137].

1. CpaZr{H)CI

o
Q :
//‘ L e
= | BnQ Ry OBn
mo ™~ MeL, Mo;ZnL ; L

Ma,Culi - LICN cat.

a1 %

Scheme 2.62. “Michael addition of an alkenylzircomium compound”, by successive trans-
metalation into zinc and copper intermediates.

1. CpZHH)CI

2. mBuLl {2 equlv)
W\/\

Ms  OSIMes 3, CuCN - Mell

EtSIO°

[}
" é,(cug).co,ua 128:73 %

EteSi0
Scheme 2.63. Synthesis of protected misoprostol 129.

The mechanism and the nature of the reaction intermediates have been carefully
studied by Wipf, revealing an activation of the carbonyl group of the enone by the
zirconium complex. Remarkably, a variety of primary and secondary alkylzirco-
nium complexes can be added to enones in 1.4-fashion under mild conditions [134,
138]. Interestingly, treatment of zirconocyclopentadienes such as 130 with alkynes
guch ag dimethyl acetylenedicarboxylate in the presence of CuCl gives benzene
dertvatives such as 131 [136, 137]. A transmetalation from Zr to Cu hag been pos-
tulated in this reaction. Annelation reactions involving a similar transmetalation of
130 and cross-coupling with 1,2-diodobenzene proceeds in high yield to afford 132
(Scheme 2.64) [139, 140].
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Et
MeDiC-—— COMe M0 Bt
CuCl (2 aquiv)
25°C, 1h MeO.C Et .
Et

Et 131:50 %
wl Y~
Et I Et

Et C(|

Et
1 8
CuCl (2 equiv) Et
DMPLU {3 aquiv) Et
132: 89 %

Scheme 2.64. Copper-catalyzed reactions of zirconocyclopentadienes.

Cross-coupling reactions between alkenylzirconocenes such as 133 and aryl or
alkenyl fodides occur readily in the presence of CuCl and Pd(PPhs),, producing
tetrasubstituted olefing such as 134 in good yields (Scheme 2.65) [141, 142].

Pr 1. szZrﬂ P3=Cq CuCl, Phi Pr Pr
I GPZ‘TE" Pd(PPhgs, cat.  PH

pr 2 & THF, 50 °C

133 134: 77%

Scheme 2.65. Cross-coupling between alkenylzirconocene complexes and aryl iodides.

Carbocupration of alkynes by zirconacyclopentane derivatives can be performed
according to the same procedure. Thus, the zirconocyclopentane 135, obtained by
treatment of Bu,ZrCp, with 1,6-heptadiene, reacts at room temperature with phe-
nylacetylene to afford the adduct 136 through a earbocupration-reductive elirnination
mechanism. Cross-coupling followed by intramelecular carbocupration takes place in
the case of the reacton with 1-bromohexyne, producing 137 (Scherne 2.66)[143).

H
=D
H
H 136: 50 %
Cul
Cp.Zr
f {2 equiv)
H THF
135

H
Bu—=—"Br Bu;dg
H

137:58 %

Scheme 2.66. Copper-catalyzed reactions of zirconacyclopentane derivatives.
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Finally, spiro-compounds such ag 138 can be prepared by treatment of Zrcona-
cylopentadienies such ag 139 with 3-iodo-2-cycohexenone in the presence of CuCl
(2 equiv.} (Scheme 2.67) [144].

o
Ph d\ Ph
e |
CpoZr, —_— =
CuCl {2 squiv)
Ph Ph
138 138: 48 %

Scheme 2.67. Spirometalation of zirconacyclopentadienes.

Very few transmetalations between organolanthanides and organocopper re-
agenits have been reported. Organosarnariun(III) reagents, prepared by treatmnent
of S, with alkyl halides in THE/HMPA, undergo easy conjugate addifon to
ursaturated ketones and nitriles in the presence of TMSCL, producing the corre-
sponding Michael adducts. Functionalized alkyl bromides such as 140 react cherno-
selectively with cyclohexenone in the presence of TMSCl and CuBr-Me,S (0.1
equiv.) to afford the polyfunctional ketonie 141 in 60% yield (Schemne 2.68) [145].

O/\/\/Br ON\/CLO

1. Smly
THE / HMF#, 22 °C

2. GuBr Maz8 (0.1 squiv)
TMSC! {4 equlv
N(Me)COPh Jloda ‘m"rﬁ;‘n) N(Me)COPh
cyclohexanona

140 141: 60 %

Scheme 2.68. Copper-catalyzed 1,4-addition of organosamarium reagents.

28
Conclusion

Transmetalations of various organometallic species with copper salts have been
found to produce highly useful organocopper reagents of great synthetic interest.
Marny different organometallic precursors have proved valuable, depending on the
functionality present in the copper reagent. The scope of organocopper chemistry
has been greatly enhanced by these new transmetalation reactions and these re-
agents have found many applications in organic synthesis,
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3
Hetercatomcuprates and a-Hetercatomalkylcuprates
in Organic Synthesis

R. Karl Digter

31
Introduction

Organocoppert(l) chernistry slowly emerged from Reiclis preparation of phenyl
copper (1923) and Gilmarfs subsgequent reports on ethyl copper (1936) and lith-
iumn dimethyleuprate (1952) [1]. The conjugate addition reactions [2] of Kharasch
(RMgX/cat CuX, 1941) and House (R;Culi, 1966) and the substitution reactiorns of
Corey and Posrier [3] inaugurated a period of rapid development in organocopper
chemistry. Simple alkyleopper or lithium dialkyleuprate reagents increasingly be-
came employed for the introducton of simple, non-functionalized alkyl groups
in matural product synthesis. The fact that only one of the alkyl groups was trans-
ferred from lithiurn dialkyleuprates to carbon electrophiles stimulated the devel-
opment of heteroatom{alkyljcuprates. In these reagents, the heteroatom bound to
copper served as a non-transferable or residual ligand, enabling the transferable
alkyl groups to be conserved [4]. Chiral, non-transferable heteroatom ligands alse
saw service in1 asymmetric organocopper reactions [5]. Although earlier reports had
referred to silyleopper and stanmylcopper reagents, the development and synthetic
applications of these reagents wag stimulated by the reports of Fleming (1978) and
Piers (1980} [6]. Developments in the chemistry of silicon and tin resulted in the
exploration of silylcuprates and stannyleuprates, where the synthetic value of the
coppet-mediated reactions lay in subsequent transformations involving the resul-
tant C Siand C Sn bonds. The silyl and stannyl substituerts were exploited as
tools for regiocontrol and stereocontrol, and in the subsequent construction of C C
bonds.

Utilization of hetercatom-functionalized organocopper reagents posed a major
hurdle. The nature of the preparation of organocopper reagents, from organo-
lithium and Grignard reagents, severely limited the type of alkyl ligand that could
be imtroduced omto copper. Coppermediated transfer of complex heteroatom-
functionalized alkyl ligands, however, iz a particularly attractive synthetic goal,
since the organocopper transformations are often complementary to the organo-
lithium and Grignard reactions. Successes in this field came with the development
of procedures for oxidative addition of metallic copper with organic electrophiles
[7], lithiation [8], and developrnerts in transition metal chernistry that permitted
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preparation of cuprate reagents from organometallic species other than lithium
and Grignard reagents. Transmetalation frotn a variety of transition organemetallic
reagents to copper hag developed into a powerful tool for uniting copper chermistry
and highly functionalized alkyl ligands [9]. While Knochel's copper-mediated or-
ganozine reactions [10] have admirably solved marny problems in this area, lithium
e-arninoalkyleuprates have provided a useful expansion of the corresponding orga-
nolithium chemistry [11].

This chapter focuses on heteroatormcuprates and e-heteroatormalkyleuprates
and the poterrtial they offer in the development of synthetic strategies. Alkyleuprate
chernistry involving heteroatom functionality at a location other than the a-position
1% the topic of Chapt. 2.

32
Heteroatomcuprates

Heteroatormn copper and cuprate reagents contain a ligand bound to copper through
a heteroatomn, which may either be transferred to an organic electrophile or serve
ag a non-transferable or residual ligand Reagerts derived from copper in its low
valent oxidation state [that ix, Cu(I)] readily transfer Group IVA ligands to a wide
range of organic electrophiles, while Group VA ligands cornmonly act as residual
ligands. Nevertheless, a limited nimber of Group VA ligand transfer reactions have
been reported (vide infra).

3.2.1
Croup IVA Heteroatoms {Si, Ge, Sn)

While organocopper(I} (RCu) and organocuprate reagents [RCu(L)Li] have been
known for over half a century, the corresponding silyl and stanmyl reagents are
of recent origin. Like their carbon analogues, these reagents [6, 12, 13] can be
prepared by the addition of silyllithium or starmyllithium reagents to Cu(T) salts
in ethereal solvents [14, 15], tetrahydrofuran (THF) being the solvent most often
used. The combination of Cu(I) salt, substitution pattern of the silyl or stannyl
ligand, use of non-transferable residual ligands, and ligand:copper stoichiometries
cant result in a bewildering array of reagents (Tab. 3.1}, which are likely to display
differentt reactivities, regiogelectivities, and stereoselectivities in their reactions with
carbon electrophiles. The silylcuprates and stannylcuprates appear to be more
thermally stable than the organocuprates, and preferentially transfer the 8i[6, 14b,
i] or Sn [14b, 16] hetervatom in mixed alkyltheteroatom)cuprates [(R;M)CuRLi;
M = 8i, Sn]. The preferential transfer of the silyl or stannyl group has been attrib-
uted to weaker Cu Si or Cu Sn bonds or alternatively to copper ligand HOMG/
electrophile LUMG orbital interactions [141). The higher energy Cu M (M = S,
Stj HOMO orbital will be closer in energy to the electrophile LUMQ orbital than
the energetically lower lying Cu C HOMO orbital, which is consistent with the
observed selectivity. The mixed [R;M)Cu(alkyl)CNIi, (M = S§i, Sn) reagents con-
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Tab. 3.1. Representative silyl and stannylcuprate reagents.

Sitplcuprate Reagents C-Sito Ref Stanaylcuprate Reagents  Ref.
C-OH

e Si)Culi No 14a MesSnCu-SMes 154, 6
{PhMe:8i); Culi Yes 224 n-BuaSnCu-Shes 15b
PhMe,SiCu{CNILi Yes 14b—c MesSnCu{CNILi 14b, 6
{PhMe:Si): Culi- LICN Yes 14bc, 24, 6 {BusSn);Culi 15¢, 37
PhMe,8iCu{Me)Culi-LiICN Yes 14b,d {Me3Sn); Culi 15d
[(MeHE-CMeCH, PhySi], Culi  Yes 14e (BusSn)Cu(n-Bu)LiLiCN  16b, 6
Et,NPh, SiCu{CN)Li Yes 14f, 6 {BuySnjCu{Me)Li-LICN  14b, 15d
¢ Bube, SiCu{n-Bu)Li LiICN No 14g, 6 Me,SnCu(BujliLiICN  16c
{t-BuPh, 81),Culi Yes l4g Me,SnCu{ §Ph)Li 15e
[{Me; 1), 81, Culi — 14h {PhySn);Culi 15f

serve silyl and starmiyl lgands, which are not always completely transferred from
(RsM}pCuli reagents, and minimize Group IVA by-products (such ag RsMMR;,
R:MH, B3sMOH) fortned with the latter reagents. Although the greater thermmal
stability renders formation of silyleuprates and stannyleuprates less capricious than
that of the carbon-centered reagents, the mode and method of preparation may
play irnportant roles. The (PhMe; Si};Culi reagent is generally employed, due to
difficulties in preparing trimethylsilyllithium and because the PhMe, 81 group is
readily converted inte a hydroxy substituent [6].

Mixed alkyl{silyl)euprates or alkyl{stannyl)cuprates are readily prepared by ligand
exchange with lithitm dialkyleuprates and R;SnSi(R1); [16a), Me;SnH [16b, ¢,
Me; SiSniMe; [16d), and Me; SnSnMe; [16e]. R3SnSi(R1); reagents can afford either
silyleuprates or stannyleuprates, depending upon the steric bulk of R and R, The
ligand exchange procedures obviate the necessity of generating silyllithium and
stannyllithium reagents. Procedures catalytic in copper have been developed [17],
while a procedure using disilane and (CuOTE };-PhH also avoids the use of silyl-
lithiurn reagents [18]. For cuprate preparations, the use of CuCN is generally more
reliable than that of Cul or CuCl, perhaps because of diminished yields with purt-
fied Cul [19] and the sensitivity of CuCl to light, air, and moisture. NMR studies
(*H, BC, 1181, and *P for HMPA additive) of silylcuprates [14b, ¢, 1] and stan-
nylcuprates [ 14b] reveal rapid dynarnic ligand exchange, with the R;MCu(R')CNLi,
composition as the thermodynamic sink. While these mixed heteroatomcuprates
are ofter1 depicted as "higher order” cuprate reagents [R;MCu(R)CuCNLi;] [14b,
¢, 1, 16] and several “higher order” organocuprates have been confirmed both by
NMR spectrogcopy and by X-ray analysis [20], thiz formulation may be open to re-
appraisal [21]. Although these NMR studies reveal multiple spedes, depending
upont R:M/RLI/CuCN stoichiometry, the “higher order” compositions need not
necessarily have three ligands bound to copper. Alternative complexation arrays are
possible and ligand exchange faster than the NMR timescale [144] might preclude
firm structural conclusions. In this account, the formulations (RyM), CuCNIi; and
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(RsM},Culi-LICN are used interchangeably, reflecting the original literature, and
gerve only to corwey the stoichiometry of reagent preparation. Although free lith-
iurn species may be present (depending upon stoichiometries [141]), the less basic
silyllithium and starmyllithium reagents generally pose fewer problems than the
mmote basic alkyllithiurn reagernts.

Early work on silyleopper and starmyleopper reagents found the same reaction
profiles ag exhibited by carbon-ligated copper reagents [6]. These indude corjugate
addition reactons [22, 23], silyleupration [24] and stannyleupration [15d, 25] of
alkynes, and substitution reactions with acid chlorides [26, 27], allylic [28, 29] and
propargylic [30, 31] substrates, vinyl substrates [32, 33], epoxides [26¢, 34], alkyl
electrofuges [34, 16b, d], and iminfum salts [35]. While allenes generally fail to
undergo carbocupration, they are readily amenable to silyleupration [27, 30, 36]
and stannyleupration [36¢, 37] reactons.

The gynthetic power of these dlylcuprate and starmyleuprate reactions les in the
gynthetic utility of the product sflanes and starmanes for carbon-carbon bond for-
rmation and alse in the utilization of the silyl [38] or stannyl substitients ag agente
for stereocontrol and reglocontrol. Additionally, use of appropriate silyleuprates
pertnits conversion of the produced C 81 bond into a C OH bond (Tab. 3.1) [39].
Thiz C 8ito C OH conwversion is a parfcularly difficult transformation for an allyl
silane, and the development of Lithium diphenyl( 2-methyl-2-butenyl)silyleuprate for
this purpose illustrates the characteristic transforrnations of silyleuprates (Scheme
3.1} [14e]. Several silyl substituents convertible into hydroxy groups are not ame-
nable to the cuprate methodology [14e]. Allyl and vinyl silanes — generated by
treatrnent of silyleuprates with allylic substrates and by silyleupration of alkynes,
respectively — are synthetically powerful nucleophiles for carbon-carbon bond con-
structon [40]. The corresponding stannyleuprates undergo similar transforma-

T L
I*h, i

G/\ GH o QEoH=h Ph/\rt?:o,rv.c
78% O)\:’C“”'"” 1. m’y
\ 9 Mol 80% (93 7)
I’h"ﬁ»’ T ME Y\
LiCu{Fh, ;|\/§ > by oG
O(\ fj\/copm
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g\, /\% Mk S g ™h, .l/\%

BI%. §03% B0
Schame 3.1. Reactivity profile of sillcuprates with carbon electrophiles [14e].
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tions, independent of the method of cuprate preparation [16b, d] [Scheme 3.2).
While allyl stannaries can be used ag allylic nudeophiles [41], vinyl and aryl stan-
naries are frequently employed in the palladivrn-catalyzed Stille coupling, with
vinyl, aryl, and alkynyl halides and sulfonates [42].

9]
i &) Me,Sn
Q‘/\\ \/Y\
pos,  SnMe, 4o b
H = Mo C 1
nnl'\'“'-'
B —H | Me,Bn(RICuL - CN ("") Ft @
HG “—R a ¥ (") S —_——————— = | O [_I.
= nBu - i = Me
T4 % Sr':f-."l[:\.‘ R Me, i Bu 78%
SriMe / — B A +Bu
cl fe. Sn
Cle o JS
M ]
Onle ~
Me P
£19%, h kA

Scheme 3.2.  Reactivity profile of stannylcuprates with carbon electrophiles [16b, d].

3.2.1.1 Conjugate Addition Reactions

Although trialkylstannyllithiurm reagents underge conjugate addiien reactions
with 2-enones and encates, the trialkylsilyllithium reagents are lirnited to 2-enones
[6] Silyleuprate conjugate adducts are sometimes formed in low yields if the in-
terrnediate enolate participates in a subsequertt Michael reaction with the starting
o, f-unsaturated substrate [43]. Sterically unhindered substrates and unsaturated
aldehydes and ketones are particilarly susceptible. Thix side reacton can be sup-
pressed by addition of trimethylsilylchloride (TMSCL) or by uge of zincate reagetits
(Scherne 3.3). The TMSCI presurnably works efther by trapping the enolate anion
ag the silyl enol ether or by acceleraing the conjugate addition reaction (ot both),

e} 1. M':—S'C 0
\).L . 2. (PPM2,50,CLLiL CN .
R : oMz, Si 2
o ar R
FhMe, S.4rhe,L
Syl
Clprae: Angile
with without wih with
THSC E TR 1S
Fié H, W [ZE. e, Wal, MNMe,, a7 BG £ 42 Ba- Tl 537
RLRZ = H, CN o Me,G-=CHCH,, Ot BU-Bi 2329 TRA3 7135
mcthyl crotonalte ‘e ER] 72 [:1¢}

Scheme 3.3. Conjugate addition reactions of silylcuprates and
zincates in the presence and absence of TMSCI [43].
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while the zincate gives rise to formation of a less reactive zine enolate anion. The
use of TMSCl with methyl crotonate, however, afforded lower yields than these
achieved without the additive, this procedure being used in the synthesis of (4)-
lavandulol [43].

The silyleuprate conjugate addition reaction has been used for the protection of
an enone double bond, which can be regenerated with CuBr, [22a], and for the
strategic introduction of the silyl substituent for stereocontrol and regiocontrol
purposes. Enantiopure S-trimethylsilyl 2-cycohexenone can be prepared by conju-
gate addition reaction [44] and the appropriate enantiomner hag been converted into
a nurnber of natural products (Schemne 3.4) [38]. These synthetic strategles exploit

1. {FBUCOH,0

9. K,CO,, MaOH 201, (PP
Vi 3. PUCLIPPIL), HUO,NE,
[+) 585.5% pe HEONH, o
’ B - 3 »95.5% e
4 IRLMIL CuL L T fram enrymatic
?- ‘; :at e acylation of diol 1o RMLCIL LICN
. AR "
{+)-cucurmere 2. heat
G (-berterdactora {4y o cuparenone
b= & (+-pli acauin {+b-rarmulesin [/
TR TR )dcupatenane  Avetivone - - MH,
AR Lk fruntesin {-l-capnadanc 0
’ mrmatyngoelide * muorafen

F-MRy = SMe, 8L%
[+]- MR, = SrBu, Bb%

(+)- MR, = Sile, 90%
L MH, SMBu, 88%
Scheme 3.4. Synthesis of enantiopure {+)- and { }-5-
trimethylsilyl- and 5-tri-n-butylstannyl-2-cyclohexenone [44] and
natural products prepared from the silyl synthons [38].

e r gy amdivnediod

the anti directing effect of the silyl substituent in subsequent corjugate addition
reactions. It also proved possible to prepare the corresponding enantiopure 5-tri-n-
butylstariyl-2-cyclohexenone. Alternatively, the stereoselectivity of the silyleuprate
14-additfons can be directed by an existing substituent, as fllustrated by the syn-
theses of (+)-cornpactin, (+)-mevinolin, and (4)-pravastatin (Scheme 3.5) [45].

) Q.29 snwoc 0 C.o®  Ha(OAg, O/\i)jc
Pr) = oM S Gulel . ph) ACOGH qu

87% f‘_-ii\"l.'—_‘..’.l'-’?‘ 50% il
0 OR oo = 99%
/\l)io o B H [ i-compactin
. o R - Mg {+]-mevinc .n
A - 0OH  {+)-pravastatn

-
Scheme 3.5. Silylcuprate conjugate addition in syntheses of
{+)-compactin, {+)}-mevinolin, and {+)-pravastatin [45].
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The enolate anions resulting from silyleuprate conjugate addiion to «,f-
unsaturated systemns can be trapped with a wide variety of electrophiles, providing
opportunities for relative asymmetric induction [46]. Conjugate addition to an o
alkyl-substituted o, f-unsaturated systern generally gives the syn (aldol notaton)
diastereotner, while the anti diastereomer is produced from enolate alkylation of
the substrate unsubstituted in the e-position (Schernes 3.1 and 3.6). The ease of
the former reaction is in marked contrast to the reluctance of carbon cuprates to
transfer alkyl groups to e-alkyl-substituted enones and enocates. The evidence sug-
gests that this stereoselectivity is the result of a favored transition state in which the
silyl substituent is anti-periplanar to the enolate r-systern, the medium-sized group
ot1 the stereo center is “away” from the enolate group and thus can avoid AL? in-
teractionng, and approach of the electrophile i from the side anti to the silyl sub-
stituertt (Scherme 3.6).

i I (PhMo,Si,CUCNT,  PRMRS 0 PFMe,SI O

Ph’\HLR? »- Pn/\|)LFt2 » F’h/\)L

Re

R 2 Mel (R1_H) o R 5{1
NH,CIH.G (R — Me
anizsyn % yield anti: sy Sk yieid
A2 iR! = Hi Mehylation iH! Me) aralonation
CMe 93 88 1585 3%
[GE] 982 a7 3¢7C -
H 928 Fi 11:88 a3
pr high 70 - -
N e, o973 86 18:.82 ile]
(ol o435 B3 -
CN i olace of COR2 54146 B 14:86 77
si7e charge results ir
smal and naa wniform \
FL effects PHMe.S
. . [=Ftw N
AENR O 3" oL
N , = H
g ¥ increase s 2o ™~ o
2 decrease dr CE
‘3( i ey b H‘"Hz
FhMe,Si 4.0 £ 8

Favored franstinn state
Scheme 3.6. Diastereoselectivity in silylcuprate conjugate
addition-alkylation {alkyl halides) or protonation reactions with
o, f-enoates [46).

The geometry of the enolate double bond appears to play no role in the diaste-
reoselectivity of electrophile quenching of the enolate, as long as there iz a group
larger than hydrogen (R2) syn to the sterescenter. This accounts for the diminished
diasterenselectivity in the methylation reaction with unsaturated aldehydes and the
logs of selectivity with unsaturated nitriles. Similar diastereoselectivifes (94:6 1o
92:8) were observed for a series of alkyl halides (RX, where R = Me, Et, n-Bu, i-Pr,
PhCH;, CH;=CHCH,, and Me(Q,CCH;; X = I, Br). Substrates undergoing proto-
nation may have different transition state geometries, due to unfavorable R3/silyl
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gauche interactions, but they take place with the sarne sense even for nitrile sub-
strates. This strategy has been employed in a synthesiy of the Prelog—Dejerassi
lactone [47]. Quaternary centers at the e-posiion can be generated with good dia-
stereoselectivity when small e-substituents (R® = Me, Et, CH,C=CH,, CH,CO,Me;
Et = Etl, Prl, CH;=CHCH;Br, BrCH;CO;Me: 80:20 to 90:10 dr, 63-95% yields}
are present, while moderately sized esubstituents (such as i-Pr: 60:40 dr) give poor
diastereoselectivity [46].

Simnilar diastereoselectivities have been obgerved for trigonal electrophiles [48]
[for exarnple, anti:syn ratos from the E enoclate and Z enolate respectively (E, Z):
ET = CHO (71:29, 81:19), CHy=C(SiMe;)}COMe (93:7, 91:9), (CH;=NMe;)*1
(87:13, 82:18)], with the F and Z enolates again giving the same major diastereo-
mer in modest yields (43-7896). It was also possible to carry out alkylatons on
the resultant silyl enol ethers in the presence of Lewis acidg, but diastereoselec-
tivitles rarged from excellent to poor; depending upon the electrophile. Silyleuprate
conjugate addition to 2-enoates produces E enolates dirvectly, while quenching of
the enolate and regeneration of it with lithium difsopropylamide affords the Z
etwlate. The direct formation of the E enolate implies that the conjugate addition
reacton proceeds preferentially from the s-cls enoate conformer. The E and Z eno-
latex display normmal stereoselectvities inn the aldel reaction with aldehydes, which
cant be accounted for in tering of the Zimmerman-Traxler chair transition state,
and this permits the synthesis of a major diastereomer with control over three
contiguous stereogenic centers (Scheme 3.7, Tab. 3.2). Similar diastereoselectivities

Phtle,5i . . G . 3
a5 oL (PN, SiJ,CUCNL i, 1. (PAMe,Si,CuCNL, TTMEST OR
FH’J\Z"OR - OR >t ot

1J 2. NH,CIH,0
E enalata H 5 LDA 7 enclate
FhM e, i OH PiMe.,Si OH
RZCHO g% 7 2
H H = R=CHO
gl1o™"R? R /\_)\Hz
spnsyn : By AN
imajor isomes CO M COMe megor isumen
SYN L Sy sy anti '
Lo Maol| 1. NaCH
i, PhSO,CI i. PRSQ,C
jii. collidire, reflux ii. collidine, reflux
Me NCHIOMe:,
PAMe,Si PFMe, S|
7?1)\“\ = |
R Re

Scheme 3.7. Diastereoselective formation of f-silyl {E}- or {Z)-
ester enolates by silylcuprate conjugate addition followed by
allplation with aldehydes [49]. Stereoselective synthesis of {£}-
and {Z)-allyl silanes [30].
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Tab. 3.2. Diastereoselectivity in the aldol reactions between {E}- or {Z}-5-silyl ester enolates and
aldehvdes {Scheme 3.7).

From E enolate From Z enolate

syn, spnsyn, anti % Yield syn, spnsyn, anti % Yield

R=R'=Rf{=Me 89:11 73 6:94 &1
R =R!=Me; k! = Ph 94:6 90 9:91 79
R=Me;R!=Ph;RE=Me 8515 81 9:91 78
R =Me:; R = R! = Ph 91:9 81 10:90 7

are observed for the stanmyleuprate corjugate addition and subsequent aldel reac-
tion, although the selective formation of one major diastereomer is not as high.
Stereospecific syn [49a] or anti [49b] decarboxylative elimination of the fthydroxy
acids selectively affords either the E or the Z allylsilane (Schermne 3.7) [50].

Stannyleuprates participate in conjugate addition reactions with 2-enones [16,
23e, 51-53], enals [51], enocates [51, 52], and enamides [54]. They also undergo
substitution reactions with 3-iodo-2-enones [53], enol triflates of cydic f-keto esters
[16d, 55], and 2-envates [56] containing good leaving groups (such as Cl, I, PhS)
at the f-position. These substitution reactions may proceed through a conjugate
addition-elfiinination pathway or by direct substitutfon. f-Haloacrylates and g
phenylthivacrylates afford 2:1 adducts with the stannyllithum reagent and dirnin-
ished yields with the cuprate reagents [S6a). Optimal yields and stereocontrol,
with retentfon of configuration, were achieved with the tributylstannyleopper re-
agent, while the poor stereoselectivity obtained with 3-phenylthivacrylate appears to
be related to leaving group ability (Scherme 3.8). A sirndlar substitution reaction
hag been achieved with Bu;SnCu(2-thienyl)LiLICN and a 3-sulforyl-substituted
2-envate [56b]. The resulting 3-stannyl-2Z-enones and enoates undergo oxidative
home coupling with CuCl [55¢]. The substitution reacton faily with courmarin-
derived triflates; the stannyleuprates [Me; SnCu(LILI-LiICN, L = Me, 2-thienyl] ef-
ther transfer the tethyl Igand preferentially or give complex product mistures
[57]. Palladium-catalyzed coupling of the triflate and hexamethylditin gave the 4-
stannyleournaring in good ylelds.

* Bu-3nGu BusSn — + Ik
Co.Me = - co,Me  BusSn €O, Me

sabstrate resct 01 GOng. S yield EZ

oG -78 7G40 min 5H-B2 100:0
E K=Cil} TBTG 0, 42800, 40 ad PL:7h
Z[X -G, 78 C, A0 min A7-G2 0100
Z{X Ofls) TEC AR GG, Ah 2570, 4h 55 d:100
£ (¥ - 5Pr; AT h 0FC 403001 &0 2h:fh

Scheme 3.8. Stereospecific substitution of {E}- and {Z}-8-
substituted acrylates with BuiSnCu [56a].
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The reacton between stannyleuprates and enol tiflates of cycic fketo esters
has been exploited in an annulation strategy culminating in the synthesis of (£)-
chiloseyphone [55a] (Scherne 3.9). Stannyleuprate conjugate addifons to 2-ynoates
affords vinylstannes, which upon transmetalation to vinyleuprates can react intra-
mmolecularly with an eriginal or subsequently introduced electrophile in a versatile
ring-forming procedure [55d].

oTE ) ] 5-~Me.,
Me.,SnCu{SPhjLi ; several steps
-
CO.Ma CoMe
Snhe, o Mel.i several steps
4 TIHF - HPA
o O™ -8iMe, R Y~—"siMe,
R - +BuMe,SIC )
{(+ ¥-chilvscyphone
COMe CO,Me
Me,5n _
ECOFMG Me, SnCuChLi Cull (2.5 equiv)
—_— #—
=—0C0:Me T1HF, 78te0 °C coMe  OMF 04C, 5 min.
f7% 5% COMe

Scheme 3.9. Annulation and ring-formation strategies based
on reactions between stannylcuprates and triflates of cydlic §-
keto esters [55a] and functionalized ynoates [55d].

Stannyleuprates generally offer no advantage over stanmyllithium reagents for
conjugate additions to simple 2-enones and enoates. The stannyllithiuemn reagents
successfully underge 14-addition to 3,3-dialkyl-2-enoates, which are unreactive
toward the cuprate reagents [53]. Although stannyleuprate additions to enantio-
pure conjugated SAMP [ 5}1-amino-2-methoxymethylpyrrolidine] hydrazones pro-
ceeded with high diastereogelectivities, the major product was that arising from
conjugate addition of the resultant enolate to the starting hydrazone [58), a com-
mon problem with 1,4-additions of silylcuprates and stannyleuprates to Michael
acceptors. Chiral 4-heteroatom-substituted 2-enoates also provide opportunities for
diastereoselection, now arising in the inital conjugate addition process and in-
duced by the adjacent stereogenic center [59]. Comparizons of the stannyllithium,
cuprate, and zincate reagents provided no useful predictive model because of wide
variation in the reaction conditions. In general, the Z enoates gave excellent but
opposite diastereoselectivities with the lithium and cuprate reagents, while the E
enoates gave poor selectivities. The zincates gave excellent selectivities in the same
genise with both the F and the Z encates (Scheme 3.10).
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Scheme 3.10. Diasterecselectivity in 1,4-addition of stannyl-
lithium, cuprate, and zincate reagents to enantiopure 4-
heteroatom-substituted 2-enoates [59].

Conjugate addifon reactions of starmyleopper(I) reagents are most often em-
ployed with 2-ynoates, to afford E:Z mixtures of 3-stannyl-2-enoates [6, 23a-d, 51,
54, 60]. Several cuprate reagents [MesSnCulli, L = SPh, SnMe;, C_CC{OMe}Me;,
CN], and alse the organocopper reagent Me;SnCu-SMe,, transfer the starmyl
group to 2-ynoates and the reaction works well with protected 4-hydrogyalkynoates
[51, 61]. The phenylthiocuprate reagent selectively affords the E isomer, through
sy addition, when added to ynoates [60a] at low temperatures in the presence of a
proton source, and the Z isomer at higher temperatures (—48 °C). The organo-
cuprate reagent, (Me;Sn),Culi, and an acetylenic mixed cuprate stereoselectvely
gave E isomers throtugh syn addition, although the former reagent is cornmonly the
orie of chofce (Scheme 3.11, Tab. 3.3). Excellent stereoselectivites are also achieved
with the eyanocuprate, which ix less capricious than Me;SnCu SPh)Li [60¢]. These
E:Z diastereoselectivities can also be achieved with chiral 4-aminoe-2-ynoates; the E
diastereotners can be converted into 4-tributylstannylpyrrolin-2-ones (Scherme 3.12)
[61]. The unprotected lactams were unstable and generally isolated as the t-butexy-
carbonyl [Boc)-protected derivatives. These vinyl stanmanes underwent effective
palladium-catalyzed coupling with vinyl halides and acid chlorides [61D].

Rl cox A,Sn cox
>:< copper eagent T coppor tnazoent i =
i g H M —=—C0OX —— — LTy H
B8 |ow lermperatue “igih lemporalue
{Elisgrer (Z-lsormer
A,5nCulLi crlH:‘SrCu *
I

ril Cu for LL)

il COX
>:|< _ —_—
A8’ Caior LU H S COX
Scheme 3.11. £:Z Diastereoselectivities in conjugate additions
of stannylcuprates to «, f-unsaturated derivatives.
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Tab. 3.3. Stereoselectivity in stannylcopper or cuprate additions to 2-ynonates {$cheme 3.11}.

R X Cuprate Reaction conditions % Yield E:Z Ref.
Me, RO{CH,}, ? NMe; MesSnCu-SMe; THF, 78°C,3h 7783 =001 54
NMe; MesSnCuSPhLi THF, 48°C 1h 68-72 793 54
20°C, 1h: 0°C, 2h
Me, Bt, RySIO(CH:): ¥ OMe, MesSnCuSPhLi cuprate {2), MeOH {1.7), 78-82 =064 60a
OFt 100 *C, 15 min;
78°C, 3h
OMe  Mey SnCuSPhLi i cuprate {1.3), 78°C, 76-81 =496 60a
OFt 15 min; 48°C, 4h
il MeOH
Me OFt Me; SnCuSPhLi 48+C 4h 76 298 Gha
{Me,Sn),Culi 480 4% 74 32:68  60a
Mey SnCRLIY 48°C 4h 82 991 G0a
Me, SnCu-SMe, 48°C 4% 68 201 Gha
Et OFt Mes SnCuCNLi i. THE, 48 °C, 2 h; 72 1:99  60c
g°C 2h
H NH,Cl NH,0H, H;0
Mes SnCuCNLI 1. THE, MeOH, 78°C, 74 99:1 &0c
4h
i NHCL NH,0H, H;0
n-Pr OMe  BuySnCu{Bu)Li-LICN 50°C 2h 80-85 15:85  50d
Bu, SnCu{2-Th)Li-LiICN 25°C, 2h 80-85 10:90  s0d
Bu, SnCu{ N4mid)Li-LICN - 25+°C, 2h =85 4:96  60d
CH:NHBoc ObMe  BuySnCu{Bu)Li-LiCN 78 ¢C, 10 min 72 50:50  &1b
MeOH, 78°C 10min 79 1000 61lb
OTHP Ohle 78 *C, 10 min 66 0:100 61b
MeOH, 78°C, 10min 75 100:0 61b

a} R — t-Bube;5i
b} R — C=CC {OMe]Me;
{Th — thienyl. imid — imidazele)

NHP NHA NP

)

n RugSnSuBul ey R gnBu, LI
{Iie -
MeCH, -ow tamna-aire W el ! Ol
9] i

9 [0 .
FU= 1br stiL, PRGH,. 1BDMS 19-/3% (»00:1C L.7)

P = {BuDCQ, CO,Me, PhCH,0C0 1. NaN(Site,),
2 Mad: 13,4
3. {Bag),0 'Z:k
[E N &)
07 oln;

Scheme 3.12.  Synthesis of chiral 4-stannylpyrrolin-2-ones by
means of stannylcuprate additions to chiral 2-ynoates [613]

{Boc = i-butoxycarbonyl).
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These observed stereoselectivites can be interpreted in tertny of an ecuprio ester
fortned by syn addition at low temnperature and intercepted by proton quenching
[60a] to afford the E adduct Selective formation of the Z diastereommer at higher
temperatures, requires either formation and stereoselective protonation of an
allenyl enolate or isomerization of the Z w-cuprio ester to the E a-cuprio ester and
stereoselective protonation. Recent mechanistic studies involving alkyleuprates and
alkynioates have found isomerization between E and Z w-cuprio esters through the
allenolate intertnediate, with the resulting adduct E:Z diastereornetic ratio reflect-
ing the alkenyl cuprate equilibrium E:Z ratio (Scheme 3.11) [62]. Application of
this argtirnent to the starmyleuprate reactions requires the E w-cuptio esters to be
thertnodynarnically more stable than the Z isomers, and sufficdently so ag to ac-
cotinit for the high stereoselectivity. Stannyleuprate additions have been shown to
be reversible and can somnetimes give the 2-stannyl regioisormers. The inital con-
jugate adduct obtained from alkyryl esters canmot generally be trapped with elec-
trophiles other than a proton, although the adduct obtained with Me;SnCu(2-
thieryl)Li and ethyl 4--butyldimethylsilyloxy-2-butynioate hag beenn trapped with
reactive electrophiles such as methyl iodide, allyl bromide, and propargyl bromide
o afford the Z diastereomers in moderate ylelds (40-65%) [51]. Higher yields of
rapping products can be achieved with 2-alkynyl amides [54] which, in contrast,
afford the E diastereorners. Similarly, treatment of l-triphenylsilyl-1-propynone
with Bu; SnCu(Bu)Li-LICN gives an adduct that can be trapped with acid chlorides,
allyl halides, and carbon dioxide to afford the E o, f-unsaturated acylsilane [27].
Trapping can also be achieved imtramolecularly, to afford a ftrimethylstarnmnyl-
cyclopentenecarboxylate (77%), although the higher homologue gave the cyclo-
hexenecarboxylate in low yield (3%) together with 1-trimethylstarmyl-1-carbome-
thoxymethylenecyclopropane (459%). The formation of the latter product illustrates
the reversibility of the reaction, formation of the 2-starmyl regioisomer, and subse-
quent cyclization [60a]. The formation of either trialkylstarnyl regioisomer can be
achieved with judicious choice of reagents. Addition of Bu;SnCu(Bu)li to alkynyl
acids affords the 3-starmylenoic acids, which can be trapped with fodine, while treat-
ment with diethyl(tributylstarmyllalueniniuen in the presence of CuCN reverses the
regioselectivity (S cherne 3.13) [63].

g 1. Bu.SnCi{BmLiL CN . BiaSnAlk,

. GO, . Ru.gn
Bl;.Sn\%\n,OH - 2.3 cyuiv e 29 equiv, -30 <G i B
3  r——— - H\%\ﬂ,()"t
o Faf, 78°C. 10 |‘l 15% CUCN, THF,
2B HO DO, I, B 20 M NLE) Fh O
Dl 7 2%,
(i -1, 45%] R=H, Mz, Et, 5-Pr, r-uenty, PH

M3, MeOCH,. Me
Scheme 3.13. Reagent regioselectivity in the stannylcupration of Z-ynoic acids [63].

Piers hag exploited these Z-ynoate stannylcupration reactions in the preparation
of donor and dipolar synthons (Scheme 3.14) [64]. Stereoselective stannylcupration
followed by deconjugation provides a stereocontrolled route to vinyl 1,3-dipolar
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synthens (Le., donor/acceptor sites) which has been employed in synthetic routes
to dolastane-type diterpenioids, (+)-amijitrienol [64c], and the marine sesterterpe-

notd (4)-palouclide [64e].

Mo, Sr 1. Me,SnCiCNLL THE COMe 1. MeSnCuCNLL THE -, o
' . AB*C 2h: 0-C. 2 MeOH. -#8 'C, 41 )
H,g,coéme - 2 h N
N 2 NH,CI, NH,OH, K0 2. NH,CI, NH,OH, H,O CO.Mo
[60c] [60¢]
R = RICH, R - RICH,
. LDA (1.5 equiw) 1. LDA (2.3 equiv

HMPA (1.5 couivh. THF
FAG, 30minc 007G, 1 h

7875, 30 mn. 0G| th
2. -98 "G, HDAG

-38 “C. HDAG HEda) [64a]
1 Cl 1. LiAH]
[’0 Ve Liam " \:(_/ i SnBu, LR SrBu,
- 4; \#ﬁ 2. CCl,, \:<_ B
JF|BU 2.0, SnBu, . Ph,P, E14,N COMe
Phgb. EtgN c
syrhon A Alary synthan
d 1 gikyl, H dlkyl, H y
H’%’H ¥l ellkyl, H;:\ .
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RW\Y aky . H H. 1 F},_\a_\(
d
XMW XiCH,ly CO,Msa, CH,OMOM d__
7 ®_C.p  CHOTBDMS, GH,OAc, x_a/—/_\m

i = dororste, 2 = dccepier site
Schame 3.14. Selected synthons available through stannylcuprate additions to Z-ynoates [64].

Silyleuprates have been reported to undergo reactions with a number of miscel-
laneous Michael acceptors [65]. Conjugate addition to 3-carbomethoxy acyl pyri-
dinium salts [65a) affords 4-gilyl-1 4-dihydropyridines. Oxidation with p-chloranil
generates a 4-acyl pyridinium salt that gives the 4-silylnicotinate upon quenching
with water, and methyl 4-silyl-2-substituted dihydronicotinates upon quenching
with mucleophiles (nudeophilic addition at the 6-position). The stabilized anion
formed by conmjugate addition to an e, funsaturated sulfone could be trapped
intramolecularly by an alkyl chloride [65D).

The conjugate addition reactions of trimethylgermylcopper and cuprate reagents
have only been explored recently [66] (Scheme 3.15). In cuprate reagents contain-
ing two trimethylgermyl ligands, both ligands are transferred, promoting efficient
ligand utilization. While Me;Snli excusively gives conjugate addition with 2-
cyclohexenone, Me;Geli gives a 1:3.8 mixture of the 1,4 and 1:2-adducts. The con-
jugate addition of germylcuprates to isophorone was not erthanced with TMSCl ag
an additive, although TMSBr proved effective. With 2-ynoates, the germylcopper
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and eyanocuprate reagents gave the E diastereomeric product with excellert stereo-
selectivity, while the mixed cuprate reagent gave the Z diastereomer with modest
stereoselectivity. E Stereoselectivity appears to result from sy addifon of the cop-
pet reagent and therrnal stability of the irtermediate vinyleopper (cuprate) intet-
mediate, while Z diastereoselectivity isx a product of vinyleuprate interrnediates
prone to isomerization to the allenolate interrnediate and subsequent protoration
of the allenolate anti to the large germyl substituent. The corjugate addition reac-
fion to ynoates can be used for the stereoselective synthesis of trisubstituted double
borids and has been explofted in a synthesis of (4 )-sarcodonin G [66b].

?-cyclorexanaone 8} (8]

Cor E10,0 C10,C
ISORPNOIINN or or Bl
or :U\
GeMe, GeMe, Mo,Ge

Etryl 2-butynoate GeMe,
S yietd fram feyodirem o yield frarm

Reagen: 2cyclonexenone sophorone ethyl 2-butynaate (dr)
Mo, GeCuMo,S 7 81 {3
iMe, e, Culi 8 90 (1.7:1)
Me,GaCiCNLI B0 20 (a9:1)
(Me,Ge),Cul i1iCN B8
Me GaluMaCNL B/ 34 86 {1:3.9)

33t

ik

# RAeagent ermployed (D65 cguiv). B TMSCI (1.5 equivy. © TMSBr (4 oquiv.

1. Ma,GaCulel LGN 1. LDA
THE,-78"C. 45 min Me:ee]]) THFHMPA T DiBALHa
o L ; 2, Ph,PI,
Il 2 AGCH, -78 °C, 10 min ‘ 2. AcOH MeGe ern MeGe
CO,Et EIO,C B0

Scheme 3.15. Conjugate addition reactions of germylcopper and cuprate reagents [66a].

3.21.2 Silyleupration and Stannylcupration of Alkynes and Allenes

The silylcupration and stannyleupration of unactivated alkyne and allene z-bonds
hag been reviewed [67], focusing on the work of Fleming and Pulidoe. Silylcupration
of terminal alkynes proceeds uneventfully with (PhMe,51),Culi-LiCN, regiospecif
ically affording intermediate 2-cuprio alkene reagents that can be trapped with a
variety of electrophiles [24, 68], although modest regiozelectivity (60:40) has been
observed with PhMe;SiCuCNLi [14c]. Only the 1-lithio alkyrie afforded senall
amounts of the regioisomeric Z-silylalkene (10:1 ratio, 809 yield). With reactive
electrophiles (such as I, CO;, MeCOC], Mel at 0 °C; 71-94%5), the vinylcuprate
intermediate can be trapped directly, but activation with hexamethylphosphor-
arnide (HMPA) or hexynyllithium is required for less reactive electrophiles (such as
n-Bul, 2-cyclohexenone, and propylene oxide, 54-699%,). An excesg of the terminal
alkyne will protonate the vinylcuprate intermediate. Assuming formation of a
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vinyl(silyl)cuprate intermediate, the results suggest preferential transfer of a vinyl
ligand over a silyl ligand. Comparable or superior yields are obtained with [t
BuPh,8i); Culi-LiCN in silyleupration of alkynes followed by electrophilic trapping,
and this methodology has been used to produce vicinal vinyldisilanes and vinyl-
(silyl)stannanes (Scherne 3.16) [69]. Disubstituted alkynes are less reactive and give
vinylsilanes in low yields.

E
. SiPh ABu R’Lﬁ/Sith‘”u
o \ 44-85%

|||

E = H. |, SiMe,, SiMe,Pn, SnRu, B = SiMey, SnBu;, Me(C,
Me, &G, LHZ—(,-H...-HE. (I’BUF’h?Si)zCuli-liCN l Bu, Ph, F’hCH
3-oxocyciohoxyl E = H, |, Az, Me, SiMog

E
,QI,S'-Ph;Bu L B—="R
H 2 Et

R
20-30% R — Et, Fh
Scheme 3.16. Silblcupration of alkynes with

{t-BuPh;Si}. Culi-LiCN and electrophilic trapping of the
vinylcuprate reagent [69].

Silyleupration also works with 1-aminoalkynes [70], propargyl sulfides [71], prop-
argyl amines [14a, 72] - where it hag been exploited in the synthesis of saturated
and unsaturated p-silyl-w-amino adds (Scheme 3.17) — and propargyl ethers, where

O
S.HJ 1. H,, PdC
1. cupratc (&8-995%) HO
» ———— =
2. NH,GI, NH, )Q‘N 2. TFA (98-99%) BocNH - SiHs
_ Boc 3. HIO,, Cro,
{Me,Si),CuCNLi, 3% (70-81%)
Phie, SitMeICUCNL i, 7% ’
{t BuPh. S, CuGNLI, B0%
o]
g — 1. TFA (79%) = HOJ-H/\,SiMe?Ph
‘)‘N . -
N 3. HIO,, CrO, (539%) RocNI
1. Bu.SnCu{BUyCNL, SrBu, | o
THF, -78*C.10 min a Lo J-KI/\ R
. . O/W HO o
2. NH,CINH, )VN\ Pc chemistry BooNH
Bur (54-789%)

4 =1, Ph, p-MeQCH SO,
(E}CH CHPF, (E) CH,CH CHPt
Scheme 3.17. Synthesis of functionalized «-amino acids by

silylcupration [72a] or stannylcupration [81c] of chiral propargyl
amines {Boc = i-butoxycarbonyl; TFA = trifluoroacetic acid).
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it has been exploited in syntheses of o-dietyopterol [73a] and (4} crotanecine [73b].
Modest regioselectivity was achieved in the low temperature silyleupration of a
chiral eyclohesyl ethynyl ether, used in the synthesis of (4)-crotanecine, although
good selectvity was achievable at 0 °C. The single interrnediate regioisomer (1-
trimethylsilyl-2-alkenyl)(trimethylsilyl)cuprate obtained from propargyl amines hag
been trapped with electrophiles [such ag winyl halides, 2-halothiophenes, CO,,
methyl chloroformate, allyl halides, and propargyl halides, I,; 58-959%) [14a]. Trap-
ping of the vinyleuprate derived from homopropargyl amines with carbon dioxide
provides a gynthetic route to 3-(trimethylsilylmethylidine}-2-pyrrolidinones. Vinyl
silanes prepared from propargyl amines can also participate in carbodesilylation
reactiong under Hiyama [tris(diethylamine)sulfonium  difluerotrimethylslicate
(TASF) or BuyNE/PACL, ] conditions, or in Heck reactons, regioselectively and ste-
reoselectively producing aryl-substituted olefing [72¢, 74].

Intrarnolecular trapping of the intermediate vinyleuprate provides opportunities
for ring-formation, depending upon the relative reactivites of the alkyne and
the parfdpating electrophilic functionality with the silyleuprate reagent These
silyleupration-cyclization reactions have been achieved in modest to good ylelds
with w-alkyriyl tosylates, mesylates, ketones, and epoxides [Scherne 3.18), and in
low yields with w-alkynyl-2-enocates and acetylenes [75] Although the copper-
catalyzed reactons were described ag involving additfon of the sflylmagnesium re-
agent across the triple bond, the presence of copper{I) salts seerns more consistent
with silylcupration [75a]. The actual species involved would be dependent upon the
relative rates of silyleupration and silylmagnesiation in any potential catalytic cycle.
These studies have found that silyleupration of an alkyne is:

+ generally faster than reaction of the silylcuprate with sulfonate esters, ketones,
and epoxides when eyclization is successful,

* commparable in rate with 1 4-additions to Z-erones when low yields of cyclized
products are obtained,

+ and slower than reaction of the silyleuprate with allylic acetates and aldehydes
when the cyclization reaction fails [75D].

In successful cyclization reactions, transfer of the silyl ligand to both electro-
philic centers is sometimes a competing reaction, which can be minimized by use
of the less reactive mixed cuprate PhMe; SiCuMeli-LiCN. The pregence of a gem-
dimethyl group in the backbone facilitates cyclization to small rings through the
Thorpe-Ingold effect (that is, a decrease in angle deformation or ring strain, rela-
tive to that in the gystern lacking the gem-dialkyl group, upon cyclization). A similar
stannylcupration-cyclization hag also beent obgerved [75¢].

The initial reports in 1982-83 by Westmijze et. al. [25a] and Piers [25b] on the
addition of stannylcopper and cuprate reagents to simple alkynes were followed by
full studies [76] and reports from several laboratories [14h, 16b—e, 25¢, 77-78]. In
the earlier studies, the vinylcopper species could only be trapped with a proton.
Marino achieved success in the addition to cyclohexenone of the vinyl cuprate
generated by addition of Bu; SnCuCNIi to acetylene [79a-b], and Fleming [79¢]
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Scheme 3.18. Ring-formation by intramolecular trapping of the
vinylcuprates resulting from silylcupration of alkynes with
magnesium silylcuprates [75a] or lithium silylcuprates

{mCPBA = m-chloroperbenzoic acid) [75b].

generalized the procedure using Buz SnCu(Me)Li and trapping the vinyl cuprate
with a variety of electrophiles (Scherne 3.19).

The reaction hag been incorporated into a synthetic approach to enediynes [77).
Structural and mechanistic studies by Oehlschlager established the reversibility of
these starmylcupration reactions [25c]. Although the resultant vinylcopper reagents
were thermodynamically favored, crossover experiments found facile ligand ex-
change processes. Efforts to control the regiochemistry of the addition were met
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Scheme 3.19. Stannylcupration of acetylene and trapping of
the vinylcuprate with electrophiles [79¢].

with only modest success. Stannylcupration of 3-butynoic acid or 3-hexynoic add
regioselectively afforded the 4-stannyl-3-enclates, which were stereoselectively con-
verted into the vinyl iodides [Scheme 3.20). The regiochemnistry could be reversed
by use of a cuprate reagent prepared from a stannylaluminium reagent or by use of
stannyl esters [63a].
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Et ad H CulBBull, LIGN 40 g3:10
H OH M Cu{BujLi, LICN iy aH2

Scheme 3.20. Regioselective stannylcupration of 3-ynoic acids or esters [63al.

Although excellent regioselectivity could, at times, be achieved with terminal al-
kynes, enynes, and propargyl systems, it proved to be extremely sensitive to copper
reagent, substrate structure, reaction temperatures, proton sources, and the tem-
perature at which the reaction was quenched (Scheme 3.21). Steric factors, both in
the cuprate reagent and in the substrate, influenced regiochemical outcomes, while
uge of alcohols as proton sources gave rise to deeply colored solutions suggestive of
the formation of mixed alkoxy(stannyljcuprate intermediates. The use of mixed
stannyl({alkyl)cuprate reagents sometimes resulted in lower yields, and this was
attributed to deprotonation of the 1-alkynes by these more basic cuprate reagents.
Optimal reaction conditfons for regiocontrol in stannylcupration of 1-alkynes, o
hydroxy-1-alkynes, enynes, and propargyl alcohols were developed by Oehschlager
and Pancrazi [78, 80]. The complexity of these reactions is illustrated by the results
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tabulated in Scheme 3.21. Similar results have also been obtained with propargyl
amines [81-82], propargyl acetals [83], and higher homologue l-alkynyl acetals
[83b, 84]. Stannyleupration of chiral propargyl amines followed by coupling reac-
tions mediated by vinyl iodide or vinylstannane provides a versatile synthetic route
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Scheme 3.21. Regioselectivity in the stannylcupration of
1-alkynes, -hydroxy-1-alkynes, enynes, and propargyl alcohols.
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to B, p-unsaturated-e-amine acids {Scherne 3.17) [81¢] or the saturated analogues.
Copper-catalyzed addition of stannylmagnesiurn reagents to 1-alkynes [85] provides
excellent, regioselective forrmation of l-starmylalkenes and, although used infre-
quently, hag been employed with termminal alkyriyl enynes [86a] and enynyl ace-
tals [86b]. With enynyl acetals, iderntical regioselectivity was achieved by use of
BusSuMgBr/CuCN (15 mol%) and of Bu;SnCuBuli-LICN [te., 1-stannyl:2-starmyl
dienes: 80:20 versus 85:15 respectively], although better regioselectivity could be
achieved by modification of the acetal functonality The 1,3-dioxolane acetal gave
a 982 regioselectivity, which was atibuted to dimer formation through inter
molecular complexation between the acetal oxygens and the copper center. As ex-
pected, the selectvity dirninished with decreasing concertration.

Commplexation effects have also been seen in the stannyleupration of alkynyl
ethers and thio ethers (Scheme 3.22) [87]. [E)-2-Starmylvinyl ethers are regiogelec:
fively prepared under thermodynamic conditions, while starmyleupration at low
termnperatures affords the 2-stannyl-2-alkoxyalkenes [87a]. In the latter case, the
( E)-2-alkoxyvinyleuprate undergoes trams elitnination above —20 °C to afford
ethynyl(tributyl)tdn. The addition of HMPA stabilizey the (E)-2-alkoxyvinyleuprate
intermmediate, allowing isomerization at higher termperatires to the 1-alkoxyvinyl-
cuprate, the greater stability of which is attributed to intramolecular oxygen/ copper
cornplexation. Deuteriuin labeling studies have indicated E:Z ivomertzation during
methanolysis of the Z-alkoxyvinyleuprate generated from Bus SnCuMeLi-LiCN, but
not from that produced from (Bus Sn),Culi-LiCN. This was interpreted in terms of
protomation of the enol ether to give a f-cuprio cation, with elirnination of a cuprate
after 60° rotation giving retention of configuration, while elimination after 120°
rotation gave the product with inversion of configuration.
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Scheme 3.22. Stannylcupration of alkynyl ethers [87a] and
alkynyl thioethers {TBDMS = t-butyldimethylsib} [87b].

Regioselective stannylcupration of terminal alkynes and allenes, followed by
quenching of the cuprate intermediate with ethylene oxide, provides a fadle gyn-
thesis of cycdobutene and alkylidine cyclobutane derivatives, respectively (Scheme
3.23) [15c]. A number of total syntheses have exploited regioselective stannyleup-
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Schame 3.23. Cyclobutene and alkylidine cyclobutane synthesis
by stannylcupration of alkynes and trapping of the resultant
vinylcuprate with epoxides [15¢).

ration reactions. Starmyleupration of endiynes has been used in the synthesis of
(13E)-trifluoromethylretinoates [88], (all E) and (8Z)-anhydroretinols [89a], and
the polyene alarm pheromone of the Cephalagpidean mollugks [89b]. The stannyl-
cupration of propargyl ethers hag been used in the synthesis of the C14-C26 seg-
mmetit of the macrolide antitumor agent rhizoxin [90a] and in the synthesds of the
tetrahydrofuran fragment of the elfamycin antibiotic aurodox [90b], while the
stannyleupration of a homopropargyl acetal was employed in the synthesis of
macrolactin A [91]. Regioselective and stereoselective stannyleupration of 1-teime-
thylsilyl-1,3-pentadiyne was exploited in the synthesis of (—)rapamycin [92]. Vinyl
stannanes prepared by stannyleupration have been utilized in copper chloride-
promoted coupling reactions [93].

Germyleupration of terminal alkynes was reported nearly sixteen years ago [94]
and can be achieved with several cuprate reagents [such as (PhyGe),Culi-LICN,
(PhsGe);Culi from Cul or CuBr-SMe;], but orly in the presence of proton donor
such ag aleohols, water, aldehydes, or ketones for the reagent (PhsGe);Culi-LiCN.
Here, the equilibritm of a reversible reaction lies toward the starting alkynes and
germyleuprates and the presence of a weak acid is required to trap the vinylcuprate
intermediate. Germyleupration of alkynes with the triethyl derivatives (such ag
(Et; Ge}; Culi-SMe;), unlike the triphenylgermylcuprate case, proceeds to comple-
tion and the vinyleuprate can be trapped with electrophiles (such ag D, O, Mel, allyl
bromide; 82-9626). Regioselectivity varfes as a function of cuprate preparation and
alkyne structure; 2-germyl-1-alkenes are favored with 1-dodecyne and cuprate re-
agents prepared from CuCN and either Ph; Geli or Et; Geli, while phenylacetylene
or enynes favor formation of the 1-germyl-1-alkenes,

Silyleupration [36] and stannyleupration [36¢, 37] of allenes afford intermediate
virtyl or allyl copper species (Scheme 3.24), depending upon the copper reagent,
ternperature, and the electrophile employed to trap the copper intermediate [67].
Treatrment of allene with (PhMe;81); Culi-ILiCN affords vinyl silanes upon quench-
ing with alkyl halides, acid chlorides, epoxides, enones, or chlorine. Allyl silanes
are formed upon quenching with bromine or iodine [36c]. This electrophile-
induced regiogelectivity appears not to involve equilibrating allyl and vinylcuprate



3.7 Heteroriomouprates | m

MR, CuiL)
=C= 1 (AM},CILILICN or RMOLENIT  ———3 H\ _

M - Si Sn Cutt MR,

[ = {R,MLi) or CMLI

Thermodynamic Kinetic
1. PhMe, SICUCNKL, -40ic 0 "C
SiMe,Ph e F 1. PhMe,SICLONL . -40 “C g
° 2 ET HO |67] A
- -

or 2. E™ = Mel, Bul. MeCGC, SiMe.Ph

E 1. {Pe,8i,Culi LICN, -78 °C CH,-CHGR,Ar. ?
§0-39% 2. BT NH,C, Mal, CH,COG] (=] PPFJH—CHCOCI, 57.88%,
cthylere oxide  [36¢] ettylars oxide, ros, 67°

P-gyclohexarnc e

Sip~ i 1. {+-BuPr,Si3,Cul o1 1SN 1. (!-qur.;..S.);(;uLl-LIE‘N
' Tt 0T l -78:C -
- :
2 F! C NHGI (ﬁ 2. [ = NH.G, I, MeCQC SiPI,!Bu
E CHLCOCH,, CHLGHO,
39% clnylene exide, Mel, 43-B6%
96| {E) PhCH CHGHO, |95
{E ) CH,CH-CHOC,Me
5rBu, E
. (Bu,Sn),Gul LiCK, -78*C 1. (BuSni,CuliLiCN, -100 °C
- -
E 2. E*+ = Br,, GO, CH,LUGH,, 2EBT - HY, 8Br, MeCOC! SaBu,
47-90% CH;CHO, CH,=CHOH B, 37kl 42-100%
37y WaeCOCI, othylene oxide

Scheme 3.24. Silylcupration and stannylcupration of allenes
under kinetic and thermodynamic control [$7c, 67, 95, 96].

reagents and is not understood Quenching of the intermediate cuprate with
enones results in 1,2-nucleophilic addition to the ketone carbonyl rather than the
conjugate addition reaction characteristic of organocopper reagents. Although 1-
substituted vinyl silanes are available by direct silylcupration of allene with
(PhMe 3 5i); Culi-LiCN, substituted allyl silanes must be prepared indirectly, via the
vinyl iodide. Alternatively, use of the cyanccuprate reagent PhMe; SiCuCNLi under
thermodynarnic control affords the allyl cyanocuprate reagent, but produces the
vinyl cyanocuprate reagent under kinetic control [95). Only the latter reagent can
Dbe alkylated with a variety of carbon electrophiles (Scheme 3.24). Although these
reagents are depicted as silylcopper species (R3$iCu), their preparation from one
equivalent of silyllithium and one equivalent of CuCN corresponds to the rmixed
cuprate composition RzSICuCNIi as normally written for lithfum organo{ cyano}
cuprates. Since copper reagents RCu are generally produced without removal of the
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resultant lithium salts (LiX, X = CL, Br, I, ete.), it seermns likely that the reactivities of
these species reflect rnixed hetervatomeupratess of the type RCuXIi Use of the
sterically more hindered cuprate (+-BuPh,8i);Culi-LiCN [96] gives the sarme ther-
modynamic and kinetic selectvity and, once more, the allylic cuprate produced
under thermodynarnic control carmot be trapped with electrophiles other than a
protor. The counterpart vinyleuprate reacts with a range of electrophiles (Scheme
3.24). Vinyl cyanocuprate reagents generated from allene and PhMe;Sili [95]
or +-BuPh,8ili [67] and CuCN undergo 14-addifon reactons with 2-enones or
enals, although BF; i ernployed with the latter reagent This contrasts with the
bis(starmyljcuprate reagents [36¢, 96], which transfer the vinyl ligand in 1,2-faghion
to 2-enoties and enaly and the t-BuPhy S lgand in a 14-fashion to 2-enoates.
The reacHons between vinyl cyanocuprate reagents generated from allene and
PhMe; SiCUCNLI and acid chlorides, 2-enals, and enones [97] provide opportu-
itfes, respectively, for silicon-directed Nazarov cydizatons or for cydizations and
anmulations involving Lewis add-promoted additfon of allyl silanes to aldehyde annd
ketone carbonyls. Silyleupration of terminal allenes followed by treatment of the
interrnediate vinyleuprates with allyl phosphonates provides a facile synthesis of
silylated 1 4-dienes [98a]. A catalytic version of the reaction using 20 mol% CuCN
afforded a 509 yield of diene, corresponding to a catalyst turnover of 2.5, The first
exarnples of silyleupration of alkenes were reported in 2001 for styrenes [98b] and
1,3-dienes [98c]. The intermediate cuprate arising in the latter reaction could be
trapped with allylic phosphates in a highly regioselective fashion.

The stanmylcuprate reagent (BusSmj; Culi-LICN displays the same thermody-
namic and kinetic selectivity with allene, but the allyleuprate can in this case be
trapped with a variety of electrophiles, while the vinyleuprate reacts only with re-
active electrophiles (Scheme 3.24) [37, 67]. The vinyl to allylcuprate equilibrivm
takes place at —78 °C effectively limiting the procedure to the preparation of allyl-
cuprates. Quenching with Mel gives irreproducible results, while methyl propiolate
affords a conjugate adduct and Z-enones afford 1,2-addition products. Substituted
allenes generally give either vinyl metal or allyl metal derivatives (M = SiR; [36c,
96, 99]; M = SnRs [36c, 37, 100]), depending upon the substitution pattern of the
allene, although mixtures sometitnes oceur. In general, the trialkylmetal ligand
adds to the least substituted carbon atom of the allene functionality.

3.21.3 Substitution Reactions

Reactiong between allylic electrophiles and organometallic reagents poge prob-
lems of regiocontrol and stereocontrol. Nucleophilic substitution can proceed with
(812"} or without (Sy2) allylic rearrangement, and the configuration of the prod-
uct olefin may be affected. Regioselective Sy2’ allylic substitution occurs with
(PhMe; 8i),Culi and tertiary allylic acetates [28a, b], while labeling studies on al-
Iylic chlorides found a regioselective and stereoselective anti-Sy2’ process ag the
predominant pathway [101]. A detailed study on allylic substitutions with Me; SiCu
identified some interesting patterns (Scheme 3.25) [102]. The silylcopper reagent
promoted allylic rearrangement, while regioselectivity decreased with increased sol-
vent polarity and with better leaving groups. Better regiocontrol could be achieved
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Scheme 3.25. Reactions between silylcopper reagent and alllic substrates [102].

with allylic chlorides than with allylic sulfonate esters, the latter substrates giving
mixtures of F and Z diastereomers with poor stereocontrol.

Regiocontrol and stereocontrol can be achieved with (PhMe; St),Culi-LiCN and a
wide range of allylic acetates and benzoates containing primary, secondary, or ter-
tiary centers at the leaving group site or at the other end of the allyl systern and
secondary or tertiary centers at the central carbon atom (Scheme 3.26) [103]. The
cuprates [PhMe, 8t} Culi-LiCN and (PhMe,581),Culi, however, failed to react with
secondary allylic acetates [101, 103]. Since the CuCN-derived cuprate can only be
prepared in THEF, addition of ether or of ether-pentane solvent mmixtures was nec-
essary to induce reaction with secondary allylic acetates, where reginchemical con-
trol is more challenging. Good regiocontrol can be achieved when one end of the
allylic system is more substituted than the other end or hag a neopentyl ‘like’ sub-
stitution pattern and the silyl ligand adds to the least sterically hindered site. Al-
though the allylic ester-cuprate combination shows no great bias either towards the
Sn2 pathway or towards the Sx2’ one, there may be a slight preferenice for direct
substitution, in contrast to the silyleopper-allylic chloride reactions [Scheme 3.25).
When the substitution iz secondary at both ends of the allylic systemn in disubst-
tuted olefins, Z diastereomers generally give reasonable and E diastereomers poor
regiocontrol, while both give E:Z diastereomeric mixtures of allyl silanes.

The silyl ligand can be directed to the more substituted end of the allyl system by
usge of a carbamate methodology that delivers the silyl group in an intramolecular
faghion, by way of an amido(silyl)cuprate reagent generated in situ. These reactions
proceed in low to modest yields with significant recovery of starting carbamate.
Good yields can be achieved by use of excess reagent though, and excellent regio-
control and sterescontrol can be achieved in gome instances (Scheme 3.27) [104a].
Use of Et;NPhySiCuCNLi trangfers a heteroatom-substituted silyl group that, in
the presence of an allylic double bond, can be converted into an alcohol funchon-
ality. The aminosilane is unstable to chromatography, however, and is sometimes
converted into a silyloxy group [104a). Treatment of allylic epoxides with silyl-
lithium reagents proceeds with direct substitution, while the cuprate reagents act
with allylic rearrangement (Scheme 3.27) [104], offering complementary proce-
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Scheme 3.26. Regioselectivity in reactions between silylcuprate
reagents and allylic acetates and carbamates [103].

dures for the preparation of regioisomeric cycloalkenediols. The regioselectivity
of the latter process iz depenident upon the cuprate reagent. Like organocuprates,
gilylcuprates effect preferential allylic substitution on 4-bromo-2-encates [105].

A consequence of the anti-Sy2’ pathways, both in the silylcuprate substitution
reaction and in the allyl silane protiodesilylation, is that a mixture of allylic sub-
strateg differing in configuration at both the olefin and stereogenic center will all
stereoselectively afford the same diastereomeric product [28b]. Propargyl substrates
would give enantiomers if appropriately substituted [28b]. This feature of anti-Sy 2’
pathways has been exploited in syntheses of the Prelog—Dejerassi lactone [47] and
of (+)-dihydronepetalactone (Scheme 3.28) [106], while regiocontrol and stereo-
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control were also easily achieved in a rigid bicycic systemn used in the synthesis
of (£)}carbacydin analogues (Scheme 3.29) [107]). Allyl silanes prepared from
allylic substrates and silyleuprates have been used in syntheses of (=} and (+}-
dihydrocodeinone and (—)- and (+)-morphine [108], (+)-14-deoxyisoamijiol [109],
and [4)-lanostenol [110]. The opening of an ende cyclic allylic lactone with the
Flerning silylcuprate was employed in the synthesis of epi-widdrol and widdrel as
a 3:1 mixture [111]. Allylic substitution using [Pha((Z)-2-methyl-2-butenyl)Si],Culi
(cf. Schemme 3.1) was used in a prostanoid synthesis requiring the conwersion of an
allyl silane into an allylic aleshol [14e).

CO,Me CGMe COMe
wiMe,Ph

E N . Sivle,Pn
< FMe; 83, CuLiLICN N (PhN.c, S LUl TLIDN
H : =1 H
'I'HF Et.C. pentane THF, F1.0, pontane
: X o= H ¥ oo Odc X - OAg Y- H :
CTBOMS OTRIMES (554 OTHIMS

Scheme 3.29. Silylcuprate substitutions in the synthesis of
{+)-carbacyclin analogues {TBOMS = t-butyldimethylsilyl) [107].

Stannylcuprates [112] and germylcuprates [113] also participate in allylic substi-
tution reactons, and an allyl stannane prepared in this manner was exploited in
the synthesis of [4)-10-epi-elemol [112b]. A mixed starmyl cuprate reagent reacted
chemoselectively with a tertiary allylic acetate (Scheme 3.30), providing an allyl
gtannane that wag cydized to an intermediate 1,2-dienyleydohexane. Although
allylic chlorides afford only low yields, allyltriethylgermarnes are readily prepared by
treatment of allylic acetates or allylic phenyl sulfides with lithium bis(triethyl-
germyljcuprate. The addition iz highly regioselective, favoring addition of the
germyl substituent to the least sterically hindered site in the allyl systern. Primary
allylic acetates give direct Sx2 substitution with retention of olefin configuration,
while secondary and tertiary allylic acetates containing a terminal olefin give prod-
ucts of allylic rearrangement as mixtures of E and Z diastereomers. The reaction
of the allylic acetates shows high regioselectivity, favoring direct substitution

Mo SNBdy  pdiana)
Acl Hu, SnCuRulLicN Ik,
PrOLS THF T pio,s Lici, DWF
PR, Ohs PO, 5
Nic Ma
Ea Ry
. - - I—’h() bl
T AT o8 N

[+1-1G-gru-alaTol
Scheme 3.30. Stannylcuprate allylic substitution in the

synthesis of {+}-10-epi-elemol {dba = dibenzylideneacetone)
[112b].
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(Sw2:8y52" = ca. %:1), when both ends of the allylic systern correspond to secondary
centers [113)], while the corresponding allylic sulfide reactions proceed without re-
gloselectivity.

Silyleuprates alse partcipate in substtution reactions with add chlorides
[26, 27, 114], or with acyl imidazoles [115]. The zinc cuprate reagents
(PhMe, 81); CuCN(ZnCl); and PhMe; SiCuCN[ZnCl) are significantly less reactive
than the corresponding lithium reagents. Although the latter reagent gives low
yields of acylsilanes, the former one gives higher yields than the lithium silyleup-
rates (0 to 25 °C, 10 h) with highly functionalized acid chlorides [114a). Treattnent
with e or famino add chlorides or imidazeles affords «- or f-amincacylsilanes,
which can be utilized in synthetic routes to enartioptire §- [114d, 115a] (Scheme
3.31) or parmine aleohols [114d]. Alkylation of slyleuprates with alkyl halides and

) o
. . HO, ,SiMe,Ph
H\l)LN"\\ (PhMe,S,CULIiLCN H\|)J\5iM02Ph M HM
Husoe b 782G D HNBog M . Sn,in HNBoG
R = PrCH, 50% B1-69% (115:65 Lo 20:B0 dr)
A = MeCH,CHIME) Sh% 50-95 (85:1 dn)
He
HM Bu NF, 1HE
HMEBoc 25°C, 24 h

Scheme 3.31.  Synthesis of f-amino alcohols by agylation of
silcuprates {Boc = i-butoxycarbonyl) [174d, 1754].

sulfonates hag been exploited in a synthesis of silicon-containing alanines for use
ag non-protenogenic amino acids (Schere 3.32) [116a). Seebach’s procedure
(Bup Culi-TiCN + R38iCl [116b]), which transfers the silyl group to 2-enoates or
lactones, failed to effect coupling with these alkyl halides, and the silyleuprates

were generated from the silyllithium reagents.

)JD\ fL NHBoe
G MeO, A~

(RAYRESI),CULILIG™ «nf\l

0 MH - 0 NH - L

] X o 1 {OTs) o L S ¢ SiHRMEE
e W o b e B
R, Rl RZ -- Ph, Ph, Ph B
R. Rl BZ = Ph, Me, Me 42 {33)
R. Al RZ = Ph, Ph, Me 51
A, Rl A2 = pPh, Ph, By 40 [43)

Scheme 3.32. Synthesis of silylalanines by means of allyl
halide alleylation of silvlcuprates [176a].

Stannyl cuprates couple with vinyl halides or triflates [16c—d, 85], and a vinyl
stannane produced this way has been usged in the synthesis of 7-[(E)-alkylidene]-
cephalosporing [117]. Vieyl substitution reactions starting from dihydrofurans are
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also possible (Schetne 3.33) and the reaction has been used in a synthetic approach
to the C10-C15 fragments of [£)-tylosin aglycon [118a] and des-epoxy-rosaramycin
(Scherne 3.33) [118b]. Dihydropyrroles undergo the same reaction [118¢].

SnBu, i
=4 I, cuprafe R 11, CHCL
\m . 2. Mel, 30°Ctort - {80-95%)
P " TOH 2. Py,
_ CH
=8B,
R = Mo 2Bu,SnLi + CuCN e [90-97%)
4 BugSnti + CuCN THY%
i - CHOTIPS: 2 Bu,5nli + CuCN Be% {BuaSnpCul -LICN
el ﬁ SnBuy

A b
@ . "
" EE—
N T GLSRBYL: o l
Li+

4= 8By, l i

B5-90%
[85:5, regnisomers)
Scheme 3.33. Metalate rearrangement of a mixed

vinyl{stannyljcuprate derived from a 2,3-dihydrofuran
{TIPS = triisopropylsilyl} [178b].

322
Croup VA and VIA Heteroatoms {N, O, P)

Although hetercatoms of Group VA and VIA frequently serve as non-transferable
ligands in cuprate chemistry, there are a few studies that have explored the syn-
thesis of amineg and ethers from these reagents. Treatment of primary or second-
ary amines with lithium dialkylcuprates {or alkylcopper species from Grignard re-
agents) followed by treatment with molecular oxygen affords substituted amines in
modest to good vields, with ethereal solvents giving higher yields than hydrocarbon
golvents (Scheme 3.34)[119]. Similar yields were achieved by addition of a lithiated
amide to butylcopper and subsequent oxidation, suggesting the intermediacy of
lithium (alkyl}amidocuprates. Amine alkylation could be achieved with Z-anilinoe-
thanol without protecting the alcohol functionality, although the use of five equiv-

1. BCu (from RMgx) or B,.Culi (5 eguiv)
RTRZNH

RIR’NR

Y

Fi,0, -70C. 7 h
> OE. ARG, 2 h

. B,CUL 15344

Fﬂ, B = n heptyl, re-butyl; g-nexyl; PRCH.; n-C M, t; RO 46552
Ph, Me: 1*h; "0, H; 1-naphthyl, H

R = nBu Me bn By
Scheme 3.34. Allylation or arylation of amines by treatment of
organocopper reagents with amines [179].
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alertts of cuprate reagent should have deprotonated both the arylamine and aleohol
functional groups. Coupling of arylamidocuprates [Ar[Me]NCuXLi, X = Cl, CN
(5 equiv.)] with erthe-lithiated benzamides generated by directed orthe metalation
(DOM) provides a synthesis of N-arylanthranilamides (23-63%) which may be cy-
dized to acridones [25-95%) [120]. Efficient ligand utilization was achieved with
lithiurn and zine eyanocuprates (RCuCNM: M = Li, ZnCl) and lithitm amides,
and the procedure was extended to the synthesis of hydrazines [121]. EPR studies
indicated the formation of aminyl radicals upon addition of molecular oxygen to
the amidocuprate solutions, suggesting product formation by radical coupling
[121a]. Imnprovements were obtained by judidous combination of cuprate and
oxidation reagents. Oxidation of the less reactive zine cuprates with an oxygen/e-
dinttrobenzene (20 mol%) combination and use of the milder oxidizing system
Cu{NO;},/ 0, with the more reactive lithium cuprates proved partcularly effective
[121b]. The procedure provides for the alkylation, arylation, and vinylatdon of
amines, but may not be synthetically competitive with the corresponding palla-
dititn cherntstry. A recent CufI) catalyzed arnine arylaton ix general [121¢].

Treattnent of N-alkoxyamines or N-silyloxyamines with cuprate reagents affords
suibstituted amines, through displacetnent of the alkoxy [122a] or siloxy group [122]
by arr alkyl or aryl ligand from the cuprate reagent. Gilman and RpCuli-LICN re-
agents are emnployed, and presurnably one lgand is sacrificed to deprotonate the
amnine; the resultant amido(aryl or alkyl)cuprate undergoing reductive elimination
to afford the substituted amine [122b]. Primary amines can be prepared by treat:
ment of lithiurm dialkyl cuprates or alkyleopper reagents with 4,4/-big(trifluoro-
methylibenzophenone o-methylsulfonyloxime [122¢]. Yields can be improved by
addition of HMPA, while alkylcopper reagents generated from either Grignard or
organolithium spedes afford the amines without the need for oxidation with mo-
lecular oxygen. Use of Grignard reagents offers a procedure catalytic in copper, af-
fording primary arnines containing primary, secondary, or tertfary alkyl groups in
good to excellent yields (61-9696). Oxidative addition of the alkyleopper or cuprate
reagent into the N O bond, followed by reductive elimnimation, aceounts for the
observed products. In the absence of copper, Grignard or lithium reagents fail to
give substitution products. Treatent of amido- or ewheternaryleopper reagents
with ICH,Znl affords e-aminomethyl- (vide infra) or heteroarylmethylcuprates,
which react with allylic halides to afford homoallylic amines or 2-{3-alkenyl)furans
and thiophenes [123]. A detailed mechanistic study of the coppet-catalyzed reaction
between sodium methoxide and aryl bromides to afford anisole derivatives im-
plicates a cuprate intermediate, Na[Cu(OMe);], and a mechanism invelving elec-
tron transfer [124].

33
a-Heteroatomalkylcuprates

Ligands containing a hetercatom at the organometallic site generally exhibit lower
cuprate reagent reactivity and introduce difficulties in cuprate preparation. Devel-
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oprhents in e-heteroatomalkyleuprate chemistry have generally followed advances
in the preparation of the corresponding organolithium and/or transition rnetal re-
agents. The synthetic poterttial of these heteroatom-functionalized cuprate reagents
rernaing largely unexplored, awaiting solutions to the problems of reactivity and
preparation.

331
Group VI Heteroatoms {O, 5, Se)

The first exanple of an ealkogyalkyleuprate wag provided by direct deprotonation
of t-butyl methyl ether (sec-BuLi/KO'Bu), lithium bromide-induced conversion to
the lithium reagent, and treatrnent with CuBr-SMe,. High yields were achieved in
the use of this reagent with an acid chloride and 2-cydohexenone (9096) [125a] and
it hag also been utilized in the synthesis of {—)-aristermyein and (—}neopanocin A
[125b]. Linderman [126] and Fuchs [127] concurrently prepared e-alkoxyalkyl-
cuprates fromm organolithiurn reagents generated by transmetalation of organoe-
stannanes. Good ylelds of enone comjugate adducts eould be obtained with the
cuprate reagent RoCuli-LiCN in the presence of TMSCL while the absence of
TMSCL or the use of RCuCNII resulted in low yields. Good yields of conjugate ad-
ducts could also be obtained either with two equivalents of alkyl copper reagents
(RCu) and BF;-EO, or, if BF:-Et,O was added after the enone, with only one
equivalent of the copper reagent [127]. These reactions were complicated by the
formation of homo-coupled dimers arising from the cuprate reagents and the side
reaction wag attributed to impurities in the organostannanes [126] and Cu(I) salt
[127]. Impure organostannane precursors gave rise to heterogenous cuprate solu-
tiong, Use of highly pure organostanmanes or in situ treatment of commercial
CuCN (which containg 6-8% CuCl) with 5 mole% isopropylmagnesiumn chloride to
gcavenge Cu(Il) trace impuritfes minimized the amounts of home-coupling prod-
ucts. Cuprate formation was further complicated by the thermal lability of the «-
alkoxylithium reagents, and use of solid CuCN requiring elevated temperatures
for cuprate formation was sometimes problematic. The THF/ difsopropyl sulfide-
goluble CuBr-SMe; complex permitted cuprates to be formed at —78 °C and to be
obtained free of Cu(Il) impurities. Conjugate addition of R;Culi-LiCN reagents to
2-enals in the presence of TMSCI (added to both the cuprate and the enal solutions)
afforded the syn conjugate adducts (symanti, 45:1 to 250:1) in modest yields (18-
469); substantial amounts of aleohols arising from 1,2-additions were also formed
[128]. Use of TMSCL in combination with HMPA, DMAP, or TMEDA all favored
1,2-addition over 1.4-addition. Sequential «-alkoxyalkylcuprate conjugate addition,
enolate trapping with TMSCL, and silyl enol ether alkylation provides a one-pot
gynthesis of tetrahydrofurans [Scheme 3.35) [129]. Cyclic enones afford cis-fused
tetrahydrofurans, while acydic systems give complex mixtures of diastereomers. «-
Alkoxyalkylcopper reagents also participate in allylic substitution reactions with
ammonium salts [127].

At low temperatures, w-alkoxyalkyllithium reagents are configurationally stable
and the resultant alkylcopper or alkylcuprate reagents can transfer the ligand with
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QSiMe; 0 "
OMOM 1. 1.2 »-Buli, DME |,o TiclL CH.C
. 41 el
R N8nB., 2 CuCN {05 equiv) ol o) 28 O
-84 65 C A HoE

3. cnone, TRSC!

Scheme 3.35. Tetrahydrofuran synthesis by means of MOM &
alkoxyalkylcuprate conjugate additions followed by Lewis acid-
promoted cyclization {MOM = methoxymethyl) [129].

retenton of configuraton. This methodology hag been utilized in the wansfer of
enantiopure glucosyl [127] and w-alkoxyalkyl ligands [130] in conjugate addition
reactions [Scheme 3.36). Cydic w-alkoxyalkyleuprates prepared from the corre-
sponding enantiopure stannanes [127, 130] can sometimes transfer the a-alkox-
yalkyl ligand with retention of configuration. In acydic systemns, stereocontrol is
capricious [130a], and racemization or isomerization occurs at higher temperatures
both in eydic and in acyelic systerns. Oxygen-induced dimer formation with reten-
Hon of configuration from an enantiopure a-alkoxyalkyleuprate (40% yield, »90%
retention) suggests that racemization does not oceur during the transmetalation
step. The degree of racemization increases with increasing amounts of dimer and
both events may be induced by trace amounts of oxygen [130]. The conjugate ad:

Grn

o
BnD .
BiO . H
. 1. 1:1 THF, DIPS B0 Bn0
B"Dmm » 370 H
BnO 78 B0 or
H P, BFSELO o o
3. 2-cyclohexenoae
3 -1;R =gy 78% (1:1, dr)
J3=Cur'=H B4% (111, dr)

1. nBJd, THF, -78°C
0 2 Cul)) sart

~~
PPN — > I '
CUX 3. =—Co.E )\)\‘-’//\COEET WGOQEI

TSCI, THF, -/8C

P O/‘\

el

X .- TMEDA-LIl 52% (100:0)
X RLIAR  c-alkoxyalkyl B (FE0)
o]
OMOM =—C0O,Ft o oMOM 1. H, PO-C o
. . - —— H
Gty Cux IMSCI, THF, -78C C.H, COEt o WeCOH, H,G™
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Scheme 3.36. Conjugate addition reactions of enantiopure

s-alkoxyallylcuprates {D1PS = diisopropylsulfide) [127, 130].
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Tab. 3.4. Reactions of «-alkoxyalkenyl-, x-heteroanyl-, and acylcuprate reagents [130].

Cuprate Electrophile Reaction conditivns Product % Vield  Ref.
) O — 0 91 133c
2 Culli @
L= C_CC3H7 -
¢
L = 2-dihydropyranyl OTHF 1. THF, 0-20 °C 64 133b
O ?
LA i H® H,0 o
a

o

o Mg, CuCl {caz)

BuCOCuCNLi

gcol‘ﬂu THEF, 0-20°C 25 134
o] THF, Et;Q, pentane o] 82 136
6 110 42 25 *C
o
LYY THE, 5°C,6h 2-tineyl 71 135
Ph,C=N" "CO.Et Pr,C=N" CO,Et

dition does ot proceed by a radical pathway and racemization could concetvably
occur in a reversible d—z* complexation event In the cydic systerns, enantiopure
alkylcopper reagents prepared from CuBr-SMe; or Cul-TMSI give retention of
configuration in conjugate addition reactions to a greater extent than R,Culi-LiCN
reagents do. Either poor or no sterescontrol is achieved at the newly created ste-
reocenter £ to the carbonyl group.

Gemingl o-dialkoxyalkylcopper reagents prepared via stannaries also participate
in conjugate additiong to Z-enones, but fail with methyl crotonate. The copper re-
agent prepared from Cul-PBu; gives better yields than the corresponding cuprate
reagent (92% versus 25%) [131]. Phenylation of a cuprate derived from a mixed
0,S-acetal has also been reported [132]. Although these reagents add to enones and
ynoates, they have not been extended to other Michael acceptors or to other reac-
tiong characteristic of cuprate reagents. A rumber of ¢-alkoxyalkenyleuprates and «-
hetervarylcuprates have been used in synthesis (Tab. 3.4) [133-135]. The yields are
generally good, reflecting the propensity of alkenyl ligands to participate in cuprate
reactions (the preferential transfer of alkenyl ligands relative to easily transferred
gilyl ligands, for example) and the w-alkoxyalkenyleuprates undergo substitution
reacions with epoxides and acetates. Acyl cuprates, generated by treatment of
primary, secondary, or tertiary alkyl cuprates (R,Culi-ILiCN [136a] or RCuCNLi
[136h]) with carbon monoxide, selectively transfer the acyl group in conjugate ad-
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diion reactions with 2-enones and enals. Only the t-butyl ligand cormpetitively
transfers, albeit in low yields (14-249), again illustrating the ease with which sp-
hylridized ligands preferentally participate in cuprate reactions. The fortner re-
agent Is unstable at —78 °C, decomnposing within 30 minutes, while the latter can
be utilized at roomn termperature. The techrique has been extended to allylic cup-
rates [137], emnploying a mixed homocuprate [[allyl)MeCuLi-LICN]. Use of TMSCL
results in formation of products resulting from alkyl ligand transfer. Diacylation of
enories can be achieved by quenching the enolate resulting from acyl ligand trans
fer with an add chloride [138].

e Thionocarbamoyl stanmanes [RaNC[=8)OCHR(SnBu;:)] undergo in situ trans-
metalation with catalytic amounts of CuCN between roorn ternperature ard 23-50
°C, and the resultant e-alkeoxy(cyanojcuprate reagents undergo corjugate addifon
reactions with 2-enones and enals and substitution reactons with allylic epoxides
[139]. Successful conjugate addition required the use of TMSCL poor ylelds were
obtatned with CuCl, CuBr,, ot [ICu-PBiz]y. The reaction gave good yields of 1,4-
addition products ag mixtures of diastereorners (dr = 1:1.2-2.4) in THF or DME,
but poor yields in Et, O, betizene, DMSO, or HMPA; acceptable yields sometimes
requited the use of THF acetonie. Deuterititn incorporation inte the destannylation
products from THF-dg suggests a radical pathway in the formation of these by-
products. In situ transmetalation of o 2-pyridylthio)allylstarmanes can alse be
achieved with aatalytic arnounts of Cul in DM SO-THEF, although the reaction fails
with simple allyl stannanes [Scheme 3.37) [140]. Regioselective alkylaton of the
allyl copper reagent with allylic halides takes place y 1o the sulfur atom for allylic
chlorides and bromides, and « to sulfur for allylic iodides. Increased substitution at
either the §- or the p-positions in the allylic halide increases the degree of allyl
copper a-alkylation (a:y = 87113 for 1-chloro-3-methyl-2-butene, Sy2:842" = 37:63).
Low chemical ylelds and e-selectivity on the allyl copper reagent are observed with
the phenylthio analogues. These observations suggest that the pyridine nitrogen
facilitates transmetalaton and or cuprate reactivity and plays a role in the regio-
selectivity of the reaction.

-

Butin - N7 DMSO-THE, rt, 1= 2-PyS -
fs o Cul {0.2 eguiv) - IL\A . @L
SPy-2

X
w1 i N (1.1 aquivi g1 R
alpha akylation gam:a alicy.stion
BT Me: H Ph; H, Me; X B2-BA% (0100}
H, PH{CH,},- X =br 82% (18:82}

Scheme 3.37. Reaction of w-thioallylcuprates generated in situ
from stannanes and allylic halides [140].

Mukaiyama reported the conjugate addition of a-dithiealkyleuprates to Z-enones
(73-949% yields) for the synthesis of 1,4-diketones, and the reacton was exploited
in a synthesis of (+)-dthydrojasmone [141]. Few reports on a-thioalkylcuprates have
appeared since then. Cuprates formed from lithiated ketene dithivacetals and
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Cul-P(OMe); underge 1.4-addition to cyclohexenone with a-regioselectivity (98:2),
while the lithiurn reagents display p-selectivity (3:1 to 35:1) on the allylic organo-
mmetallic reagent [142]. The cuprate reagent prepared from [phenylthio{trimethyl-
silyl)methyllithium and Cul at low temperatures over one hour undergoes
conjugate addition to sitmple enones in good yields (such as 2-cycdohexenone, 2-
petttenionie, isophorone; 52-83%); shorter titnes for cuprate preparation and higher
ternperatures resulted in 1,2-addition products and dimerization of the cuprate
ligands occurred at —23 °C [143].

Although elithio alkexides and sulfides are readily available, thix approach re-
quires the use of strong bases and affords lithium o-heteroatomalkyleuprates
protie to side reactions and limited in effective cuprate/electrophile combinatons.
The lithium cuprates are most effective when the wheteroatomn 1s part of an sp?-
hybridized ligand [Tab. 3.4). Exploiting organozine chernistry and the Zn Cu
transrmetalaton technique [10], Knochel has developed effective procedures for
the generation of w-alkexy- [144] and o-thicalkyleuprates [145]. Acylation of o
arylselenoalkyleuprates, prepared in similar fashion, affords sarylselenoketornes
[146]. The addition of THF-goluble CuCN-2LiCl to solutions of zine reagents
(RZnX or R,Zn) presurmably affords the corresponding zine cuprate reagents
(=30 °C, 5 min), which are both more stable and less reactive than the correspond-
ing lithiurn cuprate reagents. Although less reactive than zine alkyleuprates, these
zine wheteroatomalkyleuprates react with a wide range of electrophiles (such as allyl
halides, Z-enones, 3-halo-2-erones, acid chlorides, 2-yrivates, 1-halo-1-alkynes, nitro-
alkenes, and aldehydes (Scheme 3.38). Nevertheless, individual combinations of &
heteroatornalkyleuprate and electrophile can prove troublesome [144]; this appears
to be related to proximity of the heteroatom and copper centers. Zine w-alkox-
yalkyleuprates have been utilized in the synthesis of ( 4)-rhopaloic acid A [147] and
dynemnicin [148] and added to cationic fron tricarbonyl pentadienyl complexes
[149]. They also partidpate in conjugate addition reactions with nitroolefing, al-
though the corresponding cuprates containing e-sulfur, nitrogen, or boron atoms
fail to add [144b].

33.2
Group V Heteroatoms [N, P) and Silicon

Although zinc phthalimidomethylcuprate reacted with 3-iodo-2-cyclohexenone in
good yield (7296) [144] (Scheme 3.8), the reagent was unreactive with other elec-
trophiles. An waminomethyl zinc cuprate prepared from piperidinylcopper and
ICH,ZnI was readily alkylated with allyl halides [123], although other electrophiles
appear not to have been examined. In contrast to these limited applications, «het-
eroarylzine cuprates prepared from 2-iodoimidazoles, 2-iodothiazoles, 2-iodopyr-
idines, or 2-{odoquinclines react with allylic halides, 1-iodo-1-alkynes, and 3-iodo-2-
enones to afford coupled products in good yields [150]. Coupling of the hetero-
arylzine reagents with vinyl iodides, aryl halides, and heteroaryl halides required
the use of palladium catalysis. These results once more fllustrate the fadlity with
which sp? centers bound to copper partidpate in ligand transfer, even in systerns of



3.3 g-Heteroatomalkylouprates

|115

RIFG) RS~ ot
NO, . . J\/H{FGU
Pn CHIOACICHMa, #1% 964 E Bu

CHIOACICHME,  72% ajj e a CH NiMe)Pn 4%
g BI-GCMu), 81% 100:0 £Z CH(SPICH LN 75%

”“Zta-: oOMey3, B9% CH,SCOPh  75%
ChN 69% 98:2 EZ CH,| 90 %

o GH,OPy 95%

o] Glagl:t /
Ay N : J-L,Br &)
TN I V4
]
RIFG) i i
L

. "‘(—d — |(FG]RCUCNZnX I - > AFG)
H,y ,lv 59%, ! CH,CFiv B7%
CH(SPhPy T8 CHISPMCH,CN  86%
CH{SnBu,Et 66% CHIOACICHMe, 95%

CH{Hax)B(OTMe,), 74%

PhCOC \ :
Gk CH,Nm 2%

0

Pn T RIFC) Ph J\H{FG] _
CéiH 13 — H:FG)
CH,OP#v B5Y% CH,OPiv a1%, _
GH,SPh 71% CH,SC0RN 85% CHOFiv  72%
CH,SPh FU%

CH{SPhICH,CN 749%

R";t BLCGVe,, 0P

Scheme 3.38. Reactions of zinc walkoxy-, x-acyloxy-, «-arylthio-,
wacylthio-, and x-amino-, «-stannyl-, or a-borylallylcuprates with
various electrophiles [144a, 145].

reduced reactivity. Early work on cuprate reagents containing an g¢-nitrogen atom
consistently involved sp? centers bound to copper [11a, 151-154], although good
yields of conjugate addition products could also be obtained from allylic type sys-
tems (Tab. 3.5) [155-156]. Carbamoylation can be achieved with carbamoyl cup-
rates prepared from lithium amides, copper halides, and carbon monoxide [152].
The first examples of g-amincalkylcuprates (sp? centers bound to copper) were
employed by Meyers [157] and Gawley [158] in an effort to avold SET events in
alkylations of the corresponding lithium reagents and were limited to reactions
with alkyl and allyl halides [157]. Dieter and Alexander reported the first examples
of w-arninoalkylcuprate conjugate addition reactions (Tab. 3.5) involving hydrazone-
[156] and formamidine-derived cuprates [11b]. The inability to remove either pro-
tecting group in the presence of the ketone functionality prompted an examination
of Beak’s o-lithfated carbamates [159] for the preparation of e-aminoalkylcuprates
[11c, 160].

e-Aminoalkylcuprates, prepared from «-aminoalkylstannanes by way of an Sn to
Lito Cu transmetalation sequence, reacted with acyclic and cyclic enones in THF to
afford good to excellent yields of conjugate adducts [RyCuCN-LICN (50-99%),
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Tab. 3.5. Reactions of «-nitrogen and phosphorus alkyl-, alkenyl, and agylcuprate reagents [1%0].

Cuprate Electrophile Reaction Product % Yield  Ref.
conditions
(j\ BriCH.,Cl THE, 20°C 76 157
T\ CuCzCC,H, T\
SNiBy Stg,
(—)\ o) THE, 78°%, 0 86 11b
W TGUSPRL 1h,
L. 10hrt
B
!BUN:'/N
N=NiGy ~&oo.p  THE 78°C N=Ny 8% 156
oF
A cusns tort,3h )/\/ co.t (35:65 d)
@ X=CUCZCCH, o Br THE, B0 @\/\ 87 151a
20°C,4h Sy
NTOX a
]§ THFE 20°C, alt 151b
: LT
NBu ¥ = BEt,. CuCN 20 min
O PN THE,HMPA  ,— O o3 1524
o N Co,25°C, O N
SN S 7 Culs 2% A
ABu O Et: 0 o] &5 153
tpun={ 7810 0 °C
Cu
NiBu
SBL
O THE, DMS 71 155a
e N - OMe 7040 oy N‘ OMe
ok @ J§
kMeO N:%Cut_i Mel” N
7
o]
Ph,© = NGH,CU-SMe, s THE, 50°C H 49 155b
= 45 min Ph,C = NGHL.CH= G
o Bh R, COEL ERO0°C, 2 82 154
< M 20 min N
~ N P
- CO,EL
0 Bu—==—_ THR1¢h o ! 70 176a
. r !
(E1O,P. . Cu 3510 oo 1
)5 o oy I

{DMS = dimethylsulfide, HMPA = hexamethylphos phoramide}

RCuCNLi {25-62%)]. Successful conjugate addition required the activating influ-
ence of TMSCI [11c], and rather modest yields (25-64%) were obtained with £, §-
dialkyl-substituted 2-enones. Cuprate preparation directly from the organolithium
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species, available by s-butyllithium deprotonation of the carbarnate [159], by utili-
zation of THEF-soluble CuCN-2LiCl, afforded a procedure less sensitive to the ef
fects of diamine (added to assist deprotonation), ternperature, manner of organo-
lithiurn preparation and s-butyllithium quality [160]. The use of CuCN-2LiCl
resulted in the first successful examples of g-aminoalkyleuprate conjugate addition
to o f-unsatirated carboxylic acid derivatives [161] (2-enoates, thiol esters, imides)
(Scherne 3.39) and gave significantly higher yields of 1.4-adducts with 2-enalg,

B H 1. s38uli, THF, () sparteine, - 74 °C, 1.0h R i 0OX
L 2. GUON-ZLICI, -55 0, 35-45 min N
N > - N A2
Bac &2 B5°C 10 rt, TMSCI . 1
. 3. H1\)\ ot Tl Boc R
R=H, {CH,,, COX
{SH), AL R2 - H: Me, H X - OR? 49-94%

¥ = sR3 53-100%
R'.R” - Mg -(CH,),- X = OR?  030%
X = 513 20.07%
Scheme 3.39. Reactions between x-aminoalkylcuprates and « 8-
unsaturated carboxylic acid derivatives [161].

accompariied by senaller amounts of 1,2-addition products [160]. Conjugate addi-
tion of ewaminoalkyleuprates to allenic esters occurred stereoselectively, anti to the
substituent at the y-carbon atormn to afford (E)-3-aminoalkyl-#, p-unsaturated esters
[162]. Carbatnate deprotection and lactonization with PhOH/TMSCL regioselec-
fively and stereogelectively afforded 4-alkylidene-2-pyrrolidinones, 4-alkylidene-
2-pyrrolizidinones, and 4-alkylidene-2-indolizidinones. These products could be
alkylated at the 3-position of the y-lactarn through the lactam enolate (Scheme 3.40).

1. s-Bull, THF, {-] sparteine, PHOH H2
AR A 7B°C, 100 R R R? TMSCI R R1
L J > L o
N 2, CUCN-2LICI, 55 °C, 35-45 min N g1 CHCl N
v ] r"
Boc 1 Boo . ar
- CQ,Et R
R=H, -{CHz)~ 1e _\CD;E: catgchol baren
OH bromide 0000
s -56°C to ., TMSGI 80-92%
Al oMe;R2-H

cunrate CH.
H?\v;\( 3 1. LDA, THF, -78C

(CO,E

4 2 NS0, -501 25 | <
C:\H R N T Q -—. R ]
‘ ) a2 sal. NH,Cl. 25 G
cupraie B
. ) = Uy
R1 = allegt A2 = H A=H 0%

Re-CH)y  70%
Scheme 3.40. Stereoselective reaction between z-aminoalkyl-
cuprates and allenic esters, with formation of 4-allgidine-2-

prrrolidinones [162].
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Comjugate addition of RCuCNLi reagents to Z-ynoates gave E:Z mixtures of 4
amine-2-enoates. Although the Z isomers could be directly cyclized to pyrrolidi-
nones, E isorners needed to be heated neat with thiophenol. Conjugate addition to
2-ynones afforded E:Z mixtures of 4-amino-2-enones, but treattnent of the adducts
with PhOH/TMSCI effected Boc deprotection and eydization to pyrroles [163]. The
procedure is versatile, permitting introduction of substituents at three of the four
carbon atoms of the pyrrole ring systern (Scherne 3.41). The reacton between
cuprates and alkynyl ketones or esters may well proceed by way of a 1,2-additfon or
carbocupration process [62] (vida supra) and the use of TMSCI and CuCN-2LiCl in
the w-aminoalkyleuprate reacons facilitates E:Z isometization of the intermediate
e-cuptio-e, f-ungaturated ketones and alkynes. The poor stereoselectivity in the
yrnoate reactions may be dreumvented with the aid of the stereospecific substitu-
ton reaction between e-arminoalkyleuprates and 3-lodo-2-enovates [164]. Although
the less reactive zine phthalimidomethyleuprate failed to undergo 1.4-addition to
titro-olefing [144b], the reacton was successful with e-arninealkyleuprates con-
taining a single electron-withdrawing substituent on nitrogen, this procedure being
used in the preparation of triplex DNA-specific intercalators [165)].

R R!

L A~ H. -[CH,},.
N {GH)-
Boc

1. s-Bali, 1HF, (-} sparteing, | 78-C, 1.0h

Z CuCN-2LIiCl, 53570, 35-43 ~in
3. A2 —=——C0,FE1 3. He——coK?
A Gler., TMSCI -85 °C wort, TMSCI
RZ = BL. Pr. (G ,),01, CO,Me R7, A% = n-Bu, Me: Ph, Me;
nBu, HBu
1 =] =} R2
R sasomer BT L s PhOH
n - L He N K —_ - (R
ol o Prod N ) TMEC p1 e
JN TMSCI Boo X g D el g, J
R CH,CL, = % R
RR1=H 5594% R RI-H F7[57431t071:99) §0-85%
R, RT=-(CH,,- &D-85% R R1=-ICH,,- EZ(24:78) 41-50% overall
EZ (21t 2)

Scheme 3.41. Reactions between g-aminoalkylcuprates and
allnyl ketones [163] or esters [161b], and formation of pyrroles
and pyrrolidinones {Boc = ¢-butoxycarbonyl).

e-Aminoalkylcuprates also participate in a varfety of substitution reactions
(Scheme 3.42). Reagents prepared from copper cyanide (R;Culi-LiCN or
RCuCNLi} or CuCl (RCu-LiCl) react with alkyl, aryl, and alkenyl add chlorides to
afford e-amine ketones in good to excellent vields [166]. Use of the latter two re-
agents is efficdent in e-aminoalkyl ligand, although yields are slightly lower than
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OTf R R H
3. A
ne N
—b.
(e Bogo
Hl=1y,m2 —me 39%
A g 1. sBul, THF, (-} spafiora Rl=Mu R2 =H u5%
R H. HCH)- P 78°C, 1.0h AlLRZ =H 77 82
ACH b N
Boc 2. CUCN-2LICY, 55 9C,
35-45 min K
1. 2, then ;
1 5 I\#\HJ .
3. RYCOCL | -55°Clort =) HL\ R Al
S
3}])\%\“3
A R Boc R!
]\NJ\n’Fﬂ RT, B2, A3 = H, alkyl 58-98°
Boo ©

R = alkyl. aryt, vyl 46-98%
Scheme 3.42. Substitution reactions between w-aminoalkyl-

cuprates and acid chlorides [166), vinyl triflates [167], and vinyl
iodides {Boc = #-butoxycarbonyl) [168).

those obtained with R,Culf-LiCN. w-Aminoalkyleuprates prepared from Cul,
Cu_CC4H,, CuMe, or CuPPh; and e-lithivcarbamates gave low to moderate ylelds
of allylic amines on treatment with vinyl triflates prepared from cyclic ketones
[167]. Good to excellent yields could be achieved with the R, Culi-IiCN reagent,
although the reaction was sensitive to steric factors, giving low to modest ylelds
of allylic amines with the vinyl triflates derived from camphor and Z-methyl
cyclohexanorie. Faflure to prepare acyclic vinyl triflates stereoselectively prompted
an exarnination of vinyl iodides, which can be prepared stereoselectively from al-
kynes. Initially, successful stereospecific vinylation of g-aminoalkyleuprates with
vinyl iodides required use of THF-soluble CuCN-2LiCl [168]. Good to excellent
yields of allylic amines were obtained with R; Culi-LiCN, while slightly lower yields
were obtained in two cases with the RCuCNLi and RCu-LiCl reagents. The meth-
odology was employed in a stereoselective synthesis of (4 )-norruspoline.

A study of the factors affecting w-aminoalkylcuprate chemistry exarnined the in-
fluenice of s-Buli quality, the role of alkoxide impurities in the s Buli, temperature,
and Cu(I) source (e.g., insoluble CuCN versus THF-goluble CuCN-2LiCl} [169].
e-Aminoalkylcuprates prepared from o lithiocarbamates with poor quality sBuli
containing LiH and/or s BuOLi gave good yields of the conjugate addition product
with methyl vinyl ketone or the substitution product with (E)-1-iodo-1-hexene, al-
though nearly quantitative vields could be obtained when high quality s-Buli was
employed. When prepared with high quality s-Buli, ¢-aminecalkylcuprates displayed
good thermal stability (3 h at 25 °C, for example), which decreased when poorer
quality s-Buli wag employed. The vinylation reaction and 1,4-addition to methyl
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crotonate could be achieved in nearly quantitative yields using either solid CuCN
or THE-soluble CuCN-2LiCl, although use of solid CuCN required elevated tern-
peratures for complete cuprate formation. The elithiocarbamates appear to be
significantly less thermally stable than the e-aminoalkyleuprates, and use of THE-
soluble CuCN-2LiX permitted rapid cuprate formation at —78 °C, minimizing o-
lithi ocarbarnate decomposition.

Substitution reactions with allyl halides or phosphonates afforded mixtures of
rearranged (Sy2') and unrearranged (S 2) products and little regioselective control
cotild be achieved [170]. These results are consistent with initial formation of an
olefin-copper n-complex, followed by allylic inversion (Le., Sy2’, generally with anti
stereogelectivity) to give a o-alkyleopper complex. Thix g-allyl comnplex can undergo
reductive elimination to afferd the Sy2' substitution product, or isomerfze through
a w-allyl cormnplex to give a rearranged o-allyl complex, which on reductive elirmina-
ton affords the Sy2 substitution product Alkylaton of earninoalkyleuprate re-
agents with allylic sulfides prepared fromm benzothiazole-2-thiol resulted in reglo-
gpecific Sy2 substtution in modest to good yields (31-809%). Excellert regiocortrol
could algo be achieved with allylic epoxides [171] and with propargyl sulfonates and
epoxides [172], resulting in exclusive Sy2’ substitution in most systems (Scheme
3.43). Propargyl acetates were unreactive. Substitution without allylic rearrange-
tnettt (e, Si2) wag only observed when severe steric crowding wag presert in the
e-amnino alkyl ligand or in the propargyl substrate. The resultant allenyl carbamates

3 91%6.)2 4
H

80T, {& mal %)

3 3
1
I\N)\rrH
L 1

o Bon o
. . . o
Al By 2= Me, B3 o H 46 525 e H
1. nBy 137 11340 oA 3
o g 1 SBULLTHF ) spatsine, Rl = pBa ., 139 (CH,}, 46-84% =]
L 7H'C, 1.0h
N P
Boo 2. CuCN-gL’Cl, -55°C,
35-45 min
. P nZ B R
Rz=F, -{CHyl 40 Rl—=- L )W'FH]
{CH, ) Ohs N
- Boe O
R = 11, alky!, any! Ian
) ” . 44-02%
1. 2. then Re = b, alleyl
3. butadiens monaxide
F R A1 1. We, S, CH.Cl,
L = 90-UEs:
I}JWOH o RE - I
Boc j-' 2, AgNO,, acetone
o
80% R G0-30%

Scheme 3.43. Reactions of e-aminoalkylcuprates with allylic
epoxides [171] and propargylic substrates{Boc = £-butoxy-

carbonyl) [172].
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cant be deprotected with trimethylsilyltrifiate to afford the allenyl amines [172],
which can be cycized to pyrrolines in excellent overall yields by use of AgNO,
[173]. When coupled with non-racemic propargyl aleohols, this synthetic method-
ology provides an excellent route to enantiopure pytroline derivatives, which can be
explotted for the synthesis of a varfety of heterocydic compounds such ag aza sugars.

Beak’s extensive studies on asymrnetric deprotonation of carbamates with [—)-
sparteine [159] raise the intriguing prospect of maintaining configuration stability
of the C M bond during lithiation, cuprate formation, and cuprate reaction. In
preliminary studies, the enantormeric excess ranged from excellent in the vinyl-
ation reaction (85-89% eg), to modest in the propargyl systems (549 ee) while
conjugate addition reactions with esters gave racemic products [174]. Successful
application of this strategy will require a balance of substrate and cuprate reactivity,
atnd the uge of non-polar solvents to miniinize racernizaton of the organolithium
reagents prior to cuprate formation. Transmetalatdon of diastereomeric N-(w-stan-
nylalkyl) lactams epimetic at the alkylstannane stereocenter affords an epirmeric
mikttire of organolithiurn reagents that rapidly equilibrates to the ore stable
epitner (Scherne 3.44) Treattnent of the lithium reagent with CuCN (1.0 or 0.5
equive.) affords enantiopure e-aminoalkyleuprates that give single diastereormers
on treatment with acrolein [175]. Cenjugate addition to 2-enones gave mixtures of
diastereotners epimeric at the f-carbon of the original enone. Diastereogelectivities
are poot with acyclic enones [56:44 dr) and modest to excellent with cyclic enones.
The poor diasteroselectivity at the f-carbon of cyclic enones arises from poor
facial selectivity during cuprate addition. Acyclic enones may also give poor dia-
stereoselectivity at the f-carbon center because of E:Z isomerization arising from
an equilibrim between an enone-cuprate d—=* complex and starting materfals.
Much work remains to be done inn the development of asyrmmetric variations in o
aminoalkyleuprate chernistry.

NTTO
o) rBull S 1. CucN IO
PhI o w,_ 4 08 ar10equy) Bh N}*‘D
N - - —— - )
-78 *C, 10 min T i,
Et}\SrDu-_ <" " CHO E,/\(\QHO
5 o T
™y )‘\0 H CXN % yeld o
LN H 10 78 1000
B 05 36 1000
Ma 14 A 1000 (C4}
71.29¢C3)

Scheme 3.44. Reactions of enantiopure z-aminoallkylcuprate with Z-enals [175].

Relatively few examples involving a phosphorous atomn in the o-heteroatom-
alkylcuprate have appeared [176]. Such cuprates have been treated with allylic and
propargylic substrateg, but have not been reported to undergo conjugate addition
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4
Copper-mediated Addition and Substitution
Reactions of Extended Multiple Bond Systems

Norbert Krause and Anja Hoffmann-Rider

4.1
Introduction

Since the pioneering work of Gilnan et al., who carried out the first investigations
into organocopper compotnds RCu [1] and lithium dierganocuprates Ry Culi [2],
the latter reagents (still referred to even today as Gilman reagents) have been be-
comning widespread ameng organometallic reagents used for carbon-carbon bond
formnation. In parteular, the serninal work of Hotige et al. and Corey et al. hag
served to establish organocuprates ag the reagents of choiee tot only for substitu-
flon reactions of many saturated (haloalkanes, acid chlorides, oxiranes) and unsat
urated (allylic and propargylic derivatives) electrophiles, but also for 1.4-addition
reactions to o, funsaturated carbonyl compounds and, last but not least, for car-
bocuprations of non-activated alkynes [3]. In thege processes, the urique reactvity
of organoctiprates relies on the interplay of the “soft”, nucleophilic copper and the
“hard”, electrophilic lithiurn ion, offering control over reactivity and selectivity
through “fine-tuning” of the reagent Most of the tremendous achievernents in
various flelds of organocopper chernistry over the last few decades are highlighted
i thig book. These include the elucidation of the structures of organocoppet corn-
pourids [4] and the mechanism of their transformations [5] (Chapts. 1 and 10), new

rpnern o o ]tk ] oy ] e cndn o ] v s s [E] (Tt 7 T A B Avaateras
COPPer-Inediated atia Coppet-Catay Zel ProCosses &) | Laapis. £, 5, 814 3, GEsteres

selective reactions [Chapt 6), and highly enantoselective substitution and con-
jugate addition reactions [7] (Chapts. 7 and 8). The high standards attained in these
fields are docurnented in numerous applications of copper-promoted transforma-
tions in total synthesis (Chapt 9).

Ag far ag substrates are concerned, while the tugual 14-addiion and 1,3-subst-
tution (Sy2”) reactions of sitnple unsaturated substrates have so far predominated,
analogous transformations of ambident substrates with extended multiple bond
systemns (L.e., with two or more reactive positions) have come to attention only re-
cently. Here, systernatic investigations have shown that such 1.5S-substitutions and
evenn 16- and 18-addifon reactions proceed highly regioselectively and ste-
reoselectively, in particular when the substrate containg at least one triple bond
besides one or more conjugated double bonds. These unusual reaction types not
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only open up novel routes to interesting target molecules, but alse provide deeper
insights fnte the mecharism of copper-mediated carbon-carbon bond formation
[30, 8].

4.2
Copper-mediated Addition Reactions to Extended Michael Acceptors

4.2.1
Acceptor-substituted Dienes

Thanks to their ambident character, acceptor-substituted dienes can provide several
isometic products in coppertnediated Michael additions, therefore making it
particular importart to control net only the regioselectivity but alse the stereose-
lectivity of these transformations (Schermne 4.1).

ALL

14 Adzitior 1 6 Acditon

Mu
R /WACC R /K/VAC e

l IF
) l '
heu Nu ]
R/\\/J\|/J\CC R)Y\/ACE R)\/,\(Ar:{:
c E E

Scheme 4.1. Regioselectivity in conjugate addition reactions to acceptor-substituted dienes.

Besides direct nucleophilic attack onto the acceptor group, an activated diene
may alse undergo 1,4- or 1,6-addition; in the latter case, capture of the ambident
erolate with a soft electrophile can take place at two different positions. Hence, the
nucleophilic addition can result in the formation of three regivizsomeric alkenes,
which may in addition be formed as E/Z isomers. Moreover, depending on the
nature of nudeophile and electrophile, the addition products may contain one or
two stereogenic centers, and, as a further complication, basic conditions may give
rice to the isomerizaton of the initially formed f.p-unsaturated carbonyl com-
pounds (and other acceptor-substituted alkenes of this type) to the thermodynami-
cally more stable conjugated izsomer (Eq. 4.1).
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The first example of a cuprate addition to an acceptor-substituted diene wag re-
ported by Naf et al. [9], who uged lithium di-(Z)-1-heptenyleuprate in a Michael
addition to diencate 1 (Eq. 4.2). The reaction proceeded highly regioselectively,
Turnishing a 1:1 mixture of the two isormeric 1,6-adducts 2, which were converted
into the Bartlett pear constituent ethyl (2E,62)-2,6-dodecadiencate (3) by basic iso-

merization.
nh g
S, LI nHy - Cy
\/’\\/COZET i .
e S T & CO:zEt
1 2
(4.2)
”H”CE\/\/\/ .
CO4EL
S R 2
3

In analogous reactons, several other groups reported the exclusive formation of
1,6-addition products, suggesting that not even the choice of the organocopper re-
agent affected the regioselectivity of the transformation [10]. Whereas the use of
monoorganocopper compeounds predominantly resulted in the formation of adducts
with E configurations, the corresponding Gilman cuprates R;Culi vielded only 1:1
mixtures of the E and Z isomers [10b]. Ultimately, Yamarnoto et al. [3f, 11] were
able to show in their seminal contributons that even 14-additons of organocopper
reagents to activated dieres are feasible: while the reaction between methyl sorbate
(4} and the reagent formed from n-butylcopper and boron wifluoride matnly gave
the 1 4-adduct 5, the corresponding Gilman cuprate nBu,Culi again exclusively
provided the 1,6-additfon product 6 (Eq. 4.3). The organocopper compourds
RCu-BF; are syrthetically very useful (in natural product synthests, for example; of.
Chapt. 9) and so have becorne cornmmonly referred to as Yarmamoto reagents [31].

nBu nBu
: o el
R Ry FOME e /\)\/CC};MU + )\/\/CL}«MC
W R Me e ~ :
4 5 [} (43)
R-M - nRiLC-BFs: 93 7
NBuRGuLLE <1:>9%

Michael additions of organocopper reagents to acceptor-substituted dienes have
found widegpread application in target-oriented stereoselective synthesis [12]. For
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examnple, the chiral cuprate 8, containing a Schéllkopf bislactim ether motety, was
used i1 the first total synthesis of the antimycotic dipeptide chlorotetaine (16; Eq.
4.4) [12d]. Although the nucleophilic addidon to dienone 7 in this case did net
proceed regioselectvely, furniching only a 63:37 mixture of the 1,6- and 1 4-adducts,
the former compound was successfully converted over several steps into diastereo-
rmerically and enantiomerically pure chlorotetaine (10).

Culi

o
Cl
MeD
Me —-— . [+ 1 4-Adduct)
- N NF” N
[N _ _ N
O i

co iPr

o

Med
10

Chlurotetaine 9

(4.4)

While copper-catalyzed Michael additions to acceptorsubstituted dienes using
Grignard reagents as nucleophiles were reported even earlier than the correspond-
ing addittons of (stoichiometric) organocuprates, the former transformations have
largely been restricted to the synthesis of steroid hormones. In this context, in ad-
dition to tetrahydro-3H-naphthalen-2-ones, which were used as model substrates
for doubly unsaturated steroids [13, 14], estradiol derfvatives bearing an alkyl chain

ir1 the 7e-rnogition are eopecially interegtne taroet moleriiles due 1o their hioch of
e S-PUSIIIOI aie Soplliday WHIETESUTIE WEiget INECAEs, LAl W0 WGl 180 41

finity for and specificity towards estrogen receptors [15, 16). These unsaturated
steroids may thus be particularly useful for the treatment of mammary tumors
(breast cancer) [15]. Asg regards preparative aspects, however, the nucleophilic 1,6-
addition to doubly unsaturated A%®-steroids should proceed not only with the de-
gired regioselectivity [13, 14, 15b, 16], but also in a diastereoselective manner, since
only the 7e isomers are effective enzyme inhibitors [15b]. Although the diaster-
eoselectivity of the copper-catalyzed 1,6-additon of methyl Grignard reagents to
A*P.steroids may be dependent on the substitution pattern of the substrate [13a),
general preference for attack from the o side has frequently been observed [13].
Wieland and Auner [13e], for example, reported an « gelectivity of 90% in the cop-
per-catalyzed 1,6-addition of MeMgBr to dienone 11 (Eq. 4.5). The product 12 wag
converted over several steps into Zemethylestrone (13), a precursor of several
highly active steroidal hormones.
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In contrast to this, the introduction of longer alkyl chaing with the aid of copper
promoted 1,6-addition reactions to A%®-steroids normally proceeds with unsatis
factory o:f ratios [15b, 16]. In some cases, improvernent of the diastereoselectivity
by “fine tuning” of the reaction conditonshasbeen possible. The ratio of the epirneric
products 15 and 16 in the copper-catalyzed 1,6-addition of 4-pentenylmagnesium
bromide to dienone 14, for example, was improved from 58:42 to 82:18 by adjust:
mernts to the quantity of tudeophile and the solvent composition (Eq. 4.6) [16f].
DA
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Aberrant behavior, however, has been observed when using bicydic tetrahydro-3H-
naphthalen-2-ones as Michael acceptors: the 1,6-addition of cyano-Gilman cuprates
or Grignard reagents (catalyzed by copper arene thiolate 18) proceeds with high
trans selectivity, irrespective of the transferred group (Eq. 4.7) [17]. NMR spectro-
seoplc investigations have found that forration of m-complexes at the double borid
adjacent to the carbonyl group, similar to those observed in 1,6-cuprate additons to
acceptor-substituted enyries [Sect 4.2.3), are involved in these transformations.
Nevertheless, deeper insight into mechanistic features, which should be highly re-
warding for preparative applications, iy still awaited

1 Raiil - LEN
or RMgx s A
¢ e o “R
SCa MWe, 4.7
17 19 ( - )
2 .
! it Y P -
L |8y WIe, FIexl], .1

4.2.2
Acceptor-substituted Enynes

Ag for conjugate addition reactions of carbon nudeophiles to actvated dienes, or-
ganocopper compounds represent the reagents of choice for regioselective and ste-
reoselective Michael additions to acceptor-substituted enynes. Whereas substrates
bearing an acceptor-substituted triple bond in conjugation with one or even more
double bonds (such as 20) react with organocuprates exclusively by 1,4-addition
(Eq. 4.8) [18], the corresponding additions to enynes bearing acceptor substituents
at the double bond can result in the formation of several regioisomeric products
[30, 8,19].
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Aralogously to the acceptor-substituted dienes [Scheme 4.1), the outcome of the
reaction depends strongly on the regioselectivity of both the nucleophilic attack of
the copper reagent (1,4 or 1,6-addition) and of the electrophilic trapping of the
enolate formed [Scheme 4.2). Since the allenyl enolate formed by 1,6-addition can
furnish either an allene or a conjugated diene upon reaction with a soft electro-
phile, and so offers the possibility of creating axial chirality, this transformation is
of gpecial interest from the preparative and alse the mechanistic points of view.
Recent investgations have demonstrated that the regioselectivities and stereo-
selectivities of both steps can be controlled by the choice of the reactants, in par-
ticular by “fine-tuning” of the organocopper reagent and the electrophile.
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Scheme 4.2.  Regioselectivity in conjugate addition reactions to acceptorsubstituted enynes.

The first copper-mediated addition reactions to enynes with an acceptor group at
the triple bond were reported by Hulce [19, 20], who found that 3-alkynyl-2-cyclo-
alkenones 22 react regioselectively with cuprates, in a 1,6-additfon at the triple
bond (Eq. 4.9). The allenyl enolates thus formed are protonated at C4 to provide
conjugated dienoneg 23 ag mixtures of F and Z isomers. Interestingly, substrates of
this type can also underge tandem 1,6- and 5,6-additions, indicating that the allenyl
enolate i sufficiently nucleophilic to react with another organometallic reagent in a
carbornetalation of the allenic double bond distal to the electron-releasing enolate
moiety (Eq. 4.10) [20b]. Hence, it is even possible to introduce two different groups
at the Michael acceptor, either by successive use of two organocopper reagents or
by employing a mixed cuprate.
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With regard to preparative applications, however, shifting the regioselectivity of the
electrophilic quenching reaction towards the formation of allenes would be far more
interesting, since the scope of gynthetic methods for the preparation of functonal-
ized allenes hag hitherto been rather limited [21]. Moreover, a stereoselective reac-
tion of this type would open up a route to these axially chiral compounds in enan-
tiomerically enriched or even pure form. The Gilman cuprate Me,Culi-Iil and
cyano-Gilman reagents RyCuli-LiCN (R # Me) in diethyl ether did indeed react
regioselectively in a 1,6-fashion with various substtuted 2-en-4-ynoatex 26. After
protonation with dilute sulfuric acid, the f-allenic esters 27, with alkyl, alkenyl, aryl,
and silyl substituents, were obtained in good chemical yields (Eq. 4.11) [22].
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The nature of the acceptor substituent exerts hardly any influence on the regio-
selectivity of the cuprate addition to acceptor-substituted enynes. Enynes 28, variously
incorporating thicester, lactone, dickanone, keto, sulfonyl, sulfinyl, cyano, and ox-
azolidino groups, all reactin a 1,6-manner to furnish functionalized allenes 29 (Eq.
4.17). In contrast, though, 1-nitro-l-en-3-ynes are attacked at the C=C double bond,
with formation of the corresponding 1.4-adducts [22¢]. The differenices in reactivity
can1 be described qualitatively by the following reactivity scale: Acceptor [Acc)
= NQ; = COR, COyR, COSR > CN, SR, oxazolidine > §O;R > SOR » CONR..
Remarkably, the regioselectivity of the cuprate addition to acceptor-substituted
enynes is alse insensitive to the steric properties of the substrate. Thus, enynes
with t-butyl substituents at the triple bond (e.g., 3¢) undergo 1,6-additions even
when the cuprate itself is sterfeally demanding (Eq. 4.13) [22b]. This method is
therefore highly useful for the preparation of sterically encurnbered allenes of type

31.
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In order to achieve acceptable chernical yields with less reactive Michael acceptors,
stich ag sulfornes and sulfoxides, it is often necessary to uge rmore reactive organo-
copper reagents or to activate the substrate by Lewis acid catalysis. Thus, treatment
of enyne sulfone 32 with five equivalents of the Gilman cuprate MepCuli alone
gave no trace of the addiien product, whereas the analogous reaction with
Me;Culi, provided the desired allene 33 only in a disappointing 16%6 yield (Eq.
4.14) [22c]. With two equivalents of Me,Culi in the presence of one equivalent of
Me; Sil, however, the yield was increased to 45%, although with Mes SiOTE as addi-
tive the allene 33 was izolated in only 29% yield. Unfortunatel;@ eryrie amides
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Unlike the substrate, the organocuprate component hag a pronounced influence
on the regiochermical course of the additon to acceptor-substituted enynes. While
the Gilman cuprate Mep,Culi-Iil as well as cyano-Gilinan reagents R, Culi-LiCN
(R # Me) readily undergo 1,6-additions, the Yamaroto reagents RCu-BF; [3f ] and
organocopper compounds RCu activated by Me;Sil [23] both afford 1.4-adduets
[30]. Inn somme cages, even 1.4- and 1,6-reducton products are observed; these may
be the result of electron transfer from the cuprate to the substrate or of hydrolysis
of a stable copper({III) intermediate [19, 24]. Lower order eyanocuprates RCu(CN)Li
again show a different behavior; although these do not usually react with acceptor
substituted enynes, the cuprate tBuCu{CN)LI nevertheless undergoes anti-Michael
additions with 2-er-4-ynoates and nitriles (Eq. 4.15) [25]. A satisfactory interpreta-
tion of the capricious behavior of organocuprates in these corjugate addition re-
actions to acceptor-substituted enynes is unfortunately still awaited, and so idernt-
fication of the appropriate reaction conditions for each cuprate often hag to rely
upon a “trial and error” search.
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Like the copper-catalyzed 1.4-Michael additions of Grignard reagents to enones and
activated dieres, the corresponding 1,6-additions to acceptor-substituted enynes can
also be conducted catalytically However, only very carefully controlled reaction
conditions furnish the 1,6-adduct ag the major product Hence, the use of copper
(2-ditmethylaminomethyljthiophenolate (18) as catalyst and sirmultaneous addition
of the substrate (e.g., 34) and an organolithium reagent to a suspension of the cat-
alyst 18 inn diethyl ether at 0 °C resulted in the formation of various substituted g-
allenylearboxylates 36 (Eq. 4.16) [26]. The yields were comparable to those obtained
in analogous stoichiometric procedures, whereas only low yields of the 1,6-addition
products were found if other copper(I) salts were employed as catalyst, or other
Grignard reagents as nudeophile.

COsEL
/%/CO;FT 1 Rli Fu0 00 By s
—_———
fBu = HOL MNVe
34 1 ] R
| = [EEIN 36
Z 1 (4.16)
200
R - Me: 4%,
MBu. e
Bu. Ra%

Agigimplicit in the fact that the products of the (stoichiometric) 1,6-cuprate addition
— the lithium allenyl enoclate and the organocopper compound — are formed ag
independent spedieg, it is also posgible to conduct the reaction catalytically through
in situ regeneration of the cuprate. The reaction can thus be run in a continuous
mode, with only catalytic amounts of the preformed cuprate being necessary (with
gimultaneous addition of the substrate and the organolithium compound) enabling
the desired allenes to be prepared even on larger scales (Eq. 4.17) [30].
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Ag previously mentioned, allenes can only be obtained by 1,6-addition to acceptor-
gubstituted enynes when the intermediate allenyl enolate reacts regioselectively
with an electrophile at C-2 (or at the enolate oxygen atom to give an allenyl ketene
acetal; see Scheme 4.2). The regioselectivity of the simplest trapping reaction, the
protonation, depends on the steric and electronic properties of the substrate, ag
well ag the proton source. Whereas the allenyl enolates obtained from alkynyl
enones 22 always provide conjugated dienones 23 by protonation at C-4 (possibly
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through allenyl enols; see Eq. 4.9) [19, 20], the corresponding ester enolates are
ustally protonated at C-2 (Eq. 4.11), especially if sterically demanding groups at C-5
block the attack of a proton at C-4 (Eq. 4.13) [30, 22]. In the presence of a sub-
stituertt at C-2 of the enolate, however, mixtures of both allenes and conjugated
dienes are formed for steric reasons (Eq. 4.18). Nevertheless, this problern can be
solved by using weak organic acids ag a proton source. In particular, pivalic acid
(2,2-dimnethylpropionic acid) at low temperatures gives rise to exdusive formation
of allenes [22a].
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In contrast to the protonation, the regioselectivity of reactions between other elec
trophiles and allenyl enolates derived from 2-en-4-ynoates is independent of the
steric and electronic properties of the reacton partners (Scherme 4.3) [30, 27]. As
expected according to the HSAB principle, hard electrophiles such ag silyl halides
and triflates react at the enolate oxygen atom to formm allenyl ketene acetals, while
soft electrophiles such as carbonyl compounds attack at C-2. Only allylic and
propargylic halides react regioselectively at C-4 of the allenyl enolate to give sub-
stituted conjugated dienes. Again, eydic allenyl enolates obtained through 1.6-
cuprate addition to 3-alkynyl-2-cydoalkenones 22 show a deviant behavior; treatment
with iodomethane gave product mixtures derived from attack of the electrophile at
C-2 and C-4, while the reacton with aldehydes and silyl halides took place ex-
dusively at C-4 [19, 28].

RaSiX (X =C1, Br. |, OTH.
HyZ=CHCH:Er, PhoNT?
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I

tBUCO,H, RCHO, RCOR,
RCOCI MeOTf

Scheme 4.3. Regioselectivity of trapping reactions of acyclic allenyl enolates with different elec-
trophiles.

Several preparative applications of the 1,6-cuprate addition to acceptor-substituted
enyries have been described in recent years. In addition to its use in the formation of
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sterically encumnbered allenes (Eq. 4.13) [22b] and simple terpenes such as pseudo-
iotone [22a], this method is also the synthesis of valuable for access to allenic
natural products (Eq. 4.19) [30]. For example, 1.6-addifon of lithfum di-n-octyl-
cuprate to enynoate 40, followed by regioselective protonation with pivalic acid,
yielded allene 41, which was then readily convertible into the insect pherornone
rmethyl 2,4, 5-tetradecatriencate (42). Further applications of 1,6-additions in natural
product synthesis rely upon vinylallenes as diene mmponents in the Diels—Alder
reactons (Eq. 4.20). Hence, the synthesis of the fungal metabolite (£)-sterpurene
(46) and some oxygenated metabolites started with the 1,6-addition of lithium
dirnethyleuprate to enynoate 43 and subsequent regioselective enolate trapping
with methyl tiflate [29]. The vinylallene 44 thus formed underwent an intra-
mmolecular [442] cycloaddition to give the tricyclic product 45, which was finally
converted into the target molecule 46.
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The Diels—Alder reaction outlined above is a typical example of the way in which
axially chiral allenes, accessible through 1,6-addition, can be utilized to generate
new stereogenic cemters in a selective faghion. This transfer of chirality iz also
possible by means of intermolecular Diels—Alder reactions of vinylallenes [30],
aldol reactiong of allenyl enolates [31], and Ireland-Claisen rearrangements of
gilyl allenylketerie acetals [32].
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Recently, the oxidation of titaniurm allenyl enolates (forrned by deprotonation of
Pfallenylearboxylates of type 36 and transmetalation with titanocene dichloride)
with dimethyl diokirane (DMDO) was found to proceed regioselectively at C-2. In
this way, depending on the steric dernand of the substituents at the allenic mofety,
the correspending 2-hydroxy-3 4-dienoates were obtained diastereoselectively with
up to 90% ds (Eq. 4.21) [33]. «-Hydroxyallenes of this type are synthetically valuable
precursors for 2,5-dihydrofurans, found not only in several natural products but
also inn biologically active compounds [34]. Thus, the cydizaton of allene 47 to
heterocycle 48 took place with complete axisto-certter chirality transfer, being easily
achieved by treatment with HCl gas in chloroform, acidic ion exchange resing such
as Amberlyst 15, or, last but not least, with catalytic amounts of gold(III) chloride
(thix last method is particularly useful for ehydroxyallenes containing acid-sensi-
five groups [33b]).
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Alleric arnine add derivatives 50, which are of spedal interest ag selective vitarmnin
By, decarboxylase inhibitors [35], are accessible through 1,6-cuprate addition to 2-
amino-substituted enynes 49 (Eq. 4.22) [36]. Because of the low reactivity of these
Michael acceptors, however, the reaction succeeds only with the most reactive
cuprate: the t-butyl cyano-Gilman reagent $Buy Culi-LICN. Nevertheless, the addi-
tion products are obtained with good chernical yields, and selective deprotection of
either the ester or the amine functionality under acidic conditions provides the
desired target molecules.
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49 50
R = tBu. Fh Me-31, t-cyclohexenyl
By starting with enantiomerically enriched or pure f-allenylcarboxylates, it is pos

sible o carry out geveral of the transformations mentioned above stereoselectively.
With regard to the required substrates, chiral 5-alkynylidene-1,3-dioxan-4-ones of
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type 51 have proven to be valuable synthetic precursors, since these Michael ac
ceptors adopt a very rigid conformation. Because of the equatorial position of the -
butyl group, the trifluoromethyl residue shields the top face of the enyne moiety,
exposing the underside of the molecule to preferential attack by the nucdeophile
(Eq. 4.23) [30, 37]. Treattnent with lithium dimethyleuprate and pivalic acid there-
fore gave the allene 52 with a diastereoselectivity of 98% ds, and the stereochernical
information generated in this step remained intact during the cotwersion into the

chiral vinylallene 53.
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In contrast to nucleophilic addition reactions to activated dienes (Sect. 4.2.1), the
mechanistn of 1,6-cuprate additons to acceptor-substituted enynes is quite well
understood, largely thanks to kinetic and NMR spectroscopic investigations [3o].
13C NMR sgpectroscopic studies have revealed that thege transformations proceed
through z-comnplexes, with an interaction between the r-systern of the C=C double
bond and the nucleophilic copper atom (a soft-soft interaction in termms of the HSAB
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cuprate and the hard carbonyl oxygen atom (Scherne 4.4) [38)]. Inn particular, the use
of PC-labeled substrates has shed light on the structure of the metal-containing
part of these n-complexes, indicating, for example, that the cuprate does not inter-
act with the triple bond [38D, ¢]. Recently determined 1*C kinetic isotope effects
prove that bond formation between C-5 of the acceptor-substituted enyne and the
cuprate occurs in the rate-determining step [39]. Moreover, with the aid of kinetic
measuremernts with a variety of different substrates, even: activation parameters for
these transformations have been determined experimentally [40]. A mechanistic
model in accordance with all these experimental data [Scheme 4.4) involves the
formation of a-copper(III} species, which might be in equilibriurn with an allenic
copper(I1I) intermediate. Both intermediates can undergo reductive elimination to
produce the 1.4- and 1,6-adduct, respectively. The experimentally observed exclu-
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sive formation of the 16-addition product, however, may indicate that the latter
reductive elimination oceurs mtuch more rapidly than that from the first interme-
diate.
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Scheme 4.4. Proposed mechanism for the 1,6-addition of organocuprates to acceptor-
substituted enynes.

4.2.3
Acceptor-substituted Polyenynes

In view of the high regioselectivity observed in the addition of organocuprates to
acceptor-substituted enynes, it seems interesting to determine whether the prefer-
enice of these reagents for triple bonds persists event when the distance between the
acceptor group and the triple bond is increased by the introduction of further C=C
dotible bonds. Of course, the number of possible regivisomeric products rises with
increasing length of the Michael acceptor. The 2,4-dier-6-ynoate 54, for example,
can be attacked by an organocopper reagent at C-3, C-5, or C-7, the latter possibility
producing a vinylogous allenyl enoclate possessing four reactive positons (enolate
oxygert, C-2, C-4, C-6). The high regioselectivity of the reacton between 54 and
lithiurn dimethyleuprate was therefore striking; the cuprate attacked the triple
bond exclusively and protornation with pivalic acid occurred at C-2 of the enolate,
giving the 1.8-addition product 55 as the only isolable regioisormer in 90% yield (Eq.
4.24) [30).
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In an analogous marnmner, the trienynoate 56 reacted in a 1,10-faghion to give the
3,5.7 8-tetraenocate 57 (Eq. 4.25), and it was even possible to obtain the 1,12
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adduct 59 from the Michael acceptor 58, containing four double bonds between the
triple bond and the aceeptor substituent (Eq. 4.26). In the latter case, however, the
yield was only 26%; this is probably due to the reduced thertnal stabilitfes of the
starting materfal and the additfon product (the 1,12-adduct was the only izolable
reacton product apart from pelymeric compounds) [3o, 30].
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These transformations and those summarized in the previous chapter indicate that
Michael acceptors containing any combination of double and triple bonds undergo
highly regioselective copper-tmediated addiion reactions. The following rule holds:
Michael acceptors with any given arrangement of conjugated double and triple bends
react regloselectively with organocuprates at the triple bond closest to the acceptor sub-
stitient, Like the 16-cuprate addition to acceptor-substituted enynes (Scherne 4.4},
these reactions start with the formation of a cuprate z-complex at the double bond
adjacent to the acceptor group [38]. Subsequently, an equilibrating mixture of o-
coppet(III) intermediates is probably formed, and the regloselectivity of the reac-
tion may then be governed by the different relative rates of the reductive elimina-
tion of these intermediates.

43
Copper-mediated Substitution Reactions of Extended Substrates
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copper-mediated substitutions of extended electrophiles have been reported to
date. Investigations into substtution reactions of various dienylic carboxylates with
organocuprates (and Grignard reagents in the presence of catalytic amounts of
copper salts) indicated that the ratio of the three possible regioisomers (that is, o,
y-, and ealkylated products) depends strongly on the substrate and reaction con-
ditions [41]. For example, treatment of dienyl acetate 60 with nBuMgBr and stoi-
chiometric quantifies of Cul mainly furnished the $x2° (1.3} substitution product
61 (Eq. 4.27), whereas with catalytic quantities of Cul and THF ag solvent the con-
jugated diene 62 was formed exdusively (or in other words, Si2” (1,5) substitution
takes place under these conditions) [42]. The dependence of the reaction course on
the #nBuMgBr:Cul ratio gives again credence to the postulate that different orga-
nocopper species are responsible for the formation of the regioisomeric products.
With equimolar amounts of Grignard reagent and copper salt, the active gpecies ig
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probably the monoalkyleopper compound nBuCu-MgBrl, which produces 61.
Contrarily, an excess of the Grignard reagent should produce the magnestum cup-
rate nBuy; CuMgBr ag the reactive nucleophile, providing the 1,5-substitution prod-
uct 62.
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Stereoselective substitution reactons of chiral dienyl electrophiles have also been
carried out In analogy to the copperpromoted Sy2’ reactons of simple allylic
electrophiles 3], the corresponding Sy2’ (1,3) substitutions of dienyl carbonates
[43] have been reported to proceed with high anti selectivity, Interestingly, treat-
ment of chiral dienyl acetal 63 with the Yamamoto reagent PhCu-BF; gave rise to
the formation of a 1:3 mixture of the anti-Sy2’ substitution product 64 and the syn-
Sw2” (1,5) substitution product 65 (Eq. 4.28) [44]. A mechanistic explanation of this
puzzling result has yet to be put forward, however.
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The corresponding copper-mediated Sx2” (1,5) substtution reactions of conjugated
enyne acetates 66 also take place with high regioselectivities, furnishing vinyl-
allenes 67 with variable substitution patterns (Eq. 4.29) [45]. Although the subst-
tution products are usually obtained as mixtures of the F and Z isomers, complete
stereoselection with regard to the olefinic double bond of the vinylallene has been
achieved in some cases. Analogous 1,5-substitutions can also be carried out with
enyne oxiranes, which are transformed imto synthetically useful hydroxy-substituted
vinylallenes (Eq. 4.30; Sect. 4.2.2) [45]. Moreover, these transformations can be
performed under copper catalysis conditions, by simultaneous addition of the or-
garolithium compound and the substrate to catalytic amounts of the cuprate.
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Qhc
P R? 100 - 1% RL &g
L *
R R‘
66 67
(4.29)
R'=R%=Me. R*=nBu: 90% (E: Z =67 : 33
R'=R? =M. R® = Bu: 93% (. Z=25:75)
R' = Mes3i, R® = Me, R® = Bu: 96% (£ Z =40 60)
r' - nBu. Rzeru.Ra—Me: D% (E. 2=>99: <1}
G OH
A e e
= L 4 BusCulr= il tBu * =
Z -_— ~
7 H
nBu nBu (4.30)
88 69
720

Highly enantioselective 1,5-substitution reactions of enyne acetates are also possi-
ble unider carefully controlled conditions (Eq. 4.31) [46]. For example, treatment of
enantomerically pure substrate 7¢ with the cyano-Gilman reagent tBuyCuli-TLiICN
at —90 °C provided vinylallene 71 ag a 1:3 mixture of E and Z isomers with 20%
and 74% e, respectively. This mediocre selectivity might be attributable to race-
mization of the allene by the cuprate or other reactive copper species formed in the
reacion mixture. The use of phosphines as additives, however, can effectively pre-
vent such racemizations (which probably occur by one-electron transfer steps) [47].
Indeed, vinylallene 71 was obtained with an e of 92% for the E isomer and of 93%
for the Z isomer if the substitution was performed at —80 °C in the presence of 4
eq. of nBuzP. Use of this method enabled various substituted vinylallenes {which
are interesting substrates for subsequent DHels—Alder reactions; Sect. 4.2.2) to be
prepared with >909% ee.

(__]RC
= -M'Me

fHLCul e 1N

i = . : Bu
e

it
70 71 (4.31)
E.2=25:75
Without Additive 20% e () / T4% ao ()
With 4 . nBusP: 92% ae (£ 793% ex (7)

4.4
Conclusion

Over the last 30 years, organocopper reagents have been utilized with great success
in organic synthesis. The results presented in this chapter highlight the excellent
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petformance of these organometallic compounds in regioselective and stereoselec-
five transformations of compounds with extended msysterns, in particular in
1,6-, 1,8-, 1,10-, and 112-additdons and in 1,5-substtution reactions of acetylenic
substrates derivatives. These transformations not only provide new information
regarding the mechanising of copper-mediated carbon-carbon bond formation, but
they alse open up new opportunities in target-oriented synthesis.
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5
Copper{l}-mediated 1,2- and 1,4-Reducticns

Bruce H. Lipshutz

5.1
Introduction and Background

Lonig before Kharaseli's semninal paper on copper-catalyzed additions of Grignard
reagents to conjugated enones (19413 [1] and Gilmaris fivst report on formation of
a lithiocuprate (Me,Culi; 1952) [2] appeared, Cu(T) hydride had been characterized
by Wurtz ag a red-brown solid [3]. Thus, “CuH” ix among the oldest metal hy-
drides to have been properly documented, dating back to 1844, Altheugh studied
sporadically for many decades since, including an early X-ray determination [4],
most of the initial “press’ on copper hydride was not suggestive of it having poten-
tial as a reagent in organic synthesis. In fact, it was Whitesides who demonstrated
that this ungtable material is often an unfortunate result of a f-elitnination, which
occurs to varying degrees as a thermal decomposition pathway of alkylcopper spe-
cles bearing an available f-hydrogen (such as n-BuCu; Eq. 5.1) [5]. Stabilized forms
of CuH, most notably Osborrfs hexameric [(Ph;P)CuH], [6], for which an Xray
structure appeared in 1972, for years saw virtually no usage in organic synthesis
even in a stoichiometric sense, let alone a catalytic one. Several groups in the 1970s
and early 80s, however, recognized the value of hydride delivery to «, f-unsaturated
frarneworks with the aid of copper complexes. This interest resulted in several hy-
dride cuprates of widely varying constitution, each intended for use as a stoichio-
metric 14-reductant.

NN PiRBY); — Nt (nBugPYCUH (5.1)

The mixed hydride cuprate “R,Cu[H)LT", designed to contain a nontransferable or
‘dummy’ group R, (such as 1-pentynyl, t-butoxide, or thisphenoxide) [ 7], was found
by Boeckenar et al. to effect conjugate reductions of enornes in good yields [8]. The
preferred ligand R is the 1-pentynyl group, which ix likely to impart a reactivity
greater than that of the corresponding heteroatom-based mixed hydride complex
(Eq. 5.2). The reagents are made by fritial treatment of Cul with DIBAL in toluene
at —50 °C, to which the lithium salt of the dummy ligand is then added. Similar
treatment of Cul with potassium tri-sec-butylborohydride hag been suggested by
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Negishi to give rise to "KCuH,”, which reduces ketones and other functonal
groups [9].

s [a)
CyHp = Cu[HILi
THF, HMPA, -20=, 24 h
(74%)

Reduction of “Me;Culiy” with LAH was described by Ashby and co-workers as a
means to produce the powerful reducing reagent “Li;CuHs™ [10], which can be
used in either THF or Et,O at room temperature for conjugate reductions (Eq. 5.3).
Strangely, the species analogous to Gilmarfs reagent, “LiCuH,", delivers hydride to
an enone in THF in a predominantly 1,2-sense.

Xﬁ\“/v\ ﬂ-— X/\“/L (5.3)

o E10, 1, 48N )
{@3%)

Semrelhack et al chose CuBr, together with either Red-Al or LiAI(OMe):H in a
1:2 ratio, to afford presumed hydrido cuprates, albeit of unknown composition [11].
In THF, both the former “Na complex” and the latter “Li complex” are heteroge-
neous [and of differing reactivities), yet each is capable of 1 4-reductions of unsat-
urated ketones and methyl esters (Eq. 5.4). Comming has used a modified version,
prepared from lithium tri-t-butogy-aluminmium hydride and CuBr (in a 3:4.4 ratio),
to reduce a 3-substituted- N-acylated pyridine regioselectively at the w-site [12].

o Q
"Ll complax"
- - (5.4)
THF, -20%,1h
{88%)

52
More Recent Developments: Stoichiometric Copper Hydride Reagents

While these and related reagents have seen occasional use, none has been the
overwhelming choice over another, perhaps due to questions of functional group
tolerance and/or a general lack of structural information. In 1988, however, Stryker
et al. described (in comnmunication form) results from a study on the remarkable
tendency of the Osborn complex [(Ph:P)CuH]g [6a, b] to effect highly regioselective
conjugate reductions of various carbonyl derivatives, including unsaturated ketones,
esters, and aldehydes [13]. The properties of this phosphine-stabilized reagent
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(mildness of reaction conditions, functional group compatibility, excellent overall
effidencies, ete.) were deerned so impressive that this beautifully crystalline red solid
was quickly propelled to the status of “Reagent of the Year” in 1991. Itis now com-
monly referred to, and sold cornmercially, as “Stryker’s Reagent” [14].

Armong its salient features, this copper hydride (written for simplicity from now
on ag the monotnet (Ph; PYCuH ) can be prepared in multi-gram quantities from four
precursor compotinds (CuCl, NaO-+Bu, PPhs, and H,) that are not only readily
available but also very inexpensive (Eq. 5.5) [15]. It s also noteworthy that the by-
products of formation (NaCl and + BuOH) are especially "environrmentally friendly™.

He. PHH, rt
CuCl + NaG-+Bu + PPy — — > [PhiP)GuHls + NaGl + £BUOH (5.5)

The quality of (FhyP}CuH can vary, depending upon the care taken in the crystal-

lization cten. An 1|ﬂ1r~r-1nﬂm mpurity — that chows broad gionals at 8 7. TR 7. 40, and
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7.04 in the 'H NMR spectrum in dry, degassed, benzene-dg — is usua]ly present
in all batches of the reagent, although small amounts are not deleterious to its re-
duction chemistry. The hydride signal, a broad multiplet, occurs at 3.52 ppm (Fig.
5.1). Protonn NMR data reported by Caulton on the related [(tol)sP]CuH include a
“broad but structured multiplet centered on 8 +3.50 in CgDg™ [16].

Either hexane or pentane can replace acetonitrile to induce crystallization with-
out impact on vield or purity. The hexamer can be weighed in air for very short
periods of time, but must be stored protected under an inert atmosphere. Curi-
ougly, (Ph;P)CuH as originally studied may occasionally be most effective when
used in the presence of moist organic solvent(s), the water providing an abundant
source of protons, some of which ultimately find their way inte the neutral car-
bonyl adduct (Eq. 5.6). When TMSCl (= 3 equiv.) is present in place of water, in
situ trapping of the presurned copper enolates results; on workup these afford car-
bonyl products directly [13, 16]. More hindered silyl chlorides (such as +-BubMe;5iCl)
produce isolable silyl enol ethers, as iz to be expected [13b]. Unlike cuprates, the
reagent is of low basicity. Reactions are highly chemoselective, with 1 4-reductions
of enones proceeding in the presence of halides and sulfonates, as well as sulfide
residues in the y-position [17].

Q o
(PreP)CuH
T + isomer  (5.6]
o PhH, i, 28 h o
H
(85%; 16-17:1)

Preparation of [{Phz P)CuH]s [15]

Triphenylphosphine {100.3 g, 0.3825 mol) and copper{l] chloride {15.14 g,
0.1529 mol] were added to a dry, septum-capped 2 L Schlenk flask and
placed under nitroger. Benzene {distilled and deoxygenated, approximately
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s 7 6 5 4 3 P
Fig. 5.1. "H NMR spectrum of [{Ph; FyCuH]; in C;Dg.
Chemical shifts: § 7.67, 6.95, 6.74, and 3.52. Signals marked
by - indicate impurities.

800 mL) was added by cannula, and the resultant suspension was stirred.
The NaO-t-Bu/toluene suspension was transferred by wide-bore cannula to
the reaction flasl, washing if necessary with additional tohiene or benzene,
and the yellow, nearly homogeneous mixture was placed under positive
hydrogen pressure {1 atrm] and stirred vigorously for 15 24 h. During this
period the residual solids dissolved, the solution turned red, typically within
otie hour, then dark red, and some gray or brown material precipitated. The
reaction mixture was transferred under nitrogen pressure through a wide-
bore Teflon cannula to a large Schieylc filter containing several layers of'sand
and Celite. The reaction flask was rinsed with several portions of benzene,
which were then passed through the filter. The very dark red filtrate
wag concentrated under vacuum to approximately one-third of its original
volume, and acetonitrile {dry and deoxygenated, 300 mL) was layered onto
the benzene, promoting crystallization of the product. The vellow-brown
supernatant was removed by cannula, and the product was washed several
times with acetonitrile and dried under high vacuum to give 25.0 32.5 ¢
{50 65%) of bright red to dark-red crystals.

The yields obtained by this procedure are roughly comparable to those obtained
starting directly with purified (CuG-+-Bu)s and one atmosphere of hydrogen, al-
though higher yields (ca. 80%) have been reported under 1500 psi of hydrogen
pressure [16].
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Representative procedure for conjugate reduction of an enone [13]

[(Ph;P)CuH]; {1.16 g, 0.82 mmol), weighed under inert atmosphere, and
Wieland Miescher ketone {0.400 g, 2.24 mmol) were added to a 100 mlL,
two-necled flask under positive nitrogen pressure. Deoxygenated benzene
{60 mL) containing 100 pL of H,O {deoxygenated by nitrogen purge for 10
min) was added by cannula, and the resulting red solution was allowed to
stit at room temperature until starting material had been consumed {TLC
rionitoring; 8 h). The cloudy red-brown reaction mixture was opered to air,
and stirring was continued for 1 h, during which time copper-containing
decornposition products precipitated. Filtration through Celite and rerowval
of the solvent in vacuo gave crude material which was purified by flash
chromatography to afford the product in 85% yield.

HOOG™ " Ny
Fig. 5.2. Pseudolaric acid A.

An insightful application of Stryker’'s reagent can be found in efforts by Chiu
aimed at the total synthesis of pseudolaric add A (Fig. 5.2), where a conjugate
reduction-intrameolecular aldol strategy was invoked [18]. Treatment of precurser
enone la with (Ph;P)CuH (two equivalents) in toluene at sub-ambiernt temnper-
atures quickly afforded the annulated aldel products 2 and 3 in a 2.4-3:1 ratio
(Scheme 5.1). The same treatment in THF produced a higher percentage (6:1) of
the undesired cis-fused isomer 2. Earlier attempts under basic condiions to form
the required trans-fused aldol based on the saturated analog of 1b met with failure,
the 10-membered skeleton 4 forming from second-stage decomposition of the ini-
tially derived mix of 2 and 3. The switch to copper hydride, used at uncharacter-

[ 4]
g e ~ !/'--\
= {PhgP)CuH
o —_———————— =
PhCHs, -23°C
1a (snone) 2 (B6%) 2431 3 [16%)
(o} COLEt
GOgEt 0 5 KO-+Bu
11 TI-IF-r-BuDH
0
1b (ketane) }

Scheme 5.1.  |ntramolecular 1,4-addition-aldol reactions.
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istically low temperatures (—23°), ultimately provided entry to the bicyclic array by
virtie both of the directed 1,4-hydride delivery to erone la, and also of the rela-
tively non-basic nature of the intermediate copper alkoxide.

Soon after the appearance of the series of papers from the Stryker labs [13, 15,
17, 19a], an alternative method for the presumed generation of stoichiometric hal-
ohydride cuprate “XCu(H)Li” (X = Cl or I} was reported (Scherne 5.2} [20]. It relies
on a transmetalation between BusSnH and Cul/LiClL the inorganic salts combining
to form a mixed dihalocuprate (5)[21], which may then undergo a ligand exchange
with the tin hydride to afford halohydride species 6.

ucl
Cul + BugBnH —— DCufH)L" + BusSnX

8
\i> M{CICuLi j BsSnH

Schame 5.2. In situ generation of hydrido cuprates.

(o]
Cul, BugSrnH
5 LICI, TMS-CI - S (5.7)
S\J 07, 45 min, 10 Me,S S\J

(80°%)

Selective 1,4-reduction of unsaturated aldehydes and ketones by 6 occurs smoothly
in THF between —25 °C and room temperature within a few hours (Eq. 5.7). Par-
ticularly noteworthy is the realization that phosphines are noticeably absent from
the reaction medium. The analogous combination of CuCl/BusSnH in N-methyl-2-
pyrrolidinone (NMP) or DMF does not behave identically [22], failing to react with
the hindered substrate isophorone, whereas a 72% yield of the corresponding re-
duced ketone s formed with reagents XCu(H)Li/BusSnH. Nonetheless, a form of
“CuH"” is being generated in this more polar medium, effectively utilized by Tanaka

to arrive at 3-norcephalosporin 8 upon reaction with allenic ester 7 (Scheme 5.3).

S=—S0.Ph Ry s@mph Ry 5
T e T O
1 COzR,

RO7 07,

LN

Rq

d ZL’H— NMP o
RO O

7 L _ )
Ry = PhCHaCONH
Rg = p-CHAOCHCHy

Schame 5.3. Conversion of allenyl ester 7 to 3-norcephalosporin 3.
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Representative procedure for BuzSnH/Cul/LiCl conjugate reduction [20]

{E,E)-8-Acetoxy-2,6-dirmethyl-2,6-octadienal {80 mg, 0.391 mimol) was added

—60 °C to a solution of Cul {190.4 mg, 1.00 mmol) and LiCl {100.8 mg,
2.38 mmol) in THF {4.5 mL), followed by Me;SiCl {0.27 mL, 2.09 mmol).
After 10 min, BusSnH {0.30 mL, 1.10 mmol] was added dropwise, pro-
ducing a cloudy yellow shurry. The reaction mixture was then allowed to
wartry gradually to 0 "C over 2 h. A concurrent darkening to a reddish-
brown color was observed. Quenching was carried out with 10% aq. KF
solution {3 mL), resulting in an orange precipitate. The organic layer was
filtered through Celite and evaporated, and the residue was rapidly stirred
with additional quantities of 10% KF for ca. 30 min before diluting with
ether. The organic layer was then washed with saturated ag. NaCl solution
and dried over anhydrous Na,50,. The solvent was then retnoved in vacuo
and the material was chromatographed on silica gel. Elution with EtOAc/

hexanes {10:90] gave 82 mg {100%) of {E)-8-acetoxy-2,6-dimethyl-6-octenal
aa a colorleas o1l TLC {L'; a Bt cihevaneal B 0,22

48 3 Coloriess o] > RO NEMANES) Ny ULl

Interestingly, the CuCl/PhMe;SiH reagent pair was reported by Hosomi and co-
workers to generate what was presumed to be CuH, also uncomplexed by phos-
phine [23]. The choice of solvent is critical, with ligand exchange occurring at room
temperature in DMF or DMI (1,3-dimethylimidazolidinone), but not in THF,
CH3CN, or CH3Cly, suggesting a stabilizing, Lewis basic role for the solvent in
place of phosphine. Neither CuCN nor Cul are acceptable replacements for CuCl
When ratios of 42 silane:CuCl are used, along with one equivalent of substrate,
excellent yields of 1,4-adducts may be anticipated (Eq. 5.8).

(8]
Gucl, PhiexSIH
[ —" - (5.8)
ﬁ - DM, i, 22 h ﬁ -
183%)

nd enocates work well, atternpted 1 4-reduction of

Although unhindered enones a

acrylonitrile afforded o-silylated product 9 (Scheme 5.4). Presumably this unex-
pected product results from a 14reducton/e-anion trapping by the PhMe; 8iCl
present in solution. Curifously, there was no mention of any similar quenching of
intermediate enolates on either carbon or oxygen when unsaturated ketones or

esters were involved.

Cul,,
. SiMexFh
"CuH" PhMu,SiCI
2oy ———- )\CN - ACQNIGULH _ - N
9

Scheme 5.4. 1.4-Reduction/e-silvlation of acrvlonitrile.
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Om the basis of the identical O Cu te O Si transmetalation, Mori and Hiyama
examnirned alternative Cu(I) salts in the presence of Michael acceptors [24, 25]. This
study produced the finding that PhMe; SiH/CuF{PPh;);-2EtOH (1.5 equivalents)
in DMA (N,N-dimethylacetamnide) is effective for conjugate reductions (Eq. 5.9).
Triethylsilane could alse be employed in place of PhMe;SiH, but other silyl hy-
drides gave either undesired mixtures of 1.4- and 1,2-products (with Ph,8iH, and
(EtO):8iH, for exarnple) or ne reaction (with PhCl$iH, for example). Hindered
enones, such as isophorone and pulegone, were not reduced under these conditfons.
Most efforts at trapping intermediate enolates were essentially urproductive, aside
from modest outcomes when D0 and allyl bromide were used [25)].

CeHi CuF({PPhg)2EtOH CsHy
- -
\n/\/ - W 59)

0 PhidesSIH, DMA, rt o
@1%)

The successes described above notwithstanding, synthetic chernistry inn the 1990g
wasg in large measure characterized by ‘catalysis’, which encouraged development of
organecopper processes that were in line with the times. The cost associated with
the metal was far from the driving force; that was more (and continues to be) a
question of transiion metal waste, Inn other words, proper disposal of copper salt
by-products is costly, and so precudes industrial applications based on stoichio-
mmetric copper hydrides,

3.3
1,4-Reductions Catalytic in Cufl)

Prior to the advent of tiphenylphosphine-stabilized CuH [6a, b, 13], Tsuda and
Saegusa described use of five mole percernt MeCu/DIBAL in THE/HMPA to effect
hydroalumination of conjugated ketones and esters [26]. The likely aluminium
enolate intertediate could be quenched with water or TMSCL, or alkylated/ acylated
with varfous electrophiles (such as Mel, allyl bromide, ete; Scherne 5.5). More

o
o
0 /‘\0 Br

5 % MeGCu, DIBAL o

(77 %)
o THF, HMPA, rt o
w e Br " =
10 “ y

(77 %)

Scheme 5.5. Reductive alkylations of enones using catalytic MeCu.
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highly conjugated networks, such ag in 10, were reduced in a 1,6 fashion, with the
enolate being alkylated at the expected e-site.

t+-BuCu hag been used extensively in place of MeCu en route to synthons (such
ag 11) of value in the construction of the D vitamins (Eq. 5.10) [27]. Very recently,
replacement of +BuCu by a more stable silyl analogue, PhMe; $iCu, has been re-
ported:

(1) to minfinize the amount of copper required for this reductive bromination (6.5
versus 20 mol%; Eq. 5.11),

(2) to afford enhanced regioselectivity (> 19:1 ratio for 14-reduction versus 1,2-
addition to the izolated keto group),

(3} to produce higher overall yields (70 versus 57%), and

(4} to be readily usable in large scale reactions [28].

AN
0
= =
—_— —_—
a 1
HO H
1

Ho"

b % PhMegSiCu, DIBAL Brz
—_—
THF, HMPA, 1t (5.11)

Not long after Stryker's initial report on (PhaP)CuH [13], that group discovered
that it was possible to establish a catalytic cycle in which molecular hydrogen serves
as the hydride source [19]. Although yields are very good, very high pressures (ca.
500-1000 psi} are unfortunately needed, at which products of overreduction are
occasionally noted in varying amounts (Egs. 5.12, 5.13). Addition of PPh; stabilizes
the catalyst, although turnover appears to be slowed. The inconveniertly high
pressures can be avoided by the introduction of +BuOH (10-20 equiv/copper),
which promotes clean hydrogenation at one atmosphere of hydrogen, presumably
by protonolysis of the unstable copper(I) enolate intermediate to give the more
stable copper tbutoxide complex (vide infra).

o O
cat {(PhaPYCuH, 1000 PSI Hg

J—

25 h, 6 PPhs, THF (5.12)

(3:16q:00
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0 cat (PheF)CuH, 1000 PBI Ha o OH
)\)l\ > )\/lk +)\/k +  onone
A 20h, PhH
(97 %) 3%) 0 %)

+@PPhy {88 %) 7%) %)
(5.13)

The continued search for methods to effect 1.4-reductions using catalytic quantities
of CuH produced several reports late in the last decade. The basis for thege new
developments lies in an appreciation for the facility with which various silyl hy-
drides undergo transmetalation with copper enolates. Thus, a limited amount of
(PhsP)CuH (0.5-5 mol%) in the presence of PhSiH; (1.5 equivalents relative to
gubstrate) reduces a varfety of unsaturated aldehydes and ketones in high yields
(Eq. 5.14) [29]. Limitationg exist with respect to the extent of steric hindrance in the
educt. Similar results can be achieved using Bu;SnH in place of PhSiH;, although
the latter hydride source is the appropriate (albeit expensive) choice from the envi-
ronmental perspective.

CHO CHO
5% (PhgF)CuH
PhSIHg, PhCHe,5h

(5.14)

(80%)

An alternative, in situ source of (Ph;P)CuH can be fashioned from CuCl/PPh/
TBAF and PhMe; SiH (1.2 equivalents) in DMA, initially made at 0° with the reac-
tion then being run at room temperature [25]. Unhindered acydic enones require
20 mol% of CuCl, PPhs, and TBAF for best results (Eq. 5.15). Cyclic exammples are
more demanding, with substituted cyclohexenones such as carvone undergoing
reduction when excess reagents are presert (1.6 equivalents). Acetyleydohexerne
wag unreactive to the catalytic conditions above,

9 Fa o B ="1" TOAC 9
/\)K Culd, PPhy, TBAF
_— =
Ph PhiesSIH, DMA, Ph (5.15)
0®tor, 2h (88%)

Use of the Stryker protocol [CuCl 4+ NaQ-t-Bu under H,) for gererating a copper
hydride, but replacing PPhs with p-tol BINAP and H, with four equivalents of
polymethylhydrosiloxane (PMHS) [30], is presurned to produce the corresponding
reagent bearing a nonracemic bidentate phosphine ligand, (p-tol-BINAP)CuH.
This species, derived in situ and first deseribed by Buchwald, is capable of deliver-
ing hydride to g, f-disubstituted-a, f-unsaturated esters, with control over the ab-
golute stereochemistry at the resulting f-gite (Eq. 5.16) [31]. Likewise, conjugated
cyclic enones can be reduced with asymmetric induction by the same technique
[32], although either (5)-{BINAP)CuH or Roche’s [(§}-BIPHEMP]CuH can be em-
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ployed here as well ag ( p-tol-BINAP)CuH (Eq. 5.17) [33]. In both methods, PMHS
functions as the stofchiometric source of hydride, which particpates in a trans-
metalation step involving the likely copper enolate to regenerate the copper hydride
catalyst [34]. Enoates require arnblent temperatures, excess PMHS (4 equivalents),
and reaction tirmes of the order of a day, while enones react at 0 °C and require only
1.05 equivalents of silyl hydride, to prevent overreducton. The ez values obtained
range from 80-929% for the newly formed esters, while those for ketones are gen-
erally higher [92-989%).

- COEL [{Sp-tok BINAPICUH COEt
- (5.16)
PMHS, ri, PhCH, 22 h
(B9%) 52% e
0
I il
[{S}-p-tol-BANAF]CuH
- (5 .17)
Ph  PMHS, C°, PhCH;, 4 d Ph
(82%) 96% a8

General procedure for asymmetric conjugate reduction of a, f-unsaturated esters [31]

{§1)-p-tol-BINAP {10 mg, 0.162 mimol] was placed in a flame-dried Schlenk
flask, and dissolved in toluene {6 mL). The solution was degassed by briefly
opening the flask to vacuum, then bacldilling with argon {this degassing
procedure was repeated 3 nore times). The Schlenk flagk was transferred
into an argon-illed glovebox. NaO-:-Bu {8 mg, 0.083 mimol] and CuCl
{8 mmg, 0.081 mmol) were placed in a vial, and dissolved in the reaction
solution. The resulting mixture was stirred for 10 20 min The Schlenk
flask was removed from the glovebox, and PMHS {0.36 mL, 6 mmol) was
added to the reaction solution under an argon purge. The resulting solu-
tion turned a reddish-orange color. The «, f-utisaturated ester {1.5 mrnol)
was added to the reaction solution undet argon purging and the resulting
solution was stirred until reaction was complete, as monitored by GC. The
Schlenk flask was then opened and ethanol {0.3 mL) was added dropwise
to the reaction {CAUTION! Rapid addition of ethanol caused extensive
bubbling and foaming of the solution]. The resulting solution was diluted
with ethyl ethet, washed once with water and once with brine, and baclk-
extracted with ethyl ether. The organic layer was then dried over anhydrous
MgS804 and the solvent rernoved in vacuo. The product was then purified
by silica colurnn chromatography.

General procedure for the asymmetric reduction of a,f-unsaturated ketones [32]

A chiral bis-phosphine {{S)-p-tol-BINAP, {S)-BINAP, or {5)-BIPHEMP]
{0.05 mrmol) was placed in a flame-dried Schlenk tube and dissolved in
toluene {2 mlL). The Schlerk tube was transferred to a nitrogen-filled
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glovebox. In the glovebox, NaOt-Bu {5 mg, 0.05 mmol] and Cudl {5 mg,
0.05 mimol) were weighed into a vial. The toluene solution of the chiral bis-
phosphine was added by pipette to the vial to dissolve solids and the result-
ing solution was then transferred back into the Schlenk tube. The Schlenk
tube was removed from the glovebox, the solution was stitred for 10 20
min, and PMHS {0.063 mL, 1.05 minol] was added to the solution with
argon purging. The resulting solution turned reddish orange in color. The
solution was then cooled to the specified temperature. The &, funsaturated
ketone {1.0 mmol) was added to the reaction mixture with argon purging
and the resulting solution was stirred at room temperature {18 27 h).
Consumption of the g, f-unsaturated ketone was monitored by GC. When
the reaction was complete, the Schlenk tube was opened and water {1 mL)
was added. The resulting solution was diluted with diethyl ether, washed
once with water and once with brine, and bacleextracted with diethyl ether.
TBAF {1 mmol, 1 M in THF] was added to the combined organic extracts
and the resulting solution was stirred for 3 h. The solution was then
washed once with water and once with brine, back-extracted with diethyl
ether, and the organic layer was dried over anhydrous MgS50,. The solvent
was then removed in vacuo and the product was purified by silica column
chromatography. In order to determine the ee, the product was converted
into the corresponding { R, E)-2,3-dimethylethylene ketal and then analyzed
by GC analysis {Chiraldex G-TA) for the diastereomeric ketals.

Intermediate silyl enol ethers can be trapped and isolated from initial conju-
gate reductions of enones with Stryker’s reagent, or they may be used directly in
Mukaiyama-type aldol constructions (i.e, in 3-component constructions; 3-CC} [35].
Thus, in a one-pot sequence using toluene as the initial solvent and 1-5 mol%
(Ph:P)CuH relative to enone, any of a number of silyl hydrides (such as PhMe, SiH,
PhyMeSiH, tetramethyldisiloxane (TMDS), or PMHS) can be employed to produce
the corresponding silyl enol ether. Dilution with CH3Cly without isolation, followed
by cooling to —78 °C and introduction of an aldehyde, followed by a Lewis acid
(TiCly or BF; ‘OFt;) results in good yields of aldol adducts (Eq. 5.18). Unfortunately,
there is no acyclic stereocontrol (syn versus anti selectivity) in these 3-CC reactions
[34b].

OH
1. cat {PPha}CuH, PhiMagBH, PhCH;, rt

2, CHO , CHzCle, TICH, N (5.18)
[ | I
: IN] T8t Te
Ts

(&2%) 1.1 syn:antl

1 {

Representative procedure for conjugate reduction-aldol 3-CC: 2-{Hydroxy-[1-{toluene-4-
sulfonyl)-1H-indol-3-yl] methyl }-4,4-dimethyleyclohexanone [35]

Dimethylphenylsilane {0.23 mlL, 1.5 mmol, 1.5 equiv.) was added dropwise
to a homogeneous, red solution of [CuH{PPh;]; {16.0 mg, 0.008 mimol,
5 mol% Cu) in toluene {2.0 mL) and the solution was stirred at room tem-
perature for ca. § min. 4,4-Dimethyleylohexenone {0.13 L, 1.0 minol] was
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added dropwise to the resulting red solution, which was stirred at room
temperature. After ca. 7 min, the solution had darkened to a heterogeneous
brown, black. Monitoring of the reaction by TLC showed that the enone had
been consutned after 3 h, forming the corresponding silyl enol ether. The
solution was diluted with CH,Cly {5.0 mL) and added by cannula to a so-
lution of N-tosylindole-3-carboxaldehyde {0.45 g, 1.5 minol, 1.5 equiv.) and
TiCly {1.5 mL of 1.0 M solation in CH,Cl,, 1 equiv.), in CH,Cl; {7.0 mL) at
—78 °C. Stirring was continued for 1 h and the reaction was quenched with
saturated NaHCO; solution {6.0 mL) at —78 °C, and allowed to warm to
roor temperature. A blue precipitate was filtered using a Buchner funnel,
and the aqueous layer was extracted with diethyl ether {3 »x 25 mL). The
corbined organic portions were washed with brine {2 » 50 mL) and dried
over anhydrous Na;S0Oy, and the solvent was removed in vacuo. Purifica-
tion by flash chromatography {1:9 EtOAc/PE to 1:4 EtOAc/PE) afforded
diastereotmers as a yellow oil {combined yield 0.35 g, 82%).

5.4
1,2-Reductions Catalyzed by Copper Hydride

Reductions of non-conjugated aldehydes and ketones based on copper chermistry
are relatively rare. Hydrogenations and hydrosilylatons of arbonyl groups are
ustially effected by transitfon rnetals such ag Ti [36], Bh [37], and Ru[38], and in
one case, Cu [39]. An early report using atalytic [(tol); P]JCuH in reactions with
formaldehyde, in which disproportionation characteristic of a Tishchenko reaction
took place, is indicative of a copper(I} alkoxide intermediate [16]. Almost two dec-
ades later, variations in the nature of the triphenylphosphine analogue (Strykers’
reagent), principally induced by introduction of alternative phosphine ligands, have
resulted in remarkable changes in the chemoselectivity of this family of reducing
agents [40, 41]. Although not as yet fully understood, subtle differences even be-
tween alkyl substituents on phosphorus can bring about dramatic shifts in reactiv-
ity patterns. Changes in the composition of [(PhsP)CuH]s caused by Fgands such
as tripod (1,1,1+tris-{diphenylphosphinomethyl)-ethane), which forms a dinudear
bidentate complex (Fig. 5.3} [42], have been used by Stryker to great advantage to
reduice ketones in a 1,2-faghion.

Both conjugated and non-conjugated ketones, as well as conjugated aldehydes,
undergo clean 1,2-addition in the presence of CuH modified by Me,PhP (Eq. 5.19).
Ketones react under an atmosphere of hydrogen over a roughly 24 hour period. The
presenice of +BuQH (10-20 equiv/copper) is important for increasing catalyst life-

Ph Ph Fh Ph
SO OO
VAN OMe
Cu Cu
fF N/ PMeg
PPh /F\ H /P\
2B Ph PH Ph
[(?-tripod}CuHl 12

Fig. 5.3. Ligands tested for 1,2-reductions.
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titne, ag in the corresponding cases of 1 4-reductions (vide supra), presurmably by
conversion of the initially formed copper alkoxide to the aleohol product in ex-
change for a therrnally mmore stable [Cu{O-t-Bu)]s. This complex ix then hydro-
genolyzed to reformn the copper hydride catalyst In most cases, isolated olefing are
untouched, as ix true for dienes, esters, epoxides, alkynes, and acetals. Rates are
slower in substrates bearing free alkenes, probably a consequence of d-=* inter-
actions with the metal. Acyelic conjugated enones afford a high degree of control
for generation of allylic aleohol products, with only small percentages of over-
reduced materfal formed when using PhMe,;P-modified reagent The correspond-
ing PhEtf; P-altered Stryker’s reagent, however, does not function ag a catalyst for
this chemistry (this is also the case with the novel biaryl P,O-ligand 12, the ditne-
thylphosphine analog of MOP) [43], while the mmixed dialkylphenyl case Me[Et)PPh
ix unexpectedly effective (e.g., for f-ionone, 13: =50:1; 95% yield: Eq. 5.20).

0
I‘I 5 = or IJI
NN | mwmmu
& I-h.anh
OBn

(89%) 1:1 mix of lsormers
(5.19)

0 oH
ot (PPhg}CI.H
T PHPMMELHe *
+BuOH, PhH, i, 21 h
5%

13 =50 :1
(5.20)

With these new levels of appredation of the nuances associated with CuH-phos-
phine interactions, considerable fine-tuning of Stryker’s reagent is now possible.
Ome case in point involves enone 14, which can be converted predominately into
any one of three possible products [Scheme 5.6) [40].

o) o OH OH
)kJ'\Pn R )J\/\Ph ' /l\/\Ph ! /1\4\m

Hg, PhH, rt

Condltions yiald {%)

No added phosphine, 10h
{A) 18% {PPha)CuH g1 8 0 ]
1000 PSI Hy

PPhy {12 equiv/ Cu), 2h
{B) 16% {PPhaYCuH 0 a2 8 95
1700 P51 Hy

MezPPh {6 equlv / Cu) 18 h
{©) 5% (PPhg)CUH 1] 8 g2 an
500 PSI Hy

Schama 5.6. Selective reductions as a function of phosphine.
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Ceneral procedure for reduction of saturated ketones using [{Ph; PYCuH]; and Me;PPh
[40]

In a gloveboy, [{Ph;P)CuH]; {1 10 mol? Cu), Me,PPh {6 equiv.fCu), and
t-butanol {10 20 equiv./Cu) were combined in a Schlenk flask and dis-
solved in benzere. A solution of the substrate {10 100 equiv,/Cu) in ben-
zene {04 0.8 M in substrate] was added to this solution. The flask was
sedled, removed from the drybox and, after one freeze-pump-thaw degass-
ing cycle, placed under a slight positive pressure of hydrogen. The result-
ing yellow-orange hotnogeneous solution was allowed to stir until comple-
tior, a3 monitored by TLC. The reaction mixture was exposed to ait, diluted
with ether, and treated with a small amount of silica gel. This mixture was
stitred in air for =0.5 h, filtered, concentrated in vacuo, and purified by
flash chromatography. If the polarity of the product was similar to that of
the residual phosphine, the crude mixture was treated with sodium hypo-
chlorite {5% aqueous solution) and filtered through silica gel/MgS0O, prior
Tn

O CIX

oF

s mnran e
at

ORIy,

T O

Ceneral procedure for reduction of saturated ketones using {PhMe; P}CuH produced in
situ [40]

Under an inert atmosphere, a solution of the substrate in benzene was
added to a slurry of freshly purified CuCl {5 mol%), Me,PPh {6 equiv./Cu),
and tbutanol {10 equiv./Cu) in benzene {final concentration: 0.4 0.8 M in
substrate). After degassing with one freeze-pump-thaw cycle, the suspen-
gion was placed under a slight positive pressure of hydrogen and allowed to
stir until completion, as rmonitored by TLC. The product was isolated and
purified as described above.

Further alterations in the above reaction conditons, notably the replacement of Hy
with various silanes ag the hydride source, results in a net hydrosilylation of non-
conjugated aldehydes and ketones [44]. The catalytic [PPhs)CuH/excess RsS$iH
cornbination is highly effective at converting aldehydes directly into protected pri-
mary aleohols, with silanes ranging from PhMe:5iH — which produces a relatively
labile silyl ether — to Hanessiarfs especially hydrolytically stable +-BuPh, St deriva-
tives [45], all from the corresponding precursor silanes (Eq. 5.21). Levels of CuH
used tend to be in the 1-3 mol% range, although fromn the few casex studied to
date, one tenth as much may be sufficent to drive the reaction to completion. The
more reactive PMHS [30] appears to be the ideal choice of silane for catalyst usage
in the <1 mol% category, although the use of this polymeric hydride source ne-

cessitates workup under basic conditions.

Ph

CHO f
cat (PhyPYCuH, PhaMeSIH 0—S|—Me
- Y (5.21)
Ph
PhCHz, r,2h

(98%)
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Representative 1,2-reduction/silylation of an aldehyde, giving {2-bromobenzyloxy)-
diphenylmethylsilane [44]

A dried 25 mL flask with a rubber septum top was flushed with argon and
charged with [PPhs{CuH]]; {53 mg, 0.162 mmol), as a red solid. Toluene
{54 mL) was added, followed by neat diphenylmethylsilane {1.4 mlL,
7.0 mmol), resulting in a homogeneous red solution. In a second dry, argon-
flushed vessel {10 mL), fitted with a rubber septuim, 2-bromobenzaldehyde
{0.63 mL, 5.4 mmol] and toluene {4 mL) were mixed together, and the so-
lution was transferred by cannula, with stirring, into the solution {at room
temperature] of copper reagent and silane. The reaction mivture was
monitored by TLC {elution with 5% diethyl ether/hexare, Ry — 0.74); the
aldehyde was consumed after 30 min. The reaction was filtered through a
pad of Celite/charcoal, washed with EtOAc {2 »x 15 mL), and the filtrate
concentrated to an ofl in vacuo. Kugelrohr distillation {168 °C, 0.2 0.3 Tort)
yielded the title compound as a colorless ol {1.98 g, 95%).

Ketones take considerably longer to reduce than aldehydes (10-24 h), although
yields are not compromised. Differences in reactivity toward aldehydes and ketones
catt be used to advantage, with highly chernoselective reduction occurring at the
aldehyde in the presenice even of a methyl ketone (Eq. 5.22) [44].

CHO
i cat (PhgF)CuH )T O/\OH
+ B +
CeHig PMHS, PhCHy CgHig
otrt

(5.22)

In situ production of phosphine-free CuH from CuCl or CuOAc (0.3-1.0 equiv-
alents), in the presence of an excess of PhMe, 8iH in DMI at roomn temperature,
displays a rernarkable preference for reductons of aryl ketones (e.g., 15) over ali-
phatic ones such as 16 (Eq. 5.23) [46]. Reactions require a day or more to reach
comnpletion, concentrations of 0.5 M notwithstanding, but yields have been uni-
formly good (77-88%) for the few cases examnined. Aldehydes, however, show no
such selectivity and are reduced to the corresponding primary alcohols, albeit in
high yields.

QH Q QH

o o CuCl, PhiasSIH
Hn)l\ﬂu * BJL FhJ\Bu s Ph)j\au * Bu’l\Bu

u Bu DM, ri28h

. 18 (96%} (00%) 0%
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Heterogeneous CuH-Catalyzed Reductions

Catalysts such as copper chromite, first prepared and utilized for carbonyl 1,2-
reductions back in 1931 [47], have given: way to more modern reagents for effecting
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related transformations under heterogeneous conditfonis. Ravasio first described
Cu/Al,O; in steroid reductions (sterofd-4-en-3-ones), exarnining the regioselec
tivides, stereoselectivites, and chemoselectivites of this supported reductant at
60 °C under a hydrogen pressure of one atmosphere [48]. A follow-up study by
that group, described in 1996, promotes the more generally useful Cu/S$i0; [48].
Under an attnosphere of Hy at 90 °C in toluere, this catalyst effects 1 4-reductions
of conjugated enones while leaving isolated olefing intact Although the prepara-
tion of the catalyst ix fairly involved (cf. the procedure below), the method results in
excellent levels of conversion, and high yields of the corresponding ketones. The
featured example in this work ix that of fdonone, from which the desired keto
product, reflecting reduction of the «, f-site, was provided with high levels of re-
giocontrol (Eq. 5.24). Retnoval of the catalyst by filraton, followed by reactivation
at 270 °C, essentially did not result in any change in selectivity after four consecu-
five cycles. These reactions are believed to involve CuH, generated on the surface of
pyrogenic silica.

o o}
SN CWSIOs, Hy
— (5.24)
PhCH;, 0%, 25 h
Prionons (13) (86%)

Catalyst preparation [49]

Concentrated NH,OH was added to a solution of Cu{NO;);-3H,0 {25 mL,
160 g/L) until pH — 2 was reached, the support {silica, 10 g) was then
added, and the mixture was slowly diluted to 3 L in order to allow hydro-
Iysis of the Cu[NH;]F* complex and deposition of the finely dispersed
product to occut. The solid was separated by filtration, washed with water,
dried overnight at 120 °C, and calcined in air at 350 °C for 3 hours. In this
way, 8% Cu samples, 308 m?/g BET surface area, were obtained. The cat-
alyst was reduced with Hz at 270 °C at atmospheric pressure, the water
formed being removed under reduced pressure, before the hydrogenation

Experimental conditions

The substrates {2 mmol) were dissolved in toluene {12 mL) and the solution
wag transferred under Hs into a glass reaction vessel in which the catalyst
{0.3 g) had been reduced previously. Reactions wete carried out at 90 °C and
at atmospheric pressure, with magnetic stirring, the final charge of hydro-
ger being adjusted to 1 atrn with a mercury leveling bulb, and monitored
by withdrawing 20 puL saraples through a viton septum and analyzing them
by capillary GLC. After completion, the catalyst was filtered off, the solvent
removed, and the reaction mixture analyzed by WMR. Superatmospheric
pressutre {1.5 5 atm) could conveniently be used to speed up the reaction
without loss in selectivity when higher substrate/Cu ratios were used. For
the recycling tests, the catalyst was washed with diethyl ether, dried, and
reactivated at 270 °C.
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A fageinating study on the surface science of copper hydride on 810;, as well as on
Al,Os, ceria (certurn oxide), and ZnO, has appeared [50]. Pure, yet thermally un-
stable, CuH can be precipitated as a red-brown solid from aqueous cupric sulfate
and hypephosphorous acid in the preserice of H; SOy, and has been characterized
by powder Xray diffraction (PXRD) (Eq. 5.25). Transmission electron microscopy
(TEM) data suggest that it is most stable when deposited on acidic $10,.

H*
4Cu*? + 6HPO; + 6H;0 ——=  4CuHy: + BHPOy + 8H* (5.25)

5.6
Overview and Future Developments

Although many variaions on reagents bearing hydride ligated to copper(I) have

lesr develnned it was the advent of Stroler’s rearent that veovided o well defimed
020 QoVenpod, 11 Wask TNC VeI OF STTYACT 5 Teagenit tial Provined a Woi qornea,

eagily handled, and crystalline source of CuH. This hexameric copper hydride,
[(Ph;PjCuH]g, has beent enthusiastically embraced by the synthetic community as
a highly reliable means of effecting fundamental conjugate reductions of unsatu-
rated aldehydes, ketories, and esters. Unlike the procedures previously in use, in
which presumned ate complexes of CuH required manipulations of multiple re-
agents and gave rise to highly basic species, (Ph;P)CuH ix relatively non-basic and
is available commerdally, or can be readily prepared in multfgram quantities.
Moreover, when stored under an inert atmosphere, it can last for months without
gignificant decomposition. That (Ph;P)CuH derives from readily accessible and
inexpensive precursors is a bonus, and as it is regarded as a base metal catalyst, in
association with either molecular hydrogen or silanes as sources of stoichiometric
hydride, the economics invelved in its uge are highly favorable. Also not to be over-
looked among the virtues of (Ph; P)CuH is its tolerance to moisture, as well as many
to functional groups — including isolated, unsaturated carbon-carbon bonds — which
otherwise preclude normal modes of catalytic hydrogenation. The noteworthy im-
pact exerted by various achiral monodentate and bidentate phosphine ligands on
CuH reactions can be used to tremendous advantage in controlling resulting re-
gioselectivities and chemoselectivities. Replacement of the PPhs in Stryker’s reagent
with selected chiral, nonracemic bidentate phosphines has enabled enantioselective
1. 4-reductons to be achieved. Still more recently, the 1,2-addition mode of Stryker’s
reagent has been evolving rapidly. These reactions have similarly proven to be quite
effective under conditions catalytic in CuH. Further recognition and greater appre-
clation of such elements of reactivity and selectivity, assodated with both the 1,2- and
the 1.4-reduction patterns of [PhyPJCuH, are likely to give rise to future improve-
ments, new methodologies, and synthetic applications.

A NH PhMe,SIH, tolusne, 1
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An aldimine reduction already “in the pipeline” has been tested using catalytic
Stryker’s reagent along with various silares, the preliminary data suggesting that
such 1.2-additions do indeed take place, albeit far more slowly that those on the
corresponiding carbonyl derivatives (Eq. 5.26) [51]. I line with observations made
concerning the effects of phosphines on CuH [40, 41], a rernarkable rate enhance-
ment hag also been noted in ketone hydrosilylations under the influence either
of racernic BINAP or DPPF (big{diphenylphosphino)ferrocene). Thus, while 4-t-
butyleyclohexanone takex a day to be reduced when catalytic (PPh;)CuH is used
with either Hy [40, 41] or PMHS [44], simple addition of either of these bidertate
ligands results in complete mnwversion in less than one hour at identical concen-
frations (Scherme 5.7) [44]. This key observaton hay generated considerable en-
thusiasm for development of a highly effective method for asymmetric hydro-
silylations [52] of aryl ketones using catalytic CuH ligated by a nonracernic bidentate
phosphine (Rochey 3.5-xyl-MEG-BIPHEP) [53]. It thus seerns reasonable to con-
clude that the story of reductions by CuH in organic synthesis, whether under homo-
gerieots or heterogeneous conditions, is far from commplete.

o cat (PPhqCuH OH

MesPPh, Hg, MBUOH
i >18h

cat (PPha)CuH

PMHS, at DPPF
m,<1h

Scheme 5.7. Effect of DPPF on reductions with Stryker's reagent.
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6
Copper-mediated Diastereoselective Conjugate
Addition and Allylic Substitution Reactions

Bernhard Breit and Peter Demel
Abstract

Cortjugate additions and allylic substitution reactions of organocpper reagents are
gynthetically valuable C C bond-forming reactions. New stereogenic centers may
be introduced in the course of efther reacton. Their selective formation may be
controlled either by the reagent or by the substrate, the latter being the focuy of this
review. The subject hag recently been stummarized comprehensively [1], and so thig
chapter focuses on important basic principles and the tnost recent progress, with
ernphasis on reactions of potential value in organic synthesis.

6.1
Conjugate Addition

6.1.1
Stereocontrol in Cyclie Derivatives

Cyclic systerns usually adopt distinct preferred conformations, which frequently al-
low thern to pass through a single reactive conformation in the course of a chernical
reacton; this may result in the formation of a single product. In this context, addi-
tion of organocuprates to a numnber of chiral, cyclic enone systens frequently occurs
with high levels of stereoselectivity. Historically, this chemistry has had a major im-
pact on the field of total synthesis of steroids and prostaglanding [1a, k]. In this
chapter we would thug like to present an overview of the most general stereo-
chemical trends underlying the addition of organocuprates to chiral cyclic enones.

When organocuprates are added either to 4-substituted cycdopentenones 1, or to
4-gubstituted or 5-substituted cyclohexenones (4 and 7), the trans addition product
is generally obtained with good to excellent levels of diastereoselectivity (Scheme
6.1) [2-4]. The 6-substituted cyclohexenone 10, however, predominantly gave the
sym addition product [5, 6].

A beautiful illustration of the power of diastereoselective cuprate addition to cy-
clopentenone systems is given inn the course of the gynthesis of the prostaglandin
E; (PGE;) (Scheme 6.2) [7]. Thus, addition of the functonalized organocuprate
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IIC:I
Me;Cu(CN]L
D,d R N o v o
1 2, 68%, dr>97:3 [2] 3
Q MeyGuLl 90/ via LA -0
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4 5, 100%, dr=91:9 [3] oy L
Q‘Q e - ¢
7 8, 97%, dr=088:2 [4] "Cz . 9
ORI ¢ QIEI
10 11, 87%, dr= 82:8[5,6] -cz- 12

Scheme 6.1. Diastereoselectivity in conjugate addition of
organocuprates to chiral cyclic enones.

reagent obtained from fodide 13 to the chiral eycopentenone 14 occurred in trans
selective fashion to give enolate 15. Transmetalation to the tin enolate, followed by
stereoselective propargylation, furnished a 769 overall yield of cyclopentanone 16,
which was transformed into prostaglandin E; [7¢].

ii. £Buli, u
I e
E——
177G g, nBugR \ Cahn
THF, -78°C : *
n Q TBSO OTES
13 15
\ i. HMPT
TRSO M II. PhaSnCl, -78—-30 °C
n, =
-]
30°C
. NH ,Cl {aq)

PGE;

18, 76% overall, 13 g scale

Schame 6.2.  Diastereoselective addition of a functionalized
cuprate to cyclopentenone 14 in the synthesis of
prostaglandin E; {PGE;} {TBS = t-butldimethylsilyl,
HMPFT = hexamethylphos phoric triamide).
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Addition of Lewis acids may not only accelerate the reaction rate of a corjugate
addition but may also alter the stereochernical outcome of a cuprate addition. In-
terestingly, when the 6-t-butyl-substituted cyclohexenone derivative 17 was exposed
to dibutyleuprate, followed by silylation of the resulting enolate, the cis enol ether
18 was obtainied [Schemne 6.3) [8]. If, however, the cuprate addiion was performed
in the presenice of chlorotritnethylsilane, the stereochernical outcorme of the con-
jugate addition reaction was reversed to give trans enol ether 19.

0 OoTMS OTMS

'n-Bu “1+Bu
17 18 19

1. rBuaCaLl, Il. TMSCI, HMPT 0%, dr=98:2

n-Bu,Cull, TMSCI 91%, dr=2:98
Schame 6.3. Influence of added TMSCl on the diasteren-
selectivity of the conjugate addition of dibutylcuprate to enone
17 {TMS = trimethylsilyl, HMPT = hexamethylphosphoric
triamide).

It hag recently beent shown that the intrinsic substrate-directing capability of 5-
substituted chiral eyclohexenenones can be overruled by making use of active sub-
strate direction. Proper choice of the cuprate reagent made it possible to switch
between standard passive substrate control and an alternative active substrate control,
and hence to reverse the stereochernical outcome of the conjugate addition reaction
[9]. Thus, treatment of 5-oxygen-substituted cyclohexenones 20 and 21 with a cyano-
Gilman reagertt gave the expected trans addition products 24 and 25, respectively
(entries 1,4, 6, Tab. 6.1, Scheme 6.4). Conversely, when the corresponding lower order
cyanocuprate was employed, diastereoselectivity was reversed and the cfs addition
products 22 and 23, respectively, were formed with high selectivities (entries 2, 3, 5).
A very reasonable explanation for this result is a benzyloxy- or silyloxy-directed
cuprate addition through transition state 26 (Scheme 6.5) [9b—e, 10].

Tab. 6.1. Results of conjugate addition of organocopper reagents to enones 20 and 21.

Entry Substrate R Method® cisitrans Yield (9] Ref.
1 20 n-Bu B 190 87 b

2 20 n-Bu A =08:2 80 ub

3 21 n-Bu AY =991 92 9b

4 21 n-Bu B 2:98 92 9a, b
5 21 Me A »=00:1 83 b

& 21 Mle B 3:97 83 Ya,b

a} Et O, —78°C, 24 eq. of cuprate reagent {A: R'Cu{CM)Li;
B: RLCyLi-LiCN).
b} 1.2 eq. of cuprate reagent
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o
RO RO "Rl RGO R!

20, R=Bn 22 R=Bn 24 R=Bn
21, R=TBS 23, R=TBS 25, R=TBS
Scheme 6.4. Diastereoselectivity in conjugate addition of

organocopper reagents to alkoxy-substituted cyclohexenones
2¢and 21 {Bn = benzyl, TBS = tbutyldimethylsilyl).

20 or 21 2r

Scheme 6.5. Rationale for the stereochemical outcome of
diastereoselective conjugate addition to cyclohexenones 26

and 21.

The addition of organocuprates to chiral decalin enone systetns has been explored
in the context of steroid synthesis. For the addition of lithium dimethyleuprate to
enones 28, 31, and 34, the major diastereomer obtained can easily be predicted by
employment of a qualitative conformational analysis (Scheme 6.6) [11-13]. Thus,

Iy
- =

$-mgcy, cul

2D, 55%, dr=88:1 [11]

22, 50%, £r»99:1 [12]

Me,CuLi
e
TMSCI

25, 99%, or99:7 [13]

36, B7%, dr>89:1[14]
Scheme 6.6. Diastereoselectivity in conjugate additions
of organocuprates to chiral bicyclic cyclohexenones

{TMS = trimethylsilyly.

SRR

191



192

6 Coppermediated Dinstereosefective Confugate Addition and Allplic Substitution Reactions

attack of the copper nudeophile occurs in all cases through the most stable half-
chair conformation to give the corresponding addition products. A similar analysis
also accounts for the 1,6-addition to dienone 37 [14].

Rather less inforrmation on addition of cuprates to larger eydic enone systerns ix
available. 4-Substituted cyclohepteniones (such as 40) have been shown to give the
trans addition products preferentially (Scheme 6.7) [15]. Furthermore, interesting
selectivitfes have been noted upon addition of lithium dirnethyleuprate to cyclo-
decanione systerns 43 and 46. These systerns should adopt the preferred con-
formations 45 and 48, which on addition of the micleophile provide either the trans
adduct 44 or the cis product 47, respectively [16]. Simnilar results have been obtained
from conjugate additions of organocopper reagents to medium- and large-ringed
o, f-unsaturated lactone systerns. Thix fleld hag been reviewed recently [14].

MeoGCuli
o *Cu
40 41, 70%, dr57:3 [15] 42
. H—| 0
Ma,CulLi 0@ via 4
oY
O chul
43 44, 76%, dr34:8[16] a5
HH
Ma;Cull
SO e - £
o )
a8 47, 75%, drB4:6 [16] 48

Scheme 6.7, Diastereoselectivity in conjugate addition of
organocuprates to chiral cyclic enones of medium ring size.

6.1.2
Stereocontrol in Acyclic Derivatives

6.1.21 yp-Heteroatom-substituted Michael Acceptors
Comnjugate addition reactions of acyclic Michael acceptors possessing heteroatom-
gubstituted sterecgenic centers in thefr ppositions may provide useful levels of
diastereoselectivity. A typical example iz given with the y-alkoxy-substituted enoate
49 in Scheme 6.8 [17]. High levels of diasterenselectivity in favor of the ant
addition product 50 were found in the course of dimethylcuprate addition.

To account for the observed diastereoselectivity, a "modified” Felkin—Anh model
has been proposed [18]. In analogy to the clasgical Felkin—Anh model, originally
developed for the additon of organometallic reagents to aldehydes possessing a
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OBOM

mnpso\jﬂ MeaCULTMEC,  TeoPsO A~
B —— ™ M
& "C0;Ma THF : 2ve
49 -18-520C 50, dr=98:2
(83%)

Scheme 6.8. Diastereoselective addition of lithium
dimethylcuprate to acyclic enoate 4% {TBDPS =
i-butyldiphenylsilyl, EOM = benzyloxym ethyl,

TMS = trimethylsilyl).

stereogenic center in the e-position, the largest substituent or, more precisely, the
substituent with the lowest lying o*-orbital (L in Fig. 6.1), should be orfentated o
as to allow eflicdent overlap with the zn-systemn of the Michael acceptor. As a conse-
quence, the LUMO (=*-C=C) should be lowered in energy, which provides a more
reactive conformation. This helds for both rotamers 51 and 52. Rotamer 51, how-
ever, suffers to a greater extent from repulsive allylic AL? strain [19]. Accordingly,
for Z-configured z-systerms, AL? strain should become the decisive factor Con-
versely, nucleophile attack is more hindered for rotamer 52. Hence, for E-configured
Michael acceptors in particular, a subtle balance of these two repulsive interactons
should govern the overall stereochemical outcome of the conjugate addition reac-
tion. Finally, it should be kept it mind that this moedel relies on the basic assumption
that nucleophile attack is the step that determines stereoselectivity. This notion hag
been challenged, however, both in recent high level caleulations and in experimental
studies [20-22]. Nevertheless, this sitnple model provides at least a rough first order
analysis for the stereocherical outcorne that should be expected in the course of a
conjugate addition reaction to p-chiral Michael acceptors.

Stereoselective addition of cuprates to y-alkoxy enocates of type 49 [17] (see
Schemes 6.8 and 6.9) has been used in the construction of polypropionate-type
structires. Thus, a sequence of diastereoselective cuprate addition, enolate for-
mation, and diastereoselective oxygenation with Davig's reagent has been applied
iteratively to provide a Cjp Cpe segment of Rifamyein § (60} [17¢, d].

Chlorotrimethylsilane-accelerated divinyleuprate addition to enal 61, followed by
a Wittlg olefination, provided enoate 62 as a single stereoisorner in excellent yield
(Scherne 6.10) [23]. The envate 62 could be transformed in further steps into olivin
(63), the aglygon of olivormnycin.

H_GP:HEWG - E{@?HEWG

Fig. 6.1. “Modified” Felkin—Anh model to account for the
observed diastereoselectivity in conjugate addition reactions to
y-chiral Michael acceptors.
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8 Moo b
Me0Lo A ~orrs — M2 oras —= M5 OTBS
OR! OR! OH OR'
53 54 55

of Me

80, Rifamycln 8
Scheme 6.9. Construction of the poly- TMSCL, THF; [y BOMCEL i-Pry NEt, CHyCly;
propionate segment of Rifamycin § through R' = BOM, R = MOM. {TMS = trimethylsilyl,
iterative diastereoselective cuprate addition KHMDS = potassium hexamethyldisilazide,
to acydlic enoates. a) MezCuli, TMSCI, MOM = methoxymethyl, DIBALH =
THF, 7% °C b) KHMDS, THF, 78°C; diisobutylaluminium hydride, Tr =
Davis oxaziridine; cj MOMCL, i-Prz NEt, triphenylmethyl, DMAP = 4-M, -
CH:l; d) DIBAL-H; €) Swern oxidation, dimethylaminopyridine, TBAF =
) Phy P-CHCO:Me, CHoCh; g) NaBHs, THFY  tetrabutylammonium fluoride, BOM =
H:O; by TrCl, DMAP, CH: Ck; iy NaH, Mel, benzyloxymethyl)

DMPF; j) TBAF, THF; k) CuBr-SMez, Meli-LiBr,

With glyceraldehyde-derived entones and eneates, it hag been found that addition
of aryl or alkenyl copper reagents is almost independent of the enore geometry [ 24,
25]. Inn agreement with the “modified” Felkin—Anh model, Z enocates ugually pro-
vide high levels of anti selectivity (Scheme 6.11). Hence, the Z derivative 64 reacted
with complete stereochemical control, whereas the E-enoate 64 gave a lower selec-
tivity of 4:1 in favor of the anti-conjugate adduct [25].

A drawback of the Z encates iz usually lower reactivity, reflected in prolonged
reaction times and higher reaction temperatures. This may be overcome by switch-
ing to more reactive enone systerns, Thus, addition of the funcionalized cyano-
Gilmmarn cuprate system 67 to Z enone 66 proceeded smoothly at low ternperatures,
with excellent acyclic stereocontrol at the 8-stereccenter [26, 27]. Stereocontrol upon
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9_ 1) {vinyl)oCull, TMSCI, 9
0 OMe THFERD, 78°C g OMe
OWO iy FhePoCHiCOMe. ™ WCOEMB
OTES CHClz OTBS ==
1, E/Z 4:1 @1%) 62, dr>99:1
OH OMs
: (7

QO OH OH

Olivin, 63
Scheme 6.10. Stereoselective cuprate addition to enal 61 —
the key step towards the synthesis of olivin. (TBS =
t-butyldimethylsilyl, TMS = trimethylsilyl}

Q O
L mewu T5n
COgEt COsEt

@ °C, ELC =
C, Eb o
64 65
(Zy64,5h 80%, dr >89:1
(E}64,1h 76%, dr=80:20

Scheme 6.11.  Influence of double bond geometry upon addition of diphenylcuprate to enoate 64.

enolate protonation, however, was only moderate. Conjugate adduct 68 was further
transformed to give isof 7]-levuglandin Dy (Scherne 6.12) [26].

.
o6 CeHin \)_0 o
+0TB$ W O\)\EIQZ:SE

/\/\)\.¢\ / CsHry
Bo7o0 67 CUeILLC >ee:1 L\NDVOE

QOTBS
1]
steps 0P
3 | CgHyy
COOH
OH
69, Iso[7}-Levuglandin Dy

Scheme 6.12. Diastereoselective cuprate addition to Z enone
61 — key step towards the synthesis of iso[7]levuglandin D,.
{TBS = t-butyldimethylsilyly
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The stereochemical trends discussed above are not limited to «, f-unsaturated
carbonyl compounds; other Michael acceptors such as nitroalkenes and unsatu-
rated phosphane oxides display sitnilar behavior. A representative example for the
nitroalkene class of Michael acceptors i shown with substrate 70 i Scheme 613
[28]. The best results were thus obtained for aryleuprates. Other organocuprates
were miuch less selective, which severely restricts their application in organic syn-

thesis.

(:JBn an QBn
ANF N, /Y\Noz - /\/\ NOs
Ph Ph

70 ™ 72
PhzCull B8%, dr=91:9
PhgCulLi-LiCN 50%, dr=77-23

Scheme 6.13. Diastereoselective cuprate addition to nitroalkene 70.

Similar observations were made in a related series of unsaturated phosphane
oxides (such as 73, Schemne 6.14) [29]. Whereas dialkylcuprates mostly reacted non-
selectively, the best diastereoselectivities were observed for disilylcuprates (74).

0 _ PhMe:Sl ©
Ph _BPh, —,.(Phh:;‘:;nzc”"' Ph\_)\_,'l':vph,
oTBS oTBS
7 74, 58%, dr>35:5

Schama 6.14. Diastereoselective cuprate addition to #, §-
unsaturated phosphane oxide 73 {TBS = ¢-butyldimethylsilyl).

Obviously, the nature of the organocopper reagent is an important factor with
respect to the stereochemical outcome of the cuprate addition. This i nicely fllus-
trated for the cuprate addition reaction of enoate 75 (Scheme 6.15). Here, lithium
di-n-butylcuprate reacted ag expected by way of the “modified’” Felkin—Anh transi-
tion state 77 (cornpare also 52), which minimizes allylic AL? strain, to give the anti
adduct 76 with excellent diastereoselectivity [30]. Conversely, the bulkier lithium
bis-[methylallyljcuprate preferentially yielded the syn diastereomer 78 [30, 31]. It
can1 be argued that the bulkier cuprate reagent experiences pronounced repulsive
interactions when approaching the enoate gystern past the alkyl side chain, as shown
in transition state 77. Instead, preference is given to transition state 79, in which
repulsive interactions to the nucleophile trajectory are minimized.

A gimilar explanation may alse hold for the result of conjugate addition to y-
phthalimido enoate 80 (Scheme 6.16). Thus, additon of the bulky cyano-Gilman
gilyl cuprate gave the syn diastereomer 81 (dr = 96:4) [32, 33]. Preference for the
gterically least hindered nucleophile trajectory seems to dictate the overall stereo-
chemical outcome [transition state 82).

The results for conjugate additions to pseudodipeptides 83 and 86 may be inter-
preted along similar lines. Thus, addifon of the fairly “slim’ lithium dimethyl-
cuprate nucleophile proceeded non-selectively (84, Scheme 6.17) [34, 35]. Con-
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Scheme 6.15. Conjugate addition to enoate 75; influence of the
nature of the cuprate reagent on diastereoselectivity.
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Scheme 6.16. Diasterecselective cuprate addition to y-phthalimido enoate 30.

] : L]
RyCuli, TMSCI
N R e

E H H H OEt
= = R
53 MegCuLi 84, 77%, dr ~50:50
+BuyCuLi 88, 85%, or = 80:20
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Scheme 6.17. Diasterecselective cuprate addition to pseudopeptides 83 and 86.
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versely, the bulky lithium di-t-butyleuprate displayed 4:1 selectivity in favor of the
antt diastereomner of 85. Interestingly, the stereogenic center in the 5-position had a
significant influence, as the syn derivative 86 provided the comjugate adduct 87 with
significantly higher diastereoselectivity under otherwise identical reaction condi-
tions (dr = 93:7). Furthermore, investigations with analogous pseudotripeptide de-
rivatives (I, LI and DI I, respectively) found that an unusual remote 1,8-induction
mmay even be operative in sorne cages [35].

For a cuprate addition reaction to a diester derivative such ax 88, it might be ex-
pected that the anti addition product would be favored, since a pronounced allylic
AL3 strain in these substrates along “modified” Felkin-Anh lines should favor
transftion state 52 (see Fig. 6.1). However, experftnents produced the opposite re-
sult, with the syn product 89 being obtained as the major diastereormer (Schemne
6.18) [36, 37).

0Bn COMe RCul,;BFy OBn GOsMa
COMe — ™ CO;Me
R
8s 2%
{winyl)Cu-BF 5 T2%, dr = 78:22
n-BuCu-BF; 52%, dr =955

(methaly)CW{CN)LI-BF;  85%, dr= 66:4

Scheme 6.18. Diastereoselective cuprate addition to diester 88.

This result clearly marks the difficulties and limitations inherent in the “modi-
fied” Felkin—Anh model, which so far is nothing more than a rule of thumb. To
account for these results, a switch in mechanism towards a “z-complex” model has
been proposed [36b, 37].

6.1.2.2  y-Alkyl-substituted a,f-Unsaturated Carbonyl Derivatives

Diasterenfacial selection on addition of organocoppper reagents to chiral p-alkyl-
gubstituted Michael acceptors hag been investigated less extensively, due to the
usually low selectivities generally observed for these systerns [38, 39]. Thig is ex-
emplified by the reaction of E and Z enoates 90 (Scheme 6.19). Thug, efther syn-91
or anti-93 is formed upon corjugate addition with BF;-modified reagents, as a
function of enovate geometry. The stereochemistry of the reaction is in accordance
with the “"modified” Felkin—Anh model [40].

Better stereoselectivities have been noted for conjugate addition reactions to the
steroidal enone 95 (Scheme 6.20, Tab. 6.2). Irrespective of the enone geometry, ad-
dition of lithium dimethylcuprate provided the gnti addition product 96 in high
yield and with good diastereoselectivity (Tab. 6.2, entries 1 and 2). Interestingly,
addition of chlorotrimethylsilane to the reaction mixture had a dramatic effect. The
E isomer of enone 95 stll gave the gntf addition product 96 with perfect stereo-
gelectivity (entry 3). With the Z isomer of the enone, however, the syn addition
product 97 was formed in good yield and with high diastereoselectivity (entry 4)
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Scheme 6.19. Diastereoselective cuprate addition to y-methyl-substituted enoates 90.

0
R = R
MOM

B O

Mas O
+ R
OMOM OMOM
97

MeOCO,

Scheme 6.20. Diastereoselective cuprate addition to steroidal
enone 95 {MOM = methoxymethyl).

[41]. This result fits with the notion that addition of chlorotrimethylsilane changes

the rate and selectivity-determining step of the conjugate additon reaction [22,
42).

Tab. 6.2. Results of diastereoselective cuprate additions to enone 95 {TMS = trimethylsilyl,
HMPFT = hexamethylphos phoric triamide).

Entry Substrate Reagents 96:97 Yield [94]
1 {E)-95 Iles Culi g2 91

t °¢, THE
2 {Z-05 Me;Culi 98:2 78

f*¢, THE
3 {E)-95 MesCuli, TMSCL HMPT 100 5

7% °C, THE

4 {Z}-95 Me,Culi, TMS€] HMPT 3:07 75

78 +*C, THF
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6.1.23 @, f-Unsaturated Carbonyl Derivatives with Stereogenic Centers in Positions
other than the y-Position

When the chiral «,f-enone enoate 98 was treated with magnesiocuprates inn the
presence of 1.5-2 equivalents of diethylaluminium chloride, the gnti addition prod-
uct 99 was obtained in moderate yield and with good diastereoselectivity (Scheme
6.21) [43, 44]. A reasonable explanation might assume a chelating coordination of
the aluminium reagent [45]. Thus, if the enone 98 were to adopt an s-trans confor-
mation, ag indicated for complex 100, subsequent fromt side attack of the nucleo-
phile would furnish the major diastereorner anti-99.

Ay RMgX, CuBr-SMe, :
Ph = - Ph/\|)1\/\|r05u
5 1.5-2 EL,AICI, THF

“Cu" 100

Scheme 6.21. Lewis acid-promoted diastereoselective
conjugate addition to enone 98 {Bn = benzyl).

Michael acceptors possessing stereogenic centers in their dpositfon or in any
position further remote do not exhibit significant levels of stereochemical control
if passive substrate control is relied on exclusively. The d-methyl-substituted epoxy-
enoate 101, for example, reacted with lithum dibutyleyanocuprate in a cherneo-
selective but stereorandom fashion (Scheme 6.22) [46, 47].

0 PBuCULILICN O
Moﬂ"‘ E4O, T8 »25°C 79\/\/\{\002”'

n-Bu
1M 102, 95%

Scheme 6.22. Non-stereoselective conjugate addition to the §-chiral enoate 102,

6.1.24 Directed Conjugate Addition Reactions

Ag discussed, conjugate addition reactiong involving chiral y-alkyl-substituted «, 8-
unsaturated carbonyl derivatives usually occur with low levels of diastereoselec-
tivity. In accord with this general trend, the benzyloxy and silyloxy derivatives 103
and 104 (Scheme 6.23) both reacted with a silyl cuprate in non-selective fashion, to
give the conjugate adducts 108 and 109, respectively (entries 1 and 2, Tab. 6.3) [39].
Conversely, high levels of diastereoselectivity were found for the corresponding
carbamates, and even better results were obtained for carbonates, giving the anti
esters 110-112 as the major diastereomers (entries 3-5) [39].
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Scheme 6.23. Diastereoselective cuprate addition to §-functionalized encates 103-107.

Tab. 6.3. Results of diastereoselective cuprate addition to #-functionalized enoates 143107
{TBS = t-butyldimethylsilyl, Bn = benzyl).

Entry Substrate R Product antisyn Yield [%4]
1 103 Bn 1408 50:50 95
2 104 TES 109 5050 45
3 105 CONHPh 110 80:11 77
4 106 COOMe 111 =055 80
5 107 COOBn 112 955 85

Interestingly, even derivative 113, with the carbamate-functionalized stereogenic
ceniter in the d-positon, exhibited significant levels of diastereoselectivity to give
ester 114 (Scheme 6.24). In this case, however, the syn addition product 114 was
fortned as the major isomer.

o]
NEtz
PhHNJLO 0 (Pha(EtsN)Si);CuLi PhHNJLO PhSl O
Me 78°C o
113 114, 80%, dr85:15

Scheme 6.24. Diastereoselective cuprate addition to §-carbamate-functionalized enoate 113.

It hag been proposed that a directed cuprate addition with a carbamate or a car-
bonate serving as a reagent-directing furnictional group may account for the stereo-
chemical outcome of these reactions (see models 115 and 116 in Scheme 6.25) [39,
48].

!
{

° H“:'E..]H ° "'"?"l-:H
g [
Cu Cu
s’ eg=d 8’ "”;N-ég
A~ PH
115 116

Scheme 6.25. Proposed explanation for directed cuprate
addition to carbonates 106 and 107 and carbamate 105.

A new concept, employing a specifically introduced reagent-directing group [49],
allowed more efficient use to be made of substrate direction in conjugate addition
of cuprates to acyclic enoates [50]. The orthe-diphenylphosphinobenzoyl (o-DPPB)
functionality was identified as an ideal directing group. This group is easily attached
to the substrate through esterification of an appropriate aleohol functon. The mul-
tifunctional character of this group is notable; it can act as an effident directing
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group for a number of late transiton metal-mediated or -catalyzed reactions. To date,
directed hydroformylations [51], thodium-catalyzed domino-type processes [52, 53],
and a palladium-catalyzed atropselective biaryl coupling [54] have been described.

Thus, envates 127-131 were prepared efficiently by means of a combination of
an o-DPPB-directed stereoselective hydroformylation and a Horner-Wadsworth—
Emtnons (HWE) olefination (Scheme 6.26). In general, chiral §-methyl-substituted
enoates are known to react non-selectively in lithium dimethyleuprate additions
[46]. Conjugate addition reactions between enocates 127-131 and lithium dialkyl-
cuprates, however, gave the corresponding anti 1 4-addition products 132-138 in
good yields and with high diastereoselectivities [50]. Thus, the combination of
¢-DPPB-directed hydroformylation and o-DPPB-directed cuprate addition afforded
useful building blocks, with up to four sterengenic centers, for polyketide synthesiz
(132-138, see Schemne 6.26, Tab. 6.4). Control experiments with a corresponding
phosphane oxide suggested that the ¢-DPPB group controls both reactivity and
stereogelectivity inn the course of this corjugate addition reaction. However, it has
been: found that the stereoselectivity of the o-DPPB-directed cuprate addition is a
gensitive function of the enocate structire and sois so far limited to the E etoates of
the gereral structiire shown in Schetne 6.26 [S0b].

PPhs PPha
0.7 mol% [RI{CO),acac] (EtO},(0)PCH,COLEL
28 mol% P(OPh)y n-BuLl, DME, 20°C
R f barcOH; N I (71-83%, two staps)
90 °C, toluene Q
117121 122126
E ~PPhg PPhy
0 1.5 R3CulLi, EGO
7890°C
R COoEt (61-03%) R . COoEt
.
127131 132-138
dr285.5

Scheme 6.26. Construction of polyketide building blocks by
sequential directed stereoselective hydroformylation and
directed cuprate addition with the aid of the reagent-directing
o-DPPB group. {5-DPPB = ortho-diphenylbenzoylphosphanyl,
DME = dimethoxyethane)

6.1.3
Auxiliary-bound Chiral Michael Acceptors and Auxiliary Chiral Metal Complexes

Diasterenselective confugate additions to chiral Michael acceptors in which the part
initfally bearing the chiral information is removable (Le., a chiral auxiliary) pro-
vides a means to synthesize enantiomerically pure conjugate adducts. Chiral aux-
iliaries should ideally be readily available in both enantiomeric forms. They should
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Tab. 6.4. Results of o-DPPB-directed cuprate addition to acyclic enoates 127-131
{o-DPPB = ortho-diphenylphosphinobenzoyl, Tr = triphenylmethyl, Piv = pivaloyl).

Entry Enoate Product Yield [%] antisyn
1 O{(o-DPPE) ©{(p-DPPB) 93 955
\H\I/‘\,//\coia - COLEt
127 132
2 127 [o-DPPE) o8 95:5
=" copE
nBu
133
3 127 O{c-DPFPB) ol 820
T coE
e
134
4 Cfo-DPFE) O(o-DPPB) 68 95:5

i
g
$

128 135
5 OTr Ofo-DPPB) OTr O{c-DPPE) 71 8614
= COgEt s Co.E
129 136
A OFlv O{o-DPPB} OFtv O(o-DPFB) al 55:15
= COE T TCOgEt
130 137
7 )?\ 0 O{oDPPE) dﬁ\ O O{o-DFPE) 75 45:5
< TR QN T YT s
“LPr “rpr
(-)-131 (=138

furthermore be easily introdudble into the substrate and removable from the
product. Thus, the most common attachment of an appropriate auxiliary occurs by
means of an ester or an amide linkage to the carbonyl group of an «, f-unsaturated
carbonyl derivative. A number of auxiliarfes have been developed for this purpose
and a comprehensive review up to 1992 is available [1g]. A personal selection of
useful auxiliaries for achieving high levels of sterecselectivity i given in Tab. 6.5.
In each case the assumed reactive conformation is provided, allowing the major
stereoisormer to be predicted for each substrate type.
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Most of the useful auxiliaries are chiral arnine or aleohol derivatives readily
available frorn the chiral pool, and most of themn possess rigid eyclic or bicydic
structures to allow efficient differentiation of the twe competing diastereomorphic
transition states. In some cases, addifonal rigidity was achieved with the aid of an
external chelating Lewis acid (entries 6, 10, 12). In certain cases, however, acydic
auxiliaries may also be useful (see entry 15).

Selective labelling of the two diastereotopic methyl groups of rleudne (144) has
enabled their fates during secondary metabolic reacons to be elucidated [66].
Moreover, in the context of protein interacons, differentiation of the lendne pro-R
and pro-5 methyl groups in protein NMR spectra allows molecuilar recognition
phenomena to be studied [67]. Recently, efficient routes o both formg of BC-
labeled lencine, based on application of an auxiliary-controlled sterengelective con-
Jugate addiion reaction (Scheme 6.27) have been described [68]. Thus, starding

o Mes
ENTNE
50, 0
1% 140
1 -
{13CHy),CuLi HyGU B3
PBuy
Et,0, 78 °C Et,0, -78 °C
1
[ ot ME‘SOzPh
N -
sof 0 15CHy
141, dr=91:9 142, dr >09:1
luorl. Hy0z l KGH
THF/Ho0 CHyOH
3CH; 13CH,
HOOC. A~ Hooc,_A_

(5143, B3% (two eteps)

lm

HeN 13cH,
HO.C
(25451144
49% (three steps)
(28.45H5-13C} Leucine

(R}-143, 78% (two stepz)

| stapa
Y
HyN TCH,
H
(284R)-144
{254R)-[5-1C]-Laucine

Scheme 6.27. Auxiliary-controlled stereoselective cuprate
addition as the key step for the construction of both
diastereomeric forms of [5-'*C]-leucine 144,
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frotn either enamide 139 or 140, it was possible to obtain both enantomers of the
[5-13C)-3-methylbutanocic acid 143. An additional three steps transformed the acids
143 into the desired leucines 144.

Ag well as organic chiral auxiliaries, organornetallic fragments have found some
application as chiral auxiliaries inn corjugate additfon reactions. Particularly note-
worthy are chiral molybdenum allyl complexes [69], chiral iron complexes [70], and
planar chiral arene chromium species [71].

An interesting chromium systern exarnple s represerted by complex 145, Addi-
tion of cyano-Gilman cuprates occurred with cornplete diastereoselectivity to give
conjugate adducts 146 [Scherne 6.28). Interestingly, the opposite diastereomner
wag accessible by treatment of enone 145 with a ttanium tetrachloride/Grignard
reagent combinaton [71e].

0
‘ Ar RoCuLiLiGN

e e———_

o Eto0,-78 °C

Cr(COM CrCO)s

145 146
Ar= Ph, p-MePh, o-MaPh 85-05%, dr>9g:1
R = allyl, Me, Ph, cyclopropyl, r-butyl

Scheme 6.28. Diastereoselective cuprate addition to a planar
chiral arylchromium enone complex 145.

When the chiral molybdenum z-allyl-substituted enone 147 wag treated with
lithium dimethylcuprate, formation of adduct 148 with fair selectivity was observed
(Scheme 6.29) [69). Interestingly, higher selectivities were obtained in the presence
of boron trifluoride etherate. It is assumned that Lewis acid coordination induces the
s-trans reactive conformation 149 [64]. Consequently, nucleophile attack anti to the
molybdenum fragment should afford the major diastereomer 148,

CpMo{CO) O CpMo(CO 0 R

RsCuMet
H —_— H.
T Ph  THF, 40°C *r\“ Ph
H H
147 143
Me,Cull 65%, dr =B0:20
Me,CuLlBFy 80%, dr =03:7
Et,CuMgBr T4%, dr = 86:14
El,GuMgBrBFs 85%, dr >85:5
F3B,
CoMo(CO): ‘Io cu
H
D ¥
Ph
149

Scheme 6.29. Diastereoselective cuprate addition to chiral
molbdenum w-allyl enone complex 147.
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6.2
Allylie Substitution

Treatment of allylic substrates 150, possessing suitable leaving groups X in their
allylic positions, with organocopper reagents may result either in an Sy24ype
process [eattack) or alternatively in an Sy 2 one (y-attack), giving the substitution
products 151 and 152, respectively [Scherne 6.30) [17].

T ’E\g/x i... T;\g\,hlu + Nu.LB%
150 151 152
Sn2 82

X =Hal, OH, OCOR, OR, OCONHR, OP{O}(OR})s, OS03R, SOsR, SRy,
NRy', O/S-benzothiazol-2-yl, elc.
Scheme 6.30. Potential reaction products rom allylic
substitution with organocopper reagents {= Nu).

The ratio of wattack to p-attack is a subtle functon of substrate structure (steric
and electronic propertes), the leaving group, and also the nature of the organoe-
copper reagent employed. Like the Sy2 process, the Sy2’ reacton with organoe-
copper reagents generally occurs with inversion of configuration, resulting from
the attack of the organocopper reagent enti to the leaving group in the allylic posi-
tion. An instructive example is offered in the reaction of substrate 153 in Scheme
6.31. Treattnent of the enantiomerically erriched cycohexenyl acetate 153 with
lithiumn dirnethyleuprate yielded the racernate 154, Herce, for the sterically unbiased
substrate 153, both Sx2 and Sx2’ attacks took place, in a ratio of approximately 1:1.
Interestingly, when the organocopper reagent was changed to the lower order
mmethyleyanocuprate, a dear preference for the Sy2’ pathway was found [72].

— .00
QA Me" “Me

(--133, 50% se 3154 (+)-154
MaCuli 50.3:49.7
MeCu{CN)LI 88:4

Scheme 6.31. Different results of allylic substitution of
cyclohexenyl acetate { }-153 with dimethylcuprate and with a
lower order cyano cuprate.

To explain the stereochemistry of the allylic substituton reaction, a simple
stereoelectronic model baged on frontier molecular orbital considerations has been
proposed (155, Fig. 6.2). Organocopper reagents, unlike C-nucleophiles, possess
filled d-orbitals (d'° configuration), which can interact hoth with the =*-(C=C}
orbital at the p-carbon and to a minor extent with the ¢*-(C X) orbital, as depicted
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X
Jecx

153
Fig. 6.2. Frontier orbital-based model to explain the stereochemistry of allylic substitution.

in Fig. 6.2 [73]. To achieve optimal orbital overlap, the o*-orbital of the C X
bord should be aligned coplanar to the alkene z-systern.

Interestingly, this intringic sterecelectronic control over allylic substitution can
be overridden when a reagent-coordinating leaving group is ernployed. Suitable
leaving groups have been found in carbamates [74, 75], (Of S)-benzothiazoles [76,
77] (Scheme 6.32) and, very recently, the orthe-diphenylphosphinebenzeoyl (o
DPPB)-group was identified as an efliclert reagent-directing leaving group

(Scherne 6.44) [91].

OMas
/kO MeazCulLi
—_————— =
Ph

187
&67%, only product Ph U
?CONH - HG~ cutN{
MesCuslis
R via H
oy, H
153 133 133
85%, dr>B:1

Scheme 6.32. Different stereochemical results with mesylate
{156) and carbamate {158) leaving groups upon allyic
substitution with organocuprates.

When the non-coordinating mesitoate systern 156 was treated with lithium di-
methylcuprate, formation of the anti-Sw2’ substitution product 157 was obgerved.
Notably, the exclusive formation of the y-substitution product is the result of severe
steric hindrance at the eposition, originating from the adjacent isopropyl group
[78]. Conversely, the corresponding carbarnate 158 was reported, on treatrment with
a higher order cuprate, to forrn the gym-Sx2’ product 159 exclusively [74]. The lithi-
ated carbarnate iz assumed to coordinate the cuprate reagernt (see 160}, which forces
the syn attack and gives trans-menthene (159).

Aggociated with the propensity to intramolecular delivery of the organocopper
reagent is the benefit of high regioselectivity, since an intramolecular trajectory
prohibits the alternative a-attack. This is best exemplified by the reaction behavior
of the cydic systern 161 [Scheme 6.33). For this substrate, y-attack is sterically hin-
dered. Hernce, treatment of the acetate of 161 with a higher order methyl cuprate

m
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MasCuslip, Et;0 MesGugLiz, Et,0
X=0CONHPh nyg ¥=0Ac
162 161 157
78%, dr>88:1 73%, dr>88:1

Scheme 6.33. Different stereochemical and regiochemical
results with acetate {—157) and carbamate {—162} leaving
groups on allylic substitution of 161 with a higher order
methylcuprate.

exclusively gave the Sy2-type product 157. Conversely, the carbamate of 161 ix able
not only to direct the stereochemistry to produce a syn-attack but also pernits the
exclusive formation of the Sy2’ product 162 [74]. Similar results were obtained
upon treatment of 161 with silylcuprates [79]. The generalization can therefore be
made that carbarnate leaving groups induce high y-selectivity in allylic substitution
with organocuprates, irrespective of steric hindrance at the y-position in the allylic
framework.

For acyclic allylic substrates the situation is more complex, since a larger nurnber
of reactive conformations, and hence corresponding transition states, compete.
Thus, methyl dnnamyl derivatives 163 (X = OAc), upon treatment with lithium
dimethylcuprate, mainly gave the Sx2 substitution product 166 (entry 1, Tab. 6.6
and Scheme 6.34) [80]. The preference for the Sy2 product is expected, since de-
conjugation of the alkene system is electronically unfavorable.

reaction
Ph conditions
W —_— H\IN + Ph\ﬁ + Ph%r
X
183 164 188 166

52} (5n2)

Scheme 6.34. Leaving group and reagent dependence of allylic
substitution in acyclic derivative 163.

Tab. 6.6. Results of allylic substitution of styrene system 163 with organocopper reagents.

Entry X Reactivn conditivns 164:165:166 Yield [%] Ref.

1 OAc Me; Culi? 4:0:9¢ =99 R0

p; OAc MeCu{CNL? 39:12:49 —1 &1

3 OCONHPh i Meli, ii. Cul,ifi. MeLi¥ 89110 — 75, R0
a} EO.

b} THEF.

<} TYields are not given in the criginal lterature,

Ag already noted, lower order cyanocuprates are more Sy2’-selective reagents.
Omn treatment with acetate 163, however, a mixture of the two regioisomers was
obtained (entry 2) [81]. In addition, y-alkylation had taken place with ca. 25% loss
of double bond configuration [82].
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Better results were obtained for the carbarnate of 163 (entry 3) [75, 80]. Thus,
deprotonation of the carbamate 163 with a lithium base, followed by complexaton
with copper iodide and treatmernt with one equivalent of an alkyllithiuen, provided
exclugive y-alkylation. Double bond configuration was only partially maintained,
however, giving 164 and 165 in a ratio of 89:11. The formation of both alkene iso-
mers 1% explained in terms of two competing transitfon states: 167 and 168 (Scheme
6.35). Minimization of allylic A1-? strain should to some extent favor transition state
167. Employing the enantiomerically erriched carbarnate (R}-163 (82% ee) as the
starting material, the proposed syn-attack of the organocopper nudeophile could
then be as shown. Thus, after substitution and subsequent hydrogenation, (R)-2-
phenylpentane (169} wag obtained it 649% ee [75].

Phoz

PhNHOCO

(R)-183, sa 82%
X=0CONHPh

i. MeLi
Il. Cul
Il MeLl

164, B9% 166, 11%
1644185 83%

lNsz

Fl‘l\l/\/
(F)-188, o8 64%

Schame 6.35. Interpretation of the chirality transfer during the
course of allylic substitution of acyclic carbamate derivative

{R)-163.

Ag a consequence of this model, it should be foregeeable that increasing allylic
AL strain - arising from employment of a Z alkene systern, for examnple — should
favor transition state 167 even more, giving higher levels of E selectivity for the
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corresponding allylic substitution product. Accordingly, treatrment of the Z allylic
carbamate 170 with the mixed silyl cuprate resulted in exclusive formation of the E
alkene 171 (Scheme 6.36) [83]. Interestingly, the Z allylic substratex also provide
higher E selectivities in the case of non-directed allylic substitutions.

ugONHF'h l. -BuyLl, THF, Il. Cul, lll. PhMesSILI ﬂ;ﬂ

170 171
Ph
PhMeoSICu--=N’ Hy H
W O>_OLI H’cﬁt
N ou
e cﬁ@'&H, PhMe,SlCu-sN,Ph
172 173
(E}-Su2"-product (2)-Sn2"-product

Scheme 6.36. Regioselective allylic substitution of Z carbamate 17¢ with a silylcuprate reagent.

This knowledge was elegantly exploited in a recent synthesis of prostaglandins
(Scheme 6.37). The starting point was a mixture of diastereomeric propargylic al-
cohols 175, obtained from a non-selective 1,2-addition of an alkynyleeriurn reagent
to aldehyde 174. Subsequent cofs hydrogenation with a palladium catalyst gave
the diastereomeric Z allylic aleohols 176 and 177. The two diasterecmers were
separated and transformed either into the carbamate 178 or into the benzoate
179. Allylic substitution of both substrates with phosphine-modified silylcuprate
reagents converged to the formation of a single allyl silane 180 [84].

Upon allylic substitution with organocopper reagents, both E and Z allylic car-
bamates generally furnish E alkene systems, either exclusively or preferentially. In
contrast, it was recently found that F allylic carbamates bearing silyl groups in their
p-positons provide rernarkable Z selectiviies under reaction conditfions involving
mixed organomagnesium/copper reagents (Scheme 6.38) [85].

Thus, enantomerically pure carbamate (E)-181 furnished the Z allylsilane 182 in
high yield and with good Z selectivity. After transformation into the saturated al-
cohol 184, an enantiomeric excess of 88% was determined, consistent with the E:Z
ratio of the allylsilane with respect to the ee of the starting compound (entry 1, Tab.
6.7). On switching to an iseobutyl organocopper reagent obtained from the corre-
gponding isobutyllithium, however, the carbamate (E}-181 furnished the E allylsi-
lane 183 (entry 2). Conversely, both reagent types reacted with the Z isomer of 181
to give the F allylsilane 183 (entries 3 and 4). To explain the inverse stereochermnical
outcome of allylic substitution of the E vinylsilane 181 with the magnesium/copper
reagents, two argurnents have been put forward (Scherme 6.39).

According to thege, reaction takes place either through the sterically less favor-
able transition state 185 or by a pathway involving an exe attack of the Grignard
reagent on the copper-complexed carbamate, as shown in 187 [75, 85]. For Z car-
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©

A oA

CsHq4CuCCeCly P’ CeHyq
—_—————
= 2% x =
Bo HY g0 H

OH
174 175, symantl = 63:37
i. Hz, Pd, MnCl,

quinoline, 100%
IL. separate

i

a

3.
>

B0 T OH Cshyy BZO T OH CgHy
178 177
PhNCO, NEtg, BzCl, NEty, DMAF,
CHaCl, B6% CHzCl,, B9%

A

b= 10

820 " op CsHi
179
i. n-Buli { [(CsHg)PhySILCUL-LICN
ii.CsHgPhaSiCu-Lil PPhg, Et20, THF
PPh, El,O; THF ) -78°C, 2h, 84%
0°C,4h, 75%
O\&\/‘Qd"ﬂ

BzZO  ppg

180 \;\

Scheme 6.37.  Allylic substitution with silylcuprates in the course of a prostaglandin synthesis.

bamate 181, minimization of allylic A? strain again seems to dictate the stereo-
chemical outcome of the allylic substitution, irrespective of the reagent employed
[85].

Ag well as coordinating leaving groups, a second general solution to the problem
of obtaining high Su2’ selectivities makes use of sulfonate leaving groups in com-
bination with Lewis acid-activated organocopper reagents [86-89]. For example, the
Z y-mesyloxy enoate 189 reacted with lithium methyleyanocuprate-boron triflucride

s
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(E)OONHF'I‘I l base ] PhMazSi /\ﬁj FhMe:SI
FhM azSIM ii. Cul-2LiCl, " I-Bu
Il ~BuM
181 {Zy182 {E)183
i. TANHNH3, EtsN OH
i. £BuOOH, KH, NMP z
- LR
134

Scheme 6.38. Influence of reagent and alkene geometry on
allylic substitution of y-silyl-substituted allylic carbamates 181
{T= = para-toluenesulfonyl, NMP = N-methylpyrrolidinone).

Tab. 6.7. Results of allylic substitution of y-sikvl-substituted allylic carbamates 181 with
organocopper reagents.

Entry Substrate Base” M 182:183 Yield" [95] ee 184 [%]
1 {E)-181 n-Buli MgCl 94:6 90 88

2 {E)-1819 n-Buli L 9:01 69 —

3 {Z)-1817 MeLi MgCl 3:97 a3 92

4 (Z)-1517 MeLi L <1:99 a3 04

a) THF,0°C

b} vield of 182 and 183,
¢} Racemic starting material was employed.
d} 9636 ee, B2 — 397,

FBUC U
?—ou H@Ha H,)%f_""a
PhMegS! f PhMe,SI*;
oLi i i
P"M”s'ﬁH ;-Bucu<;'>_ mq}_ ou

186 Ph 186

PhMesSi PhMesSi Phuw
B NP #Bu
(2182 (E-123 (2182
Schama 6.39. Interpretation of the results of allylic substitution
of y-silyl-substituted allylic carbamates.

to give the 1 4-syn-configured §, p-unsaturated ester 190 inn high yield and with good
stereogelectivity (Scherne 6.40). Interestingly, the corresponding E enovate 192, under
identical condiions, gave the 14-anti-configured product 193 [86]. Thus, olefin
geotnetry provides a convenient handle with which to contrel the configuration of

the newly formed stereogenic center [88].
Transition state models that minimize allylic A%* strain (191 and 194) provide
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QTBS OTBS
MoCu(CN)LI-BF s LIBr COaMe
-8 °C, THF
OMs COgMe
189 150
93%, dr »89:1
via OMs
+H
HR%CO;MG
™
pTeS MeCu({CN)LIBFy LiB i";s\/
COxMe  MELULLNYIEFy LI COzMa
)\I/‘V 78°G, THF 2
OMsg :
193
B8%, dr>89:1
OMs
via COaMe
R“*H™H
* 194

Scheme 6.40. Influence of alkene geometry on stereoselectivity
of allvlic substitution of mesylates 189 and 192 with boron
trifluoride-modified lower order cyanocuprate reagents.

interpretations of the stereochemical outcome of both reactions [86b]. Interestingly,
it has been possible to use the method for stereoselective construction of quater-
nary carbon centers (Scherne 6.41) [87].

OTBS OTRS
CoMe  TBUCULILICNBFy oo,Ma
T a8C,THF
OMs
105 1085
74%, dr>08:2

Scheme 6.41. Stereoselective construction of a quaternary
stereocenter by allylic substitution of mesylate 195 with a boron
trifluoride-modified cyano-Gilman cuprate reagent.

More recent investigatiors have shown that this reacion operates even under
catalytic conditions (3-10 mol% of copper(Il) salt), with alkylzine reagents ag the
stoichiometric organometallic source (Scheme 6.42) [89].

\/\;\M;\oo, MeZnCiMg(BCI2LIC!
eBu - \/\Nco ,Bu
1% CuB
NHBoc 3 mol% Cubr; NHBoc
197 198

81%, dr>88:1
Scheme 6.42. Copper-catalyzed allylic substitution of mesylate 197 with an organozinc reagent.

To achieve diastereogelectivity in the course of allylic substitution, the controlling
chiral information may not only reside in the substrate gkeleton but may also be
part of the allylic leaving group. Thus, a chiral carbamate has been developed as a

n7
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chiral reagent-directing leaving group (as in 199), transforming an achiral allylic
alewhel into the corresponding chiral allylic substtuton product 200 with a high
degree of enantioselective stereocontrol (Scheme 6.43) [90].

4]
O)LH I. ML, Etz0, 0 °C Me
OMe II. Mau, Et;0, 0=C z
Ill. room temperature O/\ﬂ
199 200
97% ee 58%, 95% oa

Scheme 6.43. Control of allylic substitution stereochemistry
with the aid of a chiral carbamate leaving group.

Although carbarates and benzothiazeles have proven to be useful reagent-
directing leaving groups for allylic substituton with organocopper reagents, the
previous discussion has shown that both systemns suffer from a number of draw-
backs. For instance, control over alkene geometty upon reaction of acyclic deriva-
tives i often unsatisfactory in partcular for substrates with E-configuration (see
Scherne 6.35). As a consequence chirality transfer will be incomplete.

Very recently the ertho-diphenylphosphanylbenzoyl [e-DPPB) funchon (see
chapter 6.1.2, Schemne 6.26) has been identified ag an alternative reagent-directing
leaving group which resolves the above described problems [91]. Thus, dnnarmyl
derfvative [—}-201 gave upon successive treatrment with CuBr-SMe; and MeMgl the
Sy2’ substitution product (+)-202. The reacton occured with complete control of
chetno-, regio- and stereoselectivity which iy easily explained via reactive confor-
mation 203. Interestingly, the amount of copper could be lowered to 20 mol-9
without significarnt loss of selectivity. Noteworthy, to our knowledge this is also the
first example of a directed syn-selective substitution employing catalytic reaction
conditions.

syn-addition
O{c-DPPE) x mol*% CuBr-SMex/ Me
M‘M 1.1 equiv. MaMgl , M“W':\
Ph EtO, it ~ Ph
(201 _ @P""z (+)-202
EZ=8%1 GOz M
602 09% 100 mol% CuBrSMae, 82082, E£2:00:1, ae 255%
20 mol% CuBr-SMay; 2964, EZ288:2, oo 289%
Ph...H Et
RE
Melu_ O
\—b X Vi
PhsP, :
203

Scheme 6.44. ortho-Diphenylphosphinobenzoyl {o-DPPE)-
group directed allytic substitution with Crignard reagents.
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7
Copper-catalyzed Enantioselective Conjugate
Addition Reactions of Organozinc Reagents

Ben L. Feringa, Robert Naasz, Rosalinde Imbos, and
Legoy A Amold

71
Introduction

Cotfjugate addition (1,4-additort) of carbon nudeophiles to o, f-unsaturated corn-
pounds s one of the most important carbon—carbon bond-forming strategles in
gynthetic organie chernistry [1]. The versatility of the conjugate addition is mainly
due to the large variety of nucleophiles (organometallic reagents, Michael donors,
other carbanions) and acceptors (#, f-unsaturated aldehydes, ketones, nitriles, phos-
phates, esters, and sulfories, as well as nitroalkenes) that can be used [2]. Recent
progress in the development of highly enantioselective Michael additions has been
reviewed [3].

The most frequently employed organometallic reagents in conjugate addition
reactons are organocuprates derived from organolithium or Grigrard reagents [4—
12]. A nurnber of other transition metal catalysts (Ni, Co, Pd, Ti) and organome-
tallic reagents [R,Z1, RzAlL RBX;) have beent shown to provide valuable alternatives
to organocopper chemistry for achieving this transformation [5, 12]. In particular,
the exploitation of dialkylzine reagents has been extremely successful in the devel-
opment of highly enantioselective catalytic 1.4-addiions inn recert years [6, 9, 11,
12]. These efforts are summarized in this chapter.

The conjugate addition of organometallic reagents R,M to an electron-deficient
alkene under, for instance, copper catalysis conditions regults in a stabilized car-
banion that, upon protonation, affords the chiral f-substituted product (Scheme
7.1, path a). Quenching of the anionic intermediate with an electrophile creates a
disubstituted product with two new stereocenters (Scheme 1, path b). With a pro-
chiral electrophile, such ag an aldehyde, three new stereocenters can be formed in a
tandem 1,4-addition-aldel process (Scheme 1, path c.

A number of conjugate additions delivering excellent enantioselectivities through
the use of organocuprates in the presence of steichiometric armmounts of chiral (non-
transferable) ligands are known today [7-9].

A major challenge has been the development of enantioselective 1.4-additions of
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Scheme 7.1. Catalytic conjugate addition and tandem conjugate addition.

orgatometallic reagents in the presence of only catalytic amounts of transiton
metals and chiral ligands, Only recently have catalytic methods promoting enan-
Hogelectivities in 14-additons of Grignard, organelithium, and erganozine re-
agents been found [8-12].

Problems encountered in the rational design of enantioselective catalytic versions
of 14-additons of organometallic reagents are the frequently observed fast un-
catalyzed reaction and the complex nature of the actual catalysts. Factors that can
have a strong influence on the 1 4-addition include the nature of the organo-
metallic reagent, the number and nature of the ligands, solvent-dependent aggre-
gation, the presence of salts or halides [distinet differences when using RyM and
RMX, for examnple), coordinmating or noncoordinating solvents and Lewis acid act-
vation of the substrate.

A Dbrief discussion of the most notable achievernents obtained with Grignard,
organolithium, and organoboron reagents follows. Although Lippard [13] used a
chiral N,N’-dialkylaminotropone imine copper(I) catalyst in his pioneering work
on the asymmetric 1,4-addition of n-BubMgBr to 2-cyclohexenone, nearly all subge-
quent conjugate additions of Grignard reagents with high enantioselectivities have
been performed with copper(I) salts in the presence of chiral sulfur or phosphorus
ligands. Chiral ligands and catalysts, with the enantioselectivities achieved to date
using Grignard reagents, are surnmarized in Scheme 7.2 [13-19].

A major problem in the development of catalytic asymmetric 1,4-additions of RL1
reagents is the high reactivity usually associated with organolithium species. One
solution hag been found in the stoichiometric formation of the corresponding chi-
ral cuprates; ee’s of up to 99% have been reported [20]. An impressive example of
the use of a substoichiometric quantity (33 mel%) of chiral ligand is to be found in
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Scheme 7.2.  Chiral ligands and catalysts in enantioselective 1,4-additions of Grignard reagents.

the chiral, alkoxycuprate-catalyzed additfion of Meli to [E)-2-cycdopentadecenone (1}
to afford (R)-muscone (2) with an es of 99% (Scheme 7.3) [21].

@ 0
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Scheme 7.3. Asymmetric synthesis of {R}-muscone.

Another successful approach involves the use of chiral donor ligands to affect the
aggregation behavior of organolithium species [22]. The oligomeric organolithium
reagents are converted by the chiral ligand to more reactive monomeric chiral or-
ganolithium species. For instance, the 1,4-addition of n-Buli to 3, containing a ster-
ically demanding ester moiety, in the pregence of a stoichiometric amount of (-)-
gparteine (5) as a chiral donor ligand, yields (R}-4 with an e of 992 (Scheme 7.4).
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Scheme 7.4. 1,4-Addition of n-Buli, using sparteine as a chiral donor ligand.

.
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Reduction of the quantity of sparteine donor ligand used to only 0.3 equivalents
still provides an ee of 85% in the addition product 4 [23].

Organoboron reagents are particularly well suited for 1.4-additions of aryl and
vityl groups to enones. Hayashi et al. developed a highly enantioselective Rh(I}/
BINAP-catalyzed 1.4-addition of phenylboronic add to eyclic and acyelic enones
[24] (Scheme 7.5) and 1-alkenylphosphonates [25].

o PHB{OHY, (8§ equiv o}
JJ\ RE(1VIS)-BIMAP (2 mol%) -
- J - Q - ~99% yield, 97% ee
dioxare, H,0
Y 100 °C i Fh
6 i, 7
BINAP = % sy
Ry

Scheme 7.5. Rhodium-catalyzed enantioselective 1,4-addition using phenylboronic acid.

7.2
Organozine Reagents

Agymmetric carbon—carbon bond-formation using organezine reagents has devel-
oped into one of the most successful areas of synthetic chemistry in recent years
[26]. Although dialkylzine reagents (R;Zn) usually react extremely sluggichly with
carbonyl compounds and enones [27], effective catalysis may be achieved through
the uge of varfous ligands and transition metal complexes [28].

Catalysis can be attributed to two effects:

(1) changes in geometry and bond energy of the zinc reagent [29], and
(2) transmetallation [28]

The first effect has been exploited in numerous ligand-accelerated [30], enartiose-
lective 1,2-additions of R;Zn reagents to aldehydes [26]. Dimethylzine, for example,
hasg a linear structure and is not reactive towards aldehydes or ketones. Upon co-
ordination of triazine, however, a tetrahedral configuration is produced at the zinc

|n?



28

7 Copper-catalyzed Enanticsefective Conjugate Addition Reactions of Organozine Reagenis

atorn and an elongated zine—carbon bond iy created, resulting in enhanced reac-

tivity of the dialkylzine reagent [Scherne 7.6[{a)) [29].

1.95A s

“« = M »Me N
Me Zn Me . i Me,Zn — 1487 Zn ial
Ao M UN Me e N
180° . 2
1.98A
R
R—=Zn=Y + X-ML —= ;Y—2Zrn ML, — R ML, + X £n Y (b

L

¥ = R, halide

M- T Pd, Ni, Cu
X = haline, OTf

L = Ligand

Scheme 7.6. Activation of organozinc reagents.

Organozine reagents can be converted into more reactve organometallic re-
agents RML, [28], as hag been demonstrated for Ni, Cu, Pd, and Ti [5, 31]. Trans-
metalation is therefore most probably the key step in copper-catalyzed 1,4-additions
of RyZn reagents, with alkyl transfer from Zn to Cu generating organscopper re-
agents in situ (Scheme 7.6(b)) [28]. In view of the complex nature of many orga-
nocopper reagents [32, 41], it needs to be emphasized that other formulatons,
guch ag bimetallic Zn/Cu reagents, are perhaps more realistic,

Another important feature is the reduced basicity of RyZn reagents [27, 29).
The tolerance of organozine reagents for functonal groups (esters, nitriles) set
them apart from many other organometallic systerns, such as organolithium and
Grignard reagents [28]. A number of R;Zn reagents are commmercially available,
but an important practical consideration in the use of organozine reagents in 1,4-
addition is the option of starting with an enone and an alkene (Scheme 7.7).

0 0
RiFG
S

e

FG - “unctional group

Scheme 7.7.  Alkenes as starting materials in 1,4-additions
involving {functionalized) organozinc reagents.

The Ry Zn reagents are readily prepared from the corresponding (functionalized)
alkene by hydroboration and subsequent boron-zine exchange, according to the
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procedure of Knochel et al. {Scheme 7.8) [8, 28, 33]. Alternatively, they are acces-
sible from the Grignard reagents by transmetalation, following the method in-
troduced by Seebach et al. [5c, 34], but removal of halide ix required since the
preserice of salts i usually detrimental in the subsequent atalytic asymmetric C C
bond-formation.

1 HRFt, -
/ﬁ\\t‘m —- - M"/\\A{j — RzZﬂ
2 LtZn
e} R O

; Nijacac), (cat)
Pn/"\)kPh > Ph")\)\ PP
11 {cat ), Rs2n
CH3CN, -3C°C SR =actyl /2% ee
. 10 R = pentyl 75% ee
\.‘./

1M
N

OH

£

Scheme 7.8. Mickel-catalyzed 1,4-addition, using alkene hydroboration and boron-zinc exchange.

7.3
Copper-catalyzed 1,4-Addition

731
Phosphoramidite-based Catalysts

The numerous studies prior to 1996 on Cu-catalyzed additions of Grignard re-
agents to cyclohexenone as a model substrate revealed that, with a few exceptions,
enantioselectivity was exclusively found with either eyclic substrates (Grignard re-
agents) or acydic substrates {dialkylzine reagents) (Scheme 7.2).

The first application of a copper-catalyzed conjugate addition of diethylzine to
2-cyclohexenone, using chiral phosphorous ligand 12, was reported by Alexakis
(Fig. 7.1) [35]. An ee of 32% was obtained.

It appears from these early studies that modest to rather high yields and enan-
tiogelectivities can be achieved with structurally very diverse chiral ligands. Further-
more, both relatively hard (amino alcohols) and soft (thiols, phosphines) ligands

o -
Ph i R
~—0, / e Y /
_P-N : PN
/«._ N \". ;{\\, e O \R
- P

12 13
Fig. 7.1. Structures of phosphorus ligands 12 and 13.
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produce active aatalysts for 1 4-additions of Grignard and RyZn reagents. A eritical
analysis of copper-catalyzed 1.4-additions revealed that several competing catalyti-
cally active complexes, including achiral ones, might be present. A question that
therefore played a decisive role in our discovery of the first catalytic, enantiose-
lective 1,4-addition of an organometallic reagent with eex exceeding 98% was that
of how efficient ligand-accelerated catalysis might be achieved [30]. In antdpation
that the catalytic activity might be enhanced by fine-tuning of the steric and elec-
tronic properties of the ligands, phosphoramidites were introduced as a novel clasg
of chiral ligands for copper [36].

Phosphoramidites 13, derived from 22’-binaphthol, proved to be versatile 1i-
gands for copper-catalyzed 1.4-additions of EtyZn to chalconie and 2-cyclohexenone
(Scheme 7.9) [37].

rJ\ Et.Zn )Cj\

"\VJ foluene. -15°C .
16

catalyst: Cul4 {3 mol%). T5% yield 35% ee
Cu{QTM5E (2 mol) 78% yisld, B0% ee

0 )

\)\ EtzZn : /J\
PH Rh ” Ph/\‘;lv_; “Bh
R

toluene, 15°C

catalyst: CulM4 {3 ma %} B3% yied. 48% co

Cul OTTM5 (3 molke) 88% yiekd $0% ee
O f’"‘?\l NN

NS A )

.. "(]\ / -/fx\_/\o —
TP-N “P—N

o 0O N e %
00 GO
i// N A

14 19

Scheme 7.9. Copper-catalyzed 1,4-addition to cyclohexenone
and chalcone, with phosphoramidites as chiral ligands.

With these catalysts (3 mol%), prepared in situ from Cul or CuOTT and ligand
14, the following obgervations were made:

(1) high activity; complete conversions were reached in less than 3 h at —35 °C
(isolated yields 75-889%),
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(2) excellent chernoselectivifes and regioselectivities (> 959%) for 1 4-addition,
(3) significant ees both with cyclic and with acyclic enones; a feature notably absent
with previous catalysts.

Use of ligand 15, with a sterfcally more demanding diisopropylamine motety, fur
ther increased the enantioselectivity.

Another significant improvernent, resulting in better catalyst solubility and
slightly erthanced ee values, was found when Cu(OTT); was used. The eage of
handling of Cu{OTT)z, compared to that of CuOTE, ix a major advartage for appli-
cations of this catalytic systemn in synthesis. The copper{Il) complex is most prob-
ably reduced in siti to a copper{I) complex, which functions as the actual catalyst

The mmost importart findings using the catalytic systern based on Cu-ligand 15
are:

(1) strongly ligand-accelerated catalysis, and
(2) EtpZn addition to 4,4-dirnethyl-2-cyclohexenone and chalcone with 819% ez and
90% e, respectively.

A breakthrough wag achieved with chiral phospheoramidite (5, R, R)-18, in which a
Cysymmetric (8)-binaphthyl unit and a Cy-symmetric (R, R)-bis-(1-phenylethyl)-
amine unit are present (Scherne 7.10), resulting in the enantioselective catalytic
1,4-addition of Et;Zn to 2-cyclohexenone (6) with >98% ez [38].

o Et2Zn Q
.. Cliene, -30°C C
T GUOTH, (0.5 molt) py ™
5 (1.0 mow) !
=883 ea 91%: ec
L*= (8 RMAM-18 L*=(555)18
{rratched) {mismatchad)

) 2 )
\/ \j ”‘ Ph / \./ h
~0. {

- LPh

f:\ P ar )—F‘h 223
AN O N
T -

Scheme 7.10. Enantioselective 1,4-addition of Et.7n to

cyclohexenone with Cu{OTf);-matched (5, R, R}-18 and
Cu{OTf)z-mismatched (%, §,5}-18 phosphoramidites.

The presence of two chiral units in ligand 18 results in a matched (S, R, R) and a
mismatched (5, S, §) combination. The absolute stereochemistry of the product is
controlled by the BINOL moiety and the arnine component has a distinet effect in
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Tab. 7.1. Enantioselective 1,4-addition of R;Zn reagents to cyclic enones, catalyzed by
Cu(OTF ) /(5, R, R)-18.

@] &
CLiOT (2 mol%)

1 | + R.Zn

g (SRR} B Mol " R

RV R tolaone, -3H°C R* R

R [ it Yield (35) ee (%)
C,H; H 1 94 =08
C,H, H 0 75 16
C,H; H 2 95 =08
C,H, H 3 95 97
C;Hs CH, 1 74 =98
C:Hs CsHs 1 93 >08
CH, H 1 72 =08
CH, CH, 1 68 =08
CrHs H 1 95 9
i-CiHy H 1 95 o4
(CH.):CoHs H 1 53 95
(CH2 hCH{OC Hs )2 H 1 91 97

fine-tuning the enantoselectivity. However, even the diastereormeric Cu catalyst
derived from (S, S, 5)-18 still gave an ee of 91% [39]. The high selectivity and reac-
tivity i1 this ligand-accelerated catalytic 1 4-additon was retained when the amount
of catalyst used was reduced. When 6 was used ag a substrate, turnover numbers
larger than 3000 (95% ee) were found.

The examples given in Tab. 7.1 fllustrate the scope of the Cu(CGTT),/ (5, R, R)-18-
catalyzed 1. 4-addition. With various RyZn reagents, excellert yields and enantiose-
lectivities are obtained for cycic enones (except for cyclopentenone, vide infra) [6,
38, 80].

Functionalized alkyl groups are readily introduced through this catalytic proce-
dure, while the level of stereoselectivity is not affected by, for instanice, the presence
of an ester functionality in the RyZn reagent (Scherne 7.11).

o
13 HBEL, 6 .
0] ) o o , -
e D e .
L 24 4,70 \T\/\Wv T o Cui0 143 x\_j\_,o\ -
9] LR O 2 2mol% (S.RF)-18 VB
' s}
T7% yield
Sh' s

Schame 7.11. Copper-catalyzed enantioselective 1,4-addition of a functionalized zinc reagent.
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73.2
Catalytic Cycle

We have proposed a pathway, based on mechanistic studies in organocuprate and
rincate chemistry [40-42] and the results of several catalytic experitments [37, 38],
for the catalytic 1 4-addition (Scheme 7.12). Most probably, in situ reduction of
Cu[OTf), takes place prior to the forration of the Cu(I)-phosphoramidite complex
L:CuX. Subsequent alkyl transfer from zinc to copper gives LyCuR and RZnX.
Complexation of the RZnX to the carbonyl group and formation of the z-complex
between L, CuR and the enone results in complex 19. This step is followed by alkyl
trangfer, and the resulting zinc enolate 20, upon protonation, affords f-substituted
cycloalkanone 16. Alternatively, the enolate can be trapped with other electrophiles
in tandem procedures (vide infra). The proposed mechanism is in accordance with
the significant increases in reaction rates of 1 4-additions of cuprates produced by
enone actvation using Lewis acids [40-43] and with the well known #-complexation
ability of organocopper species [20, 44]. In view of the high selectivities observed and
taking into account that dinuclear species are involved in catalytic 1,2-additions of
R,Zn reagents [26], 19 might well be formulated as a birnetallic complex in which
the enone is bound in a fixed conformation that affords highly z-face-selective
addition.

CuXzar Cux
OZnR 5L
- ¥
e LCuX -

-«
N R .
e le |
(3) 16 g 2% ;
[ R
A L;CUR :R7X
Leu—L
T /
19 " / @
I L “
- T

Scheme 7.12. Catahtic gycle for 1,4-additions of RzZn reagents.

The presence of two ligands in the active catalyst is proposed on the basis of
the optimum ligand-to-copper ratio of 2 and the neatly identical selectivities of
monodentate and bidentate phosphoramidites in the 1.4-addition of EtzZn to 2-
cyclohexenone [45].
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The observation of nonlinear effects, both with chalcone and with cycdohexe-
none, further supports this catalyst stoichiometry. The nonlinear effects can be ex-
plained by the involverent of diastereomeric cormnplexes Ly,CuR, with two chiral
ligands bound to copper (Fig. 7.2) [45].

The Xray structure of the Cul complex 21 of phosphoramidite 14 provides ad-
ditfornal insight into a possible mechanism for stereocontrol (Fig. 7.3). The fortna-
tion of the LyCuEt-enone complex inwolves substitution of the fodide in 21 for the
alkyl mofety and of one of the ligands for the z-coordinated enone. Coordination of
RZnX results in the bimetallic intermediate 19 (Fig. 7.3). The absolute configura-
tion of the twe phosphoramidite ligands and the pseudo-Ch-symmetric arrange-
rnetit dictate the formation of (§)-3-ethyl-cyclohexanone.

7.3.3
Variation of Ligands

A rernarkable number of new BINOL- and TADDOL-based chiral ligands for the
copper-catalyzed conjugate addition of RyZn reagents have recently been intro-
duced, with both tmonodentate and bidentate ligands having proven capable of
inducing high enantioselectivities [6, 11, 12, 46].

Yields and selectivities of BINOL-derived ligands in additons of Et;Zn and
Me,Zn to 2-cyclohexenione are compiled in Tab. 7.2.

Phaltz introduced phogphite ligands 22, with BINGL and chiral oxazoline units,
which gives excellert emantiogelectivities [47]. In phosphoramidites 14 and 15
(Scheme 7.9) the structure of the amine moiety i3 crucial, but substituents at the
3,3'-positions of the BINOL unit had only minor influences on the emantiose-
lectivity of the 1,4-addition to cyclohexenone. In contrast, the introduction of the
two 3,3"-methyl substituents in ligand 22 increased the e drastically: from 54% to
909%.

Bidentate phosphorus ligands based on BINOL, such as phosphonite 23, phos-
phites 24 and 25, and phosphoramidite 26 [Tab. 7.2}, with various bridging unite
were introduced by the groups of Reetz, Chan, and Waldmann [48-50]. Excellent
enantoselectvities — up to 96% for ligand 23, for instance — were found.

Although the presence of BINOL in the ligands so far discugsed hags shown itself
to be particular effective, modification of the diol moiety provides new classes of
ligands for this addition reacton. Alexakis, screening a number of chiral phos-
phites in the Cu(GTT);-catalyzed 1.4-addition, showed that an ee of 40% could be
obtained for the addition of Et;Zn to Z-cydohexenone and of 65% for addition to
chalcone, by using cyclic phosphites derived from diethyl tartrate [51].

The use of TADDOLbased ligands offers an important alternative for copper-
catalyzed asymmetric 1,4-additions. TADDOLs (e, o, o, ¢ tetraaryl-1,3-dioxolane-
4.5-dimethanol compounds), introduced by Seebach, are among the most success-
ful currently known ligands in agymmetric catalysis. Seebach also developed the
first copper-catalyzed 14-addition of a Grignard reagent using a TADDOL deriva-
tive ag a chiral ligand (see Scheme 7.2) [17]. We have reported TADDQL-based
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Fig. 7.2. Correlation between the 2z of the ligand and that of
the 1.4-addition product: a) chalcone {ligand 15} and b) 2-
cyclohexenone {ligand 18).
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21 19

Fig. 7.3. g Xoray structure of the Cul complex 21 of ligand
14; b} Possible bimetallic intermediate involved 1% in si-face-
selective ethyl transfer to 2-cyclohexenone.

phosphoramidite 27 as a chiral ligand for Cu(OTf )y-catalyzed 1 4-addition of di-
ethylzine to 2-cydohexenone, affording an ee of 54% (Scheme 7.13) [52].

0
./K Et.Zn

S~ CulQTh,

6 L 18
L* =27 [52] 54% ee
T1% ee (with 4A M3}

L* =28 [53 54] 895% ee

Ph Fh 27 R = NMe,
0 ol 28 R -OR' NR3 R

PR Ph

o0 ",

Phﬂ;h 29 R= O—<_>

Scheme 7.13. TADDOL based phosphoramidite ligands in the catalytic 1,4-addition.

Surprisingly, the enantioselectivity could be increased to 719 when powdered
molecular sieves (4 A} were present during the reaction. This effect might be due to
traces of water, resulting in the formation of mixed zinc hydroxides and affecting
the stereoselectivity, or might be attributable to a catalytic reaction at the surface of
the molecular sieves. A remarkable difference between ligand 27 and BINOL phos-
phoramidite 18 ix that with 27 the highest enamtioselectivity is found with the
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Tab. 7.2. Copper-catalyzed enantioselective 1,4-addition of R;Zn to 2-cyclohexenone using
BINOL-type ligands.

L RaZn O
Cuit™). J\
| = T
S Ligane T
Ligand Catalyst {iol 35) R ee {95) Ref.
22 3 Et a0 47
Me 96 47
23 1 Et Q6 48
24 1 Et Qg 49
25 1 Et a0 49
26 1 Me 82 50
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stnallest arnine substituent (Me, N} at phosphorus, whereas in the case of ligand 18
a bulky amine is essential

Alexakis et al. synthesized a large variety of TADDOL-based phosphites, phos-
phoramidites, and phosphornites 28, and screeried these ligands in the EtpZn addi-
tion to 2-cyclohexenone (Scheme 7.13) [53, 54]. While only modest ees were repotted
for most of these ligands, an excellent yield (95%) and enantioselectivity [96%) wag
obgerved with ligand 29. The stereocontrol in these ligands is mainly due to the
TADDOL moiety.

Although BINOL- and TADDOL-based ligands have been used most frequently
in copper-catalyzed 1,4-additions of RyZn reagents (Tab. 7.2, Scheme 7.13), a tiurn-
ber of other chiral ligands have been reported (Fig. 7.4). The eex obtained in the 1,4
addition of Et, Zn to 2-cycohexenone (6) are indicated for each lgand. Zhang et al.
deseribed binaphthalene phosphine 30, with an additdonal pyridine mofety, and an
ge of 92% wag attained with this lgand [55]. Tomioka reported 709% enanto-
gelectivity in the 1 4-addition of EtZn to 4,4-dimethyl-2-cyclohexenone using bis-
aminephosphine 31 [56], whereas Irnarnoto obtained an e of 709 with the chiral
bisphosphine 32 [57]. Furanose-derived hydroxysulfide 33 was used by Pamiex to
obtain an ee of 62% [58]. In addition, Buono et al. reported a catalytic systern based
on the quineline—phosphorus ligand 34 and Cul [59]. Once again a remarkable

C/\i\ © Ph Ph

Ny N)\-@ Y N B~ M0
= Eth = A A A Me™ et
9]

Me

/ ! .
30: 92% ee [55] 3 Ar= ﬁ—%}; 70 % ee [56) 32: TU% ee [57]

o (|
PhS (ﬁA =

N\\ p
33: 62% ee [58] 34 51% ee [59)]
Pro 0 Me ProH 0
1
: N
O =
0
NoH Ho = pph, “ph
Cl
35: 50% ee [60] 38 GBY ee [B1]

Fig. 7.4. Various chiral ligands used in the copper-catalyzed
1,4-addition of Et;Zn to 2-cyclohexenone.
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enthancernent of the stereoselectivity was observed in the presence of HyO, result
ing in an ee of 61%.

Gennati et al. have recently used a combinatorial approach to identify new ligands
for the catalytic enantiogelective 1,4-addition of organozine reagerits [60]. Screening
of a library of 100 salicylimine-sulfonamide-type ligands found ligand 35 to be the
most selective for 2-cyclohexenone [90% ee). An interesting aspect of this approach
i the option of screening the library of ligands in 1 4-additions to different enones,
in order to determine optimal combinations of ligand and substrate.

Modular peptide-based phosphine ligands were introduced by Hoveyda, provid-
ing excellent stereocontrol in 1 4-additfons to eycic enones [61]. Enantioselectivities
of 97-98% were attained in alkylations of six- and geven-membered cyclic enones
using ligand 36. A major breakthrough in the 1 4-addifon of Ry Zn reagents to 2-
cyclopentenone was accomplished, achieving an ee of 97% for the first Hme with
thiz notorfously difficult substrate [gee Flg. 7.6, below). The most suitable ligands
annd eatalysts, and the enantioselectivities so far attained, are surnmarized below for
three fmportant subelasses of enones.

734
Cyclic Enones

In copper-catalyzed 14-additfons of RiZn reagents to cyclic enones, the corre-
sponding 3-alkyl-cycloalkanones can be obtained with enantioselectivities exceed-
ing 90% with a number of chiral ligands (Fig. 7.5) [6, 10-12, 38, 47, 48, 53,
61-63, 80]. Using phosphoramidite 18, 3-methyl- and 3-ethyleyclohexanone and 3-
ethyleycloheptanone are obtained with ees of >98% [same level of ez also with 1i-
gand 36) [61]. 3-Ethylcyclooctanone was formed with an e of 97% [80]. Steric effects
of reagent and cycloalkenones were small; transfer of an isopropyl group proceeded
with an ee of 94% and even the use of 4.4'-disubstituted cyclohexenones gave ad-
ducts 38 (R’ = alkyl, phenyl) with the same high level of sterescontrol as with the
unsubstituted substrates. Only for 5,5'-dimethyleydohexenone, giving 39, was a
lightly lower ee value obgerved, presumably because of unfavorable 1,3-diaxial in-
teractions.

Excellent emantioselectivites {96% ee) for 2-cyclohexenone were also obtained
with the ligands 22, 23, and 29, introduced by the groups of Plaltz [47], Reetz [48],
and Alexakis [63], respectively. Ees in the range of 90-92% were found with ligands
24, 25, 30, and 35 [49, 55, 60].

Optically active 3-ethyleycloheptanone, with eeg ranging from 93% to =98%, can
now be obtained with five different types of ligands, incduding phosphoramidites
[6], phosphines [57, 61], and phosphites (Fig. 7.5) [47, 48]. It appears that the
structural requirements of the chiral ligands are not especially limited. In particular,
the formation of 3-methyleycloheptanone in 97% ee with the chiral bisphosphine
ligand 32 recently introduced by Imamoto [57] should be emphasized, together
with the finding that both monodentate and bidentate ligands give high enantio-
selectivities.

39
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R .
16 38
Ligand: ge:
18, 26 = 98% 18 = 58%
22,23, 29 96%
24,25, 30, 35 90-92%
0 O
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40 4
18, 36 = 98% 18 7%
32 97%
37 94%
23 93%

18 84-88%

O

R

/

432

43 79% (R = Me)
43 8794 (R="T1)

{tor structures of other ligands. see table 7.2)

Fig. 7.5. Conjugate addition products.

The formation of 3-ethyleydooctanone 41 (97% e2) [6, 80] and muscone 42
(R = Me, 79% ee) [63] are fllustrative for our present purposes.

7.3.5
2.Cyclopentenone

Optically active cyclopentanes are armong the structural units most frequently en-
countered in natural products such as steroids, terpenoids, and prostaglanding. Not
unexpectedly, the development of a highly enantioselective catalytic 1,4-addition
reactions to 2-cydopentenones hag proven to be a challenging goal. In contrast with
the high enantioselectivity observed in the copper-phosphoramidite-catalyzed 1,4-
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@ cat. Cu-salt
fEtr —— - e
cat. Ligand
44 45
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(58 -18 10 8
(5,55 -18 30 38
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22 T2 ATE
24 77 49a
48 83 67
25 BG £8b
47 34 L7b
36 97 61

Fig. 7.6. Enantioselective conjugate addition to 2-cyclopentenone.

addition of Et,Zn to 2-cyclohexenone and larger eyclic enones, an ee of only 109 1s
found when the same ligand (5,R,R)-18 iz applied to 2-cyclopentenone 44 (30% ee
for the (8,5,5)-ligand 18) (Fig. 7.6) [38].

Bestdes the very low stereoselectivities, a major problem encountered with this
substrate is the low chemical yield (due to subsequent reacton between the re-
sulting zine enolate and the starting material) and the high volatility of the product.
Using TADDOL-phosphoramidite 27 in a tandem 1,4-addition-aldol condensation
to cyclopentenone, we were orly able to obtain an ee of 3796, but the enantiosele-
ctivity was raised to 62% in the pregence of wet powdered molecular sieves (44)
[52]. This beneficial effect of water and molecular sieves in some catalytic 14-
additiong has been observed in other cases recently [52, 59]. Important to note is
that the yields in the tandem version are dramatically increased, presumably due to
in situ trapping of the reactive enolate (vide infra). Pfaltz et al. reported a 72% e in
the addition of Et;Zn to 44 when using BINOL-oxazoline phosphite ligand 22 [47].

High enantioselectiviies (83-89% eg) have been obtained with the bidentate
ligands 46 [62] and 25 [49Db]. The first catalytic 1,4-addition of diethylzine to 2-
cyclopentenone with an ee exceeding 90% was reported by Pfaltz, who employed
phosphite 47, bearing biaryl groups at the 3,3"-positions of the BINOL moiety [47].
Hoveyda et al,, using ligand 36, have recently had success with highly enantio-
selective 1.4-additions (97% ee) of dialkyl zinc reagents to 2-cyclopentenones [61].
This is an exciting result as it should allow the catalytic asymmetric synthesis of
substituted cyclopentanes (including prostaglanding) with enantioselectivities ex-
ceeding 95%.
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Fig. 7.7. Enantioselective conjugate addition to acydlic enones.

736
Acycelic Enones

Aryl-substituted enones (chalcones i particular) have been used as model sub-
strates in studies of catalytic 1,4-additions with organozine reagents. Fig. 7.7 sum-
marizes typical enantinselectivifes achieved with various chiral ligands.

Nearly identical ees [87-89%) were found by Feringa and Pfaltz on employing
bulky phorphoramidite [37, 38] and phosphite ligands [47] in 1,4-additions to
chaleone and benzalacetone. Alexakis employed TADDOL-based chiral ligand 29 in
catalytic 1.4-additions to chalcone and benzalacetone (50% and 35% ee, respec-
tively) [54]. A variety of chiral phosphoramnidites based on BINOL were tested by
Feringa and co-workers in the same reacton (ees of up to 89% with ligand 15) [45].
The most significant structural features with the phosphoramidite ligands are:

(1) Sterically demanding substituents at the amine moiety entharice the enantio-
selectivities,

(2) The introduction of methyl substituents at the 3,3"-positiong of the BINOL
moiety produces comparable enantioselectivities, except in the case of small
amine groups,

(3) In contrast to the 1,4-addition to cyclic enones, the presence of a chiral amine is
not a prerequisite for high enantioselectivity. The highest enantiogelectivities so
far observed for the two acyclic adducts 17 and 48 (96% e¢ and 90% eg, respec-
tively) are with the pyridine—phosphine ligand 30, introduced in 1999 by Zhang
[55]. This is the first ligand that gives enantioselectivities of »>90%, both for
cyclic and for acyclic enones, in copper-catalyzed 14-additions of RyZn re-
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agents. It should be noted that Alexakis attained ees of up to 92% for a number
of alkyl-substituted enones using both phosphoramidite and phosphite ligands
(18, 43} [63].

With the chiral copper catalysts based on phesphorus ligands, enantioselectivities
in excess of 90% are now possible for all three different classes of substrates: 2-
cyclohexenones and larger rings, 2-cyclopentenones, and acyclic enones. Howevet,
it appears that each class requires a specific ligand. The modular structures of the
phosphoramidite-, phosphite-, and iminophosphine-type ligands are advantageous
in the fine-tuning of the ligands. For phosphoraridites this can be achieved by
modifying the amine component, while stereocontrol in the phosphites can be
regilated throtgh variation in the 3,3’-positions in the BINOL molety. In the imi-
nephosphines introduced by Hoveyda [61], peptide modification permmits specific
ligand optimization.

7.4
Synthetic Applications

740
Tandern Conjugate Addition-Aldol Reactions

Tandemn 1.4-addition to cycloalkenones constitutes an extremely versatile and ele-
gant methodology for the synthesis of 2,3-disubstituted cydoalkanones, ag is evi-
dent from its application in areas such ag prostaglandin synthesis. Noyori et al.
have reported the uge of organozinc reagents in copper-catalyzed tandern addiions
[64]. The zinc enolate resulting from the catalytic enantioselective 1.4-additon of
Et;Zn to cyclohexenone reacts readily with an aldehyde in a subsequent aldol con-
densation.

The first asymmetric procedure consists of the additon of RoZn to a mixture of
aldehyde and enone in the presence of the chiral copper catalyst (Scheme 7.14) [38,
52]. For instance, the tandem addition of Me;Zn and propanal to 2-cydohexenone
in the presence of 1.2 tmol% chiral catalyst (5, R, R)-18 gave, after oxidation of
the aleohol 51, the diketone 52 in 819 yield and with an ee of 97%. The formation
of erythro and three fsomers is due to poor stereocontrol in the aldol step. A varfety
of trans-2.3-disubstituted cycdohexanones are obtained in this regioselective and
enantioselective three-component organozine reagent coupling.

74.2
Kinetic Resolution of 2-Cyclohexenones

We have recently discovered that phosphoramidite 18 iz alse an excellent ligand for
coppet-catalyzed kinetic resolution of chiral 2-cyclohesenones (Scheme 7.15). Chi-
ral 2-cyclohexenones are attractive building blocks for a variety of natural products,
but their synthesis usually requires multistep routes from chiral starting materfals
[65]. The development of the new kinetic resolution was the product of two impor-
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Me=7r. C-HCHO 0 O4 0 o
| CulOTh; (1 2 molw) H
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/Nﬂ (S R.RI-18 (2 4 mol%h) A oxidation
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o~ A e \")\Me
6 teluene, -30°C. 18h 51 52

trans erythrothrea 8% (97%: eg)

Scheme 7.14. Enantioselective tandem conjugate addition-aldol reactions.

Tab. 7.3. Kinetic resolution of 5-substituted 2-cyclohexenones 53-56 according to Scheme 7.15
{s: stereoselectivity factor).

Ligand Enpae R t futin) Convi. (%) ee (%) 5 Conf-
(S, R, R-15 53 Et 15 48 88 120 R
(S5, R, R15 53 Et 20 53 99
(5,5, 5)-138 53 Et 15 42 P4 24 R
[S,R}-57 53 Et o0 49 85 50 R
(5, 8}-57 53 Et 45 51 o0 42 R
(5, R, R}58 53 Et 45 46 76 40 R
(5,5, 5)-58 53 Et Q0 19 12 3 R
(S, R, R}-13% 54 Et 10 54 95 39 —
(S5 R, R-13 55 Et — 55 80 19 R
(S5 R, R}13 56 Et 5 56 86 14 —
(S, R, R}-18 53 i-Pr &0 55 84 14 R
(S, R, R}-13% 53 n-Bu 15 49 93 =200 R
(S5 R, R-13 53 30 54 =00
(S5 R, R}13 54 n-Bu 60 50 93 94 —
(S, R, R}-18 54 i} 53 99
(S, R, R15 56 n-Bu 15 44 78 =200 —
(5, R, RM15 56 45 52 =99
(5, R, R}-18 53 Me 20 50 93 94 R

a} Configuration of the unreacted encne

- R'52Zr (0.8 equiv}
_ - ‘ i
R [CUlQT;] (1 mol%) R U =
- L* {2 mol%)
53 R=Me i i
54 R =Pr tolueng, -30°C
85 R=Ph
56 R = SiMej

Scheme 7.15. Enantioselective kinetic resolution of 5-substituted 2-cyclohexenones.
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Fig. 7.8. Ligands used in the kinetic resolution of 5-substituted Z-cyclohexenones.

tant considerations [66, 67): 1) many racemnic cyclohexenones are readily avatlable,
annd 1) high trans diastereoselectivity is found in the addition of organometallic re-
agents to 5-alkyl-2-cyclohexenones [68].

Results from catalytic kinetic resolutions (1 mol% catalyst) of 5-substituted cy-
cohexenones 53-56 using a number of phosphorarmidite ligandy are compiled in
Tab. 7.3 [69]. There wag a good correlation found between the selectivity of the 1i-
garids inn the 1 4-addifon to 2-cyclohexerione and that in the kinetic resolution of 5-
methyl-2-cyclohexenone 53. Once again the most selective ligand ix (S, R, R)-18,
while particularly noteworthy in comparison with all the other phosphorarnidite 1i-
gands is the high reactivity (48% conversion of 53 at —40 °C in 15 min.) of the copper
catalyst based on 18. High selectivity factors () up to and over 200 are found, making
this kinetic resolution synthetically interesting, as was demonstrated by a resolution
of 53 o an 11 g scale [69)].

The nature of the R1Zn reagents has a profound influence on the selectivity
in thix process (Tab. 7.3). Contrary to expectations, the use of the bulkier {-Pr,Zn
reagent i1 place of Et;Zn results in a lower selectivity, but with n-Bu,Zn the selec
tivity increases, providing unconverted 53 with an ee of »99% at 52-54% conver-
sion (Fig. 7.9). High trans diastereoselectivity had previously been observed for

1004 ne ,

804 /‘
»

60

ee/%
40/ v

20

0 10 20 30 40 50 60 70
conversion f Y%—>

Fig. 7.9. Ee against conversion for the kinetic resolution of 53
with (5, R, R}-18, Cu{OTf)e, and EeZn {~m-}, iPZn {-4-},
nBuz Zn (—e-}, and MeaZn (—¥-}.
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the copper-catalyzed Grignard addition to S-tethyl-2-cyclohexenone [Scheme 7.16)
[68]. The trans diastereoselectivity in these 1 4-additions might be explained by the
involvernent of preferred conformations and a copper intermediate such ag 59, ag

proposed by Corey [68a] (. Chapter 6).

]
MeMyCl P
+
cat. CuCl e
i 95: 5
|:
R
MeaCuli
H
Me,
H cu-Me
=l &
1)
OH o. )
Li{MeoCul i) Li{MeCuLi)
Favored Disfavored
trans  59a cis  §9b

Scheme 7.16. Favored and disfavored copper intermediates as
proposed by Corey et al. [68a).

In an ideal kinetic resolution (cotmmon in enzyme-catalyzed processes) one
enantomer of a racemic substrate is converted while the other is unreactive [70].
In such a kinetic resolution of 5methyl-2-cyclohexenone, evenn with 1 equivalent of
Me,Zn, the reacton should virtually stop after 5096 conversion. This near perfect
sttuation is found with ligand 18 (Fig. 7.10) [71]. Kinetic resolutons of 4-methyl-2-
cyclohexenone proceed less selectively (s = 10-27), as might be expected from the
lower trans selectivity in 1 4-additions to 4-substituted 2-cyclohexenones [69].

74.3
Sequential 1,4-Additions to 2,5-Cyclohexadienones

2,5-Cyclohexadienones 61 and 64 are readily available from monoprotected hydro-
quinones or parg-substituted phenols, respectively. Conjugate additions to these
gymmetrical dienones result in desymmetrization of the prochiral dienone moi-
eties, providing access to multifunctional chiral synthong in two steps from the
arornatic precursors (Scheme 7.173[72).
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Fig. 7.10. <onversion against time for the kinetic resolution of
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Scheme 7.17. Possible modes of attack by RzZn on dienones 61 and 64.

In the case of benzoquinone monoacetals 61, the two substituents at the 4-
position are equal, and side-selective addition (Re versus Si face) creates a single
stereocenter (Scheme 7.17(a)). In the (5, R, R)-18/Cu(OTf);-catalyzed 1,4-addition,
depending on the nature of the RyZn reagert and the size of the acetal moiety,
enantioselectivities ranging from 85-99% were found (Table 7.4). The highest ees
are provided by a combination of a gmall acetal mofety and Me;Zn; 99% ee was
obtained with 4 4-dimethoxy-5-methyl-2-cyclohexenone, for example.

When an alkyl and an alkoxy moiety are present at the 4-position of the dienone
(Scherne 7.17(b)), desymmetrization during the 14-addition produces two stereo-
centers in a single step. The chiral copper-phosphoramidite catalyst derived from
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Tab. 74. Conjugate additions to 2,5-cyclohexadienone monoacetals and ethers.

0
Etodn
{S.R,R}-18 (5 mol¥:) |)J\
CulOTf2 (2.9 mol%) R
2, -~
taluene  -25°C rRY R?
'8 Rz R Yield {%5) dr ee {%5)
OMe OMe Et 65 — 07
OBt OEt Et 59 — 02
OCH,CH,0 Et 68 — 2
OCH,CH,CH,0 Et 62 — 89
OCH, C{Me), CH,0 Et 75 — &5
OMe OMe Me 76 — 29
OMe Me Et 60 90,10 a7
OMe CH;Ph Et 53 97/3 039
CH; CH2CH,0 Et 66 9a/1 657
OMe OCH;Ph Et 58 1/1 08/98

a} The ee for the major diasterecizemer is given

ligand 18 can indeed readily distinguish the Re and 51 faces and the pro-R and pro-
§ positions in the dietone. It was found with 64 that the C-5 alkyl group was in-
troduced syn 1o the alkoxy motety. The selectivity again depended on the sub-
stituents at the 4-positon, with ees of up to 97% and ratios of up to 99:1 being
found for the major diastereoisomer of 65.

The products of this catalytic enantiogelective 1 4-addition still contain an enone
motety, prone to subsequent 1 4-addition [73]. An intriguing question regarding
stereocontrol wag posed; would the stereoselectivity in the second addition step be
governed by the catalyst or would there be a major effect from the stereocenters
already present? Sequential 1.4-addition to dimethoxy-substituted cydohexadienone
66 (Scheme 7.18) using the copper catalyst based on (8, R, R)-ligand 18 both in the

0
. . ' YEY brans
(8 R R1B ) )\/
| O -:--------_---_--___ e “‘\O\/.\O )
/{J\H /S R RI18 Py .
] . U
0”0 o
: . “““m--“m- ) 4.,
66 67 e -
(RS S8 o A )
0" o—

Scheme 7.18. Selective cfs or trans double conjugate addition
of Et; Zn to cyclohexadienone monoacetal 66.
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first step (97% ee) and in the second gave a 96% selectivity for trans-3,5-diethyl-4,4-
dimethogycyclohexanone [68). In comtrast, use of (5, R, R)-ligand 18 followed by
(R, 5, 8)-18 resulted in [mese)-cis-69 (95% selectivity).

In the case of 2 5-cyclohexadienone 70, with a methoxy and a methyl substituent
(Scherne 7.19), the syn monoadduct 71 gave 3,4,4,5tetrasubstituted eycdohexanones,
with three congecntive stereocenters. On employing the (R, 8, §)-ligand 18 in the
second addifon step, cis-72 (98% de) was found, whereas with (5, R, R)-18 in the
second step trans-73 (98% de) was obtained [73].

a
o 5 (R 5 818 - X -
T : l
] (S RRAME P - 2z
>< —_— i LSF” 88% cis
0— X, o
70 71 \,\ )L
(S. R R-18 . L/
U
Sy
73
898% trons

Scheme 7.19. Selective cfs or #rans double conjugate addition
of Et; Zn to cyclohexadienone ether 70,

The lack of any directing effect from the 4-methoxy and the 5-ethyl substituents
at the two stereocenters already present in 71 is a rernarkable finding, and points to
strong catalyst-dependence in the stereocontrol (Scheme 7.20). On the basis of
these findings, various stereoisomers of 3.4.4 5-tetrasubstituted cyclohexanones
are now accessible through sequential catalytic 1,4-additions, with control over the
relative and absolute configurations possible simply by judicious selection of the
appropriate enantiomer of the chiral ligand in each step.

H - (SRR cat - [(SRRj-cat
/ R y/
i _\/:::O - ‘—(‘)H\I /\“‘-L:::O {a;
° X
7 -- [RS5) cat \\k_

- [H35})-cat

>GB% trans >98']fc Uis :
RS /\,/ . {sh
1,08

R 1.\ R1 \\\
Scheme 7.20. The selectl\nty of the second conjugate addition
depends solely on the configuration of the chiral catalyst used.
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744
Lactones

Urnigaturated lactone 74 (Scheme 7.21) can be viewed as an oxygen heterocyclic
analogue of 2-cyclohexenone, and it has recently been reported that catalytic 1,4-
additions of Et;Zn to 74 can indeed be accomplished with high enantioselectivity.
For adduct 76, Reetz achieved a remarkable 98% ez when employing ferrocene-
based diphosphonate ligand 23 [48]. Using diphosphite 24, Chan et al. achieved an
ee of 92% for the stx-membered lactone 74 and a 56% ee for the five-membered
lactone 25 [49¢].

0 0
Et,Zn '
o : ., o
L/(qu Cuo11) (\/J}n
e
L
74 (n=1) 23 76 8% ee
74 (n- 1) 24 76 029, e
75 [n - Q) 24 77 56% ea

Scheme 7.21. Enantioselective conjugate addition to lactones.

745
Nitroalkenes

Nitroalkeries are excellemt Michael acceptors, and asymmetric 1, 4-additions to ni-
troalkenes (Scheme 7.22) provide access to highly versatile synthons, since the nitro
group is readily reduced to the corresponding amine [74]. Seebach, employing a

Et-Zn
‘\//’\NO; - - R NO,
Cu{OTs (08 2 mol4)
| * -
L!
78 R=Fh 18 83 48%ee
7% R=CH{OMa); 18 84 B6% ee
80 R = cyclohexyl 18 85 54% ee
81 R=4-MeCgH, g2 86 B6% ee
Ph Ph
0O Q.
= P_Pn
Ot 0
Ph Ph
8z

Scheme 7.22.  Enantioselective conjugate addition to nitroalkenes.
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stoichiometric chiral TADDOLbased titanium Lewis acid, reported highly enan-
tiogelective 1 4-additions of R;Zn reagents to nitrostyrenes (90% eg) [75]. The first
copper-catalyzed enantioselective 1,4-additions of Et;Zn to nitroalkenes 78 and 79,
with ees of up to 86%, were described by Sewald et al. (Scheme 7.22) [76].

Alexakis, employing various chiral trivalent phosphorus ligands, has recently
described Cu(OTE);-catalyzed 14-addiions of Et;Zn to a nurnber of nitroalkenes
(Scherne 7.22) [77]. TADDOL based phosphonite 82 gave the highest eex for ar
yinitroalkenes (up to 86%), whereas phosphorarnidite 18 ix the ligand of choice for
alkylnitroalkenes (ges of up to 949%).

We have studied the Cu(OTL)z-phosphoramidite-catalyzed conjugate addition of
Et Zn to o, f-unsaturated nitroacetate 87 (Scheme 7.23) [78, 79]. The nitroacetate
molety 1§ a syrthetic equivalent of an e-amine acid, and reducton of the nitro
group it the 1 4-adduct provides access to o and f-alkylated arnine acids. Although
the 14-adduct 88 ix obtained in high yield, the enantioselectivity hag so far been
disappointingly low (269 ce) when using a mixture of E and Z fsomers of the ni-
troalkene. With isomerically pure (Z)-87, a cornplete lack of enantiogelectivity wag
obgerved, suggesting that a cfs orfentation of aryl and nitro groups ix unfavorable
for the selectve formation of the catalystsubstrate complex.

NO> Et:Zn \j\oztt
Ph__ - Ph..
- CulOHiz (1.2 mol%| NO;
18 (2.4 mol%} -
oluene, -70°C
BT 88 dr=21
26% ee

Scheme 7.23. Enantioselective conjugate addition to «, S-unsaturated nitroacetates §7.

Correspondingly, the catalytic 14-additon of dialkylzine reagerts to 3-nitro-
counarin 8% (Scheme 7.24), with a fixed trans orfentation of the aryl and nitro
groups, proceeds with excellent yields (90-999), high diastereoselectivity (dor. up to
20:1), and enantioselectivities of up to 92%. Hydrolysis of the lactone motety in 90
wag accornpanied by decarboxylation, providing an asyretric synthesis of faryl-
nitrealkane 91.

EtzZn .
0Ty 1.2 Mo.%) /( [
r.af‘IéI—NOV 18(2.4 mal¥) P 071]NaDH Kx_/J{JNO?
S, oy L_,/x \\/L
0”0 toluens -/0°C. 16h 21HCI OH
B9 90 91
9% ee

Scheme 7.24. Enantioselective conjugate addition to 3-nitrocoumarin {§9).
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746
Annulation Methodology

The construction of carbocyclic compounds by ring-annulation procedures fre-
quently plays a prominent role in total synthesis. The tolerance of various fune-
tional groups in the zine reagents employed in copper-catalyzed asymmetric 1,4
additions forms the basis for three novel catalytic emartioselective anmulation
methods discussed here.

It the first method, a dialkylzine reagent bearing an acetal molety at the d-posi-
tion i used (Scherne 7.25(b)). The catalytic 1.4-addition is followed by acetal hy-
drolysis and aldol cyclization of the 4-substituted cydoalkanone, affording 6,6- (92),
6,7-, (93) and 6,8 (94) annulated ring systems with high enantoselectivities
(>96% ee<) [80]. In addition, dimethylsubstituted decalone 95, with a structure
frequently found in natural products, is readily obtained in enantiometically pure
form.

A
SNNCOH

Q '_'\
I H
P "T/ L '3 moi%) /--J\., )
H) l ; ;l\ v ' */j\ r=0 9/% e
o =

Hajos-Parrish  iho_S~Smp 7=t T8 ee

o // ™ PEY cuoTh, izmat)  OF0 OFt

e . Bt T 18 (4 malt: * HG) f \ -
& Vi v T *
- - i | "
~ \ Y ‘v wluene, -3C°C, 18R /}L{
T 92
7% eo
0 O
i g 2
/""\f\ \.,/j ™
i .
P - A
Fi H S H
93 96% cc 94 97% ce 85 =58% ee

Scheme 7.25. Annulation methodology: a) Hajosh—Farmish
version of the Robinson annulation, b} catalytic enantio-
selective annulation with functionalised organozinc reagents.

Comparison with the Hajos—Parrigh asymmetric version of the Robingon annu-
lation [81] {Scherne 7.25(a)) shows the following distinct differenices between the
two methods. Firstly, the cycloalkenone in the Cu(GTT);/ligand 18-catalyzed pro-
cedure is the Michael acceptor, whereas the cycloalkanone is the Michael donor in
the proline-mediated annulation. Secondly, the asymmetric induction occurs in the
1,4-addition step in the new method, in contrast to the agymmetric aldol-cyclization
in the Hajos—Parrish procedure.
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Bicyclo[4.3.0]nonenes, thanks to their frequent appearance in natural products,
are other important targets for novel annulation methodology. A six-membered
ring-annulation to cyclopentenones has yet to be developed, the main reason for
this being that, uritil very recently, the levels of enantioselectivity in catalytic 1 4-
additions te 2-cydopentenone were too low for a synthetically useful procedure.
However, a highly enantioselective armulation of a five-memnbered ring to 2-cyclo-
hexenone has been developed (Scheme 7.26) [80].

11 Ct,Zn
CulQlfy; (G5 mol%)
o 18 (1 mal%} o cutl
)K toluene, 30°C S PdGl, (10 mol%)
> -
. Ohc
ST 2y N DMFH-0. O
& Pd(PPha)q (4 mal%) 98
0°C 88% yield
95% ee
s
ER |
+Buok A =
T
THI, RT
98
65% yied 56% yicld
95% ee 96% ee
™~

I
0T

99 96% e

Scheme 7.26. Catahtic enantioselective annulations of five-membered rings.

The method involves a regioselective, trans-diastereoselective, and enantiose-
lective three-component coupling, as shown in Scheme 7.26. In this case, the zinc
enclate resulting from the 1,4-addition is trapped in a palladium-catalyzed allyla-
tion [64] to afford trans-2,3-disubstituted cyclohexanone 96. Subsequent palladium-
catalyzed Wacker oxidation [82] yields the methylketone 97, which in the presence
of +-BuOK undergoes an aldol cyclization. This catalytic sequence provides the 5,6-
(98) and 5,7- (99) annulated structures with ees of 9695.

The third annulation method is again based on asymmetric tandem 1. 4-addition
and palladium-catalyzed allylation [83]. The key step is a ring-closing metathesis
using Grubbg' catalyst 103 (Scherne 7.27). Advantage is taken of the presence of
the ketone moiety in the adduct 101, which permits a subsequent 1.2-additon of
a Grignard or organolithium reagent. In this way a second alkene mofety is in-
troduced. Ring-closing metathesis of 102 affords the bicyclic structures 104, A wide
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11 ReZn
CulaT, 0.5 mol® .
o 0 H
VSR A8 T mal) 49"“-[«-'1“'19}( L o'f/'i‘ . o o '\OI-! .
allene -30°C e s v 1 ST 03 (7.5 mal%) : J"r: .. (Tlﬁ
——— — - _ -
R s -~ - R1
- [ A e e pa = T -
N “'ﬁh\/--‘\R THE G 12 4 <~ banzens. RT - T Hx_,
D i} !
PaiPPRe 4 mole) ™ R PGy,
" ~ X3 -
o't 101a-f 102a-h u ,-'m__/P' 104a-h
7
FCys
103

Scheme 7.27. Catalytic enantioselective annulations using RCM {ring-closing metathesis).

varfety of anrulated ring systerns is accessible through thix catalytic methodology
(Table 7.5).

Tab. 7.5. Enantioselective annulations using RCM.

R R it i Product Ring systein Yield (%) e (35)
Et H 1 1 104a (8, 8] 49 Q5
Et H 2 1 104D 7, 6] 58 96
Et H 3 1 104c %, 6] £ a7
Et Me 1 1 104d [5, 6] 45 a7
Mle H 1 1 104e (8, 8] 34 94
Bu H 1 1 104f (&, &] 52 23
Et H 1 0 104g [&, 5] - —
Et H 1 2 104h (6, 7] 56 96

a} [zclated yield over three steps of all- trans izomer.
b}  Omly 2 small amount {< 10%; of ds-fused 104g was detected by GC.

Very recently, a catalytic enantiogelective route to prostaglandin Fy methyl ester wag
developed based on a tandemn 1.4-addition-aldol reaction [84].

7.3
Conclusions

Organozine reagents have played an important role in the developrment of efficient
catalysts for enantiogelective carbon-carbon bond-formation by 1 4-addition to o, -
unsaturated compounds. Important advantages of the use of organozine reagents
are the option of starting with alkenes (through hydroboration-zine transfer proce-
dureg) and the tolerance towards functional groups.

The use of copper catalysts based on chiral phosphorus ligands to assist 1.4-
additions of dialkylzinc reagents has in recent years produced major breakthroughs,
with excellent enantioselectivities. A nmurnber of monodentate and bidentate phos-
phoramidites, phosphites, phogphonites, and phosphines are now available ag
chiral ligands for alkyl transfer to a variety of cyclic and acyclic enones. So far,
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excellent stereocontrol has proven especially attainable in alkyl transfer to various
eyclic enones. The modular structures of most of these chiral phosphorus ligands
should be highly benefical for the future fine-tuning of the catalysts to deliver
high enartioselectivities for specific classes of substrates.

A few catalysts display activity and selectivity levels sufficiently high for applica-
fion inn organic synthesis. Their utilization in the synthesis of a number of chiral
building blocks and target molecules is ernerging as summarized in the second
part of thix chapter.

For the transfer of aryl and alkenyl groups to enones, Hayashi's procedure, em-
ploying the corresponding boronic adds and a rhodium-BINAP catalyst, ix the
method of choice at present [24, 25]. For the transfer of alkyl groups to eycic
etones the uge of dialkylzdne reagents in the presence of copper-phosphoramidite
catalysts 1s superior. Although the first exarnples of highly enantiogelective 1,4-ad-
diionis of RyZn reagents to nitroalkenes have been reported, similar catalytic
methods for numerous other dasses of o, funsatiurated cormnpounds still need to be
developed.

Furthermore, the recent successes with RyZn reagents should certainly stimu-
late new investigations inte enantioselective 1.4-additions of Grignard and organo-
lithiurn reagents. The elucidation of the mechanising and the factors governing
stereocontrol i1 these catalytic systemns are other major challenges for the near
future.
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Copper-Mediated Enantioselective Substitution Reactions

A. Softa E. Karlstrdm and jan-Ering Bécluall

21
Introduction

Copper-mediated substitution reactions constitute an important, and much used,
tool for the construction of new carbon—carbon bonds in organic synthesiy [1].
Many different types of substitution and addition reactons mediated by organo-
copper reagents have been established as fundamental reactions in the repertoire
available to the synthetic chemist The first example of a copper-mediated subst-
tution reaction was described by Gilman in 1936 [2], and invelved reactions between
phenylcopper — PhCu - and acid chlorides and allylic halides. Copper-mediated
substitution reactions at saturated carbon were reported in 1952, also by Gilman [3],
who found that the copper-catalyzed reaction between methyl iodide and methyl-
magnesium reagents gave ethane, These copper-catalyzed coupling reactions be-
tween alkyl halides and Grignard reagents were later studied in more detail (Eq. 1)
[4, 5].

-MgX, R'-X

2RMgX + CuX — m R,CUMgX — o R-R (1)
In the 1952 paper mentioned above [3], Gilman reported on the formation of lith-
iumn dimethyleuprate from polymeric methyleopper and methyllithium. These so-
called Giltnan cuprates were later used for substitution reactions on both saturated
[6] and unsaturated [7, 8, 9] substrates, The first example of a cuprate substitu-
fion on an allylic acetate (allylic ester) was reported in 1969 [8], while Schlosser
reported the corresponding copper-catalyzed reaction between an allylic acetate and
a Grignard reagent (Eq. 2) a few years later [10].

cat.
LizCuCI4

\f\\/OAC + MMQBI’ ? R N (2)
BE4%:

Copper-mediated or copper-catalyzed substitution reactions can be performed on a
number of different substrates (Scheme 8.1). Stoichiometric organocopper reagents
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S, 2-reactions on saturated carbon: . R CH; X ———a RCH,R'

5),2- or Sp2'-reactions on allylic substrates:

-
R7%™X — % R"R'  andior R)\/
Sp2, o Sp2' v

Sp2-, 8y2" o §4y2"-eactions on conjugated allylic subslrates:

R R Ry
R R

R Sy R andioy R7 S andior R
SN2 u Sty Syt e
Substitutions of propargylic derivatives:
x R R,
R——— —> R _ “  andlor R
B2, Sn2', v
OH

o
Ring apening of epoxides: LN —- /K/R'
R R

Substitution of vinyl snd aiyl substrates: R\//\X —_— R\//A‘R'

Arl ——= AR

Substitulion of acyl chlorides:  RC{OIWC)] —=  RC{O)R’

Scheme 8.1. Copper-mediated substitution reactions. Reagents: “RiCu ™ or “R'Cu”.

R/Cu, or lithiurn or magnesium homocuprates R{CuM (M = Li, MgX), are fre-
querntly used, but a number of catalytic processes have also been developed. These
processes normally utilize a catalytic amount of a copper galt CuY and a stoichio-
metric amotnt of an organometallic reagert R'M (M = Li, MgX, ZnX, ete.). The
leaving groups used indude halides, esters, sulfonates, and epoxides, among others.

Coppet-catalyzed asymmetric substitution reactions can be classified into three
major types:

(1} diastereoselective reacton of achiral nucleophiles with chiral substrates,

(2) diastereoselective reaction of chiral nucleophiles with prochiral substrates, and

(3) enantioselective reaction of achiral nudeophiles with prochiral substrates in
the presence of chiral catalysts.

From the data available it is clear that diastereoselective reactions of type (1) are very
useful for control over absolute stereochemistry, but they require stoichiometric
amounts of the chiral auxiliary. Reactions of type (3), on the other hand, have so far
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been less used, but they have the advantage that only a small amount of chiral
material is required, and that a chiral auxiliary does not have to be deaved off and
recovered after the reaction.

Ag disenssed in Chapt 6, copper-tnediated diastereoselective addiion and sub-
stitution reactions are well studied methods for the construction of chiral centers in
organic molecules. The developmment of copper-mediated enantoselective substitu-
fion reactons, however, i stll at an early stage.

The use of chiral catalysts as an approach to enantiormerically enriched products
by means of copper-mediated substitution reactons is covered in thix chapter. Re-
actions in which a chiral auxiliary resides in the leaving group of the substrate will
algo be dealt with, since these reactions provide direct and efficlert rotites to single
enantiomers of the desired products. Most studies so far have been concerned swith
allylic substrates, with a new chiral center beitig produced it the course of a selec
Hve Sy2’ reacton.

82
Allylie Substitution

The coppertnediated allylic substitution reaction has been the target of research
efforts from many different research groups during the last 30 years. This trans
formation is fascinating since the substitution reacton of a substrate with a leaving
group in the allylic position can occur in two different modes. Thege two modes
are: (i direct displacement of the leaving group in an Sy2 fashion, often also re-
ferred to as o substitution, and (i) Sx2’ displacement of the leaving group involv-
ing an allylic shift of the double bond, also referred to as y substitution (Scheme
8.2). Inn a more highly corjugated allylic system, such as a 1,3-pentadiencl deriva-
tive, the substitution can occur even further away from the leaving group.

> R_~_R 5n2(u product)

- RY‘-Q\\ Sn2' (v product)
R
R = alkyi, aryl. vinyl, allyl

M = L, MgX. THOR},. ZnX, efc.
¥ = CI, Br. OC(Q}R". SO;Ph, OF". OP{O}OR 2. etc.

Schame 8.2 Copper-catalyzed allylic substitution.

Depending on the substrate and the other reaction parameters, very high re-
gioselectivities towards either ¢ or y substitution can be obtained. In certain cases,
the regioselectivity can easily be switched between the two modes by changing the
reaction conditions [11]. Compared to, for example, palladium(0)-catalyzed allylic
substitution reactons, the possibility of switching between Sy2 and Sy2’ selectivity
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in coppet-mediated reacions is an advantage. A further advantage ix that a fairly
broad range of organometallic reagents can be used: lithium, magnesium, and zinc
reagents, for example. In this way, both nonfuncionalized and functonalized
substtuents can be introduced.

Mecharistically, these reactions are considered to proceed by way of oxidative ad-
dition: of the organocopper reagent to yield Cu(IIl) interrmediates [9, 11-13], giving
the final substitutfon products through reductive elimination as presented sche-
rmatically in Scherne 8.3. The oxidative addition is thought to be highly y-selective,
which would initfally produce the s-allyl complex A. A fast reductive elimination
fromm this complex (that is, when Y is electron-withdrawing) would give the p prod-
uct Under glow reductve elimination conditions (Y = electron-donating), the s-allyl
cornplex A wotlld have tirne to rearrange to the more stable s-allyl complex B. Re-
ductive elimination from the latter would give the « product.

[R'CuY]
R~ = &Wx T-complex
Eu
¥R
oyidative
addition
¥ path A
reductive elimination
R“\/\\‘Q\ ctive el 1 . RW
// ,C-u\ Y =CN. Cl .
Y R 5o
A WL LT
R\f.—*‘&x
=-aliyl P
Y/Cu W Y = alkyl
\.\ R path B
D g Clt reductive eliminaton R e
R N U*\( N N
B Sp2,

Scheme 8.3. Proposed mechanisms of alldic substitution reactions.

Sw2'-selective reactions between primary allylic substrates and organocopper re-
agerits result in the ereation of new chirality in previously achiral molecules, and it
is ternptng to try to take advantage of this for the development of enantioselective
allylic substitution reactons.

.21
Allylic Substrates with Chiral Leaving Groups

Most agymmetric induction processes with chiral auxiliaries involve a stereo-
differentiating reaction that affords one diastereomer as the primary product. To
obtain the desired enantiomer, the chiral auxiliary must be removed. Highly dia-
stereoselective reactions between organocopper reagents and allylic substrates with
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chiral auxiliaries attached to the allylic backborie have been developed [14]. If, how-
ever, an allylic substrate with a chiral leaving group can be utilized, the enantio-
merically pure product can be obtained directly.

The first atternpts to develop reactions offering control over the absolute stereo-
chemistry of a chiral center, created by y-selective substitution of an achiral allylic
aleohol-derived substrate, involved the use of chiral auxiliaries incorporated in the
nucleofuge. The types of stereodirecting groups utilized vary, and have included
sulfoximines [15], carbarnates [16], and chiral heterocydic sulfides [17-19].

Denmark and co-workers reported the first example in 1990 [16], using sub-
strates 1, synthesized from achiral allylic aleohols and readily available optically
active amine atiliaries. Substrates 1 were then ernployed in coppertnediated al-
Iylic substitution reactons, ag shown it Scherme 8.4,

R
WOJ\NHJ\ R = Ph, 1-naphthyl, -Pr, -Bu, PhCHz, 4-anisyl
X

\) X =H. OMe. OMEM

1

a R'
G N=0=0 1. base
R0 —— R/V\OJ“NHG* _ = R/l.\///
2.RC
4 1 ku 812
recycling —* CO:Ag)

———— G"'NHy -——

Scheme 8.4. Employment of allylic carbamates 1 in copper-mediated asymmetric substitution.

Substitution reactions of achiral allylic carbamates have been studied previously,
by Gallina and Goering, for example [20]. An intriguing feature of these substrates
i the preference for formation of the Sx2’ product in which the newly introduced
group appears on the same side as the leaving group was previously (syn selectivity).
Ag hag been shown in several independent studies, the more commonly used sub-
strates, such ag allylic esters and halides, usually react with ami selectivity. The
opposite syn stereochemistry observed for carbamates has been explained by coor
dination of the copper reagent to the leaving group, followed by an intramolecular
delivery of the nucleophile. This would be consistent with the fact that a chiral
carbamate of type 1, as designed by Denmark et al., can produce significant asym-
metric induction in the p-position even though that involves a 1,7-transfer of chir-
ality in this caze.

Optimization of the reaction conditions was undertaken in order to find the best
Sw2'/Su2 rato and the best substrate conversion. Initial formation of a lithium
carbamate salt of 1 on treateent with Meli, followed by treatment with a stoichio-
metric amount of MeCu in EO at 0 °C, produced dean 8yx2’ selectvity and iso-
lation of the desired alkene in 75% yield. A variety of chiral carbamates 1 were in-
vestigated, the substrate with R = 1-naphthyl and X = OMe being chosen as the
candidate for further studies. It is noteworthy that substrates in which X = H gave
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very low selectivity, and also that incorporation of a coordinating oxygen function-
ality seerns to be necessary for high enantoselectivity A striking difference be-
tween aliphatic and aromatic auxiliaries, in favor of the latter, was also noted. Fine-
tuning of the reaction pararmeters resulted in high enantiomeric excesses (= 88%
ge) in reactons with MeCu, #-BuCu, and PhCu [Scherme 8.5). Et;O had to be used
as solvent sitce the use of THF dramatically reduced the enantiomeric excesses.

I
o et R

1. R'Li, Et,0,0°C. 5 min

A OJ\NH - P
P OMe 2 R'Cu 0°Cto24°C

1 2R"=NMe 95% ee
IR"=Bu. 88%ee
4 R"=Ph 81%ee

Schama 8.5. Optimized reaction conditions for reactions
between allylic carbamate 1 {R = T-naphthyl, X = OMe) and

organocopper reagents R*Cu.

The main dizadvantage of this reaction ig that it iz necessary to use stoichio-
metric amounts, or more, of the organocopper reagent, together with stoichiometric
amounts of the chiral auxiliary. The leaving group chiral auxiliary, however, can be
recovered and recycled after the reaction.

Another highly selective systern was designed by Gaiz et al. in the course of the
gynthesis of igocarbacyclin [15a). In comjunction with this study it was found that
optically pure allylic sulfoximines undergo regioselective and enantioselective al-
Iylic substitution reactions with organocopper reagents [15b]. Since the chirality is
at the sulfur atom, the chiral center iz directly connected to the allylic fragment in
sulfoximes 5 and 6, uged in this study (Scheme 8.6).

Endocyclic allylic sulfoximines 5 were synthesized from cycloalkanones and lithi-
ated enantiomerically pure (5)-5-methyl- S-phenylsulfoximine, by addition and sub-
gequent elimination and isomerizaton of the intermediate vinylic sulfoximines.

The allylic sulfoximines 5 were subjected to treatment with organocopper re-
agents. The regioselectivity could be controlled by variation of the reaction con-
ditions, and a highly a-selective reaction was obtained with homocuprates Ry Culi/
Lil. Organocopper reagents RCu/Lil in the presence of BF;-OFt; (Yarmamoto con-
ditions) [14, 21], on the other hand, gave y-selective reactions producing exocyclic
alkene products (Scheme 8.6). Regioselectivity showed no dear dependence on the
golvent, since both Et;Of/Me;§ and THE/ Me, S were suitable for highly selective
reactions.

For 5b, derived from cyclopentanone, a maximum ee of 90% was achieved with
the bulky copper reagent t-BuPh,$1G(CH, )4Cu/Lil. Et;C had to be used ag solvent
for optimal results in this case, but THF was the best solvent in others. Low temn-
perature conditions [—100 °C, or from —100 tov —78 “C) were used for all the enan-
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ph, NMe
5
a”
2
o)
San=40 6aR=HM
bn= bR =t BuPh.Si
cn=2 ¢ R = p-Me-CgHs80,
dn=3 d R = CF350,
ph, pMe
R ‘s
~ ol
Q R,CuLifLil 4 equiv. RCu/Lil, BF4 OEt; R
- >
) Jn Et0 or THF, Me;S ),
A FB®
6.2« 5 O0te 78 °C 8.2+
Ba{n=0). 27% e (R =Bu)
b{n=1): 36 80% ee

c{n =2} 60-73% ee
d (n= 3} B0% e (R = Bu)

Scheme 8.6. Reactions between endocyclic sulfoximines 5 and organocopper reagents.

tiogelective reactions. Organocopper reagents functionalized with ether groups in
the p- or d-positions gave ezs of 63-719%. Simple n-alkylcopper reagents also pro-
duced enantioselectivities of around 70%. Further investigation of copper reagents
using TMSCH,;Cu and PhCH,; Cu met with little sucress, since the y selectivity was
lost. The loss of y selectivity in the case of TMSCH,Cu/Lil was attributed to an
equilibrium process with the corresponding homocuprate, which in parallel ex-
periments was shown to give high « selectivity. For 5¢ (n = 2), ees between 60 and
73% were observed for all Grignard reagents studied (both functionalized and
nonfunctionalized), together with high y selectivities. Further enlargernent of the
cycloalkene ring, as in 5d, did not produce any improvemnent, with treatment with
BuCu/ Lil/BF; -OFEt, in Et, O giving an ee of 60%. A smaller cyclobutene ring in the
allylic sulfoximine, as in 5a, gave only a 27% ee with the butyleopper reagent.

It was demnonstrated that the chiral auxiliary can be recovered after the reaction
as the corresponding sulfinamide Me{H)NS(O)Ph, with virtually complete reten-
tion of configuration at the sulfur atom.

To explore the influence of the nitrogen substituent in the sulfonimidoyl group,
substrates 6 were synthesized and tested. Sulfoximines bearing a silyl group (6b) or
hydrogen (6a) on nitrogen, however, did not react at all; neither with RCu, nor with
RyCuli. The Ntosyl-substituted [6¢) and N-CF3SQ;-substituted (6d) substrates
were less reactive than Sb, but afforded similar regioselectivities under both o
selective and yp-gelecive condifons, The observed ees for these substrates were
lower (around 30%), however.

65
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Gais et al. also investigated the mechanism of the reaction, with respect to the
influence of additives. It was conduded, at least for the organocopper reagent
TMSCH,Cu, that Lil and BF;-OFEt, are necessary additives for reaction with an
allylic sulfoximine. The role of metal halide could be to promote formation of het-
eroleptic cuprates RCu-MHal or (RCu)y,(MHal),. Organocopper reagents prepared
in the abgence of lithiumn salis were urrreactive. BF; probably acts through substrate
or intermediate activation. NMR experiments in the presenice of BF; showed that
BF; coordinates to the nitrogen atorn in sulfoximines bearing the NMe group,
but not in the tiflyl- or tosyl-substituted substrates 6d and 6¢, in which the electro-
riegative substitiient on nitrogen prevents coordination.

Cald et al. have thoroughly fvestigated the uge of allylic electrophiles corrtatnitg
heterocyelic leaving grotips in regioselective allylic substitution [Scherne 8.7) [22].

R
RCu - MgXs . R2
S Y)\/\
g8 —
RCung R F{2

¥=0.8
R and R® = H or alkyl
Scheme 8.7. Substitution of heterocyclic allylic substrates.

From the data obtained under various condiions it was concluded that the se-
lectivity is governed by preliminary chelation of the leaving group to the organo-
copper reagent RCu-MgX,. The organocopper reagents RCu-MgX,, prepared from
a Grignard reagent and an excess of a copper salt, selectively gave the Sy2’ prod-
ucts, while homocuprates R;CuMgX were Sy2-selective. The more electrophilic
nature of RCu-MgX, results in better coordinating properties than in the R, CuMgX
reagent anid it was suggested that the Sy 2’-selective reaction ix due to intramolecuilar
delivery of the coordinated RCu reagent.

The heterocyclic component in the leaving group offers possibilities for intro-
duction of chirality. Optically active oxazolin-2-yl and thiazelin-2-yl allyl thicethers 7
were thus chosen as substrates (Scherne 8.8) [17].

a

. R 3
R RMgBr/CuBr 3.8 R
\\L-N\ /‘\.__//'L 4 g—).- Z
> 3 R ‘\\\\_._/\_R
RETY -30°G, Et=O R
7 R = ~Pr, Bu
R' = CH;OPiv, CH{OPWPh, i-Pr
=H.Fh

R® = H. Me. (CHy)LCH=CMe;
R* = Me, Ph, {CH.).CH=CMe.

Schame 8.8. Enantioselective substitution of oxazolin-2-yl and thiazolin-2-y| allyl thioethers.
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The regioselectivity of the reacion was found to be solvert-dependent, with Et,O
favoring Sy2’ products, and THEF favoring Sy2 products, in accordance with results
frotn studies of similar systemns [22]. As expected, a high ratio of CuBr to Grignard
reagent favored the Sy2’ path. Various chiral heterocycic sulfides 7 were thus
treated with i-PrMgBr or n-BuMgBr in Et,O in the presence of excess CuBr, yield-
ing the desired pproducts with ees ranging from 50 to 989%, depending on the
substrate used. From the results obtained, it was concluded that steric hindrance
around the leaving group nitrogen atormn resulted in higher enartioselectivity. The
geometry of the allylic double bond (E or Z) plays a dedsive role, as shown by one
examnple in which the two double bond isomers gave opposite enantiomers with
cornparable enantioselectivities, even though the leaving group wag of the same
absolute stereochernistry.

Chelate formation between the leaving group and the organocopper reagent can
algo be uged to increage the reactivity of the leaving group go that it reacts chetno-
selectively, in preferenice to a different potential leaving group [18)]. Inn this way, an
allylic substrate bearing a pivalate and a sulfide of benzothiazole can, through a »-
selective reaction, yield homoallylic pivalates exclusively. With a chiral allylic sul-
fide, the reaction could produce optically active homoallylic pivalates in cherno-
selective, regiogelective, and enantioselective fashion. Use of a chiral benzimidazole
stlfide ag the leaving group, ag inn 8, resulted in selective replacernernt of the ben-
rimidazole to give homoallylic pivalates in 32-59% ez (Scheme 8.9) [18].

M 2.2 equiv. RMgBr, 4 equiv. CuBr
o

S5 ~—""0Piy > OPiv
C,\P— THF, 50 <C 7y

R

50y-camphor
8 R n-Bu n-CgH.; ~Pr o-CgH4
co (%) 43 59 30 32
Schame 8.9. Enantioselective substitution of allvlic sulfide 3.

It wag argued that the relatively low ee in this case could be attributed to the large
separation between the source of chirality and the reactive center, and so the reac-
tion in Scheme 8.10 was investigated [19]. The chirality in the leaving group in
compound 9 is cloger to the reaction center than in the first studied substrate §,
since the stereocenter in 9 is in the position « to the coordinating nitrogen.

.
RL_s N
RCu - MgX. e
\r \> s/‘\_rx’\opw }1- /\ OPiv
—y R
g

R = EtO,C. -Pr. r-BuMe,SiOCH,

Y =85, 0 CH,
Schame 8.10. Enantioselective substitution of alllic sulfide 9.

To obtain good Sy2’ selectivity, a high ratio of copper to Grignard reagent (4:1)
also had to be used in this systern. Ees of up to 98% were achieved with n-BuMgBr

67
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Tab. 8.1. Dependence on double bond geometry in 16

PP, _

II”N\)—S% OPiy n_BuCuMg.B.r'.;-* /\I/\DPW . NOPW

Bu Bu

[5) {2} 10 or {3)-{E)-1D (51 {~-11
10 {R)-11 {8)-11 ee (%)
{8142 1 uo ug (S
{S14E) w9 1 98 {R)
(S{Z/(5)4E) 9010 10 90 80 (5]

in combination with CuBt for 9 with R! = i-Pr and Y = Q. Although the azome-
thitte group is crucial for the selectivity, group Y can be changed from O o § or
CH, without any large drop in obtained ees. Substrate 9 with R! = Et0Q,C was not
suftable under the reacton condifons studied, with racerization of the hetero-
cyelic stereocenter taking place.

Agin the cage of the substtution reacton of compound 7, the absolute configu-
ration of the product depends on the double bond geornetry of the starting mate-
rial, as shown by the example in Tab. 8.1.

The selectivity in this process ix governed by preliminary chelation of the RCu
species by the azornethine group and the allylic double bond The proposed che-
lates for the cases of (5)-(Z)-10 and (5)-(E}-10 are shown in Fig. 8.1.

822
Chiral Auxiliary that is Cleaved off after the Reaction

Reaction between C; symrmetric diols and «, f-unsaturated aldehydes yield chiral
ethylenic acetals that undergo copper-mediated substitution reactions. With aryl or

e O
—\/‘:N&_S R
(SCU ) —_— PivOGHp--}l\/
PivOGHy™ H™ o~
e (R-11
S1-{E) 10 RCu

b s .
RCu - Hu.,
A L A PivDCH?/k/
Pi\.-OCH;f (S 11

($)}-(£)-10 RCu
Fig. 8.1. Proposed chelate structures.
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vinyleopper reagents this reacton, ax studied by Alexakis et al. [Scherne 8.11), i
highly anti Sy2’-selective. With alkyl copper reagents, however, a mixture of §y2'
and Sy 2 substitution results [23, 24]. The copper approaches from the face of the
dotble bond that is on the side of the equatorial substituent in the acetal, and the
C O bond nearest to the axial substituent is cleaved The imitial Sy2’ product is
an enol ether, which is hydrolyzed to a chiral f-substituted aldehyde. The reaction
sequenice starting from an «, f-unsaturated aldehyde can be viewed overall as a
conjugate addition of RLL

ArCu, BF;

L MO B e
HO/\-
Me: /\\L_o\l\-/ :< Me. o~y O .+ H0Q

\BUCU, BF <] O MU\/--._ O._ .-

Scheme 8.11. Reactions between an ethylenic acetal and organocopper reagents.

With the reagent PhCu in the presence of the additives BF; and PBus, ees of up
to 95% were obtained, while values of up to 85% were achievable with a vinyl copper
reagent. Chiral dienic acetals have also been studied; three regioisomeric prod-
ucts could be obtained in this case as the result of Syx2, Sy2’, or Su2* attack of the
organiocopper reagent [25). Mixtures were indeed obtained with alkyl copper re-
agents, but PhCu-BF; resulted in formation of only the Sy2’ and Sx2” products,
with selectivity for the latter (Scheme 8.12).

i o Fh  PhCu. BFy
:tMOS\/ [ PHMO\ PRy Et\/ /\/’\/
Ph E0.-30°C B L
HO™ ™ Ph HO™ eh
Spe” S
S22 = 7525
1. Ac,0, DMAP
2 HyD*
PhNCHO Et\//-‘ II'}(‘\\CHD
& PH H
H
B2% oo 3% ee

Scheme 8.12. Substitution of a dienyl acetal.
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Hydrolysis of the enol ethers obtained from the substitution reaction with the
organoecopper reagent yielded chiral §-substituted aldehydes with eex of 62 and 73%
for the Sy2” and Sy2’ products, respectively.

The 8427 product was shown to be the result of a syn-selective reacton, the
stereochernistry being opposite to that of the Sy2’ product, which has the incorming
group antt to the leaving group. The reason for the observed syn selectvity ix not
clear, but the authors proposed the initial formation of the two distnet Cu(IIl)-o-
allyl comnplexes 12 and 13 for the Sx2” and Sy2’ pathways in Scheme 8.12.

Et\//’\/\wo_{_ Et\M/O_!_
= o
12, 52" 13. 52

The regioselectivity was found to be highly dependent on the substitution pattern
of the starting acetal, and the configurations of its double bonds (Scheme 8.13). The
best result was obtained with the f-substituted acetal 14, which exclusively yielded
the Sy2" product, in 83% ee. Substitution in the §-position instead (15) yielded 90%
of the Sy2’ product, in 61% ee. It seems that the regioselectvity is governed by
steric factors and that the attack of the organocpper reagent takes place at the less
hindered site. The [(Z, Z) substrate 16 was highly Sy2”-zelective, with the resulting
product being formed in 58% ee. Other substrates investigated were less selective.

ity Bh

o o] Ph 0 Ph
. Et .
PNV AN VNN
Et P Me Ph =%
14 15 16
B2’ § SnZ' 1000 10.90 190:0
ee af 5,2 (%) 83 _ 58
ee of 542 (%) - 51 -

Scheme 8.13. Selectivity dependence on the acetal structure.

When the reacton was applied to a chiral eyclic ketal instead, very low selectiv-
itles were obtaited. Introducton of chelating substitilents into the ketal made fin-
provernent possible, though [Scherne 8.14) [23, 26].

0
/\,‘LES\/ KMe,Culi, BF; HC' /\¢O
0 . =

= Et,, 78t0 50 °C Y

Me
g, e
g 26% oo
0 L
0= o
i -
= g —_—
S0
) S Me
MaCu
48% ee

Schame 8.14.  Substitution of chiral cyclic ketals.
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A result equivalent to an allylic substitution reacion with a chiral leaving group
cant also be achieved by a two-step procedure involving a corjugate addition reac-
tion and a subsequent elimination reaction, as dernonstrated by Tamura et al., who
studied the reaction shown in Schemne 8.15 [27].

o ;—OMe 1y R,cuLi, LiBr
/\N"’\ -80 to 0 "C, THF )
—_————— = wig
—~ 2) NH4CI YR
17a(n=10)
B{1=1)
cin=2)
n=0 n=1 n=2
R = Bu, 82% cc R =Bu, 95% cc R = Bu, 86% ee
R =Lt 8% ee R=Me 95% ee R = Me, 86% ee
R = Ph, 47% co R =Ft 95% ee R =Et, 87% co
R = vinyl. 79% ge R=Ph, 97% ee

R = viny| 96% ee
Scheme 8.15. Conjugate addition and elimination sequence,
resulting in overall 5,2/ substitution.

A diastereomerically differentiating addition-elimination sequence involving
1,5-transfer of chirality has been used to effect an overall allylic Sy2* substitution
of a chiral amine auxiliary by organocuprates. Several different types of organo-
copper reagents, including RCu-LiBr, RyCuli-LiBr, RCu(CN]Li, Ry Culi-LiCN, and
RyCuMgCl-MgCl(Br), were investigated in the presence or absence of Lewis acids
such as LiBr and ZnBry The optimal reacton conditions were found to be the use
of one equivalent of RaCuli-LiBr and two equivalents of LiBr. Using these condi-
tong, excellent enantioselectivities, of =95% ee, were achieved for the introduction
of n-butyl, methyl, ethyl, phenyl, and vinyl groups into substrate 17¢ (n = 2). In the
case of a six-membered ring (17b) these high levels of enantioselectivity could be
obtained for the introduction of saturated substituents such as n-butyl, methyl, and
ethyl. Here it was shown that the use of LiBr as an additive invariably produced
higher enantioselectivities than ZnBry did [95% ee versus 90% ee). The products
with unsaturated substituents [phenyl and vinyl) were too unstable to be isolated in
this case. A substrate with a smaller ring (17a) gave generally lower ees. This in-
vestigation also induded acydic substrates 18 (Scheme 8.16), but these afforded
lower ees, with an ee of 70% being obtained in the best case, using dibutylcuprate.

Q :="'R RaCuli. LiBr o
. 9010 0°C, THF :
Ph)J\/\N\ I ———— Ph
— H...
“ph R/L\Ph

18
Scheme 8.16. The use of acydic substrates 18.

It was concluded that an oxygen functonality in the C[2)-side chain of the pyr-
rolidinyl chiral auxiliary was of great importance for the achievement of high ees.

N
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fBusCulsli
si-face attack / :_

-'LI*‘
| o L Tp-Me

9!
Fig. 8.2. Transition state model for the enantioselective substitution of 17.

Omn the basig of thig conclusion and on NMR studies of complexes of 17b with
Lewis acids, a transiton state model to explain the obgerved selectivity was pro-
posed. This involved initial complexation of a cuprate lithium ion to the three dif-
ferent heteroatoms in the substrate, followed by formation of a d-z* complexation
product from the less hindered si face, the re face being shielded by the pyrrolidine
ring (Fig. 8.2).

.23
Catalytic Reactions with Chiral Ligands

Compared to the intensive and successful development of copper catalysts for
asymmetric 1,4-addition reactions, discussed in Chapt. 7, catalytic asymmetric al-
Iylic substitution reactions have been the subjects of only a few studies. Difficulties
arise because, in the asymmetric y substitution of unsymmetrical allylic electro-
philes, the catalyst has to be capable of controlling both regioselectivity and enan-
tioselectivity.

In 1995, Backvall and van Koten reported the first example of a catalytic, enan-
tioselective Sy2’ substitution of a primary allylic acetate in the presence of a chiral
copper complex [28, 29].

The copper(I} arenethiolate complexes 19 [30), first developed and studied by van
Koter's group, can be used as catalysts for a number of copper-mediated reactions
such as 1,4-addition reactions to enones [31] and 1,6-additfon reactions to enynes

[32].
3Cu NMe;
YR
by
9aRrR=H
bR=WMe

Initial studies on the application of thege catalysts to allylic substitution reactions
showed that the arenethiolate molety functions as an excellent nontransferable
group, and that the regioselectivity can be completely reversed by suitable changes
in the reacon parameters [33]. If the reaction between geranyl acetate and n-
BuMgl was arried out in THF at —30 °C with fast addition of the Grignard reagent
to the reaction mixture, complete o selectivity was obtained. Raising the tempera-
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ture to 0 °C and use of Et; O as solvent, with slow addition of the Grignard reagent,
gave 1009 of the y product (Scherne 8.17).

SCu NMe;

'L/\ ¢
S oae 15 mol /
l n-Bubdgl, (i} ar {ii} j\

(1): Et,0, 0°C. 120 min addition time of n BuMagl, 100% + product
(iiy: THF, -30 3C, 5 min additien time of n-BuMal, 100% v« product

Scheme 8.17. Control of regioselectivity with catalyst 19a.

Sp2, o St

These catalysts also give a remarkable reversal in leaving group ability. An allylic
acetate becornes more reactive than an allylic chloride in the presenice of 19a, a fact
that can be explained by chelate formation with the catalyst and Grignard reagent,
with the acetate group becoming activated by coordination of oxygen to magne-
sturn [33b].

The use of the chiral catalyst 19b for asymmetric allylic substtution of allylic
substrates hag been studied in some detail (Scheme 8.18) and, under y-selective
reaction conditfonis, asymmetric induction was indeed obtained [28, 34).

R

{RY or {8}-19b .
R Ry - R’J\%
RMgX, ELO, 0 “C

20 R = PhOCH;, a ¥ = OAc, b ! BuG{0)Q, ¢ CFC(00, d [EtO),P{0I0
21 R = c-C4Hypp, ¥ = Ohe

22R=Ph Y =QhAc

R'Mg¥ = n-BuMgl. rn-BuMgBr. Me=SiCH Mgl

Scheme 8.18. Enantioselective substitution with catalyst 19b.

To optimize the enantiogelectivity it was necessary to use a rather high catalyst
loading (ca. 15 mol%%), with reactions being cartied out at fairly low substrate con-
centrations, with glow addition of the Grignard reagent over 2 hrs. The effect of the
leaving group was studied using substrates 20, in their reactions with n-BuMgl.
Both the acetate 20a and the pivalate 20b underwent highly regioselective reactions,
with 34% ee for the acetate and 259 ee for the more bulky pivalate. Trifluoroacetate
(20c) or diethylphosphate (20d) as leaving groups resulted in dightly lower re-
gioselectivities [ca. 90:10) and the ees were severely diminished to around 109.
The substituent on the allylic double bond had only a minor influence on the ee;
PhOCH; (20a) and cyclohexyl (21} gave ez of 34 and 419 respectively. A slightly
lower ez of 28% was obtained with cinnamyl acetate (22). The mode of additon was
important for the outcome, the best results being obtained when both the Grignard
reagent and the substrate were added slowly to the reaction mixture. With this
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I

U
MegN™ \sf 1-Bu

Fig. 8.3. Proposed chelate structure for the catalytically active intermediate.

technique, the ee in the case of the reaction between cyclohexyl-substituted allylic
acetate 21 and »n-BuMgl was 42%. This implies that a 1:1 ratio of substrate to
Grignard reagent at all times is important for the selectivity. Excess substrate
can disrupt the bidentate coordination necessary for the proposed chelate. The dif-
ferenice here, however, was very small in comparison to the situation when the
Grignard reagent alone was added over 2 h. A still larger difference was observed
when the substrate was added to a mixture of catalyst and »-BuMgl, conditions fa-
voring formation of a homocuprate, RBa CuM. In that case only 18% e was achieved.
The reaction has to be performed at a rather high ternperature if masimuen enan-
tiogelectivity ig to be achieved. Reacton temperatures of 8 °C or 20 °C produced
simnilar ees, but an ee of only 79% was obtained at a lower temperature (—20 °C).
This supports the hypothesis that chelate formation is important for the enantio-
gelectivity.

The results obtained can be explained in terms of a catalytic intermediate made
up of a chelate between Grignard reagent, catalyst, and substrate. The allylic sub-
gtrate anchors inn a bidentate fashion, through carbonyl coordination to magnesium
and copper-alkene z-interaction, as represented schematically in Fig. 8.3. The che-
late constitutes a rigid structure, incorporating a six-membered ring with a chiral
magnesium atom. The chelate shown would produce preferential coordination
from the face of the olefin indicated in Fig. 8.3, in accord with the observation that
R ligands result in R products.

The coordination of the acetate in this fashion should result in enhanced leaving
group reactivity, while the effect of changes in the leaving group on enantio-
gelectivity further supports the idea of chelate formation. The more bulky pivalate
ghould give a less stable chelate, and a lower ee ix indeed cbserved. The electron-
withdrawing trifluoromethyl group in the trifluoroacetate moiety would weaken
coordination and give a less stable chelate, which would explain the low enantio-
selectivity (109 ee) with the allylic trifluoroacetate. (It is also possible that the high
reactivity of trifluoroacetate as a leaving group results in reacton before chelate
formation takes place.) The same arguments also apply to the phosphate leaving
group.

The reaction of cycohexyl-substituted allylic acetate 21 with different Grignard
reagents was investigated [34]. As already mentioned, a 41% ee had been obtained
with #-BuMgl. Changing the counter-ion in the Grignard reagent to Br , under
otherwise identical reaction conditions, gave an ¢e of 50%. The sterically hindered
Grignard reagent Me; SICH; Mgl underwent only slow reaction, giving a moderate
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yield of the y product, but the observed e, 539, was the highest so far obtained
with catalyst 19b.

To study the effect of conformationally more rigid substrates, some cyclic allylic
esters (23 and 24) were employed as substrates. Reaction of these with #-BuMgl,
employing 19b as catalyst, produced very low ees, however (Scherne 8.19) [35].

COCIOIR /Bu
= 15mol% (R)-19b. n-BuMgi J\/ Bu
. - + i
gl Et,Oftoluene, 0 °C S 1 S
23 ¥ I
R = Me. t-Bu, OMe .
n:U,l 1-18% ea
Bu_
15 mel (R)-19b. v-BuMyl / )
AcO OAc ~ AcO
Et;Oftoluene :
n n

2dn=12 f

100% vselectivity
B-13% ee

Schame 8.19. Reactions of cyclic allylic esters 23 and 24, with catalysis by 19b.

To investigate the effect of the substituents in the arenethiolate structure, four
differently substituted copper arenethiolates, 25-28, were tested as catalysts, but
very low ees were obtained in all cases [34]. The oxazolidine complex 26, developed
by Pfaltz et al. [36] and used successfully in asymmetric conjugate addition re-
actions to cyclic enones, gave a completely racemic product with allylic substrate
20a.

- —
1

| OMe
scu N SCu N SCu NMes SCu Nf;“/
| e
& “Me /K')\"O 7 Bt | “Me
% S o T
25 26 27 28

To avoid the difficulties in handling the highly air-sensitive copper arenethiolates, a
method for their preparation and utilization in situ has been developed, the aren-
ethiol 29 being deprotonated with n-Buli and mixed with a copper(I) salt to yield
the active catalyst [34].

Use of this technique results in an equivalent of lithium halide being present in
the reaction mixture, unlike when the isolated copper arenethiolates are employed.
Lithium salts can have very profound effects on copper-mediated reactons, but in
this case a similar ge (40%) and complete y selectivity were still obtained for the
reaction between 21 and n-BuMgl when the catalyst wasg prepared from Cul. Nei-
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ther a change of the Culigand ratio to 1:2 nor an increase in the termnperature (cf.
the work with the preformed catalyst) affected the outcome of the reaction. The
effect of the arenethiolate ligand on the reactivity was confirmed by performing the
reacton with only Cul as catalyst, in the absence of the ligand. In this case, the
allylic acetate 21 was partly recovered, and formation of the corresponding aleohol
wag observed, which indicates that the reacton was much slower. The regiose-
lectivity was also no longer cornplete (p/o = 95:5). The source of the copper can
also have a dramatic influence on the stereochernical outcomne; a change from Cul
to CuBr-SMe2 resulted in an es of only 79%. This can be explained in terms of
coordination of the dimethyl sulfide to copper, hampering formation of the cata-
Iytic intermediate. CuCl could be employed with the same efficdency ax Cul, but
Cu(OTT ), gave a lower enantiogelectivity.

Investigation of different Grignard reagents wayg also carrled out In cortrast to
the result obtaitied with the isolated catalyst 19b, the in situ generation techirique
here gave a lower ee for BuMgBr (30% ee) than for BuMgl (40% ¢¢). Use of CuBr
instead of Cul allowed thig ee to be increased somewhat, to 36%. Some bulkier
Grignard reagents, such ag {-PrMgl, {-PrMgBr, i-BuMgBr, and Me; SICH, Mgl, were
also investigated, but no ees higher than 40% could be obtained. No allylic substi-
tution at all was observed with PhMgl. Cinmamyl acetate [22) as the substrate gave
slightly lower ees than obtained with 21, in line with the results with the preformed
catalyst. Variation of the ligand structure (as in 30 and 31) produced lower ees than
obtained with 29. Use of ligand 30 resulted in a very low ez of 109 for the reaction
between 21 and n-BuMgl, but 31 gave a reasonable e of 35%. Interestingly, the
major enantiomers were of opposite configuratons when (R)-29 and (R)-31 were
used.

(\ Me,  NMe,
SH  NMeg SH N SH

"'Me "'Me o =
25 ao kh|

The moderate eex obtained with the copper arenethiolate ligands discugsed above
prompted a gearch for new chiral Hgands for uge in asyrmetric allylic substitution
reactons. The binaphthel-derfved phosphoramidite ligand 32, used successhiilly by
Feringa et al. inn copper-catalyzed 1 4-addition reactions [37], was accordingly tested
in the reaction between 21 and n-BuMgl.

-

P

o
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The presence of ligand 32, however, resulted in much slower allylic substitution
[38], ax could be seen by the formation of large amounts of the aleohol produced by
carbonyl attack of the Grignard reagent on the acetate. Sy2’ selectivities were also
lower than those obtained with copper arenethiolate catalysts. Optirnization of the
conditions (10% each of Cu(OTf ), and 32, dow addition of #-BuMgl in Et,O at
—20 °C) made it possible to obtain a 97:3 ratio of Sy2' and Sy2 products with less
than 10% attack on the carbonyl, but the S$x2’ product was racernic [35]. However,
it carmot be ruled out that this dass of ligands might be useful for the allylic sub-
stitution reaction under reaction conditions different to those tested.

Chiral ferrocenes have received much attention as ligands in metal-catalyzed re-
actions [39], but thefr use in copper chernistry hag been very limited [40, 41]. The
ferrocene motety offers the possibility of utilizing both central and planar chirality
in the ligand. By analogy with the copper arenethiolates deseribed above, ferroceriyl
copper cotmplex 33 (Scheme 8.20) is extremely interesting,

Me
MR B
Fo —SCu
5
{R.5,)-33
TCUI
e Me Me
S NMe; JNMEE ?—NMeg
1. #Buli, ELO e BN e
_F_‘i’ T _fE SLi VA EE‘_ SH
Ry 2 5z N2/ P
(7)-{+)-34 {H.5,)-35 (R.5,)-36

Scheme 8.20. Ferrocene thiolates.

The synthesis of the corregsponding ferrocene thiol 36 was therefore undertaken
(Scheme 8.207 [42]. This thiol proved to be too unstable and could not be isolated,
but the precursor lithium thiolate 35 could be isolated and stored under an argon
atmogphere. Treatment of 35 with Cul produced a catalytically active species that
gave up to 64% e¢ in the reacton between allylic acetates and n-BuMgl (Scherne
8.21). A rather large ratio of ligand to copper gave better results; it was concluded
that this wag due to the low stability of the ligand towards oxidation.

Bu
13 mol% Cul. 35% (3.Rp)-35 z
o OAc mo u (5.Rp) 3 ,I\/
n-Buldgl. Et;Oftaluene, r.t.
21 yield = 88%
wfo-ratio = 98:2
54% ee

Scheme 8.21.  Allylic substitution in the presence of ferrocene ligand 35.
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The eex obtained in reactions between 21 and different Grignard reagents using
copper arenethiolate 19b (isolated complex or prepared in situ from 29 and CuX)
were improved in all cses when the ferrocenyl systern was used. Thus, MeMgl,
EtMgl, n-PrMgl, and i-PrMgBr gave ees of 44, 62, 54, and 529 respectively. The
enantomeric excesses obtained using this ligand are the highest go far reported for
copper-catalyzed allylic substitution reactions between allylic esters and Grignard
reagents.

The necessity of an anfornic thiolate ligand was establiched by performing re-
actions with ferrocene thioethers 37 as ligands. Here, essentially racernic products
were obtained.

R
Fe R = Ph, r-Bu

Alexakis et al. have also recently studied allylic substitution reactions in the pres-
ence of chiral ligands [43]. Their experience with phosphorus-based ligands for
copper in corjugate addifon reactions [44] prompted them to study these systems
in substitution reactors as well. Reactions between drnamyl chloride and Grignard
reagents were chosen as a suftable test systemn. It turned out to be a challenge to
obtain a regioselectve reaction with this systern in the preserce of the ligand
triethyl phosphite P{OEt);. However, it proved possible to obtain a y/« ratio of 97:3
by addition of ethyl magnesiurn bromide to cinnamyl chloride, CuCN (1 mol%),
and P(OEt)s (2 mol%) in CH,Cly at —80 °C. By using EtMgCl, with Cu{OTf}; as
catalyst, and carrying out inverse addition of the substrate to a mixture of the cat-
alyst, ligand, and Grignard reagent, the regioselectivity could be switched in favor
of the o product (y/e 7:93) [45]. Use of other solvents, such ag Et;Q, THF, or tol-
uene, produced very low selectivities. Use of cinnamyl acetate (22) ag substrate
favored the « product.

In total, 29 phosphorus-containing chiral ligands of various structures were
gcreened under the optimized y-gelective conditions, but most of themn gave little or
no chiral induction. The four ligands 38a—d, all derived from (—)-TADDOL, de-
picted in Fig. 8.4 gave ees in excess of 30% in the reaction between ethyl magne-
gium bromide and cnnamyl chloride.

Liganid 38a, bearing an (—)-N-methylephedrine substituent, was superior, and
gave an é¢ of 51% and a yp/« ratio of 91:9. Further fine-tuning of the reaction con-
ditions gave an improverment to 73% ee and a y/« rato of 94:6. Optimum enanto-
gelectivity was favored here by a CuCN:ligand ratio of 1:1 and the use of only 1
mol% of each. Slower addition of the Grignard reagent (40 min) also produced
improvernents. It should be noted, however, that with 2.5 mol% of CuCN, 5 mol%
of ligand, and addition of the Grignard reagent over only 20 min, the y/« ratic was
100:0, with an only slightly lower ee (679%).
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Me !
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Fig. 8.4. Ligands 38 employed in allylic substitution reactions between cinnamyl chloride and
EtMgBr.

With suitable conditions for the test systern established, variations in the struc-
tureg of the substrate and the Grignard reagent were examined (Scheme 8.22).

R
RMgBr, CuCHN {1 mol%) P
Ph/\\“\"/{\x - ph)\/ + PhMR

3Ba (1 mal%), CHCL:, -78°C. 1h

SN2.' hy ShE (53

X = CI. Br, OP(O){OMe),. Ohc
R = Ef, n-Pr. ri-Buy, n-CsHyq, Ma, 2-CgHqq, o-CaHy, 7-CeHy1CH2,
-Pr. i-Bu, MeSiCHa, neopentyl. 4-F CgHy, 2 MeO CgHa

Scheme 8.22. |nvestigation of substrate and Crignard reagent structure.

The effect of the leaving group was briefly examined, but cinnamyl bromide gave
a substantially lower ee (38%). Cinnarnyl dimethyl phosphonate, or acetate, gave
very poot results. The cyclohexyl-substituted allylic acetate 21, on the other hand,
afforded a completely y-selective reaction, but the product turned out to be racemic.
Changing the Grignard reagent halide from bromide to either chloride or iodide
resulted in very low ees,

The scope of the reaction with cnnamyl chloride was assessed by testing a
number of different Grignard reagents, incuding n-alkyl, methyl, aryl, cycloalkyl,
isopropyl, and iscbutyl derfvatives, TM SCH,;MgBr, and the sterically crowded neo-
pentylMgBr. Increased steric hindrance, however, resulted in lower ees and none of
the tested reagents gave ees as high ag EtMgBr had. The bulky neopentyl Grignard
reagent gave almost racemic Sy2’ product. The n-alkyl Grignard reagents n-
PrMgBr and n-BuMgBr gave ees of 57 and 529, respectively. Interestingly, the re-
action could also be performed with an aromatic Grignard reagent, but with low ees
(219 for 2-MeC CyH4MgBr).

The reported results show that the reaction is very sensitive to small changes in
the reaction conditions, such ag temperature. Just a few degrees difference in the
reaction temperature could have a dramatic influence on the outcome of the reac-
tion. No single set of reaction conditiong wag applicable to all caseg, and the depen-
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dence of the selectivity on the structure of the Grignard reagent and substrate ix
hard to interpret

Organozine reagents in combination with a catalytic amount of copper catalyst
and ligand can be used in place of Grignard reagents. In this case, however, the
allylic electrophile has to carry a relatively reactive leaving group, such ag a halide;
allylic esters do not norrnally react with organozine reagents. Knochel et al. dis-
covered that chiral primary amines could function as useful ligands to copper for
catalysis of allylic substtuton reactions between unsymmetrical allylic chlorides
and diorganozine reagents [41a]. Primary ferrocenyl amines 3% were the most ef-
fident of the ligands studied These ligands may be obtained easily and with high
optical purity from ferrocenyl aryl ketonies, by reduction with BHs-SMe; i the
presenice of a chiral ligand.

The Ar group it the Hgand ix very important for the enantioselectivity in the
Sy2’ product. In a screening reaction between cinnamyl chloride and dineopen-
tylzine, the ligand bearing a 2-naphthyl substituent produced the highest ee (429%).
Furthertnore, a high ratio of ligand to copper of 10:1 increaged the e¢ to 67% at —50
*C, while a reduction in the reaction temperature to —90 °C resulted in a further
Increase, to 82% ee. Interestingly, the enantioselectivity showed an almost linear
dependence on temperature and only 259% ee wag achieved at 25 °C.

The influence of the leaving group in the substrate wag also investigated, but
changes from the Cl in dnnamyl chloride to Br, carbonate, xanthate, or phosphate
all resulted i1 diminished selectivity. The type of organometallic reagent was also
very importart, and no reaction at all was observed with organozine reagents of the
type RZnX.

To conclude the study, combinations of differently substituted substrates and di-
organozine reagents were investgated (Scheme 8.23).

NH;
LA
F
&? Ar = Ph. 2-Me-CgHa-. 1-naphthyl, 2-naphthyl
k1)

1 mol% CuBr SMe; R
10 mal®: 38 (Ar = 2-naphllv
( P Y} R1/k/‘ + R1/MR2

THF, -50 or -90°C, 18 h

R]/\\.:\o//\‘-cl + Rzngl

Spe' v Sy2. o
up to B7% =e
R'=ph, 4-CF3-CgHy-, 1-naphthyl, 2-naphthyl, o-CgH-, 3 thienyl, [73-(-PraSi0OCH,
R = rieopentyl, PhMesSiCH, MesSiCHy, {(+)-myrtanyl, (-)-myrtanyl
Scheme 8.23. Asymmetiic allylic substitution catalyzed by 38 {Ar = Z-naphthyl).

The reactons were regiogelective in all cases, with po ratos of >90:10. The
magimum eg, 87%, wag obtained by treatment of a substrate containing the elec
tron-withdrawing R! substituent 4-CF3 CgH4 with dineopentylzinc. Changing the
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substrate R! group to naphthyl, cyclohexyl, or finctomalized substituents such as
3-thienyl or silylethers resulted in lower ees being obtained A change of the R?
group in the diorganozine reagent from the bulky neopertyl invariably produced
lower ces. Big(trialkylsilylmethyl)zine gave 42-679% ee. Bis(myrtanylizine reagents
of both possible configurations, (4+) and (-}, were also employed, and afforded
diastereotneric substitution products with ees of around 40%. The asymmetric
induction seermns to be highly influenced by steric hindrance and sterically de-
manding diorganezines were necessary for obtainment of high ee.

The ferrocenyl amine ligands 39 could be improved further by changing the Ar
substituent (Scherne 8.24) [41b].

MHz

é.f;.,z.lp‘ e

-
e Ar = 4-biphenyl, 8-phenanthrenyl, 2-Br-CgHy. 4-1-Bu-CgHg,
= )

39 3.5 dMe GeHy, 3,5-di-#Bu-CgHs

1 mol%: CuBr SHe, R’
. p 10 mol3 39 {Ar=35-dit Bu C,
RS - RhZn mo {&r=135-di t Bu bH:) R'/I\/ s RV SRR
THF, -36°C, 1h Sy S, u

up to $8% ee
R' = Ph. 4 CF; GgHa. 1-napl ithyl, £-CaH,q, 3-thienyl
R = neopentyl, B, a-pentyl. ethyl. AcO{CHo1,. EtO,CICH. ),
Schema 8.24. Improvements of ligand 39.

Steric hindrance in the ligand 39 proved to be very important, and the best re-
sults were obtained by introdudng sterically demanding substituents on the pheryl
ring; 3,5-di-t-butylphenyl, for exarmple, gave a 929 ee in the reaction between dn-
namyl chloride and dinespentylzinc. This ligand also gave the best §i32° selectivity,
at 98:2. Further optimization, including simultaneous addition of R;Zn and the
allylic chloride over 3 h, resulted in an improvemnent to a 96% ee. Under these
conditions a higher reaction temperature (—30 °C) could also be employed without
any decrease in ee. With the Z-maphthyl-substituted ligand, the combination of
4-CF;-cinnarnyl chloride and dineopentylzine resulted in the highest e (98%) of
all the substrate combinations studied. This optimized ligand systemn in all cases
produced enantioselectivities higher than those obtained with the Z-naphthyl-
substituted ligand employed in the first study. It is also noteworthy that, with this
ligand, significant ees (44-65%) could be obtained from the di-n-alkylzine reagents
diethylzinc and dipentylzine. Further improvements were obtained by the use of a
mixed reagent, ethylneopentylzine, which selectively transferred the ethyl group
with an e of 52%, compared to 44% for EtaZn.

Functionalized diorganozine reagents [AcO{CHz}4]2Zn and [EtG2C(CHa)z]2Zn
were also employed, giving complete y selectivity in both cages, with ees of 50%.
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Woodward et al. have used the binaphthol-derived liganid 40 in asymmetric con-
jugate additfon reactions of dialkylzine to enones [46]. Compound 40 has also been
studied as a lgand in allylic substitutions with diorganezine reagents [47]. To allow
better control over selectivity in p substitution of the allylic electrophiles studied,
Woodward et al. investigated the influence of an additional ester substituent in the
B-position [Schemne 8.25).

Shie
‘ ' OH
994
SMe
40
X
20 mol% 40. 10 mol% [Cu{MeCN) JBF i
Al o oFt - ... » Al QEt
\/\[f ElZn, THF, -20 or -40 °C )
e Et O
41

X =Br. Cl, OCHO. O50;:Me
Ar = Ph, 4-NO3-CgHy-. 4-Cl-CgHu-, 4-Me-CgHy-, F-naphthyl
Scheme 8.25.  Allylic substitution of 41 in the presence of ligand 46.

The reacton between allylic substrates 41 and Et,Zn, catalyzed by
[Cu{MeCN)4]BE4, was indeed very fast, and proceeded with excellent y selectvity.
Inclusion of the ligand 40 in the reaction mixture resulted in some enantio-
gelectivity, but rather large quantities of catalyst (10 mol%) and ligand (20 mol%4)
had to be used to maximize asymmetric induction. The effect of the leaving group
was examined; chloride produced higher ees than bromide did, but the yields ob-
tained were significantly lower. With a mesylate the reaction gave a high yield, but
an almost racemic product was obtained, while an allylic formate was unreactive
under these conditons. With different aryl-substituted allylic chlorides and Et;Zna
magimum of 64% ee was achieved. Changes in temperature between —20 and —40
*C had a minor influence on the enantioselectivity. The highest ez wag obtained
with Ar = 4-03NCgHs, and the reaction seems to be controlled more by electronic
factors than by steric ones. For the other y-aryl-substituted substrates 41 inves-
tigated, the ees varfed between 22% and 36%. The asymmetric version of this re-
action is unfortunately characterized by low izolated vields,

It may be concluded from the different examples shown here that the enantio-
gelective copper-catalyzed allylic substitution reaction needs further improvernent.
High enantioselectivities can be obtained if chirality is pregent in the leaving group
of the substrate, but with external chiral ligands, enantioselectivities in excess of
90% e¢ have only been obtained in one system, limited to the introduction of the
gterically hindered neopentyl group.
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{5)-32R = -Pr 42 R = Me 41R= Me

£ =

T T

Fig. 8.5. Binaphthol-derived phosphoramidite ligands developed by Feringa et al.

83
Epoxides and Related Substrates

Ring-opening of oxiranes with organocopper reagemnts is a well known process in
organocopper chernistry, usually proceeding with high selectivity. For vinyl oxi-
ranes, both Sy2 and $yx2 reacton types are possible and the selectivity can be con-
trolled. Optically active allylic aleohol products can be obtained when starting from
netracetnic vinyloxiranes [48).

Agymimetric ring-opening of saturated epoxides by organocuprates hag been
studied, but only low enantioselectivities (< 15% e¢) have so far been obtained [49,
50]. Milller et al., for exarnple, have reported that the reaction between cydohexene
oxide and MeMgBz, catalyzed by 1096 of a chiral Schiff bage copper complex, gave
trans-2-methyleycdohexanol in 509 yield and with 109% ee [50].

The use of vinyl epoxides ag substrates in enantioselective copper-catalyzed re-
actions, on the other hand, has met with more success. An interesting chiral ligand
effect on Cu(OTT )p-catalyzed reactions between cyclic vinyloxiranes and dialkylzne
reagents was noted by Feringa et al. [51]. The 2,2’-binaphthyl phosphorus arnidite
ligands 32 and 43 (Fig. 8.5), which have been successfully used in copper-catalyzed
enantioselective conjugate additons to enones [37], allowed kinetic resolution of
racernic cyclic vinyloxiranes (Scheme 8.26).

o & mol% 32 or 43 R
3 3 mol% Cu(GT; .. OH ~ _OH
\ ¢ 0.5 RyZn > ) Q’ + 44
ha toluene, -70 10 -30 *C. 1h pa b3
R
4dan=1 _ S0 2" 2
bn=2 R =Me, Et
en=73 isolated yield: 8 38%

S1L2'¥52: 3 to 59
ee of Sy2" product: 46 96%

Schame 8.26. [Kinetic resolution of cyclic vinyl oxiranes 44.

The process wag Sy2’-selective in the presence of catalytic amounts of ligands
(5)32 or (5, R, R)-43 and Cu(QTT),;. This is another example of ligand-accelerated
catalysis; without the ligand the reaction was much slower and proceeded with low
regioselectivity.

When 0.5 equivalents of dialkylzine were used, ees of more than 90% were ob-
tained, with reasonable igolated yields of up to 38%6 [52] of the Sy2’-substituted
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products arising from the 1,3-cyclohexadiere monoepoxide 44b and the 1.3-cyco-
heptadiene monoepoxide 44¢. The substrate 44a, with a five-membered ring, gave
mmuch lower asymmetric induction and the maximirn ee was 5496, Ligand 43 wag
superfor to 32 in all cases studied. The yield and ee of the remaining urnreacted vi-
niyloxirane was not mentoned.

The vinyloxirane reaction was later extended to methylidene cyclohexene oxide
and to related meso derivatives [53]. The effects of the diastereomeric ligands 42
and 43 (Fig. 8.5), derived from (S)-binaphthol and (8, 8)- or (R, R)-bis-phenylethyl-
amine respectively, were investigated In the cage of kinetic resolution of racernic
mmethylidene cyclohexane epoxide 45 with EtZn, ligand 42 produced better yields,
reglogelectivity, and enantiogelectivity than 43 (Schetne 8.27).

Et
3 mol% 42
1.5 mul% Cu(OTf), S
+ 0.5EtZn : - '
toluene, 70to 0 °C, 3h \/A‘OH
45 Sy’ v Sl

wla-ratio = 873
88% ce

Scheme 8.27. Reaction between epoxide 45 and Et;Zn, catalyzed by Cu{OTf}; and ligand 42.

To avold the inherent Hmitations of a kinetie resolution process, the reaction was
extenided to desymmetrization of prochiral meso epoxides. A number of cyelic di-
rmethylidene epoxides were synthesized and subjected to treatment with Et,Zn in
the presenice of Cu[OTf); and ligands 42 or 43, Ag In the case mentioned above,
ligand 42 wag superfor in terig of selectivity. Cyclohexane derivative 46 gave the
ring-opened product with a 9796 e and in a 909 ivolated yield, with a y/e ratio of
98:2 (Scherne 8.28). The other substrates investigated produced dgnificantly lower
ees of between 66% and 85%.

EtaZn Et...
3 mali 42
1.3 mol¥s of Cu{OTT),
< -
toluene, -70 10 O °C, 3h OH
46 yield = 80%
tli-ratio = 98:2
97%h ee

Scheme 8.28. Reaction between 46 and E&Zn.

The same authors also studied the alkylation of alkynyl epoxides for formation of
optically active ¢-allenic alechols under kinetic resolution conditions (Scheme 8.29)
[54].
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R

<7
- 1.5 mol% Cu(QTi);, 3 mal% 43
~ 05R%Zn . —————— =
S oluene, -70 ta 0 °C. 3h
rac-4T R'= Me, Et
aR=H R o R
bR = Me OH fa § OH
- R : R TR
sliegi¥e i
. + + H
\/
48, anti-5.,2' 49, syn-5,,2' 50, anti-S2

Scheme 8.29. Reactions of allynyl epoxides 47 with R.Zn.

With ligand 43 the reaction between 47 and 0.5 equivalent of RyZn wag highly
diasterenselective, proceeding in an enti fashion (48/49 = 97:3). The regioselec-
tivity depended on the diorganozine reagent, a low Sy2'/Sy2 ratio of 55:45 being
obtained with 47a (R = H) and Me,;Zn, but ratios of more than 90:10 with Et;Zn.
Ees of up to 38% were obtained for the anti-Sy2’ product 48 (R’ = Et). The influ-
ence of the ligand was investigated for the reaction between 47a and Et;Zn. Com-
pound 42 gave a highly anti- and Sy2’-selective reaction (48/49 > 99:1, (48 + 49}/
50 = 97:3), but 48 wag almost racemnic. The use of TADDOL-derived ligand 51 re-
sulted in a syn- and Syx2’-selective reaction to give 4% in 36% ee.

Ph. Fh
0 ~Q

> P—N(i-Pr}
‘O""'&,d

LU T

51

Copper-catalyzed desymmetrization of N-togylaziridine 52 with Grignard reagents
has been reported (Scheme 8.30) [50].

Ph
MeMgBr, Cul” wNHTs e \/\N/{
NTs ——» Q\ >_O
~ THF. ¢ °C Ve % O,(ijuo'
52 /IA

91% ee fur Cul* = 53
53

Schame 8.30. Desymmetrisation of N-tosylaziridine 52.

A number of structurally very different copper complexes were employed as cat
alysts. The copper complex of binaphthol-derived phosphoramidite 32 and the
Schiff base complex 53 (derived from salicylaldehyde and phenylglycine) gave
promising results in a screening reaction between 52 and MeMgBr, and 53 was
chosen as the candidate for optimization. The effect of solvent (THF or Et;0),
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varfation of the mmetal in the organometallic reagent (Mg or Li), and varfation of the
Grignard reagent counterion (Cl , Br , or I } were studied, but it wag difficult to
find any systernatic trends. The best conditions consisted of a slow addition (10
mnin.) of MeMgBr to 52 and 30 mol% of complex 53. In this way, an s of 91% wag
obtained (Schemne 8.30).

2.4
Concluding Remarks

Copper-mediated enantioselective substitution reactions have undergone an inter-
esting development during the last decade. For allylic substitution, high ees have
been obtained for stoichiometric reactions and for the corresponding catalytic re-
actions with allylic chlorides and sterically hindered carbon nucleophiles. For non-
hindered carbon nudeophiles (bearing n-alkyl groups), copper-catalyzed reactions
with allylic chlorides give eex in the 50-73% range. With allylic acetate, the highest
enartoselectvity obtained in copper-catalyzed allylic substitution is 64%, also ob-
tained with nonhindered carbon nuceophiles. For vinylepoxides and aziridines,
high ees have recently been obtained in copper-catalyzed reactons with EtzZn and
MeMgBr, respectively. In conclusion, the developrments made during the last few
years look very promising, but there is still a lot more to be done in the field. Fur-
ther improvement in the copper-catalyzed enantioselective substitution of allylic

acetates, for exarmnple, would be of great synthetic interest.
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9
Copper-Mediated Synthesis of Natural and Unnatural Products

Yulipasu Chounan and Yoshinori Yamamoto

Abstract
eagents and reactions in organic syn-
thesis is measured by the extent of their usage in the synthesis of complicated
natural products. Fromm this point of view, the importance of the organocopper re-
agents 18 cornparable to that of palladium reagents. Thix chapter highlights sorme
of the most important advances in this field published from about 1995 onwards,
ag geveral excellent reviews [1] already cover papers published before then.
Applications of organocopper reagents and reactons to natural produict synthesis
are clagsified by reacton type: corjugate addition, Sy2 substitution, Si2’ substitu-
fon, 1.2-tmetalate rearrangernent, and carbocupration.
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8.1
Conjugate Addition

Conjugate addition [Z] to Michael acceptors is the most fmportant and useful
reaction in organocopper chemistry, and the reaction is often used as the key step
in the synthesis of numerous natural and unnatural products. Perhaps one of the

[EYSPRPRFSIRNN n b JR JFUSCRTIRRECUPAT IR FVR ATl (NP S OTRT) (RIS SR ol RS T APAD T pui Uy R EVI TR S R e
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copper-mediated conjugate additon to §, f-disubstituted enones.

An example of the construction of quaternary carbon can be seen in a synthetic
approach to forskolin (1) [3]. Forskelin, a highly oxygenated labdane diterpene, ex-
hibits a broad range of physiological activities thanks to its ability to activate ad-
enylate cyclase. Hanna's group’s synthetic strategy (Scheme 9.1) involved an intra-
molecular Diels—Alder cyclization of trienone 2, which should have assembled the
A and B rings of the tricyclic forskolin skeleton simultaneously. The approach
fafled to give the desired product, however, owing to the steric bulkiness of the
systerm. In order to overcome this difficulty, the construction of the forskolin
framework from tricyclic ketone 4 by 1,4-addition of methyl copper reagent was
successfully investigated. Subsequernt treatment of 4 with MeCu BF; in ether, ac
cording to Yamamotds procedure [4], provided 3 in 629 yield.
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1
= OTBDPS
Diels-Alder 0
xX—
| U TBDPS = tbutyldi i !
= tbutyidiphenylsityl
2 3
OTBDPS
MeCu
- 3
BFz-EtsO
a2%

Scheme 9.1.

Omne of the advantages of conjugate addition is that it may be used to intro-
duce sp? carbon side chaing, for example in the synthesis of (-} morphine (5) [5).
Opiun alkaloids of the [—)-morphine type have long represented challenges for
natural products synthesis because of their complex meolecular architecture, in-

wnloiter o dermos metunrls of threa rarlarocles and tore hetermeoe]les comtaiaino Hoe
VOLVIIIE 4 UCTISE DIVTWOLe O TOICE Lal oOLyLbs dT0 DWW DCTCTOUYLLS COLEININE LIVe

vicinal stereogenic carbong. One of these stereccenters (C13) iz a quaternary ben-
zylic carbon atom and therefore difficult to create. The synthetic strategy of Mulz-
er's group [6] was the first to provide a functionalized phenanthrene derivative of
type 7, with a correctly substituted aromatic ring A, and then to employ cornjugate
addition of an splunit (vinyl group) to establish this quaternary bhernzylic stereo-
center (Scherne 9.2). The cormjugate addition of a vinyl cuprate to 7, with activation
of the vinyl cuprates by chlorotrimethylsilane ([TMSCL) [7], was troubled by low
yields of 8 and by a non-polar & symmetrical dirmer byproduct. As a subsequent
refinement, the simple vinyl magnesiocuprate (CH,=CH},CuMgCl [8], in the ab-
genice of TMSCL, afforded precursor 8 as a single diastereomer in 919 yield without
any dimeric byproducts. This chirally economic asymmetric total synthesis is linear
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MeO. E cl
{HaC=CH),CuMgCl, THF MeO “

-78to0°C

Scheme 9.2

but very short, with 14-addition of the sp® carbon unit with the aid of a vinyl cup-
rate ax the key reacton.

Another of the merits of organocopper reagents is the high degree of stereo-
control in conjugate addition. The polypropionate pathway is a biosynthetic route
o important classes of antibiotics and the basic structures of a number of natural
products. In practice, each propionate-derived stereocenter [9] can be constructed
individually by adopting the aldel condensation in its numerous asymmetric ver-
sions [10]. The alternative method, which consists of the stereocontrolled addition
of a cuprate to an enantiopure y-alkoxy-e, f-unsaturated ester followed by hydroxy-
lation of the corresponding enolate, hag been reported by Hanessfan et al. [11], who
applied this method to the construction of the C19-C28 acydic chain of rifamydn
§ (12} [12]. This simple strategy, shown in Scheme 9.3, is admirable, with sequen-
tial reactions proceeding in a stereocontrolled fashion through iterative cycles of
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g ClzMe - - M
7 % = CO:Me 2. Guprate
_ Me 3.'0*
cuprate
COMe
Imversion Irversion polyproplonate
repoat repeat

nny
X
[»]
X

;IIIII
F
3
3
H

12 Rifamycin 8
Scheme 9.3. Stereocontrolled strategy for iterative assembly of
enantiopure polypropionate subunits.




9.7 Conjugrte Addition

cuprate additions, hydroxylatons, Wity chain extensions, and Mitsunobu reac
tions. This simple approach can give rise to all the combinations of stereotriads
shown ag types 9, 10, and 11.

In the cage at hand, the p-alkoxy-«, f-unsaturated esters 13, 15, 17, and 19 were
treated with lithium dimethyleuprate in the presence of excess TMSCl in THF at
—78 °C, producing the adducts 14, 16, 18, and 20 in 95, 85, 83, and 86% yields,
respectively [Scherne 9.4). It was thug possible to assernble the acycic C19-C28
subunit 21 of rifamycin 8§ (12), which represents the longest sequence of con-
figious propionate-derived unite armong the macrolides and ansa antibiotics. The
strategy has also successfully been applied to the syntheses of the (all propionate}
derived segments of such natural products as bafilomycin Ay [13], hygrolidin [14],
elaiophylin [15], and scytophycin C [16].

oBOM OBOM
m\)\/\m MasCull. ey8ICH -
1 ' Ma
R Hutyidiphenylslyl bl
BOM = barczyiwoymetiyl b
i S SNV § w il
COMe THF-7T COMe —
Me Mo
1E % 1
MCM = mathogmelyl

MopTull, MegBICL
THE-T8'C

Scheme 9.4.

Conjugate addition of organocopper reagents has also been used to introduce
multifunctional groups in the final carbon—carbon bond-forming step. The im-
munosuppressant FK-506 (25) [17] was noteworthy in its activity, which was found
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to be approximately 100 timmes higher than that of cyclosporin A, the favored drug
at that timme [18]. In1 the total synthesis of 25, by Ireland et al., addition of a vinyl
cuprate was a key step [19]. Their strategy was to couple two large building blocks,
the “top half” and “bottorn half” fragments (Scherne 9.5), and conjugate addition
of the bottormn half vinyl iodide 23 to the top half spiroenone 22 was investigated in
this comtext. Use variously of lower order cuprates and homeo- and mixed-cyano-
Gilrnan cuprates [20] gave the desired adduct 24 in yields no better than 30-40%.
An improved methodology invelved the use of a durnmy group, hexynyleopper, ag
its bis-HMPT commplex [21]. This reaction required only 1.1 equiv. of the vinyl lith-
iurn derived from 23, and gave a 70% yield of the ketone 24. High fadal selectivity
wasg formed and no diasteresmeric conjugate additon products were formed [22].
The success of this coupling procedure provides an ideal solution to the problems
of trisubstituted olefin synthesis that had been prominent in previous syntheses
[23].

Scheme 9.5,

Another example s found in the total synthesis of iso[7]-levuglandin D (30) by
Salomon et al. [24]. The cyanocuprate 27 was prepared by transmetalaton of multi-
functional vinylstannane 26 with Me,Culi-LiCN (Scheme 9.6} [25]. Addition of the
erone 18 to the multifunctional vinylecuprate 27 provided the conjugate addition
product 29 in 65% yield (based on the enone consumed).
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Scheme 9.6.

A typical one-pot, three-component coupling sequence can be found in the prep-
aration of the prostaglandin skeleton [26] in a remarkably rapid fashion by the
conjugate addition of an organocopper reagent to a substituted cyclopentanone,
followed by enolate trapping. That chernistry iz not discussed here though, since
there have beenn many excellent reviews in the past ten years [1, 27]. Yamarmoto et
al. first accomplished three-component coupling using organocopper compournds

£ g T T |
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inn the field of f-lactam synthesis [28], the key steps being addition of
cleophiles to eroates with the aid of copper amides and subsequent enolate trap-
ping with an electrophile. Palome et al. have recently reported an alternative syn-
thetic method [29]. Their strategy was based on an efficent combinaton of three
reactants, in the form of addition of organocuprate reagents to o, f-unsaturated
carboxylic acid derivatives and subsequent condensation of the resulting enolates
with an imine, ag shown in Scheme 9.7. Treatment, for example, of the Gilman
reagent Me,Culi with N-enoyl-sultam 31, followed by one-pot enolate trapping
with the fmine, produced a 57% chemical yield of the cis f-lactam adduct 32, with
high diastereoselectivity (98:2), and in excellent enantiomeric purity (> 99% ee).
The stepwise process, by way of metal enclates generated by deprotonation, pro-
vided the expected adduct in lower chemical yields and with poorer diastereomeric
and enantiomeric ratios than those attained using this method.
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R? Rz
2 COgR® 1 H
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Scheme 9.7. An asymmetric, three-component synthetic strategy for §-lactam synthesis.

9.2
Sn2 Substitution [30]

Ag well ag conjugate additions, 82 substitution reactions with organocopper re-
agents are frequently used in varlous synthetic processes. In a total gynthesis of
brevetoxin B (33), an active principle of the poisonous waters associated with the
red tide phenomenon, substitution on an sp? carbon center by a functional orga-
nocopper reagent is employed as one of the key reactions (Scheme 9.8) [31]. To
carry out the formation of the D ring, alkyl iodides 35 and 36 were transformed
into their lithio derivatives by halogen-rnetal exchange with t-Buli and into the
cyano-Gilman reagents R(2-thienyl)Culi-LiCN [32], which coupled easily with the
lactone-derived enol triflate 34 to afford desired oxepenes 38 and 39 in 509% and
49% yields, respectively. In view of the lack of stereoselectivity in these substitution
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the stereochemical outcome of the process. Its coupling with the enol triflate 34
by way of the cyanocuprate afforded 40 in an 85% total yield and with a diastereo-
gelectivity of ca. 2.4:1 in favor of the desired stereoizomer. The diasterecselectivity
iy quite superior to that obtained in the two preceding cases. It should be noted
here the uge of the solvent systemn Bt;O:THF:HMPA (1:1:1) in this coupling reac-
tion was important for the stereoselectivity observed. Compound 40 was converted
to the DEFG lactone segment in several steps.

Sy2 substitution using organocopper reagents is an efficient method for the
gynthesiz of 3-substituted olefins. In the synthesis of farnesyl diphosphate ana-
logues (43, 45) as potential inhibitors of the enzyme protein-farnesyl transferage,
for example, organocopper methodology was compared with the Stille reaction [33]
and the Suzuki reaction [34], frequently used in the coupling of vinyl triflates with
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Schame 9.8.

a variety of organotin nudeophiles and boronic acids to introduce functional groups
onto sp? carbon atoms [35]. In this cse, neither of these palladium-catalyzed cou-
pling reactons was amenable to the introduction of a cyclopropyl or t-butyl nucle-
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ophile. On the other hand, treatment of vinyl triflate 41 with 1.5 equiv. of
t-BuCu[CNILi [36] it ether at —78 °C for 1 h produced the desired ester 42 in 68%
yield (Scheme 9.9). Coupling of 41 with the lower order cycopropyl cyanocuprate
reagent at —78 °C for 1.5 h also afforded 44, in 71% yield The double bond geo-
rmetry wag maintained during all these cuprate coupling reactions, and norie of the
undesired but more stable trans isorners of 42 and 44 were isolated.

R'SnXy, Pd/Cul
)\/\J\/\/l\/u\ e e
R'B(OH);, Pdbase
Suzuki reaction
T= Inﬂuurumaihanasulfun;ﬂ
M | L
"
~ ~ s OEt
8% a2
)\/\/‘\/\:\i//\ gy
Il 1]
= E o o o
o o
3-desmethyitarnesyl diphosphete analog
13
[>—cuenyui 0
L) -
Et0, 78 'C = = Sy OEt
1% 44

Scheme 9.9,

In a total synthesiz of cdcZ5A protein phosphatage inhibitor dysidiolide (46}
[37], substitution on an sp* carbon center by vinyl cuprate wag usged to accom-
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plish elaboration of the side chain [Scherne 9.10) [38]. The C-1 side chain was set
in place by means of iodide displacement with the vinyl cuprate derived from
2-lithiopropene (10 equiv. of 2-bromopropene, 21 equiv. of t-Buli, 5 equiv. of Cul,
E, 0, —30to 0 °C, then 0 °C for 30 rnin) to afford 48 in1 979 yield.

2-bromopropens, #Bull, Cul,
Etz0, —30 t0 0 *C, 30 min

47
TBDPS = +-butyldiphenylsityl
Scheme 9.10.

Several groups have recently accomplished various intrarnolecular and inter
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palladiurm catalysts, with transmetalation of organostannanes with the copper(I}
salt serving to generate organocopper(l} species [40]. To explore the cephalo-
sporin analogues as f-lactam antibiotics possessing high antibacterial activity, a
non-palladium Stlle-type reaction was used in the synthesis of C{3)-substituted A*
cepherns [41]. Treatment of the 3-halomethyl-A*-cephems 49 with tributylvinyltin
(1.5 equiv) and copper chloride (1.0 equiv) in the presence of terpyridine (1.0
equiv, added for coordinative stabilization of the generated vinylcopper gpecies)
in N-methyl-2-pyrrolidinone at room temperature predominantly afforded the 3-
allyl-A*cephern 50 in 68% yield (Scheme 9.11). Copper-promoted reactions with
allenyltributyltin, allyltributyltin, and styryltributyltin were also successfully applied
to the synthesis of cephem derivatives, giving the desired coupling products in
84%, 61%, and 50% yields, respectively.
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7-Aminocephaloaporanic Ackd {(7-ACA)

CuC, tarpyridine
R-SnBuy

BusSnC

PhCHSCONH, PGH,CONH,
o o
Uy H M2 Uy Hy Ol

S-Halometiyi-A%-caphama 0
X=0i,Br 1 R = HeC=CH- (B5%)
HyQmCurGH- (B4}
4 HeC=CH-CHy- (61%}
PhCH=CH- (B8%)
Scheme 9.11.

Sw2 Reactions with epoxides and aziridines are also synthetcally useful. An
exatnple of epoxide cleavage with an organocopper reagent with sp? carbon moi-
eties is the enantioselective synthesis of (35, 45)-4-miethyl-3-heptanol (53), an elm
bark beetle (Scelytus multistriotus) pheromone [42]. The chiral epoxy oxazolidine 51
[43], prepared from (R)-phenylglycinol, reacted with a propylmagnesium bromide-

Asvromd  sgaends ot TN o de afemed dhs poneelidieea ©F e TAD wiald (Qalimg s
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9.12). Compound 52 was converted into the target molecular 53 by conventional
procedures.

Epoxide ring-opening with transfer of an sp? carbon molety was applied in a
short synthesis [44] of eicosanold 56 [45], relevant in marine prostanoid biosyn-
thesis (Scheme 9.13). Homoallyl aleohol 55 was obtained in good yield from 54 by
use of a cyano-Gilman alkenylcuprate [46].

Cleavage of aziridines has been employed in the asymmetric total synthesis of
pancratistatin 57 [47], a compound that ix the object of considerable attention
thanks to its broad spectrum of antineoplastic activities [48]. The chemistry of
vinylaziridines has for the most part been confined to their use in rearrange-
ment sequences resulting in functionalized pyrrolines. Hence, becauge of the lack
of data concerning the ring-opening of vinylaziridines with carbon nucleophiles,
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there was a need for a preliminary study of the opening of aziridines with different
organometallic species. According to this, whereas lithium diphenyleyanocuprate
only shows anti-Sy2 substitution, organometallic reagents predominantly react by
sym-Sy2° substitution; no explanation for this divergent reactivity iz given. Orthe-
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lithiation [49] of a ditnethylamide species 58, followed by cuprate formation ac
cording to Lipshutz et al. [50], provided the required cyano-Gilman reagent 59
(Scherne 9.14). The reaction between 59 and the activated aziridine 60 gave a 75%
yield of the product 61. This is the first examnple of the preparation of cyano-Gilman
cuprates by amide group-directed ortho-metalation.

OH
HO. -~ OH

CuL+LICN
<° 1} s BuLl, TMEDA, THF <: X
O 00"“9: 2} GuGN OONMGg

OTBS OTBS
58 59
TBS = thutykdimetiyisiyl

CEEK BFyElp0, THF, 78 ‘Clort

TsN®

80
Ts = p-tolusnesutforyl

Scheme 9.14.

9.3
Sn2’ Substitution |51]

Organocuprates react rapidly with allylic halides (or acetates), propargyl halides (or
acetates), and vinyloxiranes, frequently with 842’ regiogelectivity. The reaction
ordinarily takes place with anti (with respect to the leaving group) stereochemistry.
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In an alternative synthesis of pancratistatin (57) by Trost et al. [52], (Scheme 9.15)
addition of the Grignard reagert 63 [53] to a mixture of the azide 62 and copper
cyanide reproducibly gave the desired adduct 64. Because of the difficuldes asso-
clated with purification of adduct, the overall yield of the two steps (the next being
dihydroxylation of the olefin) was 629%.

[v) MgBr
0CO,CHs o e
K o
@Eo CUCN, THF, ether, 0 'C
Ny
64
Scheme 9.15.

When an allylic carbamate is employed ay a substrate, on the other hand,
syn substitution occurs [54]. For example, two efficient synthetic routes to 1o,25-
dihydrogy-16-ene-vitarnin D5 (65) and its analogues have been developed (Scherne
9.16) [55]. It route A, the CD side chain fragments 67 and 69 were prepared by
Sw2’ syn substitution of allylic carbamates 66 and 68 with RsCu; iy, and the triene
unit was then constructed by coupling with the A ring fragment In route B, Sy2
sy allylation of the carbarmate modety took place on the intermediates 70 and 72,
already possessing the vitamin D trlene unit, to afford the precursors 71 and 73.
Both routes gave the desired allyl products in high yields

In gyntheses of the potert tetrapeptide mirnetic farnesyl transferage inhibitors
B956 (80) and BI57 (81}, the double bond pairs were constructed by application of
iterative Nozaki-Hiyama-Kishi (NHK) and cuprate Sy2’ reactions [Scherne 9.17)
[56]. The preparation of the precurser 75 for the Ibhuka—Yamamoto Syx2’ replace-
ment reaction [57] was carried out starting from 74, by means of the already men-
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isostere 76 was effected by coppermediated displacement with alkyl nucleophiles.
In practice, anti-Sy 2’ diastereoselectivity with high F olefin selectivity was observed
for the first iteration, on treatrent of 75 with the reagent produced by additon of
BF3-Et, 0 to a mixture of -PrMgCl and CuCN. In the second iteration, the unusual
Z olefin 78 — not the E olefinic product 79 expected from the normal enti pathway
— was obtained as the major isomer from the Sy2’ reaction of 77, again prepared
through an NHK sequence. Compounds B956 and B957 were prepared in high
yields from 78 and 79 by the usual sequernce, both with »95% purity. This iterative
NHK reaction followed by Sy2’ substitution thus demonstrates the widespread
utility of organocopper reagents in the preparation of olefinic peptide mimetics of
other interesting peptides.
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the aid of a regioselective Sy2/ substitution of the allenic compound 83 (Scheme
9.18) [59]. The most critical step in the synthesis of 82 ig the preparaton of the
intermediate 85. Aryl copper reagent 84 was prepared ag the substitution part:
ner, since it is known that Vermeertype organocopper species [60] of formula
RCuMg,Br; LiBr exhibit good regioselectivity in Sy2' reactions [61). Treatment of
84 with the bromoallene 83 gave the desired propargyl product 85 ir1 60% yield.

Aziridine cleavage based on an Sy2” reaction was used for the synthesis of pep-
tides bearing F alkene dipeptide isosteres, a novel class of potent bombesin recep-
tor antagonists [62]. Treatmert of the vinylaziridine 86 (Scheme 9.19) with isobutyl
and isopentyl magnesiocyanocuprates in THF at —78 °C for 30 min. stereospedfi-
cally gave the desired F alkene isosteres 87 in high isolated yields [63].
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Scheme 9.19.
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1,2-Metalate Rearrangements

A 1,2-metalate rearrangement of a higher order cuprate, known ag a Kodenski
rearrangernent [64], was uged as a key step in the synthesis of the marine anti-
inflarnmatory sesterterpenoid manoalide 95 (Scheme 9.20) [65]. Treatment of the
alkenyl lithium 89 (prepared from the alkenylstannane 88 with sBuli in a diethyl
ether-pentane mixture) with the homocuprate 91 (produced from fodoalkane 90)
gave the iodoalkene 94 in 72% overall yield from 88. The reacton proceeds ag fol-



9.4 1,2-Metalate Rearrangements

lows. The cuprate reagent 92 ix first formed from 89 and 91, and 1,2-metalate re-
arrangernent then takes place as shown by the arrows in 92 to give 93. Iodonolysis
of 93 results in 94.

1] HEuL, EtCk-pantana, -0
2] CuBr-Musg, m&.o.-mn1am

Scheme 9.20.

The “western part” 97 of tylosin aglycon (96}, a 16-membered macrolide, hasg
also been syrthestzed using this Kocfenski metalate rearrangement [ 66]. Treatrnent
of the lithiated dihydrofuran 99 with the stannyl cuprate [67] obtained from
BusSnli and CuCN, followed by Mel alkylation, exclusively gave the E vinyl stan-
nane 100, in 809 yield. In the last stage, stannyl cupration [68] of the deprotected
enyrie diol 101 afforded the desired (E, E) stannyl diene 97 in 859 yield.

The advantage of this strategy is thus the subsequent trapping of the metalate
rearrangement product to provide a clean, efficdient, and highly stereoselective route
to the trisubstitued alkenes.

307
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OH
tykonolide {tylosin aglycon)
]
SnBug o
| N
I + w
HO >'WOH
| i, ‘rmo
| OH r
HO “OH

Wastem Part Eastern Part

97 ]
SnByy
TIPSO 1 Li-LiGN |
) (BusSnpGu - TIPSO
/ o Li 2) Mel
Korianskd rearmangemant " OH
29 B30% 100
TIPS = trilsopropylsiyl
g
sl'lBI.I;
| 7
| (BugSn){Bu}CuliLiCN |
HO
HO stannyl cupration
" gH
|“ OH
a7 85% 10

Scheme 9.21.
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Bull, Mell, GUCN, H——H

BuySnSnBuy BuySn(Me}CuL-LICN
THF, -78 *C

N

BusSn o
ol | Horme g
Ry NOEt k/\/u\
RN ot

CauLn

82%, 251, ZE: ZZ
103

Scheme 9.22.

95
Carbocupration [69]

The carbocupration of alkynes occurs in a ds fashion to afford the synthetically
useful cis alkenyl products. Recently, copper-mediated introduction of heteroatoms
such ag stannyl and silyl groups has become frequently used in place of introduc-
tion of carbon units as an efficient strategy to build important precursors in syn-
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thesis. The synthesis of stipiamide 102 [70], possessing anti-HIV and antifunigal
activitfes, was accornplished with high selectivity in a single operation, using se-
querntial tin-copper syn additions [71] of tributylstannyl cuprate to acetylene, fol-
lowed by conjugate addition to ethyl propionate. The stannyl cuprate wag prepared
first, by treatment of hexabutylditin with butyllithium, methyllithium, and copper
cyanide in THF at —78 °C [72] (Schemne 9.22). Excess acetylene gas was added di-
rectly to the cold solution, and ethyl propionate was then added. After quenching
with methanol [73], the diene ester 103, intended as the precursor for a Stille cou-
pling, wag obtainied in 829 yield based on ethyl propionate, with greater than 25:1
ZEZZ selectivity. The stipiamide (EEZEE) olefin structure was subsequettly
achieved, using the Stille coupling as the final step.

Ag described above, many copper-mediated reactions play important roles in the
syntheses of natural and urmatural products. To date natural product syntheses
using organocopper reagents have been accornplished, and will undoubtedly be
increasing greatly from now on.
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10
Mechanisms of Copper-mediated Addition and
Substitution Reactions

Seiji Mon and Eiichi Nakamur

10.1
Introduction

The use of organocopper chemistry in synthesis dates back to the nineteenth cen-
tury, when Glaser developed copper-catalyzed coupling of terminal alkyries [1]. Half
a century after Kharaschis initial discoveries in the 1940s [2], copper reagents are
still the most useful synthetic reagents among the transition metal complexes [3],
the key roles of copper having become widely recognized in organic synthesis [4-
10]. Conjugate addition [11-14], carbocupration [15], alkylation [16], and allylation
[17] represent the reactfons that can be achieved readily with organocopper re-
agents but not with other organometallics. The most important utility of copper
in orgarnic chemistry is in the form of nudeophilic organocopper(I) reagents used
either in a catalytic or a stoichiometric manner. Generally formulated as [R;Cu]M,
with a variety of metal M and R groups, organocuprate(I) complexes and related
species are uriquely effective synthetic reagents for mucleophilic delivery of hard
anionic micleophiles such ag alkyl, vinyl, and aryl anions (Scheme 10.1).
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Scheme 10.1.  Nucleophilic reactivities of organocopper
reagents. R = sp?, sp? carbon anionic centers; X, = halogen,
etc.
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Gilman reported in 1952 that addition of one equivalent of Meli to a Cu! salt
results in the formation of yellow precpitates, which then afford colorless solutions
upen additfon of another equivalent of MeLi [Scherne 10.2) [18]. In 1966, Costa
ixolated a comnplex between phenyleopper(I) and magnesium, as well ag crystals
of a lithiurm diphenyleuprate(I) complex [19]. Although the organocopper re-
agents derived frorn Grignard reagents are widely used and may be described as
R;CuMgX, the extent to which to this reflects the reality in solution is still un-
certair.

BLi RLi
Cul = RGJ Ll o= RpCali- Ll

oranLCoIpeEr redgent  crganocuorate reagent
2 AMgY
Cax e R,CuMgYelo XY

Scheme 10.2. Preparation of organocopper reagents.

The organic chemistry of organocuprates started its rapid development in 1966,
when House showed that the reactive species in conjugate addition ix the lithium
diorganocuprate(I) called a Gilman reagent [20]. The foundations for vigorous
subszequent synthetic development were laid by Corey, and important initial devel-
oprments such as substitution reactions on sp? carbon atomns or in allylic systems
[16, 17, 21-23], and carbocupration of acetylene [24] had been reported by the mid-
1970s.

The nature of “Gilman reagents” now needs some careful definition. While nu-
merous reports (older ones in particular) describe Gilman reagents as R;Culi, a
vast majority of them actually used a IiX complex R,Culi-LiX, prepared by in situ
treatment of RII with CuX (X = bromide, {odide, or cyanide, sometimes with a
ligand such as Me,8 and PR;). Although R,Culi and R;Culi-LiX may display
largely the same reactivities, Lipshutz [25] showed that they are in fact different
gpecies by analysis of reactivities and gpectroscopic properties (the case of X = CN
(cyano-Gilman cuprate) is discussed in Sect. 10.6.4). Even: small solvent differences
may affect the composition of the reagent and hence reactivity [26)]. Because of thig
complexity, it is now customary to indicate all ingredients uged when describing a
reagent (for example, R, Culi-Iil-Me;S/BF; Et;O in THF hexane). Understanding
of the aggregation state is fundamental for discussion of the reaction mechanism
(see Chapt. 127, 28]. In diethyl ether, Gilman reagents largely exist ag dimers, but
in THF solution, they exist as R;Culi-1iX or ion-pair species (R;Cu  + Lit). These
gpecies are in equilibrium with each other [29]. It hag been suggested that aggre-
gation of copper species affects enantioselectivities of stoichiometric and catalytic
asymmetric conjugate additions [30]. RCu itself is not reactive, and addition of a
Lewis acid such as BF: is necessary to obtain high reactivites [5, 31]. The latter
approach is often used in organic synthesis (see Sect. 10.6.1) in which the identifi-
cation of the true reactive species has yet to be achieved [32).

Organocopper chemistry is still rapidly expanding its synthetic scope. The scope
of carbocupration, previously limited to acetylenes, has recently been extended to
olefing [33-36]. 1,6-, 1,8-, 1,10-, and 1,12-Additon and 1,5-8x2" substitution reac-
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fons of substrates with extended conjugates have been developed (see Chapt 4)
[14, 37-39)]. Enantioselective corjugate additon [40] has become truly useful with
the aid of dialkylzine, cationic copper catalyst, and a chiral ligand (Eq. 1, see also
Chapt. 7) [41]. Magnesium-based reagents have found use in quantitative fivefold
arylation of Cgy (Eq. 10.2) [42] and threefold arylaton of Cyy [43], paving ways
to new classes of cyclopentadienyl and indenyl ligands with unusual cherndcal
properties,

Cu(OThHz(27%) 1

/\j\/ v}\o CHS -
- O .CH
ligand (4 %) ace 3 (10.1)
CHy 30, 30 c S
B4 % O
=08% ge

ligand

o . C _
Oy e,

I Rigx/CuBrMe:5

(10.2)
285% y.eld

F2 = aryl, methyl

Nurnerous investigations have been made into the reaction mechanisms of orga-
nocopper reactions and the design of efficient copper-mediated reactions, resulting
in the reporting of many crystallographic and spectroscopic studies of reactants
and products (for analysis of organocopper(I) complexes see Chapt 1.), ag well as
examination of solvent effects, substituent effects, kinetics, and NMR spectroscopic
data of reactive intermediates. Nevertheless, information about the nature of reac
tive species in solution and thefr reactiviies is fragmentary and incomplete [44].
The most widely accepted “resting state” of lithium organocuprate(I) species in
solution is represented by the eight-centered dimer (R,Culi); shown in Eg. 10.3,
but there is litile consensus on the “reactive conformation of a true reactive
species” (see Chapt. 1). Making matters worse, the structures of the final copper
containing products are generally unknown. Thoge exploring the frontiers of orga-
nocopper chemistry in industry and academia desperately require better mecha-
nistic understanding,

H Cu K

| | + 1 R ?

L' = Li+Fl — =|RCuR - R-El- Cu()? (10.3)
| | '

R—Cu—HR

Two sources of mechanistic information, new analytical and new theoretical
methods, have surfaced in the past several years. The former class includes new
methods in the study of kinetic isotope effects, in NMR spectroscopy, and in X-ray

nr
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absorption spectroscopy [EXAFS (extended X-ray absorption fine structure spec-
trogeopy) and XANES (Xray absorpton near edge structure spectroscopy)]. The
latter category includes new developmments in ab inito and density functonal
theorfes. In this chapter, recent progress on mechanisms of copper-tnediated addi-
tion and substitution reactions is discussed in the context of the following topics:

(1} conventional mechanistic schemes for copper-mediated reactions,

(2} reacton pathways of organocopper-organometallic aggregates as analyzed
through combination of theoretical and experimerntal data,

(3} mechanisms of copper-catalyzed reactions [45, 46).

Three important categorfes of copper reactions — corjugate addition, carbocupra-
tor, and alkylation — are discussed

10.2
Conjugate Addition Reaction

Copper-mediated conjugate addition of alkyl anions to «, funsaturated carboryl or
related compounds (hereafter called enones) has long attracted chemists’ interest
because of its synthetic importance and its obscure mechanism. The difficulties
inherent in the elucidation of the mechanisms of corjugate additions are due to
the complexity of cluster structures of organocopper spedes. Inn the light of con-
trasting reports [one reporting conjugate addition to be slower in THF than in
ether [47, 48], another reporting faster reaction in toluene, and further additional
reports that, in toluene, 14-addifon can be promoted over 1,2-addition in the
presence of Me, O [49] and Me, 8 [50]), solvent effects are a difficult subject to deal
with. Nevertheless, there have been extensive experimerntal studies on the reaction
mechanisms of conjugate addition.

10.2.
Four-centered and Six-centered Mechanisms

Four-centered addition of RCu to an enone was widely discussed in the 1960s
(Scheme 10.3a) [51-53], while discussions on six-centered transition states have
continued until recent times [Scheme 10.3b) [54]. These mechanisms do not,
however, explain the formation of E/Z mixtures of enolate steresisomers [20, 55]
and must now be considered obsolete.

X
C RCu+ R :I« R O
A BUK O b X aux Gu T Acu
- U~ - . - o -
” a) R 7 RY = |
SCH,

Scheme 10.3. @} 1.2-Addition and b} 1,4-addition proposals.
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10.2.2
Single-electron Transfer Theorem

House pioneered synthetic and mechanistic studies of cuprate reactions in the
1970s. His papers proposed a mechanism (Scheme 10.4) that assumes a single-
electron transfer (SET) from the dimer, producing a Cu'! intermediate [56, 57].
The SET/Cu' theorem had a strong following for many years. However, most of
the experimental facts listed below, once considered to support the SET process, are
now no longer accepted as evidence of SET. Only the Cu!™ hypothesis has survived
the test of tirne.

L ey
; T g

R SET
(il B : ~ = RA-L-R
Jd 11" n
i Li—R )
i U R ?l_ \ -
L"Tu Cu Y,
R—Li—R .
o redustive
R—L— elimination

c | e Y
Hu—|_i—crirj \_(O-- N <o

Scheme 10.4. House's 1,4-addition mechanism.

(1) E/Z isomerization of the olefinic part of an enone was once taken as evidence
for reversible electron transfer. It wag later reported, however, that this fsomer-
ization takes place even in the presence of Lil, a common component of the
Gilman cluster reagent (for example, Me,Culi-Lil} [58]. Such an isometiza-
tion is also possible through reversible generation of an advanced d-z* copper/
enone complex along the reaction pathway [42, 59), and hence does not repre-
gent strong evidence for SET.

(2) Qualitative correlation of the apparent rate of 1,4-addition with the reducton
potential of the enone was later proven to be only superficdal, through quant-
tative kinetic studies by Krauss and Smith [60].

(3) f-Cyclopropyl e, f-unsaturated ketones such ag the one shown below often give
ring-opening products, which was taken as strong evidence for radical anion
formation by SET. An elegant study by Casey and Cesa, using a deuterfumn-
labeled substrate, indicated stereogpecificity in the cyclopropane ring-opening,
which hence refutes the radical mechanism (Eq. 10.4) [61]. On the basis of a
series of control experimerts, Bertz reinterpreted the results in terms of Cu'™
intermediates formed by two-electron transfer [62].

319
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CUErﬂC4Li
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(4} ESR and CIDNP studies intended to detect the radical irtermediates fafled [63].
Conjugate additfion of a vinylcuprate reagent to an enone takes place with re-
tention of the vinyl geometry, indicating that ne vinyl radical intermediate is
involved [64, 65). Kinetic isotope effects and substituent effects in cuprate ad-
dition to benzoepheneone indicate that C C bond formation is rate-determining,
which is net consistent with the involvernent of a radical {on pair intermediate
[66).

SET processes do not occur among moderately electrophilic olefinie acceptors, but
are likely to be involved in highly electrophilic substrates. Some recent examples
are the polyadditions of cuprate to fullerenes [ Sect. 10.1.1). Fluorenone ketyl radical
has been detected in a cuprate reaction of fluorenone [20]. Doubly activated olefing
[67-69] and bromenaphthoquinene [70] alse probably react through SET.

10.2.3
Kinetic and Spectroscopic Analysis of Intermediates

Corjugate additions to «, f-unsaturated ketones and esters are the most finportant
cuprate reactions. Kinetic studies by Krauss and Smith on MeyCuli and a variety of
ketones revealed the following kinetic characteristics (Eq. 10.5), first order both in
cuprate dimer and in the enone [60].

kl kp
{MeaCulijz + encne ‘intermediata product
L] _
K kiika (10.5)
dlintenmediate) KE(CH:)CaLi)
- — i C Jenone
et I+ K[(CHLCula)

This rate expression it consistent with the reaction scheme shown in Eg. 10.6, for-
mulated on the basis of the Krauss—Smith paper. Thus, the initially formed cuprate
dirner/enone complex with lithium/carbonyl and copper/olefin coordinations [71,
72] transforms into the product via an intermediate or intermediates. A lithium/
carbonyl complex also forms, but this is a dead-end intermediate. Though detailed
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structires of the intermediates were unknown for a long time, the essence of this
scherne wag supported by subsequent NMR and XANES spectroscopic studies and
recent theoretical fnwestigation. The key “'irtermediate” is now congidered to be an
organocopper( 111} species formed by two-electron, inner sphere electron transfer
(Eq. 10.6) (see Sect. 10.2.5).

N T s :
13 el MYe

R—Cu—R
i
'-'__'-_||:{—6U—R ‘l_\ ) |
'L[i L —= Lio” - Lio/%'\\
1.1
A—Cu—ft T R
“intarmed ate” rate determing step

Corey explicitly proposed a Dewar-Chatt—Duncanson (DCD) interaction for such a
Culljolefin complex [73]. XANES investigation of a complex formed between a
trans-cinnamate ester and Me,Culi-Lil in THF indicated elongation of the C=C
double bond and an increase in the coordination number of the copper atom. NMR
studies on the organic component in the complexes indicated loosening of the
olefinic bond [72, 74]. Very recently, Krause has determined the kinetic activation
energies (E, = 17-18 keal mol !} of some conjugate addition reactions for the first
time [75].

An intermediate formed on 1,6-addition of a cuprate to a dienone has recently
beenn examined by low-temperature NMR spectroscopy. This reaction passes
though a Cu/olefin z-complex intermediate A, in which cuprate binds te the & and
the f-carbon. Further 1 3-rearrangement from another intermediate (B} to stll an-
other (C} is proposed (Eq. 10.7) [76].
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Fig. 10.1. Proposed catalytic cycle of copper-catalyzed conjugate addition.

10.2.4
Catalytic Conjugate Addition

There are a large munber of reports on copper(I)-catalyzed conjugate additions,
yet there ix only scart information available about their reaction mechanisms.
Recently, the comjugate addition of organozine compounds to enones was found
by Kitamura, Noyori, et al. to be catalyzed by N-benzylbenzenesulfonamide and
CuCN, and the mechanism was scrutinized (Fig. 10.1). The kinetic rate was found
to be first order in the concentrations of the catalyst that exist in equilibrivmm with
R;Zn and enone [77].

Inn the enantioselective copper(I)-catalyzed conjugate addition of a cyclic enone
with a chiral ligand, the observed nonlinear effects indicate that Cu(I) aggregates
patticipate in the reaction [78].

10.2.5
Theoretically Based Conjugate Addition Reaction Pathway

The reaction pathways of conjugate addition of Me,Culi and Me;Culi-LiCl have
been studied for acrolein [79] and cyclohexenone [80] with the aid of density func-
tional methods, and fit favorably with the *C NMR properties of intermediates,
kinetic isotope effects [81], and the diastereofacial selectivity. A similar mechanism
also operates in this reaction, as summarized in Scheme 10.5. The rate-determining
gtep of the reaction (TSec) is the C C bond formation caused by reductive elimi-
nation from Cu™™ to give Cul.
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Scheme 10.5. Plausible pathway of conjugate
addition of {R2Culi)> to enones. Solvent
molecules are omitted for clarity. The lithium
atoms are fully solvated and the R Li

CPop and TSee may be extremely small or
nonexistent in solution. Here, in Schemes 10.7,
10.9, and 1016, and in Fig. 10.5, the X group
can be RCuR, halogen, etc.
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association indicated with a broken line {*) in

TSee is also the stage at which the enantiofacial selectivity of the reaction is de-
termined [80]. This conflicts with the conventional assurnption that the face selec-
tivity iz established in the initial #-complexation [40a], which iz now shown to
repregent a preequilibrium state preceding TScc. The calculated activation energy
taking the solvation of the lithium atoms into account shows reagonable agreement
with recently determined experimental data [75].

The central feature of the mechanism is the 3-cuprio(III} enolate Cpop, of an
open, dimeric nature, ag shown by comparison of theory with experimentation in-
volving *C NMR and KIEs [80, 81]. This species serves as the direct precurser to
the product (Scheme 10.5, top box). In thig critical CPop complex, coppet/olefin
(soft/soft) and a lithium/carbonyl (hard/hard) interactions are present The open
complex may be formed directly, by way of an open cluster (bottom left of Scheme
10.5), or by complexation of a closed cluster with the enone (CPd). Experiments
have ghown that the enone/lithium complex (top left of Scheme 10.11) is a dead
end species [60, 74].

The CPop intermediate iz the “f-cuprio ketone” intermediate widely debated
in mechanistic discugsions of conjugate addition (cf. Scheme 10.3). Gn the basis
of recent theoretical analysis, two limiting structures for CPop may now be con-
sidered; these are shown in the bottomn box in Scherne 10.5. The reason for the
exceptional stability of CPop as a trialkylcopper(III) species can be readily under
stood in terms of the “f-cupriofIll} enolate” structure, with the internal enolate
anion acting as a strong stabilizing ligand for the Cu!'! state [82].

In spite of the apparent difference between conjugate addition and arbocupra-
tion reactions {Sect. 10.3.2), the similarities between the key organometallic fea-
tures of the two reactions are now evident. In both reactions, inner sphere electron-
transfer converts the stable C Cu! bond into an unstable C Cu®™ bond, and the
cluster-opening generates a nudeophilic, tetracoordinated alkyl group. The differ-
ence is that the product of conjugate addition (PD) remaing ag a lithium enolate
complexed with RCu! (Scheme 10.5), while the initial product of carbocupration
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(INT2, Scherne 10.7) undergoes further reaction (Li/Cu transtmetalation) and gen-
erates a new organocuprate compotind. [Note however that this difference could
becomne mote subtle since the product of conjugate addition (PD) might behave
mmote like an a-cuprio(I) ketone complexed with a lithium cation [52] than a lithium
enolate complexed with copper{I}). In neither reaction wag any evidence of radical
intermediates (fe., SET) found by theoretical caleulations [79].

Synthetic cherndists can now work with three-dimensional pictures of the con-
jugate additon available on a website [80]. In the absence of steric hindrance
(5-mmethyleydohexenone, for example), an “axial attack™ through a half-chair con-
formation is favored, while in the cortisone synthesis an “equatorial attack”
through a halfbeat conformation i favered because of the constraint imposed by
the bieyclie rings [83].

r - C e
— - Me--| 73 Ma
H t

- iMe:Cuti),

ayxial attack
N N
Qi N Qo
. ) OSiMe > 08iMey
ST i
I H

+ RCU(X)M*

eqoaterial attack

Scheme 10.6. Transition states for diastereoselective conjugate
additions. In solution, the lithium and M cations must be fully
solvated with solvent molecules. The Me Li association
{indicated with an asterisk} will be extremely weak or
nonexistent in solution.
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Carbocupration Reactions of Acetylenes and Olefins

10.3.
Experimental Facts

The carbocupration of acetylene takes place smoothly in a ¢is fashion, providing a
reliable synthetic route to vinyl copper species (Eq. 10.8)[24]. Magnesiurn and zing,
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which are more Lewis acidic than lithfum, are better counter-cations for this reac
fion, and strong coordinaton of a lithiumn dialkyleuprate(I) with a crown ether
dramatically slows down the reaction [84]. This reaction used to be generally con-
sidered to proceed through a four-centered mechanism, and hence 1o be mecha-
nigtically different from conjugate addition.

c A
(10.8)

DCD campiex  fqur-centared TS

In the addition of Me;Culi reagents to electron-deficient acetylenes [85-88], DCD-
type complexes have been identified by NMR [84, 89]. Ax shown below, an ynoate
affords a vinylcopper intermediate, while an ynone instead affords an allenolate
(Eq. 10.9). The origin of this diversity remains unclear A related carbocupration
mechanism hag also been proposed for the reaction with allenylphosphine oxide
[33]. Olefin carbocupration of dienes [90] and cyclopropenes [34, 36] is known, but
these mechanisms also remain unclear.

* = OMe FB COOMe

X
_ M_egcm-um\?/&o WA
R—==—f g y i (10.9)
M e -

Ma
F=Bu Me.Si DD complex ®=Me pag OLi
10.3.2

Theoretically Based Carbocupration Reaction Pathway

The carbocupration of acetylene has been studied systernatically for five model
species — MeCu, MeyCu , MeyCuli, MeyCuli-IiCl, and (Me;Culi)y [91] — all of
which have been invoked once in a while in discussions of cuprate mechanisms.
A few general condusions have been made regarding the reactivitfes of thege re-
agents with #-acceptors:

(1) The copper d-orbital being very low-lying (hence no redox chemistry available)
[92], MeCu can undergo addition only through a four-centered mechanism (Eq.
10.8).

(2) This fourcentered pathway requires a large amount of energy, since the co-
valent Me Cu bond (55 kcal mol ? [93]) must be cleaved. A neutral RCu spe-
cles is therefore not a reactive nudeophile.

(3) Being electron-rich (thus with high-lying d-orbitals), lithium cuprates such as
(RoCulLi)y bind tightly to acetylene through two-electron donation from a cop-
per atom (cf. CP in Scheme 10.7). In such complex formation, a cluster struc-
ture certainly larger than the parent species Ry Culi is necessary to achieve co-
operation of lithium and copper.

325
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Scheme 10.7. Trap-and-bite pathway of carbocupration.

The reaction pathway may be viewed ag a "trap-and-bite” mechanism; the struc-
tures involved are shown in Scheme 10.7. The cluster opens up and traps the
acetylene (INT1), transfers electrons, and then “biteg” the substrate to form a C C
bond (TScc). The important events incude formation of a DCD-complex (CP) via a
low energy TS (TScp) [94], inner-sphere electron transfer to form a transient in-
termediate INT1, C C bond formation through the rate-determining stage TSec,
and intra-cluster transmetalation from lithium to copper(I} (INTZ2). The DCD
character of CP iz shown by the localized molecular orbitals (LMOs, Fig. 10.2), and
has also been found in conjugate addition reactions to enals and enones [79]. Since
the C CuM bond is very unstable, the activation energy for C C bond formation
via TSecce becornes small (<20 keal mol 1), In solution, the reaction may go directly
to INT1, or to related species through an open cluster.

It should be noted that the depictions of the “organic’ arrows and the indications
of the valence of the eetal ag in Scheme 10.7 (and others in the following para-

LMO1 | LMO2

Fig. 10.2. Localized molecular orbitals of the complex {CP}
between Me,Culi-LiCl and acetylene.
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[,
L

INT2

Fig. 10.3. “Snapshots” of intermediates on the potential
energy surface of carbocupration of acetylene.

graphs) are necessarily inaceurate from a purely inorgaric or theoretical viewpoint.
We have nonetheless indicated thern, to put the theoretical results into the context
of conventional organic chernistry, and to faclitate understanding of the chernistry
by organic chernists using the reagents in everyday research.

Figure 10.3 shows "snapshots” of intermediary species on the potential surface
of arbocupration to fllustrate the transformation of the reacting cornplex. The for-
mation of the transient carbolithiated intermediate INT2 is the most striking fea-
ture, because recognition of this irtermediate provides the key to understanding of
the kinship of carbocupration, Sy2’ allylation (Sect. 10.4.2), and conjugate addition.

10.4
Substitution Reactions on Carbon Atoms

10.4.7
312 Mechanism of Stoichiometric Substitution Reactions

Sw2 substitution reactions of alkyl halides with hard nucleophiles such ag alkyl
anions can be achieved most readily with the aid of organocopper chemistry [95].
Sw2 reactions with epoxides and aziridines are algo synthetically useful [96]. The

3z7
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accelerating effects of BF;-Ef,O inn the latter reactions indicate the importance of
substrate activation (see Sect. 10.6.1} [97].

The alkylation of an alkyl bromide or tosylate, or of an epoxide, with organoe-
cuprates takes places with 100% inversion of the stereochemistry at the electro-
philic carbon, ag shown below (Eq. 10.10) [22, 98]. The magnitudes of primary and
secondary kinetic isotope effects in the reaction between Me,Culi-Lil-PBu; and
CH3I strongly suggested that the rate-determirning step of the reaction is the Sy2
displacernent stage [99]. Reactions between Ry Culi and alkyl halides, aryl halides,
and alkyl tosylates have been shown to be first order in the concentration of the
R;Culi dimner and the alkylating reagent [97, 100, 101]. RCu and RCu[PBus) do not
react with epoxides [96]. Alkylaton reactions of RyCuli do not take place in the
presetice of a crown ether, dernonstrating the importance of a Lewis acidie X
cornponertt associated with the cuprate molety. On the other hand, moderately
bagte and polar THF ix a better solvent than diethylether for alkylation [22].

18 ProCul H Fh
e - e - : .~
iy

FeQTHF 10.10
20 © (10.10)

R7

Two mechanistic possibilities for the substitution reactons have been suggested
(Schetne 10.8). The first assumes sitple $yx2 substitution of the R anion group.
The second assurnes rate-determining displacement of the leaving group with
copper bearing a formal negative charge, and subsequent formation of a trialkyl-
coppet(I1I) intermediate [82]. Thix then undergoes reductive elimination to give
the crosgcoupling product Though the second mechanism may look pleasing
enough to a copper spedalist, it leaves a few important questions unanswered;
natnely the role of the lithium cation, the relative magnitude of k; and &y, and,
armong other things, the reason why exdusive production of a aross-coupled prod-
uct R R! by way of a symmetrical Ry(RCu'™ intermediate is always observed.

. k
-5 3

(I)u e - R < + Cux
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Li* a i #~ B—RB + HCu
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Scheme 10.8. Two proposed alkylation reaction mechanisms.
The proposed participation of a Cu™!! intermediate is based on an analogy with
the chemistry of lithium diorgancaurate(T), R;Au'Ti [102, 103]. Recent crystallo-
graphic data for Cu™ species [104] have further supported the similarity between
Au' and cu™ [105].
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10.4.2
Sn2' Allylation Reactions

Cuprates react rapidly with allylic halides (or acetates) [17, 23], propargyl halides
(or acetates) [106-108], and vinyloxiranes, often with Sy 2’ regioselectivity (Scherne
10.9) [17]. The reaction takes place with gnti stereochemistry (with respect to the
leaving group), while syn substitution occurs when an allylic carbarnate is em-
ployed ag the substrate [109].
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Scheme 10.9.  Anii-5y 2 Allylation reaction with competing Sn2
reaction pathway. X = halogen, OAc, OP{O)Y-.

Reactionis of RpCuli tend to give mixtures of Sy2 and Sx2’ products, which it
hag been suggested ig due to the involverent of regioisomeric a-allylic Cu'l!l spe-
cles, shown bracketed in Scheme 10.9 [106, 110]. Studies on substituent effects in
competitive reactions suggested that the rate-determining stage might involve a
two-electron transfer from copper to the allylic substrate [107]. The Sy2 selectivity
of the reaction of Bu,Cu(X)(MgBr), is higher with X = I and OTs than with X = Cl
and Br, and also higher in ether than in THF [111]. A combination of an organo-
copper compound and a Lewis acid, such as RCu-BF; [5], R;Culi-ZnCl; [112],
RyCuli-TilV [113], or R,Culi-AlCl; [114], greatly enhances the Sy2’ selectivity.
Cu(I)-ediated reactions of organozine species also afford high Sy2’ selectivities
[112, 115-117]. NMR studies on RyCuli-ZnCly and RyCuLi Ti'V reagents showed
only rapid transmetalation from Cu to Zn or Ti, giving little information on any
putative Cu/Zn or Cu/Ti mixed spedes. Scant information is avaflable for the
trangition state. The stereoselectivity of the Sy2’ reaction of §-substituted allylic
halide of the Sy2 reacton suggested that the transition state geometry for the de-
livery of an R group from copper has a four-certtered character, as shown below (Eq.
10.11} [112]. This conjecture wag supported by theoretical comparison between the
T8 geometries of olefin carbolithiation and those of acetylene carbocupration (df.
Scheme 10.7) [91].
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10.4.3
Radical Substitution Reaction Mechanisms

The SET nechanism has been suggested for the alkylation reaction of secondary
alkyl iodides, in which the substitution reaction takes place in stereorandorn fashion
[22, 118]. The reaction between triphenylmethyl bromide and Me,Culi generated
an ESR-active triphenylmethyl radical, although this may be regarded as a special
case [119]. On the basix of trapping experiments using styrene, it was concluded
that dialkyleuprate substitution reactions of primary and secondary alkyl iodides
may proceed by an SET mechanisrn, whereas those of primary and secondary bro-
mides do not [120]. This reaction alzo produces self-coupling products, which is
consistentt with radicals being involved (Scheme 10.10). The intramolecular cycli-
zation of an olefinic iodide in the presence of an organocopper reagent has been
taken ag possible but not conclusive evidenice of SET [120].

+
SET 1 I . : |x L
R—l - ['CuleLix — A+ rRLCUXIL- LI == R'cp'R
Hl
T
H# + g R -n'

Schame 10.10. Radical mechanism in alkylation reactions with allyl halides.

1044
Catalytic Substitution Reactions

Kinetic experiments have been performed on a copper-catalyzed substitution reac-
tion of an alkyl halide, and the reaction rate was found to be first order in the cop-
per salt, the halide, and the Grignard reagent [121]. This was not the case for a
silver-catalyzed substitution reaction with a primary bromide, in which the reaction
was found to be zere order in Grignard reagents [122]. A radical mechanism might
be operative in the case of the silver-catalyzed reaction, whereas a nucleophilic
substitution mechanism s suggested in the copper-catalyzed reaction [122]. The
same behavior was also observed in the stoichiometric conjugate addition [Sect.
10.2.1) [30].

10.4.5
Theoretically Based Alkylation Reaction Pathways

Alkylation reactions reveal a mechanistic aspect of the cuprate reactiong different
from that of addition reactions. Theoretical analyses of reactions of alkyl halides
(Mel and MeBr) [123, 124] and epoxides [ethylene oxide and cyclohexene oxide)
[124] with lithium cuprate clusters (Me,Culi dimer or Me,Culi-LiCl, Schermne
10.11) resolved long-standing questions on the mechanism of the alkylation reac-
tion. Density functional calculations showed that the rate-determining step of the
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Scheme 10.11.  Reaction between R;Culi-LiX and an alkylating
agent R'Z. Solvent coordinated to lithium atoms is omitted.

alkylation reaction (TSsb) iz the substitution of the C Br bond with an incoming
Me Cu o-bond. The linear 3d,; orbital of copper acts ag the rnucleophile here, as
shown by the LMO in Fig. 10.4. The computed and experimental kinetic isotope
effects for the reaction of methyl iodide showed good agreement with each other,
supporting this conclusion. Itis notable that it is again possible to identify an open
custer structure in TSsb, with the lithiumn atom electrophilically activating the
leaving group. A trialkylcopper(III) intermediate (INT) may form after the rate-

Fig. 10.4. Localized transition structure molecular orbital in
the Su2 reaction between MesCuli-LiCl and MeBr.
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determining, halide displacement step but only as an unstable transient species
INT1 or INT2 (Scheme 10.11). These are trialkylcopper(III) complexes of T-shape
geotnetry, with the fourth ligand (solvent of a halide} making the square planar
structure [82]. The trans relationship of the two alkyl groups (R) is assured by the
linear geornetry of the cuprate molety in the transiion state TSsb, which guaran-
tees cross-coupling between R and R! in TSec. Interestingly, this mechanism is a
hybrid of the two previous proposals shown in Scherme 10.8.

A similar reaction pathway was found for the S$yx2 substitution of an epoxide with
a lithium cuprate duster [124]. In contrast to that in the MeBr reaction, the ste-
reochernistry of the electrophilic carbon center ix already inverted in the transition
state, providing the reason for the preferred “trans-diaxial epoxide-opening” widely
obgerved in synthete studies. The TS for the Sy2 reacton of cyclohexene oxide ix
sheswn in Eq. 10.12.

cazila
A.Culi --I'&H L9
H1.7—-.Q—7 g I - R (10.12)
- LI ': .I.
L A
//CJ'_R
A
106
Other Issues
10.6.1

Counter-cation Lewis Acid Effects

For all major categories of lithium cuprate reactons, it has been shown that addi-
tion of a crown ether results in significant retardation [79, 94, 125]. In addition to
this, sodium cuprates are much inferior to lithium cuprates for conjugate addition
[126]. BF:-Et,O, on the other hand, accelerates conjugate additions [31] and alky-
lations of epoxides and aziridines [97, 127]. In allylation chemistry, zincbased
[128], titamium-based [113], and aluminum-based [114] organocopper reagents
show much higher 8427 selectivities than lithium cuprate does. The Lewis acidities
of cuprate counter-cations are undoubtedly important, but their mechanistic roles
gtill need further investigation (Eq. 10.7).

Recent theoretical studies of reductive elimination from Me;Cu-8 in the pres-
ence of BF; suggest that reacton rate of the conjugate addition can increase if
one of the Me groups iz detached from the copper(III) to bind with a boron atom
(Scheme 10.12) [129].

The origin of the acceleration produced by BF3 in epoxide alkylation reactions
has been examined theoretically [124]. A plausible pathway for BF3 participation in
the epoxide-opening is shown in Fig. 10.5. An epoxide/BF; complex CP1 may en-
counter the cuprate cluster to form a ternary complex CP2, or such a complex may
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Fig. 10.5. Mechanism for the acceleration of an epoxide alkylation reaction by BFy.

also be formed from a cuprate/BF; complex and the epoxide. Displacement to TS
(TS1), followed by the formation of a Cu(III) intermediate [INT), gives the alkyla-
tion product PD. The cooperative interaction of BF; fluorine and boron atorns with
the cuprate and epoxide systern s responsible for the acceleration and stabilization
of products. The activation energy is reduced by ca. 10 keal ol ! comnpared to the
process inn the absence of BF;.

10.6.2
Me,SiCl Acceleration

Since Nakamura and Kuwajima's initial discovery in 1984 [130], Me; SiCl hag be-
come a standard reagent for acceleration of conjugate additions. The effect was first
reported for copper-catalyzed comjugate additions of the zinc homoenolate of pro-
pionic acid esters, ag shown in Scheme 10.13, and utilized in a total synthesis of
cortisone [131]. Application to Grignard-based catalytic reagents and stoichiometric
lithium diorganocuprate(I) followed [132]. Acceleration of conjugate additions and
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mmodification of their selectiviies by means of silylating agents are now well estab-
lished [132].
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Scheme 10.13. Me,SiCl- and BFy-accelerated catalytic
conjugate addition and a cortisone synthesis.

Me;8iCl also affects the stereoselectivity of 1,2-additions to carbonyl compournds
[133]. With the aid of suitable activators, these mildly reactive reagents show selec-
tivities unattainable by the conventional reagents, as illustrated below for Me;SiCl-
dependent chemoselectivity (Eq. 10.13) [134].

CROHOFY: ithout MesSiCl Y
without MesSi L
4.0 cquiv, BUTi{O--Pr)aLi L
\) T 5 maol% Cule?litl Z (1013)
_ OSiMes
| * MenSicl :
J S
“‘\U/'\Bu

Congiderable mechanistic discussion has appeared in the literature [135]. One ar-
gument assumes simple Lewis add activation of the starting enone with Me3SiCl
[136] (A in Scheme 10.14), although it is supported neither by experiment nor by
theory [137]. On the contrary, Me;8iCl has indeed been shown to be Lewis acidic
but rather to act as a bage toward the lithfum atom in the lithium cuprate cluster
[1353] (C in Scheme 10.14). The second proposal, by Corey [73], which takes into
account an inner sphere electron-transfer hypothesis, assumes in situ trapping of
an enolate-like intermediate by the silylating agents, making the process irrevers-
ible (B in Scheme 10.14). The third and most recent proposal assumes theoretical
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justification for chloride coordination to copper (D it Scherne 10.14) [135b]. The
magnitude of such coordination, however, wag recently shown to be very smmall
[129]. While these proposals failed to provide a direct answer to the mechanism of
Me; SiCl acceleration, the positive correlation between the silylating power of the
reagent and the magnitude of rate acceleration [138] strongly suggests that the rate-
determining step of the reaction is the silylation step rather than the C C bond-
forening step. Recent studies of kinetic isotope effects by Singleton fully supported
thiz observation [139]. Mechanistic data — such ag reaction rate, stereochernistry,
and theoretical analysis — are still awaited, however.
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Scheme 10.14.  Various proposed mechanisms for Mey Sicl
acceleration of conjugate additions to enones {X = Me Sicl).

10.6.3
Durmmy Ligands

A gynthetic problem associated with the use of homocuprates R;Cu ig that the
reagent can transfer only one of the two possibly predous R ligands to the target
electrophile (E, for example, to «, f-unsaturated carbonyl compounds), with one R
ligand being lost as an unreactive RCu species. The introduction in 1972 of mixed
organocuprates [RCu(X)] [140], in which the X group acts as a nontransferable
dummy ligand, provided the first general solution to this problem (Eq. 10.14).
Typical dummy ligands include alkynyl [141], cyano [142], phenylthio [143], di-
alkylarnino, and phosphine groups (Chapt. 3) [143, 144]. The selectivity of ligand
transfer was considered to be a functon of the ligand-ligand coupling process in an
intermediate bearing three ligands: R, X and E. A widely accepted hypothesis was
that an X group forming a stronger Cu X bond acts as a better dummmy ligand
(resisting transfer). While this hypothesis has successfully been applied to the
design of dummy ligands, recent theoretical studies by Nakarmura revealed an en-
tirely different controlling factor in dummy ligand chemistry [145].



336 | 10 Mechanisms of Copperwediated Addition and Substitution Reactions

He. g, -0

g0 ROOCULI + GuX

/\r EE— (10.14)
¥oorer® L Reu

The recognition of the importance of duster structure hag resulted in a new un-
derstanding of the role of a durnmy ligand (Y) in the chemdstry of mized cuprates
MeCu(Y)Li [145]. As shown in Scheme 10.15 for the case of Y =alkynyl, the
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Scheme 10.15. Dummy ligands: selective transfer of the methyl
{or alkyl, alkenyl, and} group in preference to transfer of the

allynyl group.

transfer of the methyl group 1s overwhelmingly favored over the transfer of the al-
kynyl group. This is because the alkynyl group acts as a tight bridge between Cu!ll
and Lit (Fig. 10.6). In other words, the alkynyl dummy group simultaneously
binds to Cu and Li atoms (strong electrostatic interaction between the Li and the
alkynyl group), and so remains on the mpper atom. By default, the much lesy ef-

fective bridging orgaric ligand ix transferred to the enone substrate. This rung

Fig. 10.6. 3D structure of the open complex between acrolein
and Mefethynyl}Culi-LiCl, with MezO coordinated to each
lithium atom {B3LYP/631A). Bond lengths are in angstroms.
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contrary to the conventional hypothesis that the Y group forming a stronger Cu Y
borid acts as a better durniny ligand (resisting transfer), and has provided an fur-
ther llustration of the critical roles of cluster structures in organocopper chernistry.

10.6.4
The “Higher Order™ Cuprate Controversy

Organoccoppet(I) species bearing three anionic groups, ([RsCu]? ), are termed
“higher order” cuprates [146, 147). For purposes of differentiation, conventional
cuprate(I} species (RyCu ) tnay be referred to as “lower order” cuprates. Whether
or tiot a “higher order cyanocuprate (RyCu(CN)Li, )", bearing two carbamionic res
idues and a cyanide anion on copper, exists as a stable species hag been the subject
of controversy (Eq. 10.15). This controversy has alse spawned numerous mecha-
nistic and structural studies on cuprates in gerneral.

- R A 42-
oo

RCN + 2 ALi - | 2Lt oor [n—-cu ra] LisGN' (10.15]

CN

It was reported in the 1970s that a “higher order” cuprate reagent, prepared by
the use of more than two equivalents of an alkyllithiuen reagent with a copper(I}
salt, was more reactive [20, 146] and more selectve than ordinary cuprates [148].
Using NMR and avoscopy, Ashby showed that spedes that could be regarded as
higher order cuprates were formed [145]. Bertz demonstrated the presence of
a triply coordinated Cu(l) complex ([R3Cu)? ) for the first time, by solution NMR
studies [150], while Power demonstrated the existence of a triply coordinated cup-
rate [Phs Cup Liz(SMe; 4] in the crystalline state [151, 152).

Lipshutz reported in 1981 that reagents formed by addition of two equivalents of
RLi to CuCN give higher yields than the corresponding Gilman cuprates (R, Culi)
ot lower order cyanocuprates (RCu(CNLi), and described them as “R,Cu(CN)ILi;"
to imply a riply coordinated structure [147]. With the aid of *C, ®Li, and N NMR
data [153], Bertz was able to point out that cyanide was not attached to copper(I) in
the Lipshutz mix, and started the controversy [154, 155]. Physical measurements
by Penmer-Hahn [156] and Lipshutz [157], and theoretical studies by Snyder [158],
Penner-Hahn, and Frenking [159] contributed much to the discussion. All the
crystallographic data for cyanocuprates of “higher-order stoichiometry” recently
reported by Boche [160] and van Koten [161] indicated that the cyanide anion is
coordinated to lithium and not to copper. Evidence along the game lines was found
in sodium and potassium derivatives [162]. The congensus, therefore, after many
years of studies, is that triply coordinated [Cu(CNR;]? is not a stable structure
in ethereal solutfon [153, 163-165]. Despite this conclusion, the Lipshutz mixed
reagent still reraing the one of choice in many gynthetic transformations, and
the presence of a triply coordinated cuprate(I) dianion was recently indicated
by ¥C BCN carbon coupling in cyanostanmylvinylcuprate(T) dianion in a THEF/
HMPA mixture [166]. In addition, the cyanide amion finds its way onto copper
at the end of the reaction, forming RCu(CN)Li, while it is not known when the
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cyanide/copper coordination starts. The true role of the cyano group in the reac-
tions of “higher order cyanocuprates” rernaing obscure [164, 167].

10.6.5
Further Issues

While a large rmimmber of studies have been reported for conjugate addition and 82
alkylation reactions, the mechamisms of many important orgatocopper-promoted
reactions have not been discussed. These indude substitution on sp? carbons,
acylation with acyl halides [168], additionis to carbonyl compounds, oxidative cou-
plings [169], nucleophilic opening of electrophilic cyclopropanes [170], and the
Kocienski reaction [171]. The chemistry of organocopper(I1) spedes hag rarely been
studied experimentally [172-174], nor theoretically, save for some trapping experi-
merits on the reaction of alkyl radicals with Cu(I) species in aquesus solution [175].

10.7
Orbital Interactions in Copper-mediated Reactions

Recent theoretical analysis has revealed an intriguing difference between the addi-
tion reactions and the Sy2 alkylation reactions, inn the geometry of the nucleophilic
C Cu C molety. As summarized in Sect. 10.2, the C Cu C bonding in doubly
coordinated organocuprate(I) anions found in stable structures is always linear. As
the HOMOs of linear R;Cu  molecules are largely 3d.; copper orbitals [92, 94],
linear C Cu C groups are guitable for interaction with the ¢*-orbital of MeBr, ag
illustrated in Fig. 10.7a [94]. Bending of the C Cu C bond to <150% causes mixing
of the 3d,. copper orbital with the 2p methyl orbital, to make it the HOMO of the
cuprate (Fig. 10.7b), which is now suitable for interaction with the #*-orbitals of
enones and acetylenes. The energy gain through back-donation largely compen-
sates for the energy loss assodiated with the bending (ca. 20 kcal mol ! to achieve
an angle of 120%).
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Fig. 10.7. Orbital interactions between R;Cu  and substrates
in {z) an early stage of interaction of the cuprate with methyl
bromide, and {b) w-complexation to acetylene or olefin.



10.8 The Rofes of Cluster Struciure in Coppermedicted Reactions

The above analysis for copper chernistry also applies to the same-class element
gold, which, however, forms much more stable C Au! bonds [176] and so is un-
reactive. On the other hand, the d-orbitals of zine(II), a main group neighbor, are
too low-lying to make organozine compounds as nucleophilic as organocopper
compounds [92].

10.8
The Roles of Cluster Structure in Copper-mediated Reactions

The experimental and theoretical data below indicate several important character-
istics of cuprate structures and their reaction mechanisems,

(1) The C Cu Cangle in a covalently bound R,Cu  fragment in a stationary state

—
b
—

ix always close to 180° [94]. In ethereal solution, R;Culi exists ax higher ag-
gregates, the Li R bonds of which are fractional [26, 177-179]. It is irwariably
possible to identify a neutral fragment, R Cu R ILi, in crystals of cyclic
oligomers and higher polymers [Scheme 10.16). Depending on the nature of
the reacting electrophiles (o or #%), either linear or bent conformations of the
C Cu C rnofety becorne important in nucleophilic reactons (Fig. 10.7) [94].
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Scheme 10.16.  Various structural possibilities for cuprates.
Solid lines indicate {largely} covalent bonds, and dashed lines
{largely}) electrostatic bonds between a metal cation and an
organic or hetercatomic anion. X = RCuR, halogen, CN, etc.

Because of the fractional R Li bond, clusters and polymers can reversibly form
an open cluster, which traps the unsaturated substrate through multiple-point
bonding (cf. Schemes 10.5 and 10.7). Lithium cations assist the electron flow
from the cuprate to the electrophile and, to achieve such cooperative action, a
cluster of a particular size may be necessary. Lewis acdd metals other than lith-
iurn (Zn ", for example) will also play sirnilar roles.

A C Cu'bond is a stable covalent hond, and is difficult to cleave by itself [93].
After charge transfer from cuprate(I) to substrate, however, cleavage of the re-
sulting R Cu™ bond becomes easy. The reductive elimination reaction regen-
erates RCu!, which may take part in further catalytic cydes. Thus, in copper-
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catalyzed reactfons, excess B anion will react with RCu to regenerate the
necessary cuprate species.

(4} Although acetylene carbocupration and conjugate additfon have previously
been considered to be two separate reactions, they have been shown to share
essentially the same reaction mechanismm. The kinship of carbocupration, con-
jugate addition, Sy2’ allylation, and Sy2 alkylation has now been established,
through the theoretical studies of Nakamura, Mori, and Morokurna.

(5} Dernonstration of the eritical roles of the open conformations of polymetallic
custers highlights theoretical analysis in cuprate chernistry. Polyretallic clus-
ters inn various synthetic reactions are currently attracting the attention of syn-
thetie and mechanistic chemists alike [40, 180-183].

10.9
Summary and Qutlook

As sumrnarized in the preceding sections, numerous experimental studies have
indicated active participation by large organocopper clusters. These typically bear
mucleophilic alkyl residues, copper(I) atoms, and coumnter-cations (typically lith-
ium). The uniqueness of organocopper chemistry stems primarily from the fact
that it lies on the border line between main group elements and transition metals,
Comparigons may be made for the neighboring elemernts — Ni%, Cul, Ag!, Au! and
Zn!! — all of which exist in d!? configurations. The energy levels of the copper(I} 3d
orbitals are much higher than those in zindII), and become even higher upon
mixing with the 2p orbital of the alkyl ligand through Ry Cu  formation [94]. Redox
systerns like the Cu'/Cu™ cyde are unavailable for zinc(II). Organonickel and
gilver species are less stable, and so much less synthetically viable than organo-
copper(l} reagents, while organogold(I) species are too stable to be synthetically
useful. The C Cu C angle iz intimately connected with the reactivities of dior-
ganocuprate(I) species, and the Lewis acid (Lit) in cuprate dusters provides push-
pull electromic assistance for charge transfer from Cu! to the electrophile. The
diversity of coordination structures revealed by calculations indicates that organo-
copper chemnistry represents the ultirnate “supramolecular chemistry”, long but
unwittingly exploited by chemists. Numerous other aspects of organocopper chern-
Istry await further mechanistic study. The importance of RyCu' species is now
fully recognized, and needs more careful attention in future studies of mechanistic
and synthetic organocopper chemistry.
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aystallization 3
decomposition 22, 25
degradation 10
funcionalized 45fF
heteroatom-functionalized 25, 79
hetercleptic  17f, 22f
homoleptic 8, 18
F-hydrogen elimination process
incorporation of gold 19

18, 20, 24
6f, 14, 18

6, 11

incorporation of silver 19

in syntheses of organotin halides 1&
interaggregate exchange 22
intermolecular coordination 14
intramolecular coordination 6, 13
IR spectroscopy 3, 39

Kinetically active species 37

Lewis acid-activation 217

molecular orbitals 7, 80, 210f, 326
molecular weight determinations 2,
11

NMR spectroscopy 3, 9, 22, 39

non-transferable ligands 2, 61, 791, 108,
123, 126, 134, 167, 224, 272, 335

oxidation 5

oxidative decomposition 16

protonclysis 23

reaction with amines 108

resting-state species 3

self-assembly 22, 29

solubility 9, 14, 19

stability 25

stabilization 9f, 13

structure-reactivity relaionship 3,7, 14, 38

thermal decomposition 11, 16, 23

thermal stability 9, 6, 9, 18

thermodynamic stability 18, 22, 37

three-center, two-electron bonding 2, 7, 13,
16

Xoray crystal structure determination 3T,
8f 11f, 17, 196, 37

organocopper II) compounds 5

one-electron reduction process 4
oxidizing properties  4f
two-electron reduction process 4

OTgan ciuprates

aggregation 19, 30

anionic 32

bridging groups 29

chiral 29

contact ion pairs {CIPs) 38

a-oordinaton 33

disproportionation 32, 37

enantiomerically pure 32

heteroleptic  2&f, 3147

higher order 30, 81, 153, 211f, 3068, 337

homoleptic  26f, 32, 37

Kinetically active species 32

meolecular weight determination 27

neutral 27

NMR spectroscopy 2, 27, 32, 38

non-transferable ligands 108

orbital interactions 338

solvens-separated ion pairs {SSIPs) 38f

stucture eactivity relationship 26

thermodynamic stability 32

Xray crystal structure determination 2,
26, 296

organolithium reagents

functionalized 45
transmetalation 45

OTgANOMAgnesium reagents

functionalized 45, 474
transmetalation 45, 474, 58

OTZAN 0MANZATIESE TeAgents

1,4-addition 70



alkylation 71
chemoselectivity 70f
transmetalation 70f
OTganosamarium reagents
1,4-addition 74
transmetalation 71, 74
organosulfur reagents
transmetalation 67, 69
organotellurium reagents
transmetalation 67, 69
organctn reagents
transmetalation 674
organctitanium reagents
Sy2 substitution 70
transmetalation 70
organozinc reagents 224, 230
activation 228
1,2-addition 227
eyclic 57
functionalized 544T, 228, 232
preparation  54F
radical eyclizations 57F
reactivity 55
transmetalation 55, 2271
OTganozirconium reagents
1,4-addition 71T
transmetalation 71T
Osbom complex 1671
oxazolidines 275, 300
oxazolines 241
chiral 234
oxddative addition 262, 326
oxiranes 300, 3271, 330
desymmetrization 284
ring-opening 2834, 300, 332

P
{+)-palouclide 92
pancratistatin - 300, 302

perflucralkyleopper reagents 1221

pentafluoroethylcopper 122

pentamethyldiethylenetriamine {PMDTA)

34
perfluoro-1-propylencopper 123

perfluoroalkyleopper reagents 123

perillaketone  7Of

pharmacenticals  see individual nomes

phenylglycine  123f
phenylseleno{alkyljcuprates
substitution reactions 124
phenylthio{alkyljcuprates
1,2-addition 124
1,4-addition 124
pheromones 100

Subject tndex

phosphane oxides
unsaturated 196
phosphido{allyljcuprates
thermal stability 125
phosphines 239, 254
peptide-based 239
phosphites 234, 238f, 243, 251, 254
phosphonites 234, 238, 254
phosphoramidites 230, 233, 234, 236, 239,
242F, 245, 251, 254, 276, 283, 285, 317
bidentate 233
matched 231
mismatched 231
monodentate 233
phthalimidomethylouprate 114, 118
polyketides 202
polymetallic dusters 340
polypropionates 193, 291f
{+)-pravasmtn 84
Prelog-Dijerassi lactone 86, 104
prostaglandins 68, 72, 1881, 2141, 240, 243,
254 205
psendoephedrine  128f
pseudoionone 156
pseudopeptides 1961, 198
{+)-ptilocanlin &84
pulegone 70

4

{+)-ramulosin 84

{ )rapamycn 100

reagent-directing group 201

1,2reduction 1671, 174, 175, 179, 182, 184f

1l4reduction 1671, 173ff, 180, 183f; wee also
respective substrates ond reagents

1 4-reduction/e-anion trapping 173

1,6reduction 153, 174

reductive bromination 175

reductive elimination 158f, 262, 322, 326,
328

remote stereocontrol 198, 263

thizoxin 100

{+)rhopaloie acid 114

Rieke zinc 56

Rieke magnesium 47

rifamycin § 1931, 2914F

ring-closing metathesis {RCM) 2531

Robinson annulation 252

5

SAMP [{8)-1-amino-2-
methogmethylpyrrolidine] %%

{+)sarcodmin G 93

SB 222618 3051

375
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Subject Index

scytophycin C 293

wsilylalkyleuprates 122
silyl hydrides 1761, 181, 184
silyl Zincates 83
silylalanines 107

silylcopper reagents
1,4 addifion 82
Su2 substituton  102f
Sw?’ substitution 82, 1021
silyleuprates 791, 82, 214f
1 4addifion 83 92, 95, 19
NMR spectroscopy 81
Sy2 substituion 82, 104f, 106
substitution reactions 107
silyleupration-cyclization sequence 95
silyllithium reagents 80, 82
1 4-addifion 83
single-electron transfer {SET)
330
Sw2 substitution 210, 260, 267, 269, 289,
296 300f 315, 333, 338, 340
BF; activation 333
Kinetic isotope effects 331
Kinetics 27
mechanism 327
rate-determining step 328
Sy2 substitution 188, 215£ 260f, 267, 2691,
I71F, 278, 282, 289, 3016, 315, 330, 332,
340; see olso respective substrates and
reagents
chirality transfer 271
diasterenselectivity 211f, 217f
enantioselectivity 2138, 218, 2714T, 2794,
282
Lewis acid activation 332
mechanism 262, 327, 329f
rate-determining step  329fF
sterepelectronic control  210f
Su?2" substitution 1601, 269
{ Jeparteine 121,127, 226f
squaricacid 64
stannylaluminium reagent 97
stannyleopper reagents 79
14 additon 82, 8Of
protonation 91
substitution reactions 82
stannylouprates 7941, 115, 307, 310
14addition 87, 91f
metulate rearrangement 108
Sw2’ gubstitution 106f
substitution reactions 87
stannyloupration-cyclization sequence 95
stannyllithium reagents 80, 82
1 4addition 83, 87F

162, 3191,

stanmylzincates
14addifion 88F
steroids 148, 183, 188, 191, 198, 240
A*F sternids
1,6-addition 14%8f
{+)-sterpurene 156
Stille coupling 68, 83, 296, 2981, 310
siplamide 309
Stryker s reagent 175f, 1781, 184f
NMR spectrum 169
1,2-reductions 179
1,4-reductions 169, 171, 175
sulfur-copper exchange 69
Suzuld reaction 296, 298

£
TADDOL 130f, 241, 250, 278, 285
tandem 1, 4-addition-aldol condensation  see
three-component coupling
tellurium-copper exchange &9
terpenes 156
terpencids 240
tetrachlorothiophene 50
tetrahydro-3 H-naphthalen-2-ones
1.6-addifion 148 150
2,2,6,6-tetramethylpiperidinyl-N-oxyl
(TEMPO) 131
thienyleuprate reagents
e-thioalkylouprates 114
substitution 113
thiclatocopper complexes
sugar-derived 131
Thorpe-Ingold effect 95
three-component coupling 171, 178, 2241,
241, 243, 205F
tin-copper exchange 681, 80T
Tishchenko reaction 179
polBINAP  176f
triflucromethylcopper 122
{13 E)-triflucromethylretinoates
trimethylsilyllithium 81
triped [1,1,1-tris{diphenylph osphinomethyl)-
ethane] 179
tylonolide 3071
{+)-tylosin aglycon 108

125

100

[
unnatural products  289MF; see individial names

v
F-vetivone 84
vinylallenes 158, 1a1f

Diels-Alder reactions
racemization 162

156, 162



vinylaziridines 305f
vinyleopper compounds 38, 324f
vinylcuprates 88, 93f, 96, 101f, 290, 294
vinyloxiranes 286, 302, 329

kinetic resclution 2831

ring-opening 2831

Sn2 substitufion 283f

Sw2’ substitution 283f
vitamin B decarboxylase inhibitors 157
vitammin D 175, 303

W
Wacker oxidation 253
widdrol 106

Wieland-Miescher ketome 171
Wittig reaction  292f
Wurtz coupling 56

Subject tndex

x
HANES {Xray absorption near edge structure
spectroscopy) 36, 318, 321

ximoprofen 84

¥
Yamamoto reagent 147, 153, 161

r4
Zimmermarmn-Traxler transition state &3
zine alesheolates
homeallylic 59
zine enclates 233
zinc-copper exchange 67, 114
zinc homoenedlate 333
zireonacyclopentadienes
spirometalation 74
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