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1. Introduction

The first documented report of a possible Cope rearrangement was probably
that of Baeyer, who prepared eucarvone by hydrobromination of carvone in
1894. (1) Although the transformation was briefly studied at that time, it was
not until the 1950s that this and other Cope-type rearrangements received
detailed attention. The thermal isomerization of cis-divinylcyclopropane to
cycloheptan-1,4-diene (Eqg. 1) was reported by Vogel in 1960 during his
studies of the Cope rearrangement of 1,5-hexadienes annulated by a
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followed this discovery upon the realization that the rearrangement could be
related to the conceptually similar vinylcyclopropane—cyclopentene
isomerization discovered a year earlier. (4-6) It was also recognized that this
rearrangement might be operating in the formation of cycloheptatriene from
norcaradie ' i [ 'mmd by von
Doering in m&mm’m ntion in the
1960s, an era of mechanistic investigations of various concerted
transformations. During the 1970s it enjoyed exploitation in many synthetic
strategies, and the following decade the elements of this rearrangement were
incorporated into tandem or multistep procedures in a preconceived manner.
Many aspects of the various permutations of the Cope rearrangement have
been previously reviewed. (10-16)
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The purpose of this review is to summarize the mechanistic, stereochemical,
and practical results in this area in the context of the evolution of synthetic
achievements during the last 40 years. Also described in this chapter are the
transformations of several of the simple heteroatom permutations of this
rearrangement in order to render appropriate comparisons of various systems.
The following discussion therefore addresses those rearrangements of
cyclopropanes, oxiranes, thiiranes, and aziridine rings substituted with vicinal
vinyl groups. Excluded from this review are rearrangements of those
divinyl-substituted three-membered rings that contain more than a single
heteroatom within the reacting manifold. Brief mention of these systems along
with a guide to the literature is found in the last section of this chapter.

The literature is covered through December 1990. Many of the principal
researchers in this field have been contacted during the compilation of this
review, and many unpublished transformations have been included in the
tables.
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2. Mechanism

Close inspection of the early literature suggests that the divinylcyclopropane
rearrangement went unnoticed as such for some time. Aside from the ring
expansion of norcaradiene mentioned above, (7-9) the base-catalyzed
rearrangement of cyclopropyl enone 1 to cycloheptadienone 2 may very well
have proceeded via the Cope rearrangement shown below, rather than by the
direct unravelling of the cyclopropyl system from the y position as originally
proposed. (17-21) Curiously, the reverse of this reaction is observed during the
oxidation of cycloheptadienone 3 with SeO,. (22-25) Chloroazulene (5) was
isolated from the base-catalyzed reaction of the dichlorocarbene adduct 4. (26)

Finally,
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the rearrangements of various bullvalenes, semibullvalenes, or isobullvalenes
such as 6 or 7 also proceed through a degenerate Cope rearrangement.
(27-31) Such rearrangements were observed during the studies of fluctional



molecules, the simplest being 3,4-homotropilidiene (8). (27) The heteroatom

analogs of
6 7 8

fluctional molecules have also been studied. (29-33) The earliest mechanistic
observations recognized that trans-divinylcyclopropane cannot rearrange to
cycloheptadiene in a concerted fashion because such a rearrangement would
result in a trans olefin constrained in a seven-membered ring. The mechanism
was studied in the early 1960s in the context of then-popular valence
isomerism, and a number of reports appeared from the laboratories of Vogel (2,
3, 34-36) and von Doering (27, 37, 38) during this period. During an attempt to
prepare cis-divinylcyclopropane, Vogel et al. noted that the Hofmann
elimination of salt 9 gives cycloheptadiene 10 at 80°, presumably via the
elusive

| = CuCl,, -40° e
[{ *N— H H
?:/\\:IE []H'a 3 |(D }?\J;:“
H
: L "‘\\ | 11|

cyclopropane 11. (3) The corresponding trans isomer 13 required a
temperature of 180° to undergo similar rearrangement to 10. An explanation
was advanced by von Doering and Roth, who generated 10 even at —40°
during the copper-catalyzed cyclopropanation of cis-hexatriene. (27) They
postulated synchronous opening of cis-divinylcyclopropane (11) and a
diradical opening of the trans isomer followed by either a diradical closure to
10 or isomerization to the cis compound and subsequent reorganization to



cycloheptadiene (10). (37, 38) An additional explanation of Vogel's experiment
can be seen as postulated in path a in the base-catalyzed elimination of the
first intermediate of the Hofmann process. (37, 38) Although possible, such a
process seems more complex in terms of net electron movement than the
generation of 11 by a simple E2 elimination (path b). von Doering has
estimated the activation energy for this isomerization to be 20.6 kcal/mole. (37,
38)

cis-Divinylcyclopropane was prepared and characterized in 1973. (39)

cis-1-Vinylcyclopropane-2-carboxaldehyde was converted to 11 by a
low-temperature Wittig reaction; the product was distilled at low temperature
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13 {(10%)

and then characterized by 'H NMR at —20°. The rearrangement was complete
below 35°, and the free energy of activation was 20 kcal/mole, in agreement

I IR T N RN T vithbobh BPdbdnd'sloésiulbd. 131 K lake biiné dedrdnbehn@niviad A7IxBAP T § I F B U T

stat35°.

trans-Divinylcyclopropane was examined in detail in 1972. (40) Optically active
13 was prepared by resolution of the precursory trans-2-vinylcyclopropane
carboxylic { )-13 to
(£)-11, ko, of 13

LT

(-)-13 (+)-13 {£)-11

to cycloheptadiene (10). The corresponding rate of interconversion of
enantiomers, ki, was 0.54 x 10* s™ at 170°. These results were interpreted to
mean that the observed racemization has no electrocyclic component and is
therefore diradical in nature. Comparisons have been invoked between this
racemization and the similar process for 1,2-diphenylcyclopropane and
1,2-divinyloxiranes. (41) trans-Divinylcyclopropane and its isomerization have
been observed at a much lower temperature during the dehydrohalogenation
of dichlorocyclopropane (14). (42, 43) The initially formed cycloheptadiene 10
gives, under the reaction conditions, its conjugated isomer.
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The rearrangement of the three possible isomers of trans-divinylcyclopropane
(16) was studied mechanistically. (44, 45) The results were interpreted as
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(16a:17a = 76:24)

at 165" k=0.9x10%s k = 2.7x10%s k = 28x10%s
k. = 3.8x10%s

electrocyclic closures exhibiting some zwitterionic character, as shown in 18,
and compared with the thermal isomerization of
1-alkylidene-2-alkylcyclobutanes. (46) Thus two opposing mechanistic
interpretations of racemizations and rearrangements of
dialkenylcyclopropanes were advanced: a concerted and a diradical picture.




The one-center epimerization interpretation versus a two-center question was
readdressed in 1976. (47) endo-Cyclopropylcarboxaldehyde (19a), prepared
by peroxyacid oxidation of norbornene, was resolved with ephedrine and
converted to endo-vinylcyclopropane (20a). Epimerization of 19a with sodium
methoxide gave the exo isomer 19b, which furnished the corresponding
exo-vinylcyclopropane
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C(1) — C(6) bond suffered cleavage during the trans—cis isomerization, as no
enantiomer of 21 was detected. Thus in this reaction, the absence of
racemization excludes a two-center process (path B, Eqg. 3). The endo isomer
of racemic 20a was isolated in 1965. (48) Similar studies are available on the
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As in the vinylcyclopropane—cyclopentene rearrangements, the major dispute
over the mechanism involves diradical versus concerted pathways. (10-15)
This dispute is, for the moment, unresolved. Discussion of this mechanistic




duality can be found in recent reviews of the Cope (10-16) and
vinylcyclopropane-cyclopentene (11, 16, 50-54) rearrangements.

Among the cis and trans phenylvinylcyclopropanes, only the
hydroxy-substituted compounds undergo the Cope rearrangement in the
presence of base. (55) The thermal (56) and photochemical (57)
rearrangements of several divinylcyclopropanes prepared by the addition of
vinyldiazomethanes 22 to dienes 23 (56, 58) have been studied. (56-59) The
cis isomers rearrange readily between —20° and 90°, whereas the trans
compounds require temperatures above 160°.
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The results of the experiments described above confirm an earlier observation
that substitution on the vinyl moieties is an important factor with regard to rate.
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undergoes only cis—trans isomerization. These results have been rationalized
by invoking a concerted [0 %s + p?s + p ?s] process and a boat-like, cisoid
conformation in the transition state, (59) and are quite analogous to the known
tendency of similarly functionalized vinylcyclopropanes. (10, 11, 16, 50, 52, 53)
cis-Divinylcyclopropane rearranges 5800 times faster than
cis-vinylpropenyl-cyclopropane. (59) The Cope rearrangement of
divinylcyclopropanes is highly stereoselective in some cases. Thus cyclopropyl
system 16 rearranges with retention of stereochemistry at the olefinic termini.
(45) A boat-like transition state has been proposed to account for this and




other observations. (59, 60)

A molecular orbital treatment of the cis-divinylcyclopropane system suggests
that a minimum-energy transition state with an activation energy of

17-18 kcal/mole is available by considering structure 28. (60) An experimental
value of 22.3 kcal for the rearrangement of 29 has been reported (39) and is in
good

28 29
agreement with the calculated value. (59, 60) Studies of the rearrangements of
divinylcyclobutanes indicate that the Cope rearrangements indeed proceed
through a concerted rearrangement in cis compounds and diradical
isomerization of trans isomers to cis prior to rearrangement. (10, 12, 15, 59-61)
This is in contrast to studies that suggest one-center epimerization pathways.
(47)

Isolated examples of photochemical rearrangements exist and appear to
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may cyclize with an external p system, as in Eq. 4, where benzophenone
inserts across the photochemically generated diradical of a sterically
constrained divinylcyclopropane. (64, 65) A thermally induced insertion of this
type has also been reported (66) and involves a [®p +%0 +2p)+2p]
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Rearrangements of divinylcyclopropanes catalyzed by transition metals are
known and proceed in analogy to the reactive tendencies of simple
vinylcyclopropanes (11, 16, 50, 52) or cyclopropanes. (67) Usually the
rearrangement proceeds via initial ring opening to a metallocycle, which either
undergoes further cycloadditions or results in an overall ring expansion (Eg. 6).
(68, 69) In analogy with similar insertions into simple vinylcyclopropanes, (50,
67) the mechanism involves initial formation of an iron complex. A
transition-metal-catalyzed Cope rearrangement has been reported. (70, 71)
Initial complexation followed by generation of a bis- p -allyl system and
electrocyclic closure to cycloheptadiene have been invoked (Eq. 7).

Recently, a Cope rearrangement has been reported under conditions that
involve rhodium-catalyzed cyclopropanation of dienes with vinyl diazo
compounds. (72) The cyclopropanations frequently generate endo
divinylcyclopropanes, which produce cycloheptadienes under the reaction
conditions. The participation of the metal in these rearrangements cannot be
ruled out.

n summary, the mechanism and the stereochemical consequences of the
Cope rearrangement of cis- or trans-divinylcyclopropanes may be generalized
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0, 0,
to state that cis isomers rearrange by a low E,¢ pathway that is most likely a
concerted one. The trans isomers suffer a diradical or one-center
epimerization prior to the energy-releasing rearrangement to cycloheptadiene

through a boat-like transition state. Stereoelectronic effects that operate in this
rearrangement are governed by the usual rules of sigmatropic migrations or



diradical closures. (73, 74) Prediction of experimental results should be
possible by considering the closest mechanistic analogy, the
vinylcyclopropane system. (10, 11, 16, 50, 52, 53) Mechanistic investigations
addressing the Cope rearrangement have been reviewed. (12-14, 75) Most
recently, a detailed review summarizing
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the mechanistic and synthetic aspects of the divinylcyclopropane
rearrangement has been compiled. (15)




3. Scope and Limitations

3.1. Simple Cycloheptadienes

The first synthesis of a cycloheptadiene via a divinylcyclopropane
rearrangement was undoubtedly the preparation of eucarvone (3) by Baeyer
almost 100 years ago by treatment of carvone hydrobromide with base.
Baeyer also proposed the possible intermediacy of the cyclopropyl ketone 30.
(1) This transformation was studied mechanistically by Wallach in 1905, (76,
77) Lapworth in 1910, (78) and van Tamelen in 1956 with the conclusion that a
Cope rearrangement was indeed operating in this transformation. (19-21) The
stability of simple cyclopropyl ketones to base investigated by Zelinskii in 1922
(79) also rendered unlikely the mechanism proposed by Wallach, (76, 77) who

suggested
0 0"
MeOH
NaOH, 0°
Br
30
BuONO
EtONa

1 o o o o o o o o e

opening of the cyclopropane ring by the action of external nucleophiles (OH").
The reverse of this process occurs in the preparation of oxime 31 from
eucarvone. (22, 24, 25) This procedure was applied to the synthesis of tropone
(2a) and its derivatives. (19, 80)

Norcaradienecarboxylates rearrange at 150-170° to cycloheptatrienes 32. (81)
Tropolone (33) was prepared by irradiating a solution of diazomethane
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in benzene at 365 nm, (7) followed by oxidation of the
norcaradiene—cycloheptatriene equilibrium mixture. Addition of
dichloroallyllithium to butadiene gives intermediate chlorodivinylcyclopropanes,
which rearrange to chlorocycloheptadiene
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(38%)

at 25° (from cis) and 190° (from trans). (82) Cycloheptatrienes such as 34 are

prepared by dehydrohalogenation of dichlorobicyclo[4.1.0]heptanes. (83) A
owils ol b Jbshudt A b bl ofpaleirnadon
of ditosylate 35. (84) The initially formed 1,4-cycloheptadiene 36 isomerizes to
37 via an allylic shift.
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More highly functionalized cycloheptanes are prepared by using the Cope
rearrangement in such a way as to incorporate one of the olefins into an enol
ether. When vinylcyclopropyl keto ester 38 is heated, a 48% vyield of
cycloheptenone 39 is realized. (85) This transformation can be improved by
performing the rearrangement with trimethylsilyl enol ether 40 at a lower
temperature. The addition of lithiovinylcyclopropanes or their cuprates to
enones substituted with alkoxy or halo groups at the 8 position provides a
convenient synthesis of divinylcyclopropanes such as 41. The metallation of
bromovinylcyclopropanes as well as the addition is stereospecific. (86) The
half-life of cis-41 is 30 minutes at 80°, whereas the half-life of trans-41 is 38
minutes at 160°. The isomeric cycloheptadienes 42a and 42b are produced in
72% vyield. (86) Conversion of acid chlorides to divinylcyclopropanes 44 is
accomplished with thiophenylvinylcyclopropane cuprate 43 followed by
conversion of the ketones to their silyl enol ethers. Thermolysis provides high
yields of cycloheptenones 45. (87, 88) Divinylcyclopropanes substituted on the
vinyl moiety rearrange to cycloheptenes in a stereospecific fashion. The Z
isomer 46a furnishes cis
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diester 47a while the E isomer gives only the trans diester 47b. (89, 90) The
stereospecificity has been rationalized by invoking a concerted rearrangement
of the cis-divinylcyclopropane system through a boat transition state. (90)
Addition




i | L
R
43
OTMS 0

OTMS I R R
230° R R

= —_ —_—

44 (85%) 45

46b 47b

of vinylcyclopropyl cuprates to propargylic esters or ketones provides a

convenient route to divinylcyclopropane precursors of cycloheptadienes such
R o o o o o o o o
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Substituted cycloheptadienes are easily prepared by the Cope rearrangement.
New and mild methods for this rearrangement continue to appear; for the latest
applications the reader should consult Table I.

3.2. Annulation Procedures

The rearrangement of functionalized divinylcyclopropanes is used in several
annulation protocols. Thus divinylcyclopropanes prepared by sulfoxonium ylide
addition to Michael acceptors followed by Wittig reaction are thermolyzed to
annulated cycloheptadienes such as 50. The 8, y -olefin isomerizes to
conjugation under the conditions of the rearrangement. (92, 93) a
-Methylcyclopentenones of type 51 are similarly converted to
divinylcyclopropanes which rearrange to angularly methylated
bicyclo[5.3.0]decanes 53. In analogy with the rearrangements of
vinylcyclopropanes, (11, 16, 50) the cis isomer
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of 52 does not undergo the rearrangement, presumably because of steric
inhibition in the transition state. (94)

0 .
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31 53




Divinylcyclopropanes such as 54 are generated by the addition of lithium
vinylcyclopropanes to enol ethers of cyclic B -diketones. (86) The resulting
divinylcyclopropanes produce the annulated cycloheptenes 55 at 80° or 160°
for cis and trans isomers, respectively. When the cyclopropane is substituted
with a methyl group, only the trans isomer 56a rearranges to cycloheptene,
(91)

Et
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whereas the cis compound gives the product of [1,5]-homodienyl shift in
analogy with similar processes in cis-alkylvinylcyclopropanes. (11, 16, 50, 52,
73) Further substitution on the cyclopropane ring leads to rate retardation as
seen for the rearrangement of the cis isomer 57 to bicyclo[5.4.0]lJundecanone
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The required boat transition state 59 cannot be attained because of hindrance
by the gem dimethyl group. (95) Numerous examples of this protocol exist for



the construction of fused bicyclic systems. (86, 91-97) The spirocyclic
annulation

0

144°
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based on this rearrangement has also been reported. (98) Generation of

divinylcyclopropane 61 from iodo enone 60 leads to spirocyclic system 62 in
64%

CuSPhLi
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yield. (98) The aforementioned conversion of acid chlorides to
cycloheptenones can be adapted for spiroannulation, as shown for
cycloheptanone 65. (87) This protocol is sometimes complicated by the

generation of regioisomeric enol ethers (87, 98) from unsymmetrical ketones
such as 63.
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In general, the rearrangements of divinylcyclopropanes to annulated bicyclic
systems proceed smoothly below 200° and are complicated only by the
competing [1,5] shifts of cis-alkylvinylcyclopropanes or rate retardation due to
increased olefin substitution in the divinylcyclopropane system, again in direct
analogy to the criteria governing the vinylcyclopropane—cyclopentene
rearrangement. (11, 16, 50, 52, 73, 74) A comparison of rate differences as a
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ionic component in the transition state involving the rearrangement of 66¢ that
is accelerated compared to either of the alkyl-substituted analogs 66a or 66b.
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Bicyclo[5.3.0]decanes (86, 91, 94) and bicyclo[5.4.0Jundecanes (86, 92, 93, 95)
of varying substitution pattern are readily available. Bridged bicyclic systems
are also accessible by modifying the topology of the rearrangement. Several
approaches to bicyclo[3.2.1]octanes are described in the literature and differ
only in the methods used to construct the precursory divinylcyclopropanes.
The rearrangement of trimethylsilyl ethers such as 68, generated via the
intramolecular cyclopropanation (51) of diazo keto esters 67 followed by
silylation
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of the intermediate keto vinylcyclopropanes, provides excellent yields of
bridged systems 69 upon refluxing in xylene. (100) The regiomeric
rearrangement of vinylcyclopropane 70 gives keto ester 71 in 73% yield. (100)

The stereospecificity
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of this rearrangement has been confirmed by comparison of the cis and trans
isomers of divinylcyclopropanes 72a and 72b. Each rearranges smoothly to
the endo- and exo- isopropylbicyclo[3.2.1]Joctane systems, respectively. (101)
More highly functionalized systems are attained by the rearrangement of
divinylcyclopropane 75, in which the vinylcyclopropyl portion
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is introduced via ethyl diazoacetate cyclopropanation of allylic ether 74. The
tricyclic system 76 is obtained in high yields by sealed-tube thermolysis of 75.
(101)

gm OTMS

74 75 76 (90%)
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The rhodium-catalyzed cyclopropanation of some conjugated dienes with
unsaturated diazo esters gives vinylcyclopropanes of type 78 exclusively in an
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endo fashion, and the subsequent rearrangement to 79 is stereospecific. (72,
102-107) This process has been extended to include cyclopropanation of
furans and pyrroles, leading to the corresponding bridged heterocycles. (106,
107) The intramolecular version of this reaction leads to the preparation of



fused cycloheptadienes such as 81 without isolation of the intermediate
divinylcyclopropane.

(4]
o] P
N; Rhy(OAc),
CH,Cl
80 81 (67%)

The reaction is stereospecific in most cases and it is not clear whether rhodium
catalysis is only the agent responsible for cyclopropanation or whether it also
serves a function in the subsequent Cope rearrangement. (104) Carboethoxy
or phenyl substitution on the unsaturated diazo ester unit seems essential.

The Cope rearrangement to trimethylsilyl enol ethers derived from 82a (in its
endo form) occurs at low temperature. (108) This process represents an

overall
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[3 + 4] annulation of enones via vinylcyclopropanes 82a, which can also be
rearranged to annulated cyclopentenes such as 84a in an overall [2 + 3]
sequence. (108-112) The trimethylsilyl enol ether of exo-82a undergoes the
Cope rearrangement only at temperatures above 180°, presumably via a



diradical cleavage and isomerization to endo-82a. The consequence of this
competition is the formation of cyclopentene 84a along with 85a. (108-110)
Interestingly, 82c, the enolate anion of 82a, undergoes the Cope
rearrangement at lower temperatures (—10° to room temperature). A remote
charge acceleration has been invoked to explain this phenomenon. (110, 113)
A study of this rearrangement and its application to the synthesis of bridged
systems such as 87 has been made. (109)

X X

EtO,C E0,C
86 87

X=H,OTBS R =CH, OTMS

A new vinylcyclopropane—cyclopentene rearrangement that proceeds under
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terminated vinylcyclopropanes of type 82b (both exo and endo isomers)

rearrange at —78° to the corresponding siloxycyclopentenes of type 84b upon
treatment with trimethylsilyl iodide (TMSI) and hexamethyldisilazane (HMDS).
(111) The stereochemistry of this process depends on the precise conditions
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quantitative production of 83b. (112) This control of the mode of
rearrangement can also be applied to the six-membered analogs of 82b.
Interestingly, 82d, the lithium enolate anion of 82b, also rearranges to 85b at
low temperatures, even though the enolate of 82a requires higher
temperatures, at which decomposition begins to compete with the
rearrangement. (110-112) There are other reports of Cope rearrangements of
divinylcyclopropanes in which one of the olefins is an enolate anion: the
descarboethoxy derivative of 82a, which does not rearrange, (114) whereas a
divinylcyclopropane in which one of the participating olefins is an ester enolate
anion does rearrange at low temperature. (115) The mechanism of either the
cyclopentene rearrangement or the Cope rearrangement of the silyl enol ether
terminated vinylcyclopropanes remains unknown at this point, but preliminary
evidence (low-temperature NMR monitoring of the reaction progress) suggests
the existence of charged species as intermediates. (116) Remote charge
acceleration from the silyl enol ether center or secondary orbital participation of
the carboxylate heteroatoms is suspected. (112, 116)




Two procedures for the formation of cycloheptadienes via organometallic
intermediates have recently appeared. The addition of vinyl cuprates to the
ketals of cyclopropanes, followed by palladium-catalyzed coupling with vinyl
halides, leads to intermediate divinylcyclopropanes 88, which rearrange below
room temperature to cis-functionalized cycloheptadienes 89. (117) In the
reaction

I Bu/\x,zl-""' Cold |><|
% 2

THF/EY,0, -70°

DZSD 2. B X! <
PH{EPb;h catL. B s
-10%ton Bu Bu a v
83 B9 (67%)

of chromium carbenoid 90 with conjugated dienes, divinylcyclopropanes 91a
and 91b are formed in a ration of 1.7 to 1. The cis isomer rearranges to
annulated cycloheptene 92 during the reaction (23% in the final mixture
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The Cope rearrangement of divinylcyclopropanes leads to a number of
interesting annulation protocols that furnish fused, bridged, or spiroannulated
ring systems. Further refinements of this technology that will possibly eliminate

the need f@ Y HT9 wcﬁ:



Me TBSO.
(CO)sCr ~

OMe

90

OMe ~ A
TBSO, __ TBSO. __ OMe
OMe Me
O
91a B 91b -
% / 25° 3%
3h OMe GI%)
OTBS

OO0 M00000000000

functional groups can be expected. Recent reviews incorporate the annulation
protocols. (10-15)

3.3. Applications to Natural Product Synthesis

The Cope rearrangement of divinylcyclopropanes has been used in the
synthesis of natural products containing functionalized seven-membered rings.
Among the first applications following the eucarvone synthesis (1) was the
Eschenmoser synthesis of colchicine (96), which features the norcaradiene
Cope rearrangement of diester 94, generated by intramolecular displacement
of chloride 93. (119) Curiously, cycloheptatriene 95b, undergoes equilibration
with norcaradiene anhydride 95c. This type of equilibrium has been observed
in a number of structurally similar compounds. (11-15, 22-25, 27) The Cope
rearrangement has been applied to a formal total synthesis of colchicine (Eq.
8). (120) The key step in this synthesis is the generation of an appropriately
functionalized trans-divinylcyclopropane via diazopyruvate cyclopropanation of
butadiene followed by a Wittig reaction.
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Two trans-substituted divinylcyclopropanes, dictyopterene A (97a) and
dictyopterene B (97b), as well as their isomers, have been isolated from the
essential oil of Dictyopteris. (121-125) A proposal for their biogenesis involving
the Cope rearrangement has been advanced. (126) These hydrocarbons have
been synthesized and found to rearrange with some degree of
stereospecificity to cycloheptadienes 98a and 98b. (123) The energies of
activation for the two rearrangements are 37.4 and 28.5 kcal/mole,



respectively, suggesting that the mechanism has radical character. This
assumption rests on the partial racemization

97a 98a
= 170
— H iy
97b 28b

observed in the products and the differences in the energies of activation,
corresponding roughly to the resonance stabilization of the allylic radical
expected in the rearrangement of 2. (123) The enantiomers of 98a and 98b
have also been isolated from the essential oil, (122) and dictyopterene C (99)
has been proposed as their in vivo progenitor, as it seems unlikely that either
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isomers of 99 have been prepared, and their rearrangement to the racemate of
98a has been tested. (127-129) Thus, both trans and cis olefinic isomers of
trans-substituted cyclopropane 99 give 98a at 175°. The cis-olefinic isomer of
cis-cyclopropane 99 requires 75° to rearrange, while the trans isomer of cis-99
rearranges at 15°. (127) These results are in accord with the steric
requirements of the Cope rearrangement. (10-16) Dictyopterene has been
synthesized from vinylcyclopropane carboxaldehyde (100), (127) and by
cyclopropanation of butadiene with ethyl diazoacetate and subsequent
elaboration of vinylcyclopropane 101. (130) The thermal and photochemical



behavior of all four stereoisomers of dictyopterene A and the related
dictyopterene B has been studied. (126, 127) Accurate kinetic data and
comparison of Ex: and A S*values for dictyopterenes with those of various
model systems leads to the conclusion that the rearrangement may be
concerted (Eact ~ 32 kcal/mole for various isomers of 97a and 99, 28 kcal/mol
for 97b). Isomerization (trans—cis) was rationalized in terms of diradical
intermediates. Photochemical isomerization of the cis,trans isomers of 97a to
99 proceeds at 40° in benzene and produces mixtures of 99 and 98a. Diradical
intermediates and their recombination to various stereoisomers of 97a or to
cycloheptadiene 98a have been invoked in explanation. (126, 127)

A synthesis of cycloheptadiene 98b, the racemate of the sperm-attractant
sirenin isolated from the female gametes of the brown alga Ectocarpus
siliculosus, starts from 100. (131) No correlation of optical rotation was made
to compare this substance to dictyopterenes C orD . (123, 125, 129)
Synthesis of these naturally occurring cycloheptadienes has also been
accomplished in a chiral sense. (132, 133)
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Arachidonic acid analogs 102a and 102b have been prepared via the Cope
rearrangement of divinylcyclopropanes 103. (134) A naturally occurring
divinylcyclopropane

~(CH;),CO,Me ~(CH,);CO;Me
C‘:"’C C-:;C
q:“Z CgHy, 200°
CQC sealed tube C:E-“C
-‘Csﬂn'.ﬂ‘ TSHl e
1028, ci.
s 102b, trans
cis:rans = 4:1

antibiotic 104 from Polyangium cellulosum var. Fulrum is thermolyzed to
cycloheptadiene 105, which is inactive against pathogenic fungi. (135) 3
-Himachalene (108) has been synthesized via a Cope rearrangement of
divinylcyclopropane 106 generated by conjugate addition of an appropriate
cuprate. The thermolysis of 106 gives annulated cycloheptadiene 107, which is



converted to B -himachalene. (136) Damsinic acid (111) and confertin (112)
have been prepared by manipulation of a common intermediate, fused
cycloheptadiene 110. (63) Noteworthy in this synthesis is the solution to the
problem of competing rearrangements such as the [1,5]-homodienyl shift of
cis-alkyldivinylcyclopropanes 109b. Whereas the thermolysis of 109a leads to
110 in 100% yield, 109b furnishes this compound in only 20% yield at the
expense of the retro ene process. Irradiation of 109b at 98° leads to
cycloheptadiene

0 0 o
ij\ — xylene, heat
I 36h

106 (100%)
107 (30%) 108, p-himachalenc

110 in 80-90% yield, presumably by generating the cis-divinylcyclopropane
which then undergoes thermolysis. (63)

A model study aimed at the synthesis of phorbol (120) led to the preparation
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of tricyclic ketone 114 via the Cope rearrangement of divinylcyclopropane 113,
which takes place under acidic (solvolytic) conditions, perhaps
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accelerated by a partial remote charge. (99) A more recent study toward
phorbol-type compounds features the base-catalyzed formation of one of the
vinyl units in divinylcyclopropane 117. The E and Z stereochemistry
determines
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ketone 119. The E enolate in 117 is preferentially formed from the precursory
-keto ester by refluxing it in benzene—triethylamine, where an internally
hydrogen bonded enol form would predominate. The bicyclic ketone 119
possesses the C-4, C-8 stereochemistry found in phorbol (120). (137)

A formal synthesis of quadrone (125) has been accomplished via the
rearrangement of trimethylsilyl enol ether 122, available in 13 steps. The Cope
rearrangement takes place at 170° to generate bridged tricyclic 123, which is
converted to keto aldehyde 124 in 11 steps. (138) The structurally similar
system
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126 has also been synthesized via a [3 + 4] annulation sequence. (108, 109)
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repared in
synthesis of sinularene (129) was accomplished by the sequence shown in Eq.
9. The Cope rearrangement of 127 proceeds in 86% vyield to furnish the
precursor to the natural product, bicyclic enol ether 128. (139) Prezizanol (130)
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132 rearranges to bicyclo[3.2.1]octane 133 in 98% yield. This compound was
converted to the sesquiterpenes 130 and 131 in 11 steps. (140)

al (CH,),OMOM (CH,);,OMOM
a |:||:||:||:| DDDDDDDE

CDIME CDzMB

MOMO

CO,Me
_1ee ! 1 ste
RI

= Me, R' = OH 130 prezizanol
R,R =CH, 131 prezizaene

It can be expected that this rearrangement will continue to be used in the total
syntheses of complex natural products because of its simplicity, low energy of
rearrangement, and high degree of stereocontrol. The development of tandem



processes of increasing complexity that generate the divinylcyclopropanes
under mild conditions will aid in further applications of this rearrangement.
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4. Heterocyclic Systems

The Cope rearrangement of divinylcyclopropanes in which one or more atoms
along the periphery of the reacting system has been replaced by a heteroatom
is also known. (10-16, 27, 51, 52) In such systems the mechanism can operate
from additional manifolds: electrocyclic zwitterionic processes, fully ionic
processes involving nucleophilic ring opening followed by alkylative reclosure,
and diradical cyclizations. The regiochemistry as well as the topology of
heteroatom variations of the Cope rearrangement, like those of the heteroatom
analogs of the vinylcyclopropane system, are therefore more complex than for
the carbocyclic system. (51, 52)

4.1. Divinyloxiranes

The rearrangement of divinyloxiranes to oxepines has been investigated in
detail. 4,5-Dihydrooxepine (135) was isolated during an attempted preparation
of divinylethylene oxide by pyrolysis of divinylethylene carbonate. (141) The
intermediate in this reaction is oxirane 134; thermolysis of its cis and

0
134

;tj
135

~\yaRRodREenqpn00nn

134b

134a

trans isomers resembles that of the carbocyclic analogs. (142) The cis- and
trans-divinyloxiranes have D H* of 24.6 kcal/mole and 36 kcal/mole, and D S¥
of —11.3 cal deg™ mole™ and —0.4 cal deg™ mole™, respectively. This
suggests that a boat transition state and a diradical cleavage of the C! C bond
operate in the oxepine rearrangement. (143) Benzene oxide—oxepine valence
tautomerism has been compared to the norcaradiene—cycloheptatriene
rearrangement. (143) The kinetics of the equilibrium of 136 and 137 as well as
substituted derivatives of these systems have been reviewed. (143, 144)

136



trans-Divinyloxiranes yield vinyldihydrofurans in competing rearrangements.
The kinetics of racemization of chiral trans-divinyloxirane (Fieoe = 5.5 % 10 71
suggest an electrocyclic process for the ring opening. (145) An isotope effect
study suggests that oxepines or vinyldihydrofurans are produced competitively
from a common zwitterionic intermediate. (146) A carbonyl ylide mechanism
has been proposed to account for these observations. (147) Disrotatory

closure of 141 would lead to dihydrofuran 140 (with inversion). Conrotatory

S, 0g8° aad
(X = {1

138a 139

N =
— OC( Ll
-—_ (8] \

EEEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEEEEENEEEEEEEEEEEEEDE
*
SN A

),

141
sercoepodrim A A AR 2 v
stereospec g ; , 14 necnao ppuons is shown

in Eq. 10.

Eberbach (149-158) and Chuche (148, 159-165) studied the mechanism and



applications of this rearrangement extensively. An interesting comparison can
be made between the systems studied by Eberbach, which involved mainly
dienyl or enynyl epoxides, and those of Chuche, who investigated the divinyl or
vinylynyl oxiranes. In both instances oxepines of the appropriate unsaturation
level are obtained, with competing rearrangements to vinyldihydrofurans or in
some cases to cyclopropyl carbonyl compounds. The concerted closures of
zwitterions such as 141, 143, 145, and 147 were invoked as mechanistic
options

11
C 145
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in both thermal and photochemical rearrangements of oxiranes of type 138,
142, 144, and 146, respectively. (148) Only Z isomers of 142 lead to oxepins,
whereas either Z or E isomers lead to vinyldihydrofurans. (157, 158)

The alkynyl compounds 144 rearrange at 170° to either vinylfurans or oxepins.
(150-152) The intermediate in these reactions is the cyclic allene 148,

148

which isomerizes to an oxepine under thermolytic conditions. (153) A similar
intermediate, 148a, has been proposed (159) to account for the formation of



oxepine from 146 and the formation of ethynylcyclopropylaldehyde 149. (159,
160) This transformation has been studied in gaseous and liquid phases and
found somewhat controllable. (161)

This rearrangement is sometimes useful in the synthesis of fused oxepines or
benzoxepines. Under certain conditions aromatic olefins participate in the
rearrangement. (166-168) However, the rearrangement of oxiranes such as

CH

8]
[13] '[ '\

146 148a
CHO
13,3
“NC=CH
149

150a,b (148) is sluggish, as is the rearrangement of the 2-furyl derivative 152a.
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intermediate oxepine 154a, which gives the fully aromatic compound 156
under the reaction conditions. (166) This difference in reactivity can be
attributed to unfavorable resonance stabilization of carbonyl ylides of type 141
derived from the 2-furyl compounds, which yield dihydrofurans rather than
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depends on the temperature profile of the




150a R = Me 15sta R
150b R = CH=CH, 151b
3 g™
N D<o —*— s
152a 153
J 0 o
/ CO,R CO,R
R R R=Et_ | I — N\ |
0 0
152b 154a 156

3 =
L A
lllllllllllllllllllllll!illllllllll.il
152b R=5 -

sycysis. (LA e P e e ek e e

of this rearrangement in the synthesis of more complex molecules have been
reported. Senepoxin has been synthesized by allylic bromination of epoxide
157, available in 14 steps from methyl 3,5-hexadienoate, followed by in situ
generation of the divinyloxirane precursor, which gave senepoxin in 22% yield,
Eq. 11. (169) Control of the dihydrofuran—oxepine mode of the rearrangement
allows the conversion of oxirane 152b to ipomeamarone, a
furanosesquiterpene from the sweet potato Ipomea batatas (Eq. 12). (167)
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One example of a biological divinyloxirane—oxepine rearrangement has been
reported in the context of stereochemical studies in sesquiterpenoids. A minor
constituent of the extract of Mikania species, miscandenin (158a), has been
assigned the indicated stereochemistry by X-ray crystallography, in analogy
with a similar assignment to occidenol (159). The suggested Cope
rearrangement responsible for the formation of these compounds is shown.

(170)

H OH
158b 158a 159



An example of this rearrangement that proceeds under extremely mild
conditions involves the synthesis of oxepine 154b from the silyl enol
ether-terminated vinyloxirane 152c. Either oxepines 154b or dihydrofurans
160 are available by controlled thermal rearrangement of the oxirane. The
dihydrofurans such as 160 become exclusive products of the low temperature
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rearrangement of 152c mediated by trimethylsilyl iodide—hexamethyldisilazane,
(168) in direct analogy to the rearrangement of the silyl enolether-terminated
vinylcyclopropanes. (111) The mechanism of this intriguing rearrangement is
at present unknown. (116, 168)

4.2. Divinylaziridines

Transformations analogous to the Cope rearrangement occur with both
divinylaziridines and vinylaryl- or vinylalkynylaziridines. These processes have
been studied in parallel with the corresponding oxygenated analogs. (159, 160,
165) The rearrangement of cis- and trans-divinylaziridines 161a,b to azepines
162 occurs during the ring opening of divinyloxiranes with ethylamine. (171)
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In the presence of moisture, the ring-contracted cyclopentene imine 163 is
observed. The rate of the valence isomerization of cis-divinylaziridine 164 to its
azepine is ka5 = 1.28 x 107 57! (172) It is noteworthy that several

CF,

CF,
CF,
CF;

regioisomeric divinylaziridines can exist as a consequence of the trivalent
nitrogen. Thus the substitution pattern in the resulting azepines can also differ.
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The D H* for the isomerization of 165 is 18.5 kcal/mole, a value substantially
lower than that for carbon analogs in the Cope rearrangement. (173)
cis-Divinylaziridines give azepines whereas trans compounds furnish
pyrrolines, in analogy with the rearrangements of divinyloxiranes. Concerted
closures of zwitterionic intermediates have been postulated as mechanistic
explanations for thermal rearrangements. (174) Aziridines 166, in which only
one of the vinyl
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groups is confined in an aromatic nucleus, prefer the pyrroline pathway, (174)
but N-substituted vinylaziridines 169 give pyridoazepines 170 on thermolysis.

(175)
N HN N
l = heat I =
Nf’ toluene Nf’
169 170

intermediates similar to the ylides obtained on thermolysis of divinylaziridines.
(176-178)

The vinylal laziridines 171 behave Ilke thelr divin onwane analogs
(150160 T L Mol il S el ot Al Jiabfcfon an
transformation to cyclopropylalkynyllmlnes 173 has also been observed.
Allene 174 has been postulated as an intermediate. (159)
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4.3. Divinylthiiranes

cis-Divinylthiirane 175 isomerizes to 4,5-dihydrothiepine at 340° (flow system).
(179) Kinetic measurements (176 in CCl, solution, 110°) show that the
rearrangement is slower than that of oxiranes, cyclopropanes, or aziridines
(Table A) (179) with ky = 14 x 107 min™* at 118°. The rearrangement has been
suggested to proceed through an ylide intermediate. The competing formation
of vinyldihydrothiophene 178 (29%) is also observed. (179)
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NR 185
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X D H* (kcal/mole)

CH217.8
NR 18.5
o 227
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The cis- and trans-divinylthiiranes are stable at room temperature. The cis
isomer rearranges above 90° and the trans isomer at 120°. (180) Loss of sulfur
and formation of hexatrienes as well as isomerizations of thiepines are the
major complications. (179, 180) Diradical intermediates have been invoked to



explain the competing process. The cis- or trans-divinylthiiranes can rearrange
according to the postulate shown in Eq. 13. (180) No use in synthetic
methodology has been reported.
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4.4. Miscellaneous Compounds

Essentially any combination of heteroatoms, both within and outside the
three-membered ring, is subject to the Cope rearrangement. Acyl azide 179
gives an unusual rearrangement product on attempted Schmidt reaction. (181)
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The product was identified as imino ketone 181, arising via Cope
rearrangement of isocyanate 180.

Rearrangement of vinylcyclopropyl isocyanates have been reported to give
azepinones (Eg. 14) (182) or lactams (Eqg. 15). (34, 35) Azepinamides are also
obtained from vinylcyclopropyl imidates, (Eq. 16). (32) Similarly,
vinylcyclopropyl carbonyl
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compounds 183 can yield oxepines 184 or vinyldihydrofurans 182 through
thermal equilibration involving diradicals such as 186. (183)
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A study of substituent effects on the outcome of the rearrangement of most of
the analogs of the Cope rearrangement discussed in this chapter has
appeared. (184) Further examples of the Cope-like transformations of
three-membered ring systems substituted with a variety of unsaturated side
chains containing heteroatoms can be found in a recent compilation on the
transformation of ring heterocycles. (185, 186) This review summarizes only
the most common types of the rearrangement, excluding those
three-membered rings that contain more than a single heteroatom.



5. Summary

The potential of the seven-atom assembly represented by a Cope system
appears limitless. Ample mechanistic precedent has been set, and it appears
that synthetic utility should be forthcoming, especially in the heteroatomic
cases. It appears that a system such as 187 (where A—G can represent any
combination of atoms or functionalities that satisfy their valence requirements)

5 S
A
oy A S =G D
B—C—E-F F=E
187 188

can effectively yield the product of its Cope rearrangement, 188, where the
final topography is dictated by the relative energetics of the particular bonds
that participate in the rearrangement. Finally, applications of the Cope
rearrangement to enantiocontrolled synthesis will no doubt appear as methods
are developed that both lower the temperature of the rearrangement and

provide means of chirality transfer or retention during the rearrangement.
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6. Experimental Procedures

6.1.1.1. cis-6,7-Dimethylcyclohepta-1,4-diene (44)

A 40-pL sample of trans,trans,trans-dipropenylcyclopropane (98.6%) was
degassed through three or four freeze-pump-thaw cycles at 107 torr, then
sealed under vacuum in a base-washed and thoroughly dried ampule, and
heated in an oil bath at 178° for 4.2 hours. The reaction mixture contained one
product (98.8%) and no starting material according to GPLC analyses. The 'H
NMR spectrum ( 6 5.58, 3.07, 2.61, 2.55, 0.99) was identical with that of an
authentic sample of cis-dimethylcyclohepta-1,4-diene.

6.1.1.2. 7-n-Butyl-1-tert-butyldimethylsiloxy-1,4-cycloheptadiene (87)

To a cold (-78°) stirred solution of lithium diisopropylamide

(1.4-1.5 mmol/mmol of ketone) in dry THF (4 mL/mmol of base) under an
atmosphere of argon was added slowly a solution of
n-butyl-trans-2-vinylcyclopropyl ketone (1.19 mmol) in dry THF (1 mL/mmol of
ketone), and the resulting solution was stirred at —78° for 45 minutes. A
solution of freshly sublimed tert-butyldimethylsilyl chloride (1.6 mmol/mmol of
ketone) in dry THF (1 mL/mmol of chlorlde) was added, foIIowed by dry HMPA

[TTT1T11T]

saturated agueous sodlum blcarbonate and pentane (10 mL and 20 mL/mmol
of ketone, respectively). The aqueous phase was washed twice with pentane.
The combined extract was washed four times with saturated aqueous sodium
blcarbonate and twice with brine, and then drled ( MSO4 Removal of the
solvent, foI @E . ﬂ m] E e the
correspondlng S|IyI enoI ether as a colorless 0|I that exhlblted no IR carbonyl
stretching absorption. Thermolysis of the silyl enol ether was accomplished by
heating (neat, argon atmosphere) at 230° (air-bath temperature) for 30—60
minutes. Direct distillation (140-150°/12 torr) of the resultant materials
provided the cycloheptadiene in 85% yield: IR (film) 1660, 1260, 840 cm™; *H
NMR ( CDCls) 6 0.09 (s, 6H), 0.88 (s, 9H), 0.7-2.75 (m, 14H), 4.8 (t, 1H,

J =5.5Hz), 5.5-5.9 (m, 2H).

minutes and

6.1.1.3. 1,2,3,7-Tetrachloro-1,3-cycloheptadiene (84)

To a solution of cis-1,2,3,3-tetrachloro-1,2-cyclopropane diethyl
bis(p-toluenesulfonate) (1.15 g, 2 mmol) in THF (80 mL) was added dropwise
at —50° under a nitrogen atmosphere t-BuOK (960 mg, 8.5 mmol) in THF

(15 mL). After 1 hour at —-50°, the solution was allowed to warm to room
temperature over 2 hours. It was evaporated in vacuo at 25°. The residue was
extracted with chloroform and ether. The solvent was evaporated and the
crude product purified by column chromatography ( SiO,/ CHCIs) followed by
preparative TLC ( SiO,/ CHCIs) yielding
1,2,3,7-tetrachloro-1,3-cycloheptadiene (10%): UV ( CDCls) 257 cm™; IR (film)



3040, 2940, 2850, 1590, 1570, 1440, 1340, 1315, 1180, 1140, 1120, 840, 750,
710 cm™; *H NMR ( CDCls) 8 2.3 (m, 2H), 2.6 (m, 2H), 4.92 (dd, 1H, J = 6,

8 Hz), 6.56 (t, 1H, J = 7.1 Hz); *C NMR ( CDCls) 8 24.7 (t), 43.8 (1), 59.1 (d),
127.6 (s), 128.5 (s), 134.1 (d), 136.3 (s).

6.1.1.4. 12,12-Diphenyl-5-methyl-11-oxa-7-oxo-tetracyclo[6.4.0.0°°.0%|dodec
-3-ene (65)

A solution of benzophenone (91 mg, 0.5 mmol) and
5,8-dimethyl-9-methylenetricyclo[3.3.1.0%®Jnon-3-en-7-one (87 mg, 0.5 mmol)
in benzene (5 mL) was irradiated (RPR-100 photoreactor, 350-nm lamps) at
room temperature for 8 hours. After the solvent was removed in vacuo, the
resulting residue was separated by TLC on silica gel using ether—hexane (1:1)
as the eluant to give the starting material (10 mg, 10%) and the cycloadduct
(95 mg, 69%). The product was recrystallized from ethanol to give colorless
crystals (mp 182-183°): IR ( KBr) 1705, 1595, 1035 cm™; *H NMR ( CDCl3) &
0.95 (s, 3H), 1.47 (s, 3H), 1.86 (d, 1H, J = 18.8 Hz), 2.34 d, 1H, J = 18.8 Hz),
2.45 (s, 1H), 3.43 (d, 1H, J = 6.8 Hz), 4.06 (d, 1H, J = 11 Hz), 4.62 (d, 1H,
J=11Hz), 5.5 (dd, 1H,J =8, 6.8 Hz), 5.79 (d, 1H, J = 8 Hz), 7.05-7.77 (m,
10H); MS [m/e (rel.int)] 356 (M), 132 (100).

A )-(+)-3 33 6 7- ahvdro-6-methyvl-7- nvl-1H-cvclohent ran-1-an
EENNNNNNNNERANN | u MARNENNENNENNEN

A solution of (2E, 4E)-2,4-hexadienyl 2-diazo-4-phenyl-3-butanoate (5 mmol)
in dichloromethane (10 mL) was added dropwise over 10 minutes to a stirred
mixture of rhodium(ll) acetate (0.021 g, 0.05 mmol) in dry dichloromethane
(10 mL) and heated under reflux in an argon atmosphere. After heating for an
and the residue was purified by column chromatography on silica with ethyl
acetate—hexane (1:9) as solvent to give (3a a,6 a,7

a )-(x)-3,3a,6,7-tetrahydro-6-methyl-7-phenyl-1H-cyclohepta[c]furan-1-one as
a white solid (mp 104—106°) in 76% yield: IR (Nujol) 1755, 1670 cm™; *H NMR
(CDCl3) 8 1.0 (d, 3H, J = 6.7 Hz), 3.16 (m, 1H), 3.69 (m, 1H), 4.09 (dd, 1H,
J=8.7,8.7Hz), 4.21 (m, 1H), 4.66 (dd, 1H, J = 8.7, 8.7 Hz), 5.36 (ddd, 1H,

J =10, 6.4, 3.0 Hz), 5.68 (ddd, 1H, J = 10, 2.1, 2.1 Hz), 6.92 (dd, 1H, J = 5.3,
3.2 Hz), 7.13-7.75 (m, 5H); Anal. Calcd for C16H1602: C, 79.97; H, 6.71. Found
C, 79.99; H, 6.75.

6.1.1.6. Diethyl
endo-1,5-Dimethyl-8-oxabicyclo[3.2.1]octa-2,6-diene-2,4-dicarboxylate (103)
A solution of diethyl 4-diazo-2-pentenedioate (1.06 g, 5 mmol) in
dichloromethane (10 mL) was added dropwise over 10 minutes to a stirred
mixture of rhodium(ll) acetate (0.021 g, 0.05 mmol) and 2,5-dimethylfuran
(25 mmol) in dichloromethane (5 mL) and heated under reflux in an argon
atmosphere. After heating for an additional 10 minutes, the solvent was
evaporated under reduced pressure and the residue was purified by



chromatography on silica with ether—petroleum ether (15:85 to 20:80) as
gradient to give diethyl
endo-1,5-dimethyl-8-oxabicyclo[3.2.1]octa-2,6-diene-2,4-dicarboxylate (0.98 g,
70%): IR (neat) 1720, 1705, 1622 cm™; *H NMR ( CDCl3) & 1.27 (t, 3H,
J=7.1Hz), 1.30 (t, 3H,J = 7.1 Hz), 1.60 (s, 3H), 1.67 (s, 3H), 3.48 (d, 1H,
J=2.7Hz),413-4.23 (m, 4H), 5.72 (d, 1H,J = 5.7 Hz), 6.47 (d, 1H,

J =5.7 Hz), 6.53 (d, 1H, J = 2.7 Hz); *C NMR ( CDCls) 5 13.9, 19.7, 23.9, 49.4,
60.3, 60.8, 83.8, 84.9, 131.2, 133.9, 140.7, 143.3, 165.4, 168.7; Anal. Calcd for
C15Hx00s: C, 64.27; H, 7.19. Found: C, 64.41; H, 7.20.

6.1.1.7. 2,3-Dicarbomethoxy-6-phenyl-4,7-dihydro-1H-azepine (176)

To a solution of 2-phenyl-2-vinylaziridine (0.44 g, 3 mmol) in methylene
chloride (10 mL) was added dimethyl acetylenedicarboxylate (0.4 g) at 0°.
Removal of the solvent led to
2,3-dicarbomethoxy-6-phenyl-4,7-dihydro-1H-azepine (95%, mp 122-123°):
IR (neat) 3300, 1730 cm™; *H NMR ( CDCl3) 8 3.46 (d, 2H, J = 7 Hz), 3.72 (s,
3H), 3.85 (s, 3H), 4.4 (d, 2H), 4.75 (broad s, 1H), ( D,O exchange: signal at
4.75 disappeared and signal at 4.44 collapsed to a singlet), 6.36 (t, 1H,
J=7Hz), 7.4 (s, 5H).

G 8 G-Dihvdro- 8 G-tetramethvl-2H-azenin-2-gne (18
T L L L S L L L R L L L L L BT EE T T T T T T T T I 1T
21.2 mmol) in dry o-xylene (30 mL) was refluxed under a dry nitrogen

atmosphere for 60 hours. After evaporation of o-xylene, the residue was
distilled under a nitrogen stream to give

3,6-dihydro-3,3,6,6-tetramethyl-2H-aze n -2- one 2. as colorless oll
v o2 gL [wn]

6.1.1.9. Eucarvone (24)

Freshly distilled carvone (200 g, 1.33 moles) was added to a solution of
hydrogen bromide (296 g, 3.66 moles) in glacial acetic acid at 6-11°. The rate
of addition was determined by the effectiveness of the cooling and stirring; with
a good paddle-type stirrer and a cooling bath at —30°, 15-30 minutes was
required. The cooling bath was removed and stirring continued for 15 minutes.
The resulting dark solution was poured into 2 L of water, the lower layer was
separated, and the aqueous layer was extracted with ether. The combined
organic layers were washed with water, then with saturated potassium
bicarbonate solution until basic to litmus, and finally with water until neutral.
The ether solution was dried roughly over sodium sulfate, then dropped into a
well-stirred and cooled solution of 145 g of potassium hydroxide in 550 mL of
methanol. After completion of the addition, the resulting stirred suspension
was refluxed for 15 minutes and poured onto ice-sulfuric acid to precipitate the
eucarvone. The yellow oil was separated and the aqueous layer was extracted
with ether. The ether solution was washed with saturated potassium
bicarbonate solution and transferred to a steamdistillation apparatus along with



20 g of barium bicarbonate. After the ether had distilled, 9 L of distillate was
collected, saturated with salt, and extracted with ether. The combined extracts
were dried over sodium sulfate, concentrated in vacuo to a yellow oil, and
fractionated in a spinning band column of approximately 25 plates to yield a

total of 146.5 g (73%) of eucarvone (bp 82.5-84°/8 torr; '”15:1} = 1.5080),
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7. Tabular Survey

The tables are organized according to the type of rearrangement and its

product. In many cases the requisite divinylcyclopropane or its analog is

generated from suitable precursors under the conditions of the rearrangement.

The starting material is shown along with the intermediate in brackets, and the

system is listed according to the carbon number of the reactive intermediate.

Table | lists only thermal rearrangements of divinylcyclopropanes leading to

simple cycloheptadienes, whereas the rearrangements resulting in the

formation of products that contain more than one ring are found in Table II.

Photochemical rearrangements are listed in Table Ill, and those occurring

under transition-metal catalysis are found in Table IV. In some cases the

rearrangement takes place in a reaction medium containing transition metals,

but these may not be directly involved in the mechanism of product formation.

For clarity such rearrangements are also listed in Table IV. Tables V-VII

contain compilations of Cope-type rearrangements of divinyloxiranes,

divinylaziridines, and divinylthiiranes, respectively. Finally, Table VIII lists a few

examples of Cope-type rearrangements of systems containing other

heteroatoms in the reacting matrix.
HENEENENENENENEENNNNENEEEENNENNEEEENENNENNNENENENEEE

n those cases where multiple references exist for a given compound, only
those that deal with the actual preparation are given. References to rate
studies or additional references to preparation are found in the text. The
following abbreviations are used in the tables:

HOnAnLA0000000oo

Bz benzoyl

DMF dimethylformamide
DMSO dimethyl sulfoxide
HMDS hexamethyldisilazane
HMPA hexamethylphosphoric triamide
LDA lithium diisopropylamide
NBS N-bromosuccinimide

rt room temperature

TBS tert-butyldimethylsilyl
TFA  trifluoroacetyl

THF  tetrahydrofuran

THP  tetrahydropyranyl

TMS trimethylsilyl

Ts p-toluenesulfonyl



) no yield given

Table I. Thermal Rearrangements of Divinylcyclopropanes to
Cycloheptadienes

View PDF

Table Il. Thermal Rearrangements of Divinylcyclopropanes to Annulated
Systems

View PDF

Table Ill_Photochemical Rearrangements of Divinylc clcl)glopanes
=

A
I — - -

View PDF

Table IV. Transition-Metal-Catalyzed Rearrangements of
Divinylcyclopropanes

View PDF

Table V. Rearrangements of Divinyloxiranes




View PDF

Table VI. Rearrangements of Divinylaziridines

View PDF

Table VII. Rearrangements of Divinylthiiranes

View PDF

Table VIII. Rearrangements of Miscellaneous Systems

View PDF
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Organocopper Reagents: Substitution, Conjugate
Addition, Carbo/Metallocupration, and Other

Reactions

Bruce H. Lipshutz, University of California, Santa Barbara, California
Saumitra Sengupta, University of California, Santa Barbara, California

1. Introduction

Well over a decade ago, two reviews were contributed to the Organic
Reactions series covering substitution and conjugate addition reactions in
organocopper chemistry. (1) Their appearance, which highlighted most of the
early work in this field, served not only as a source of invaluable references to
original literature reports, but also stimulated a vast number of subsequent
studies on the properties and uses of organocopper complexes. That these
reagents are of tremendous value to the domain of synthetic organic chemistry
is hardly open to debate; (2) indeed it is rare not to find a copper-mediated

EEEEEEERERCUUCUSUCE N LSS USRI EEESUNY U ANNNNENER
chemistry. Collman and Hegedus summed up the situation some years ago in
their text on organotransition metal chemistry by stating, “Of all the
transition-metal organometallic reagents developed for application to organic
synthesis, organocopper complexes are by far the most heavily used and
enthusiastimm ' m ' 2 h in this
area since m MMUM@W,
numerous reviews addressing specific subdivisions of organocopper chemistry
have filled the need to keep pace with the advances being made. (4)

The work cited in this chapter, which dates from ca. 1975, concerns in large
measure uses of organocopper complexes originating from either catalytic or
stoichiometric quantities of a copper(l) halide together with a Grignard (RMgX)
or organolithium (RLi) reagent. These combinations form either neutral
organocopper reagents RCu (1) or copper(l) monoanionic salts R,CuM (M = Li
or MgX), commonly referred to as “lower-order” species. The latter ate
complexes with lithium as gegenion (i.e., 2) are also known as “Gilman
reagents” in recognition of their origins (Egs. 1 and 2). (5) Copper(l) cyanide is
also an excellent precursor, affording homogeneous mixtures of lower order
cyanocuprates RCu(CN)Li, 3, upon treatment with an equivalent of an
organolithium (Eg. 3). The strength of the Cu — CN linkage presumably
accounts for direct cuprate formation with 1 equivalent of the organolithium,
rather than the metathesis that occurs with copper(l) chloride, bromide, or
iodide.



CuX + RLi — RCu + LiX

! (1)
an organocopper
complex

CuX + 2RLi —= [RCu + LiX + RLi] -= R,CuLi + LiX

3 )
a "lower order”
or "Gilman" reagent

direct 'ate’
CulN + RLi ——™ _  RCuCNLI
formation 3 3)
& “lower order”
cyanocuprate
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vvnile use or reagents 1, Z, d 5 alone can be aptly classiiied as broad-base
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and intense, their importance has further encouraged extensive development
of variations on these themes (i.e., their composition and reactivity profiles).
Reagents 1-3 have been found to be unexpectedly compatible with certain
electrophilm | mmmﬁr their
reactivity. mm@m i, different
organolithiums can be utilized to give RrRrCuLi, 4, conserving potentially
valuable RLi. This scenario raises the question of controlling the selectivity of
transfer of the desired ligand Ry rather than the anticipated residual (or

“‘dummy”) group Rg from copper to electrophilic carbon (Eq. 4). Fortunately,
many solutions to this problem now exist.

CuX + RTLI + Rkl.j RTR RC].I Li + LiX

4
V W @)
R.E RgE
(desired) {undesired)

The most recent arrivals to the fold of organocopper chemistry are those
species resulting from a composite of the principles delineated in Egs. 2—4.



That is, admixture of 2RLi (or RrLi + RgLi) with copper(l) cyanide proceeds
beyond the stage of 3 to ultimately arrive at copper(l) dianionic complexes 5,
the so-called “higher-order” cyanocuprates (Eg. 5). (6) Undoubtedly it is the
cyano ligand, with its p -acidic nature, which enables copper to accept a third
negatively charged ligand. Although reagents 5 do not yet share in all of the

CuCN + 2RLi(orRqLi + RgLi) —— [RCu(CN)Li + RLi]

R,Cu(CN)Li,
5

a "higher order”
cyanocuprate

(5)

benefits offered by time in comparison with their lower-order counterparts, they
nicely complement prior art. Moreover, as with species 1-4, they continue to
evolve, providing the synthetic community with alternatives for highly selective
and efficient means of making key carbon—carbon bonds.
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2. Mechanism

The popularity of organocopper complexes as reagents in organic synthesis
has spawned numerous mechanistic investigations of both substitution and
conjugate addition schemes. Studies of the former, most often involving
homogeneous solutions of cuprates (rather than neutral organocopper species,

RCu), corroborate an earlier assessment that no single interpretation can

account for all of the mechanistic and stereochemical results gathered to date.
(7) Variations in the nature of the leaving group, the hybridization of the carbon
undergoing the reaction in the substrate, and the effects of other functionality
located within the molecule may all contribute to the course followed. In
addition, since it now appears that the organocuprate itself within a given class

[e.g., lower-order homocuprates, RoCulLi (7) or higher-order cuprates

R2Cu(CN)Li; (8)] may vary as a function of solvent, mode of preparation, and

presence of additives, the likelihood of finding a common denominator seems

slim. However, there are many valuable generalizations concerning specific
substrate types that can be made and utilized to advantage in synthetic

situations.
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a direct displacement by R in R,CuLi in an Sn2 process, or attack by the
cuprate itself to afford a transient Cu(lll) intermediate, followed by reductive
elimination (Eq. 6). An early case opposing

OOO00RO0ORRDROAL,

M'Cu(DR,™ + -}c-x it

oxidative

e — -

addition

R
Gt
R *

reductive
elimination

VoIV

(6)

involvement of a Cu(lll) species has been made, (9) as has an alternative
proposal invoking a dimeric cuprate wherein each copper atom donates one
electron [i.e., to form two Cu(ll) atoms] toward a net two-electron change,
thereby avoiding a highly unstable Cu(lll) oxidation state. (10) Examples of
copper complexes of this formal oxidation level are known; however, they
generally tend to require good o -donor ligands for stabilization. (11-15)
Arguments in favor of a Cu(lll) intermediate are further strengthened by
analogy to reactions of dialkylgold(l) reagents, (16) which give documented
Au(lll) intermediates. (17) Reductive elimination from the Cu(lll) to the Cu(l)



state, as with the corresponding aurates, occurs following their generation via
alkyl radical addition to cupric acetate (Eq. 7). (18)

()
——~  CH;0,CCH; + Cu(DO,CCH;

Implied in both mechanisms (Eg. 6) is the stereochemistry at the reacting
carbon center, which is predicted to undergo a net inversion. Tosylates (19)
and epoxides (20) do give products of inversion, but recent evidence shows
that such is not the case with all reactive halides. (21, 22) That is, iodides

typified by
j\/\/\/ e j\/\/\/
- T}u:' -
X ouicome at C*
llllllllllllIllllllllllllllllliiiilllllllll

Br inversion
Cl unknown
OTs inversion

(+)-2-iodoofidfe] faliolfackimbed brbfiuts ] irlp dfird[nbbrdfetic

bromides give results akin to sulfonates (Eq. 8). (21, 22) The necessity for a
pathway proceeding through free radicals in the case of iodides is borne out
from experiments with various radical traps, for example, 6-halo-1-heptenes
(Eqg. 9). (23) With X =1, cyclopentane-containing products predominate by
ratios of 3—4:1 over straight-chain products of substitution. Even bromides lead
to finite percentages of cyclic material, implying that more than one
mechanism is operative. a -Deuterium and **C secondary kinetic isotope
effects associated with these displacements have also been measured. (24)



X CH,4
/\/\)\ ke el /\/’\)\
— — +
X % % 9)
I (18) (6) (R=H)
(65) (R=CHy)
Br (68) (5) (R=H)
©) (R=CHy)

Several more recent reports have appeared suggesting Cu(lll) intermediates in
reactions of widely varying systems, including allylio (25) and propargylic
(26-30) halides, sulfonates and esters, allenes, (31) a -dihalo esters, (32, 33)
and others. (34) Propargylic acetates, tosylates, and halides produce
substituted allenes resulting from predominantly anti addition (Eq. 10).
Trapping experiments at low temperatures implicate a Cu(lll) intermediate,

which gives a couilin%

[CH;:I;CIILI. H "

H, CH;
,\7‘ C=CH b T
-G EL0 r:~C5H|/_ H (10)

0,CCH,4
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product upon warming. (26) Allenic bromides, likewise and in concert, are
converted back into the corresponding acetylenes without loss of
stereochemical information, perhaps via initial “bidentate binding” as illustrated
in complex 6. (31) Interestingly, these same cuprates, as well as those derived
from Grignard reagents with catalytic amounts of copper(l) halides, racemize
(unactivated) chiral allenes, probably by way of radical anions 7 formed by
electron transfer from R>CuLi. Rates of loss of optical activity are greater in
tetrahydrofuran than in diethyl ether solutions. (35)




Cu (1) R,

Single electron transfer (SET) chemistry of organocuprates has also been
observed with several other substrate types. Many alkyl aryl ketones (36) and

IV AR T N NN T Wided ketbnbd @71 ol virbida Bubdithtibriphtierhslabdlrdddcdof doterkidisl 1 1§ I I H I §

react in a 1,2 sense with R,CulLi, presumably by way of electron transfer. It is
often not possible, though, to rule out the direct 1,2 addition by electron-rich
d'® copper(l) in R2Cu", even though this should be disfavored by “ a -effect”
(38-40) repulsion. Similar intermediate roles for anion radicals are described in

g wunluallelolu sl sl TR
Ph,CuMgB openzZene. (2 PPOT ES On the oxidation

potentials of cuprates (e.g., [PhCuOR]") (43) and RCu, (44) as well as on
reduction potentials of selective substrates in ethereal media, have also been
reported. (45)

Reductions of alkyl halides, a competitive pathway in cuprate couplings, have
been suggested to take place by way of copper hydrides, CuH-L, formed

[ R?IHCHECu “y; ] RCH=CH, + CuH (11)

H

via B elimination from an organocopper species (Eq. 11). (46) Similar
outcomes, however, are realized when 3 -hydride elimination is unlikely or
cannot occur, for example, with Ph,CuLi or Me,CulLi. (47) The ultimate source
of hydrogen in the reduced product has yet to be ascertained. Functional
group replacements by hydrogen in olefinic (48) and (hetero)aromatic
substrates (49) have also been reported, where single-electron transfer



processes may play a role.

Alkyl tosylates in hindered systems, rather than undergoing reduction, react
through a concerted anti-elimination mechanism involving Li* as a Lewis acid
in a “push—pull” process. When such an action induced by R,CuLi (R = Me, Ph)
is precluded, skeletal reorganization ensues (Eqg. 12). (50)

& = (12)

(33%) (27%)

The proximity of certain functional groups to the sp® carbon bearing a leaving
group can dramatically alter both the anticipated products and the mechanistic
picture. Cyclopropyl tosylates give ring-opened materials, a process that may

involve a “cuprate(l)—cation complex”. (51) Homoallylic steroidal tosylates (e.q.,

T IR AR U UT bibbigsiebllo definddktbréobnbriisind réakt Wil RICELI vt r§tdniob df |
configuration, suggesting participation of the 5,6 double bond. (51)
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OTs CuR,
RgCuli

RCu A~

(R = n-CyHy)

(+ LiOTs)

(49%) (23%)

(40%)

(40%)

Akyaions o A e kL b A e

scrutinized as to their regio- and stereochemical outcomes in reactions with
organocuprates. In general, products reflecting anti stereochemistry are
favored, although this can be reversed (i.e., to give syn products) depending
upon the leaving group, 52,53a,b steric factors, (54-57) and type of substrate.
53a,c Early views promoted the orbital distortion technique, suggesting an
initial radical anion. (58) More recent studies point to a rate-determining
formation of a o -allylcopper(lll) complex 9 o , originating from Sy2' attack by
copper following prior cuprate complexation with the olefin (as in complex 8).
(59, 60) Reductive elimination from 9 o with retention of configuration would
give anti product 10. Alternatively, copper species 9 o may rapidly isomerize to
a p -allyl species 9 p (L = alkyl), resulting in the potential loss of regiocontrol.
Intermediate 9 may then partition itself between products 10 and 11 depending
on stereoelectronic and steric factors. It should be noted that formation of 10
and/or 11 indicates that rates of reductive elimination vs. isomerization can be
altered by changes of the ligand L on copper. (61) Similar mechanistic
interpretations have been advanced for Cu(l)-catalyzed Grignard couplings.
(62) An alternative view postulates overlap between a diffuse copper(l) d



orbital and the appropriate LUMO of the allylic system, as in 12. Simultaneous
dp*

(40%) : (40%)

o* (C-X)

DDDDD@WBDDDDDD

d(Cu)
12

(at the y carbon) and d o * (at the a carbon) bonding accounts for the Sy2¢
preference with net anti stereochemistry. (39)

2.1.1.2. Conjugate Additions

The mechanistic picture for cuprate conjugate addition reactions is no less
complicated than that put forth for substitution reactions. Several different
proposals have evolved over the past decade, for the most part based on
studies involving Gilman lithio cuprates (R.CuLi). With the advent of additives
(e.g., boron trifluoride etherate, chlorotrimethylsilane) now commonly
employed in reactions of this type, the situation has been made all the more
complex.

The correlation of reduction potentials of a , B -unsaturated carbonyl systems
with cuprate reactivity, and the generally recognized need for oxygen as part of



the chromophore, have given rise to a proposal involving a single electron
transfer mechanism. (63, 64) Initial Lewis acid—Lewis base interaction (13,
Scheme 1) encourages transfer of an electron from a dimeric cuprate to the
enone (or enoate), followed by formation of a copper—carbon bond as in
species 14. Reductive elimination from the Cu(lll) species 14 affords the
enolate, although the exact nature of M in species 15 is still an open question.
(65-67) Intermediate 14 can also arise by way of an initial charge transfer
complex. (68, 69) Still more direct would be the addition of the reagent to the 3
carbon atom

0 0
Me;CuLi
e me— cuprate=ennne
& Er,0, -78° [ n-complex
THF
16 1 0 17
_< ?
7,
0 Cu O s
rd
a Cu(IlI) adduct]

of the substrate. (19, 70, 71) Kinetic data on these Michael reactions indicate
the existence of an equilibrium between reactants and some intermediate that

A 0 L D

carbonyl oxygen would assist when geometrically possible from within the
cuprate cluster, or when free LiX is present. (73)
Scheme 1.
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This notion of an early intermediate complex (beyond that of simple Li*
coordination) has gained considerable momentum since being originally put

forth. (75) mm w mm he enone
comes bot m m

unsaturated esters, (76) as well as low-temperature *H and *3C NMR
spectroscopy (77, 78) of reactions of Me,CuLi or Me(2-thienyl)CuLi with
cinnamate esters. Complexation between copper(l) and olefins is supported by
Hartree—Fock—Slater (HFS) calculations suggesting involvement of metal

3d ® alkene p * interactions. (79) Experiments designed to further substantiate
the spectroscopic data using enone 16 suggest that, following reversible d p *
interaction, the cuprate adds to the 3 position (also in a reversible sense) to
afford a Cu(lll) adduct. This intermediate can then go on to product(s) 17
and/or 18 depending on solvent(s) and the presence (or lack) of
chlorotrimethylsilane in the medium. In diethyl ether at —78°, a yellow
precipitate is observed and can be separated from the solution. Subsequent
redissolution in tetrahydrofuran leads to the expected products (17, 18),
implying that the unknown material is a cuprate—enone complex. (80)

Thus, on the basis of existing information, conjugate additions of lithio cuprates
to a, B -unsaturated ketones and esters involve an initially reversible
copper(l)—olefin/lithium—oxygen association to form 19, which is stable at very



low temperatures (Scheme 2). Formation of 19 is favored in poor donor
solvents and by the absence of donor ligands. (66, 67) Warming leads to
another intermediate, likely to be a fleeting 8 -carbon-bonded Cu(lll) species
20, which then undergoes reductive elimination. A carbocupration step to
afford species 21 is a reasonable alternative along the reaction coordinate,
since rapid migration of copper to oxygen (21 ® 22, M = CuR) cannot as yet be
unambiguously ruled out. (81) This pathway is given further credence by the
surprising results obtained from reactions of dimethylcopperlithium with chiral
vinyloxazolidine 23, which contains an unactivated double bond. (82, 83) The
stereoselectivities observed (as a function of solvent, time, and temperature)
are best accommodated by an initial carbometalation. Moreover, it is well
established that a -acetylenic ketones, (84) esters and acids, (85-87) as well
as a -allenic carbonyl systems, (88) follow this more classical organometallic
insertion route. Such is also the case with related sulfoxides, 89a sulfones, 89a
and phosphine oxides. 89b,90 Mechanistic details for carbocuprations of
isolated triple bonds are even more sketchy. (91)

H 0 Fh " O
\< j MeCu « Lil or 3 :l

| :
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Scheme 2.
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3. Scope and Limitations

3.1. Grignard-Derived Organocopper Reagents

3.1.1. Copper-Catalyzed Reactions of RMgX

3.1.1.1. Substitution

The pros and cons of using Grignard reagents alone as organometallic
components in displacement reactions have been known for some time. (92) In
general, a Grignard reagent is not likely to afford coupling products in
synthetically useful yields, although there are some exceptions (e.g., allylic
and benzylic systems). (92) While the prognosis can be significantly improved
when these reactions are run in the presence of catalytic amounts of transition
metals (93-95) (e.g., Ni, (94) Pd, (95) Fe (96)), copper(l) salts have found by
far the most widespread use in this capacity. One highly valued precursor,
Li>CuCls, (9, 96) in quantities oftentimes less than 1 mole percent, is quite
effective in cross couplings of a Grignard reagent with alkyl halides and
tosylates. These reactions encounter competing disproportionation processes
when applied to less reactive secondary and especially tertiary halides.
Several other electrophiles (E*) are also amenable, including acid halides,
epoxides, and B -lactones. Allylic leaving groups allow for particularly valuable

ateT

cat. Cu()X

R-E

RMgX + E'
ethereal medium
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allylic and propargylic systems,
cpoxides, acid halides

The attraction to Grignard-based substitution methodology is certainly in part
due to the availability of most Grignard reagents. Moreover, the need for only
catalytic amounts of copper(l) halides adds substantially to the merits of this
technology from the fiscal perspective. Primary, secondary, and tertiary
Grignard reagents, under the influence of a copper(l) halide, show strong
tendencies to react at the carbon bearing the original halide, while propargylic
and allylic Grignard reagents may couple at either terminus. Vinylic Grignard
reagents are available in high isomer purities by way of carbocupration of
acetylenes (Table IIl), and their subsequent displacement reactions occur with
retention of double-bond geometry. Hence, various olefins of well-defined
stereochemistry are accessible by way of this chemistry. Many examples of
Grignard-based reactions are listed in Tables I, Il, and Ill, addressing catalytic



processes, stoichiometric displacements and 1,4 additions, and
carbocuprations, respectively.

3.1.1.1.1. Alkyl Halides and Sulfonates

With regard to displacement at sp*-based centers bearing halogen, essentially
all uses rely on the greater reactivity of bromides and especially iodides
relative to the far more sluggish chlorides (Table 1A). Generally speaking,
couplings tend to be consistently more effective using stoichiometric rather
than catalytic amounts of a copper(l) halide. However, the advent of the
soluble catalyst Li,CuCl, has generated a resurgence of interest in this
catalytic mode of carbon—carbon bond construction. (9, 96) Several features of
this process are noteworthy. Selective couplings with substrates possessing
multiple electrophilic sites have been achieved. Thus a, w -dibromides react
with 1 equivalent of a Grignard reagent to give

1% LizCuCl
BTM Br + >—Mg{.'.‘l —"'—,I;—:*F'—q" )\/\/ Br

14

IO O O O L L L LTI
B NN T, 200

MgCl ' Br

(40%)

monosubsthll otbel b ol kb d L Ll L ALY,

reaction fails because of favorable 3 elimination. (97) Alkyl iodides in
bifunctional molecules containing an aryl halide (e.g., p-Br group) react at the
primary aliphatic center. (98) A methylene group containing both halide and an
organometallic residue (e.g., RsSn — ) is also quite reactive. (99) With 2 or
more equivalents of Grignard reagent, double displacements take place. (100)

Certain functional groups can be tolerated within the substrate. Esters, (98,
101) acids, (102, 103) and nitriles (98) are relatively inert, and lead to selective
couplings (Egs. 15-17). A high-yield route to deuterium-labeled materials
involves treatment of an w -bromo acid with a labeled Grignard reagent which

gives,
S P e N 3% LiCuCl, #
MgCl THF,20° (15)
CN

(45%)



S~ -COCH Y Z 3%LiCuCly,_ CO,CH,

(80%)

0.2% Li,CuCl,

H*CQHIQCDIMEBT + BT{CHE,ECOQMECI THF

(17)
71-CoH,gCD,(CH,);CO,H
(94%)

for example, 7,7-d>-palmitic acid in excellent yield (Eq. 17). (102) Similar
couplings occur between deuterated tosylates and Grignard reagents. (104)

Grignard/catalytic CuX substitutions of 1,2-halohydrins provide interesting
outcomes. In contrast to ethylene bromohydrin, (101) substituted halohydrins
give mixtures of products, accounted for in Scheme 3. (105) The product

L LR L L L L L L L L L L L L L L L LI LT T T T T
phenyl Grignard reagents predominantly afford isomer 25, (105) the formal

product of direct substitution. Propargyl Grignard reagents produce ca. 20% of
the corresponding allenyl adducts of ring opening. (105) Crotyl reagents react

at the more-substituted carbon with >80% regioselectivity. (105) Extreme
departures@ is Her|dra @EQ‘EB wit alyl Halles, as in

Eq. 18. (106)
jh-_—\— + nCHgl _10%Cul Ty +
Mg Br THF CHEC-;I{IS-H
(85%)
= (18)
4\[/‘31 1571
(<5%)

Scheme 3.
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3.1.1.1.2. Vinyl/Aryl Halides

Copper-catalyzed Grignard additions to sp? carbons are not facile.
Substitutions of vinyl halides are better achieved through nickel-catalyzed (94)
or palladium-catalyzed (95) reactions or by stoichiometric organocopper
reagents (vide infra). Nevertheless, Li,CuCls-catalyzed substitution of a vinyl
iodide occurs with retention of olefin geometry (Eq. 19). (107)

et — H + n-C4HyMgBr 2% LUt iy e !
~yllg THE (19)

CZI ]5 I C2H5 C4Hg-ﬂ
(70%)

This transformation is limited, however, to alkyl or allylic Grignard reagents,
and even in these cases significant amounts of alkene (from metal-halogen
exchange) are also obtained.

Copper—ca ulst ﬁfﬁ an]e?ngF likewise
are not syntneticeo erdar.” Agalmn, ST (9Z) and paliadiom (9o] Catalysts, as

with vinyl halides, are far superior in this respect. However, in one reaction, the
use of Li,CuCl, allows substitution, albeit in moderate yield (Eq. 20). (98)

I swLigcuc, 7
N 7 ©/ - 00
MgCl

(45%)

More examples of copper-catalyzed substitution reactions are listed in Table
I-A.

3.1.1.1.3. Epoxides

Ring opening of epoxides can be achieved on occasion with Grignard reagents
alone; however, complications may arise due to either the Lewis acidity or
basicity of the reagent. (108, 109) These problems can be remedied to a



significant degree by using catalytic amounts of copper(l) salts (Eq. 21). (110,
111)

_.OH
CHMgCl + E){} __THF O\
CgHs (21)

with 10% Cul (82%)
without Cul (3%)

Monosubstituted epoxides give better yields with good regioselectivity (attack
at the less-hindered site) with alkyl Grignard reagents/catalytic copper(l),
whereas vinyl, benzyl, or aryl Grignard reagents give comparable yields with or
without copper catalysts. (110, 111) Unlike crotyl Grignard reagents (cf. Eq.
18), prenyl Grignard reagents react with epoxides (Eq. 22) exclusively at their
primary positions ( a attack), (111) presumably due to both stereoelectronic

Wf 10% Cul
>=\— g ;=\ _/—OH 22
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and steric effects. Reactions with disubstituted epoxides are slow, but afford
the trans alcohol stereospecifically. (110) Oxetane can also be cleaved by
Grignard reagents in the presence of 10% CuX, although longer reaction times
are require @1@ EE e Brignard
reagent and the copper(l) salt, since many byproducts are formed when less
pure reagents are used. (112, 113)

See Table I-C for additional examples.

3.1.1.1.4. Allylic Substrates

Nucleophilic displacements by Grignard reagents themselves at allylic carbons
usually lead to both normal (Sy2) and rearranged (Sn2") products. (92, 114)
Although a catalytic amount of a copper(l) salt is likely to increase the overall
yields of these reactions, the regioselectivity depends upon several
parameters, including the nature of the Grignard reagent, the copper salt, and
steric effects in both substrate and reagent (see Table I-B).

Through an extensive study of alkylation of allylic carboxylates, it has recently
been concluded that such reactions are more efficient, both in terms of yield
and regiochemistry, if the Grignard reagent/catalytic CuX system is used. With
alkyl Grignard reagents, the regioselectivity of alkylation is principally governed
by the nature of the copper salt: whereas copper(l) halides produce a mixture



of both a and y alkylated products, copper(l) cyanide affords exclusive y
alkylation (Eq. 23). 62a This pattern holds as well for acyclic

H'C‘HQMEBI- +

TMB
TMB = 2,4,6-trimethylbenzoyl

Qe L,

C 4Ho-n  n- C4Hg
10% CuCl (39%) (61%)
10% CuCMN (0%) {100%)

(23)

systems, as long as an alkyl Grignard reagent is involved. For example, an a
-methylcinnamyl pivalate derivative affords 98% y alkylation using
n-butylmagnesium bromide/1% copper(l) cyanide (Eq. 24), even though this
system is thermodynamically biased to form the a adduct so as to maintain

IV R TN NN R Bebvichdubalidn N R D N D U R D U N U N U U R U R DU N NN UURURUUUUNUN

CeHsa 7 CuCN(1%)

-C,H;MgBr +
AL HgivVIghr Et,0

UZCC4H9-£

DDDDDDDDDDDDQDDD (24)
Cs 5w + GCg SY\,-I"

CﬁHg'ﬂ C‘ Hg-ﬂ
(2%) (98%)

These results are in striking contrast to those obtained from stoichiometric
copper reagents (both lithium and magnesium homocuprates). The mixed
lower-order cyanocuprate BuCu(CN)MgBr has been proposed as the reactive
species in the catalytic processes described above, 62a although the presence
of a higher-order reagent [Bu,Cu(CN)(MgBr),] was not ruled out. What
remains puzzling at this time though is that aryl or vinyl Grignard reagents,
even in the presence of copper(l) cyanide, show poor regioselectivity in
unbiased systems. 62a A further point of interest is that with butylmagnesium
bromide, alkylations of both cyclic and acyclic pivalates are highly
stereoselective, if not stereospecific. Thus, 1% copper(l) cyanide is sufficient
to direct the alkylation to the yposition with 98% anti stereoselectivity. 62b On



the other hand, 1% copper(l) chloride effects a alkylation (Sy2 displacement)
with inversion of configuration. 62b

A (CH,),COH

27 (R=H, CH;)

An interesting variation of an Sy2' reaction on allylic carboxylates is the use of
allylic lactones 27-29 as substrates. Copper-catalyzed Grignard additions to
these substrates occur exclusively at the vinyl terminus. Reaction of 27

(R = CHs) with a prenyl or geranyl Grignard reagent containing copper(l) iodide
paved the way for the syntheses of homoterpenoic acids, (115) although better
yields could be obtained using homocuprates. These additions appear to be
general, as vinyl lactones 27 (R = H), (116) 28, (117) and 29 (117) are
excellent precursors to alkenoic acids 30 of predominantly E configuration.

IV R TN 0N Nk dulfobek atelabolbieh §xtedsidvibtidied. LiisiHedcobsloftbsl 1 1§ I I H U §

class of substrate with Grignard reagents in the presence of 1% copper(ll)
acetylacetonate are highly susceptible to steric congestion in the allylic
fragment. Thus hexylmagnesium bromide attacks exclusively the
less-hindered positions indicated in 31 and 32. (118) The yields of these

reactions d hd ﬁ N1 ﬁ ﬁ en{{ra muﬁl her) and
substrate; o - [ OINES Produce poorer yiens because of
competing a metalation. Therefore, a higher percentage of the catalyst (10%)
is required to obtain acceptable results. (118) On the other hand, yields in

excess of 80% are achieved when allyl phenyl sulfones are coupled with
Grignard reagents using 5% copper(ll) chloride-triphenylphosphine (1:1). (119)

| K
CﬁHSSDQ/\fA p-CH3CeH,S0; \

31 2

a -Unsubstituted allylic phosphates undergo exclusive Sy2 displacement with a
variety of Grignard reagents (alkyl, alkenyl, aryl) containing 5% copper(l)
bromide. (120) An a -methyl substituent, however, shifts the regiochemistry of
alkylation toward y attack (y : a =9:1), (121) an observation elegantly
exploited in the synthesis of the sex pheromone of the African Monarch
butterfly. (121)



Copper-catalyzed Grignard additions to allylic acetals and allylic ethers have
been studied. In the former reaction, (122) irrespective of the substitution
pattern, complete allylic transposition occurs. Reactions with acyclic allylic
ethers are more susceptible to steric effects, and the Grignard reagent is
delivered to the less-substituted end of the allylic system. (123) Cyclic allyl
ethers give interesting stereochemical information on these displacement
reactions (Scheme 4). (124) The reactions of cis-33 and trans-36 are five times
slower than those of cis-36 and trans-33. In the former two reactions, steric
hindrance forces the methoxy group to adopt a pseudoequatorial position,
whereas in the others the methoxy group can comfortably occupy a
pseudoaxial configuration. Thus it appears that a pseudoorthogonal
relationship between the p system and the nucleofuge is essential for
success, further illustrated by the examples in Eq. 25. (124)

(j\/ == J/\l\/\
CoDX S
'S i HO

R
(67%)
s RMgX_
EENEEEEENEEENEESFmsSN NN ENENEEEEEEENENEEEER
5 .

Scheme 4.
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CH,0

CaHq-i
o o n-C4HyMgCl
£0% CuBr (1:41.]9_” CBH?'II
13 (17%) CaHyi
{cis) L e "
Gl
5% CuBr Celg-n
CHSD (60%) k" 40: 60 35
36 trans
(cis) frans
CH,0
! ;
sl o HMeCl
5% CuBr C3H? -
3 (60%)
(trans) s

CyH,-i #-CyHyMgCl -
) 5% CuBr ¢
35
EENEENEENNENESNE :
Allylic ethers with a phenyl substituent, however, undergo extensive

hydrogenolysis when treated with ethylmagnesium bromide and 10% copper(l)
bromide, the ratio of products varying as a function of solvent and reaction

e T OO0 O00000000
C,H;MgBr + a::ﬁHS—<7CM:Hj %ﬁi CﬁH5_< .

(40-70%)

CﬁHS E
C,H;

(60-30%)

(26)

Alkenyl oxiranes undergo predominant Sy2' substitution with organocopper

=
K ' 5% CuBr K CH‘JOH
MgBr THF =\—)={1, (27)

(90%)
982 E:Z



reagents. (127) A copper-catalyzed Grignard reaction of this type is
synthetically quite appealing in view of the high E/Z ratio of products obtained,
reflecting a preferential s-trans over s-cis transition state (Eq. 27). Insofar as
allylic systems are concerned, therefore, leaving group aptitude falls off in the
order ArSO; > OAc > Cl p OR, (118) with allylic epoxides representing a
special class of ethers showing increased reactivity because of ring strain.

3.1.1.1.5. Propargylic Systems

A formal 1,3 displacement (Sy2' mode) of a leaving group on a propargylic
carbon would give rise to an allene. Organocopper reagents are especially
efficient tools for allene formation from propargylic ethers and sulfonates
(Table I-D). Although use of stoichiometric copper(l) is more common in this
type of transformation, a few examples exist in the literature where Grignard
reagents are used together with catalytic amounts of copper(l) salts.

The overall process involving propargyl ethers as substrates to generate
allenes is one which effects anti substitution (Eq. 28). (128, 129) Related
materials of defined stereochemistry have been examined (128, 129) and the
optical yields of

OCH, .
| R'MgX

5% CuBr

R
RCHC=CH R/='C -

(28)

= FR TR O0000000000

the resulting allenes used as indicators for mechanistic considerations. Initially,
low optical yields (ca. 16%) were obtained, (128) although in light of the known
propensity of allenes to racemize in the presence of organocopper species,
(35) the results remained inconclusive. It was later shown (129) that not only
can the racemization be minimized if phosphine ligands are added, but also

that a syn carbocupration precedes the 1,2-elimination step (Scheme 5). (129)
Scheme 5.
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nCHMgX SBCUBI_ [ CHCuMgBrX] HOCCHGHyn

En0
o uﬁﬁﬁn&ﬂm HngHg. \\-=C=JC4H9-H
nCHy M %=
Cqu-il'l
DCH:; ﬂ?' 1 7
= By ytion n-C4Hy _
37 M = Cu, MgX o \=C

C4Hg.'n
Quenching of intermediate 37 at —40° gives the corresponding allyl ether of
strictly E stereochemistry. More difficult to explain is the outcome when
n-butylmagnesium chloride (as opposed to the corresponding bromide or
iodide) is used, as only syn elimination occurs to give the overall syn
substitution product, perhaps via the vinyl Grignard reagent (37, M = MgCl)
rather than a vinylcopper intermediate (37, M = Cu-MgBrX).

From the synthetic point of view, these allene-forming reactions can be used to
prepare allenic amines, some (38) (130) of which are known inhibitors of
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also been synthesized for purposes of subsequent cyclizations to
vinylcyclopentenones. (131, 132) Other propargylic substrates, including
tosylates, (133, 134) epoxides, (127) acetals, (135, 136) 3 -propiolactones,
(137) and methanesulfonates, (128) undergo couplings via the catalytic
CuX/Grignard system. The sulfonyl leaving group has been employed to
produce chiral allenes. (128) Choice of reaction parameters can be crucial
here, since in tetrahydrofuran (but not ether), propargylic substrates may be
reduced by mixtures of RMgX—catalytic CuX. (128, 138)

3.1.1.1.6. Substitution Reactions of Other Substrates

Copper(l)-catalyzed substitution reactions of allenyl ethers with Grignard
reagents also produce alkynes via an apparent 1,3-substitution reaction. (139)
N-Acylpyridinium salts are attacked exclusively at the 4 position when copper(l)
salts are used with Grignard reagents. (140, 141) Both nitrosobenzene (142)
and carbon disulfide (142) also react. While acid chlorides are converted to
ketones under catalytic conditions, (143-145) stoichiometric organocopper
reagents give better yields.



See Table I-E for related examples.

3.1.1.2. Carbocupration

Additions across an acetylene triple bond can be effected with a Grignard
reagent alone, but require forcing conditions. Catalytic amounts of copper(l)
salts allow for milder conditions and routinely afford products of syn addition
(Eqg. 29). (139) With propargyl alcohols, however, the

CgH CH4N(C;Hj)
= 5% CuBr 6°'3 2 24052
CgHsC=CCH,N(CyHs), + RMgBr ————- —=(
Et,0, 20° R H (29)
(16-48%)

addition takes place in an anti fashion because of formation of a cyclic
intermediate 40 (Eq. 30). (146, 147) This pattern is followed by Grignard
reagents, irrespective of the presence of copper(l) salts.

3 CHsMgBr + CH;C=CCH,0H 122Cul.
EENEEEEEEENENEENENEEEENERNENRIEHSENE

40 (30)

Sl 949
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An interesting variation of this carbometalation process concerns the
copper-catalyzed addition of allyl magnesium bromide across the dianion of
propargyl alcohol leading ultimately to (labeled) cyclic allylic alcohols (Scheme

6). (148)
Scheme 6.
BrMg =
A MEB L BiMgc=ceH0MgBr  10B UL -

Eth
Mg~

MgBr

0
D
heat Q D,0 g
Mg H{) D OH

(50%)



Acetylene itself can be carbometalated with Grignard reagents in the presence
of Cu(l); however, the reaction stops after ca. 40% completion. (149)
Stoichiometric copper reagents, on the other hand, effect carbocupration with
ease and excellent selectivity.

3.1.1.3. Conjugate Additions

Copper-catalyzed additions of Grignard reagents to a ,  -unsaturated ketones
were first shown to occur in a 1,4 fashion in 1941. (150) The advent of
stoichiometric copper reagents, because of their coupling efficiency and lower
basicity, has diverted attention somewhat from the use of Grignard reagents in
this context. Where permitted in terms of functionality present in the educt,
however, the catalytic CuX/Grignard reagent approach is often a popular first
choice (see Table I-F).

1,4 Additions of acetal-containing Grignard reagents with catalytic CuX and
dimethyl sulfide (DMS) form the basis of a novel annulation process (Scheme
7). (143-145) By varying the chain length in the Grignard reagent, annulation of
cyclic enones with either five- (n = 1), six- (n = 2), or seven-membered (n = 3)
rings can be realized. The sequence can be executed in one pot with yields
ranging from 40-80%.

[ )\ 25% CuBr, DMS 0.0
: 4y

ftI:H;J,. JCHy I mREO  cn (CHy),
CH;MgX

DDDDDDDDDELIQ/IEIDD'],W,G

(CHGH/:\{C@“ ':C-‘H(ﬂb\/(cnz),.

HCUH,0

2-Acetamidoacrylic esters part|C|pate in copper-catalyzed addltlons of
Grignard reagents (Eqg. 31). (151) The conjugate addition is facile, and the
intermediate carbanion can be trapped with methyl iodide to give a -substituted



CH,=< i CeHsCH,—<-
NHCOCH, NHCOCH,
(31)
CO,CH
CH;l 213
— . CgHsCH,——CHj
NHCOCH,
(62%)

amino acid derivatives. The reaction is somewhat medium-dependent, with
best results (60-80% yields) obtained in mixed solvents
(tetrahydrofuran—ether—benzene). Interestingly, lower-order lithio cuprates
(R2CulLi) give either no 1,4 addition or complex product mixtures. (151)

Intramolecular trapping of an incipient enolate by an internal electrophile,
following a copper-catalyzed Grignard addition to an enone, can provide rapid
access to elaborated carbon frameworks. This concept has been applied to a
quick entry into the gibberellic acid skeleton (Eq. 32). (152)

SEEEEEEEEENEEEEENNNNEEEFENEEEEEEEN
MMgBr

5% CuBr

CH,CO,CH,

Hooodooo™ono

Copper-catalyzed conjugate additions to an enoate prepared from a
carbohydrate precursor lead to interesting stereoselectivity. Thus starting with
a pure diisopropylidene D-arabino enoate, reactions of phenyl and tert-butyl
Grignard reagents give 1,4-addition products of strictly D-manno configuration.
(153)



{:-::r,g{:zﬂ5
JV C0,C,H; 5% cm JV

D-arabino isomer (33)
R = CgHs (B9%) or ¢-CyHy (66%), D-manno isomer
R = [-CqH; (70%), D-gluco isomer

R = ¢-CgHy;, mixture 24% D-manno + 36% D-gluco

Surprisingly, isopropylmagnesium bromide produces the D-gluco isomer, while
the reaction with cyclohexyl Grignard is nonselective (Eq. 33). (153) Similar
stereoselectivity is also evident in a cyclic system, where the approach of the
Grignard reagent is directed to the face away from the ethoxy group at the
anomeric center (Eq. 34). (154)

{'}g}czﬂs Z " MgBr 5 0O, 0C;H;
0]
W 5% CuCl H (34)

THF
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Addition- ellmlnatlons in B -chlorocinnamates can be highly stereoselective in
copper-catdl I E.@gl“@ ié ﬂ emistry of
the starting ester. (155) The Z isomer reacts with retention of configuration,
whereas reaction of the corresponding E isomer shows no stereochemical
preference. (155)

Benzyl Grignard reagents add to dienones in a 1,6 sense when combined with
1% copper(l) bromide dimethyl sulfide (Eq. 35). (156) Only minor amounts of
1,2 and 1,4 adducts are observed. Without copper catalysts, however, these
become the major products.

9 1% Cubr, DMS
Ty
+ ACHMgCl ——
Hy

e (35)

(60-70%)



The value of the catalytic CuX/Grignard reagent mixture for inducing Michael
reactions has been boosted significantly by the recent finding that
chlorotrimethylsilane/hexamethylphosphoric triamide (HMPA) in THF leads to
highly accelerated additions (Eq. 36). (157) Silyl enol ethers can be made from
a, B -unsaturated aldehydes with excellent control of olefin geometry. (157)

Thus,
0 OSi(CH;)s
e 5% CuBr, DMS
+ n-C;HyMgBr + additive =
THF, -78°
(36)
Cng.-ﬂ

none (1-2 % of ketone)
(CH4)35iC1 (2 eq) (30-40 Fe)
(CH;)3SiCl - HMPA (1 eq each) {99 %)

both (E) and (Z) enol silyl ethers of a particular aldehyde are available by this
method (Scheme 8). (157)
Scheme 8.

CH;MgBr OSi(CH
EEEEEREREERREEEES IIFI'IPIIIIE!!
(97%)
OI:9E:Z
T
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‘-‘33
0Si(CH,)3
(89%)
3:97E:Z

A very recent and promising development for effecting chiral induction in
conjugate additions involves prior complexation of RCu with a catalytic amount
of a novel nonracemic, lithiated aminotroponimine (AMT) to form 41 in situ.
Simultaneous addition of tetrahydrofuran solutions of n-butylmagnesium
chloride (25 equivalents) and cyclohexenone at —78° over a 5-minute period
leads to the conjugate adduct (Eq. 37). 158a Although the reported ee is low,
further refinements in the catalyst system increase the chiral efficiency of the
coupling substantially. 158b



CEHS CﬁHS

n-C4HyCu, THF )=
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Li DMS, -78° 1o 20°
G5 = O

CﬁHS CEHS
lithiated "AMT" 41 (37)
(2eq) 0
]
(25 eq)
-
n-C4HgMEgCl (25 eq)
THF, 785, 10 min C4Hg-n
{94%)
14% ee
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3.1.2.1. Substitution

Displacement reactions by cuprates formed in situ from (usually) an excess of
a Grignard reagent and a catalytic quantity of a copper(l) halide or Li,CuCl,
can often result in quite satisfactory yields of products with newly formed
carbon—ca mm mm jalized
where oMﬂm m mm@m either sp®
or sp? carbon centers (see Table 1Il-D). Couplings with acetylenic halides,
however, are best performed with RCu-MgX; to obtain good yields (60-80%)
of disubstituted alkynes. (159) Conjugated enynes are now available via a
streamlined route involving coupling between vinyl-copper reagents and
alkynyl bromides/iodides (159) or alkynyliodonium tosylates. (160)
Carbocupration of a terminal acetylene with RCu, which affords the requisite
neutral organometallic 42a, reacts with phenylalkynyliodonium tosylate to give
product 42b with virtually complete control of double-bond geometry. (160)
Especially noteworthy is the opportunity for choosing the resulting olefin
stereochemistry (compare 42b and 42c) simply by reversing the order in which
the alkylcopper is added to the alkyne. (160) This new method nicely
complements the alternative palladium-catalyzed procedures (161) as a route
to this functionality.

Stoichiometric CuX/Grignard reagent is often applied to reactions of
carbonyl-containing
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substrates, notably with acid halides (see Table II-A). Even highly hindered
acid chlorides can be transformed to diversely substituted

R DEIQDQDDDDEIDDDDDD

|
R2—C-COCI - —COR*
]lla_ E-'ljD -5 to ﬂ& R

(70-90%)

(38)

ketones using 1 equivalent each of CuCl and a Grignard reagent (Eq. 38). (162)
Likewise, mixed cuprates [e.g., R(CH3)CuMgBr] prepared from methylcopper
and RMgBr, efficiently transfer the Grignard-derived organic ligand to acid
chlorides to form ketones in high yields. (163) The methyl group is the most
effective nontransferrable ligand compared with thiophenyl, tert-butoxy, or
3,3-dimethylbutynyl groups. (163)

Thiocarbonyl compounds, such as carbon disulfide (142) and dithioesters,
(164) are susceptible to exclusive carbophilic attack by Grignard-derived
organocopper or cuprate reagents. By contrast, Grignard reagents alone
normally follow a thiophilic pathway. (165)

While nucleophilic ring opening of B -propiolactones en route to 3 -substituted



propionic acids is conveniently carried out under catalytic CuX/Grignard
conditions, (166, 167) vinylic and especially allylic Grignards give
unsatisfactory results. In fact, allylic Grignards attack the carbonyl group of the
lactone, and virtually no B substitution is observed under copper-catalyzed
conditions. (167) On the other hand, the use of diallyimagnesium cuprates,
formed from allyl Grignards and 0.5 equivalent of copper(l) salts, provide
56—62% of the desired B -substituted products. (167, 168) Similarly,
divinylmagnesium cuprates give better yields (85%) as compared to those
realized (59%) via the catalytic mode. (167, 168) Magnesium cuprates appear
to be superior to lithium cuprates in ring-opening reactions of 3 -propiolactones
(Eq. 39). (168)
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Although most allylic substitutions by Grignard reagents are copper catalyzed,
a number of workers have utilized stoichiometric amounts of copper salts for
these purposes (see Table II-B). Magnesio cuprates (R,CuMgX) displace
allylic pivalates in a highly regioselective fashion with predominant formation of
Sn2' produ m mm jor in
forming thm mm strates.
(169) Displacement reactions on allylic pivalates fail, however, when exposed
to RCu-MgX,, an observation attributed to the relatively insoluble nature of
many RCu species. (62) On the other hand, equimolar mixtures of a Grignard
reagent and copper(l) cyanide are quite efficient owing to the lack of

metathesis with this salt, (62) thereby generating a more reactive mixed
cuprate of the type RCu(CN)MgBr.

Benzothiazol-2-yl allyl ethers constitute an allylic system with a leaving group
possessing sites of potential coordination. Organocopper reactions with this
system are highly regioselective ( 98:2). giving rise to Sy2' products (Eq.
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40). (170, 171) Moreover, these displacements appear to be independent of
steric demands of the substituents on the allyl framework. The product olefins
are obtained exclusively as the E isomers, underscoring this stereochemically
controlled pathway. 171a However, there are exceptions, as with the crotyl
ether derivative 43. Factors such as substrate—copper salt contact time play a
prominent role in controlling the percentages of products 44a and 44b. Short
exposure times prior to addition of the Grignard reagent lead exclusively to the
Sn2'product 44a. Longer periods of aging (6 hours) prior to addition of the
Grignard reagent afford the Sy2 adduct 44b predominantly (95% 44b:5% 44a).
This anomaly has been rationalized by invoking two different intermediates,

N ,ﬂ\vfé -CyH,;MgB ,fﬁkwf’§
=~ #-CgHsMgBr C.H.-
@ES»_D fY m + #:CaHlip =

CuBr, THF
43 44a 44

45a and 45b, for the two sets of reaction conditions, respectively. In the former,
the readily derived RCu forms a p complex with the substrate, and
proximity-induced delivery of the “R” residue gives the Sy2  product.
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complex 45b is formed and is attacked by the Grignard reagent at the
less-hindered a site. Complexes of type 45b have been independently
synthesized, 171b and their reactions with Grignard reagents do indeed give
Sn2 products, thus adding credence to these hypotheses. 171a
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Benzothiazol-2-yl allyl thioethers are also well-behaved substrates. The Sy2'
products are likewise exclusively obtained from an intermediate similar to 45a.
172a However, this reaction is solvent dependent, with ether favoring the Sy2'
pathway, whereas tetrahydrofuran encourages Sy2 delivery. Placement of a
carboalkoxy group on the double bond, asinay
-(benzo-thiazol-2-thio)-substituted a, B -enoate (Eq. 41), does not direct
RCu-MgX; toward 1,4 addition, this pathway being completely overridden by
the 1,3-displacement mode. 172b
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Allylic acetates are among the least useful substrates for reactions with
catalytically formed organocopper reagents, the main drawback being
competing attack at the carbonyl center. (62, 169) However, an equimolar
mixture of Grignard reagent and LiCuBr; [prepared from lithium bromide and
copper(l) bromide]

CuBr, THF
EH3CD/\=F‘J\DECCH3 + RMgX e 42)

0,CCH;
(30-90%)

effectively reacts with allylic diacetates to give monosubstituted products of the
Sn2' variety exclusively when run in tetrahydrofuran (Eq. 42). (173) Use of a
medium rich in ether leads to a mixture of SN2 and Sy2  isomers.

ps it o NN Y B S E A Y e

diorganomagnesium cuprates react readily to give good yields of 3-alkenoic
acids, predominantly with E stereochemistry (Eg. 43). (115, 116) With allylic
Grignards as precursors, however, synthetically useful yields are obtained only
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with diallylmagnesium cuprates. (115, 116) This methodology has been
utilized to prepare homoterpenoic acids 46 and 47. (116)
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Allylic displacements can also be carried out on y -vinyl- y -butyrolactone and &
-vinyl- & -valerolactone, (117) using R,CuMgX. A simple synthesis of the
tridecadienyl acetate 48, the sex pheromone of phthorimaea operculella, relies
on vinylcopper addition to the electrophilic § position of a vinylbutyrolactone.
(117) The vinyl appendage may also be contained within a ring, as found for
the RCu-MgBr,-mediated opening of cyclopentafuranones, 49. These Sy2'
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additions are both highly regio- and stereoselective, irrespective of the
substitution pattern in the substrate. (174) Products reflect the normal
preponderance of anti opening, (62) and thus are formed in a virtually pure
stereoisomeric state. (174) Such is not the case in reactions of 49, when either
catalytic quantities of copper(l) salts are used, or lithium cuprates replace this
stoichiometric Grignard reagent-based methodology.

In sharp contrast to the typical anti Sy2' attack found in rigid cycloalkene
epoxides, the more flexible 10-, 12-, and 14-membered cycloalkylidene
oxiranes are susceptible to syn Sy2' opening with RCu-MgXa. (175)
Stereoselectivities ranging from 9:1 to 99:1 are observed, with the smaller ring
size (10 carbons) displaying the strongest preference for syn approach (Eq.
44).
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Allylic substitution with Grignard reagents and 1 equivalent of a copper salt can
be extended to compounds in which the double bond is part of a cumulene.
The product dienes 51, formed from consumption of a -allenic
methanesulfinates 50, can be hydrolyzed with ease to give a , B -unsaturated
ketones 52. (176) It is essential here that RCu-MgX; be used, since cuprate
reagents attack at sulfur. Addition of lithium bromide (1 equivalent) to copper(l)
bromide, prior to introduction of RMgX, also has a beneficial effect on the yield
and reaction rate. (176)
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Formal 1,3 substitution is also reported for several other allenic and cumulenic
systems (Table II-B), including as examples acetylenic derivative 53, (177) the
iodomethoxypropadiene 54 [in the presence of dimethyl sulfoxide (DMSQO) and
tetramethylethylenediamine (TMEDA)], (178) and the methoxybutatriene 55.
(179, 180)
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3.1.2.1.2. Propargylic Substrates
Acetylene derivatives with a leaving group at the propargylic center react with
Grignard-derived organocopper reagents to produce allenes (see Table 1I-C).
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predictable geometry. Several leaving groups can be used for such purposes,
namely tosylates, (134, 181) acetates, (182) and methanesulfinates. (183, 184)
The organocopper component is usually RCu-MgX,, with or without added
lithium bromide. (185) As with cumulenes, magnesio cuprates are not

A (10l

Factors affecting the reactions of propargylic substrates with organocopper

species have been examined in some detail. (182) Two major displacement
products can be envisioned, depending upon regiochemical biases (Eq. 45).
When

HCZ=CCH,X + "RCu" —~ HC=CCH,R and/or RCH=C=CH,
(45)
[X = OTs, 0,CCHy, OCO,CHj;, 0SOCH;

either R,CuMgBr or RCu-MgX:; is used, irrespective of solvent (ether or
tetrahydrofuran) and substitution pattern of the substrate, mixtures of a
-substituted acetylenes and allenes are formed, with the former predominating.
However, when the copper reagent is derived from an equimolar mixture of a
Grignard reagent and copper(l) bromide-lithium bromide complex, and the
reaction performed in tetrahydrofuran, near-exclusive formation of the allene is
observed. Remarkably, there is no reaction in ether. This highly regioselective



pathway is not hampered by the presence of substituents at the acetylenic
terminus and is followed irrespective of the departing moiety (e.g., acetate,
carbonate, or tosylate). (182) This dramatic impact of lithium bromide on the
reactivity patterns of organocopper reagents derived from Grignard reagents
(185) (but not to the same extent on lithium cuprates (187)) has been applied
to propargylic displacement reactions and carbocuprations.

The use of methanesulfinate as a leaving group, together with the copper(l)
bromide-lithium bromide complex as the source of copper(l), has eliminated
most of the potential complications associated with Grignard reactions with
propargylic substrates. The advantages of the methanesulfinates include
higher yields, ease of preparation, and virtually complete regiochemical control
(1,3 addition). For example, methanesulfinates 56 and 57 react to afford high
yields of allenic alcohols (188) and trimethylsilylallenes, (183) respectively
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46 and 47). Since cuprates R,CuMgX are occasionally not compatible with this
functionality, the option to enlist methanesulfonates (mesylates) still exists,
(183) as found in a short two-step sequence to a -allenic ketones (Eq. 48).

(189)
OMs
_ THPO(CH,),
THPO(CH,),C=C OC,H: 1.RM -
2 Ms 1 O > c (48)
OC,H; 2. H*;H,ﬂ R



Symmetrically substituted 1,3-dienes are produced in good yields from
bis(sulfinate) 58. (29) The reaction of 58 with 2 equivalents of RCu-MgX-LiBr
cannot be stopped after the first substitution and hence loses its potential for
introduction of two different R groups in a one-pot operation. The problem can
be somewhat mitigated by using a preformed methanesulfinate from an a
-allenic alcohol, (188) and this strategy has been exploited in a short synthesis
of myrcene (59). (29)

CH4(0)SOCH,C=CCH,08(0)CH,  2(RMgX, CuBr, LiBr)

THE
58
5 CH, CH,
CH,(0)SOCH,___ =12 . M
b of ¥R
R (80-90%)

myrcene 59

(90%)
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The regiochemistry of Grignard attack on 2,4-pentadiynyl methanesulfinates
60 in the presence of LiCuBr, depends upon both steric effects in the substrate
and the Grignard reagent-derived organocopper species. (184) Thus when R*
is hydrogen, attack is regiorandom, and both allenyne 61 and pentatetraene 62
are formed. However, when R' is a bulkier methyl or trimethylsilyl group, steric
effects direct organocopper attack in a 1,3 sense, giving rise to 61 with >95%
selectivity. On the other hand, if R? and R® are bulky groups, then 1,5 attack to
afford 62 is favored for hindered copper species. (184)
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Geometrically pure butatrienes are obtained by the reactions of
3-bromo-3-alken-1-ynes with LiCuBrz-modified Grignard reagents. Although
the reaction occurs with complete retention of the substrate configuration in
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the product, it is limited to the use of secondary and tertiary Grignard reagents

(Eq. 49). uﬁDDDDDDDDDDDDDDD

Vinylallenes, which are useful precursors to cyclopentanones, can be readily
prepared by organocopper displacements from propargylic substrates (Eg. 50).
(134, 181)

Rl.__C=CCH,OTs R R
]’ RMgX / Cubr Lﬁ
THF R C

2 \
R \ CH,
(75-80%)

(50)

Organocopper-induced 1,3 substitution of acyclic propargylic systems takes
place exclusively in an anti fashion. Optically active allenes have been
synthesized from chiral precursor propargylic methanesulfinates, (191) taking
advantage of the stereospecificity of these couplings. With poorer leaving
groups such as methoxy, an initial syn carbocupration followed by anti



elimination has been proposed (Eq. 51); the overall process, however, is still
tantamount to anti addition. (135)

HCEC—P’ + n-CgHoMgX CuX, POGHs)s n-CgHo, Cu;Ingz
C‘_Hg"ﬂ EtID, '_4“‘1

OCHj Sy

(R} ec 68% OCH,
(51)
Eno, 20 ™ C4H9>=
C4Hg-n
(95%)
(5) ee 66%

Akin to acyclic propargylic systems, the methanesulfinates derived from both
epimers of 17-ethynyl-17-hydroxyestrone undergo 1,3-substitution exclusively
in the anti mode, illustrated for the a epimer 63. (186, 192)
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3.1.2.2. Carbocupration

Carbometalations of alkynes using stoichiometric organocopper or cuprate
reagents offer a powerful tool for preparing olefins with rigidly defined
substitution patterns. (193) The addition of both carbon and copper atoms
across an acetylene, which occurs in a strictly syn Markovnikov sense, (194)
creates a new alkenylcopper species that can subsequently be replaced by
reaction with an appropriate electrophile E* (Eq. 52). This process can be
particularly valuable in syntheses of insect sex pheromones, where bioactivity
can be critically dependent upon alkene isomeric purity. A recent
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review deals with carbocupration chemistry in some detail (see also Table I11).
4f Initial research on carbocupration was limited to the basic process itself (i.e.,
Eq. 52, E* = H"), with variations on the part of substrate, alkyne, and Grignard
reagent. With alkyl-substituted acetylenes, the usual mode of organocopper
addition is observed (syn, Markovnikov). Opportunities for chelation in the
resulting vinyl organometallic via placement of a heteroatom (e.g., OR, O,
NR2, SR) in the side chain of the 1-alkyne, however, can dictate the regio- and
stereochemistry of the carbocupration. (195) This effect does not extend
beyond two carbon—carbon bond lengths (i.e.,

CHp), H
7 — linear
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“branched” vinylcopper is restored. In homopropargylic substrates (Eq. 53,

n = 2), the proportion of “linear” adducts increases for the series —

OCH3z < — SCyHs < — N(CzHs)2, (195) an order that parallels the ligating
power of these groups for copper. Geometrical orientation is also important in
determining the “branched” to “linear” ratio, as illustrated in the cases of E and
Z enynic thioethers 64a,b. (195) With homopropargylic ethers and acetals,
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reactions run in tetrahydrofuran favor the normal mode of addition, while
mixtures are usually observed when ether is the solvent. (195) Propargylic
substrates (Eqg. 53, n = 1) behave akin to their homologs insofar as reactivity
profiles and solvent effects are concerned. (196)

An internal acetylene requires a large excess of dialkylmagnesium cuprate in
tetrahydrofuran at room temperature to effect carbocupration (vs. —20 to 0°
with monosubstituted alkynes). The same reaction in ether follows a
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syn addition of a copper hydride species. (197) Internal propargylic alcohols,
R'C = CCH20H, undergo either cis reduction in ether (when R is alkyl) or
hydroxy-directed anti-Markovnikov addition in ether or tetrahydrofuran (when
R is phenyl). (197) Similar hydroxy participation is also known for the
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145, 198)

Carbocupration of the triple bond in enynes can be effected with R,CuMgX,
(199) and has led to a short synthesis of myrcene (59) (200) (compare with
route on page 170). 1,3-Diynes are not regioselective in their carbocupration
reactions. (201)

Heteroatom-substituted alkynes, including ynamines (202) and
alkoxyacetylenes, (202) react with RCu-MgXz in tetrahydrofuran to give the
respective heterovinylcoppers. Reverse regiochemistry of addition is observed
with alkylthioacetylenes (202) and acetylenic sulfones. (202)

Silylacetylenes provide access to vinylsilanes via carbocupration. (203-205)
The regiochemistry of cuprate additions to silylacetylenes is reversed from that
to acetylenes, which places the R group from the Grignard reagent beta to
silicon (cf. 65). Apparently this is inherent to silicon, and not due to alterations
in reaction parameters (e.g., a solvent effect).



RCu«MgBr, |(CoflshSi,  H . (CeHg)sSi,  H
THF, -50°

(C¢Hy),SiC=CH ¢
"Cu" R E R

65 (B0-95%)

Parlaying the initial adducts of carbocupration (vinylcopper complexes) into
more highly functionalized olefins now figures prominently in synthetic
chemistry. Since molecular elaborations of this sort offer such virtues as
single-pot processes and >99% retention of double-bond configuration, a wide
range of electrophiles has been enlisted for this purpose (Eg. 54).

RI H + Rl H
o= MO Ml — R, =
R'C=CH syn addition weow o Tetention &9
R Cu R E

Heteroatom groups that have been introduced in this fashion include, as
= i rylcmnny (2

Chlorotrimethylsilane does not react with vinylcopper species from
carbometalations with Grignard reagents, although lithium cuprates, following
carbocupration, are smoothly silylated to cis-vinylsilanes. (211) Vinylcopper
adducts, when treated with ground-state oen are transformed into

fi

symmetricﬂ,@ erHs it fetHntin b¥ o @D

Carbon-centered electrophiles are among the most important coupling
partners in synthetic transformations with vinylcopper derivatives. The
preliminary choice of copper reagent for the carbocupration step has great
impact on the efficiency of the secondary process. Thus, having started with
RCu-MgX,, vinylcopper 66 is obtained, whereas magnesio cuprates give rise
to mixed cuprates of type 67. In the latter reaction, 2 equivalents of electrophile
are needed since both groups on copper may be transferred. In fact, in some

R! R}
- SROUME  pioacy ROMX TN
R CusMgX R Cu(R)MgX
66 67

reactions (e.g., with 1 equivalent of methyl iodide), only the undesired R group
on copper from 67 may react leaving the vinyl group, which presumably is
protonated on workup. (209) On the other hand, species 66 are not especially



reactive toward common, unactivated alkylating agents, although they do
couple with allyl bromide, (208) methyl iodide, (208) isoprene oxide, (127) a
-epoxy-alkynes, (127) and y -vinyl- y -butyrolactone. (117)

Solutions to these obstacles have been extensively investigated and
recommendations have been offered. It is suggested that, if possible, synthetic
schemes that bypass 67 should be considered unless the alkylating agent is
relatively inexpensive. The alternative route via 66 (X = Br) may be far more
effective, since 2 equivalents of hexamethylphosphorous triamide (HMPT) and
3 equivalents of a trialkyl phosphite stabilize 66 to the extent that they have
sufficient lifetimes to react with a wide variety of alkyl halides (Scheme 9). (208)
Simple alkyl bromides and iodides are most effective, whereas chlorides,
ethers, tosylates, and esters are completely inert. Such discrimination on the
part of vinylcopper 66 can be advantageous for carrying out selective
transformations, as in the preparation of allylic alcohols by this methodology
(Eqg. 55). (212) gem-Alkylthiovinyl coppers, however, are anomalous in their
reactions with methyl iodide, and cis-butatrienes result, possibly

1. CH,C=CH C,H; CH,0(CH,),Cl
C,H,Cu « MgBr, ] P
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CH,OH (55)

n-CyHgLi Cz“s>:<H
O0000000000000000

via alkylation on sulfur, leading to a vinylcarbenoid species which dimerizes
(Eqg. 56). (213) On the other hand, reactions with allylic halides (rather than
CHsl ) produce the expected alkylated products. (213)

R>_<)2(.‘u R CH,l, THF % R
- 3 =0=C (56)
R! SCH, 0° R! :<R1
Scheme 9.
L=y RCu+MgBr, R! HMPT/P(OC;Hy); R
R!C=CH _Et;(-}“_hb S Y T 2 >a
R Cu » MgBr, i R R?
66 (40-80%)
R? = alkyl, benzyl,
alkoxymethyl,
allyl
X =1,Br

The 1,5 disposition of trisubstituted olefins in compounds of natural origin has
been recognized as obtainable via alkylation of vinylcopper species with



homopropargylic substrates. Unfortunately, this approach has met with little
success and can only be reduced to practice through the agency of lithium
bromide-complexed mixed vinylcuprates 67, X = Br (Eq. 57). (214) Both HMPT

_ THF | R}
RICZCH + R,CuMgX+LiBr — >=\ MgX » LiBr
CuR
67
, 57)
2 eq [(CH,),C =CH, THF R éf?H
HMPT, POCHy)y, 25° ./
68
(70-90%)

and trimethyl phosphite are again essential for the displacement, as is an
excess (22 equivalents) of alkylating agent, otherwise results are disappointing.
(191, 214) A better alternative is to first transform the initial vinylcopper in situ
to a mixed cuprate 69 by addition of a nontransferrable ligand (such as
1-pentynyl, vide infra) which then reacts with 1 equivalent of a
homopropargylic iodide to give 68 in an unoptimized 60% yield (Eg. 58). (215

IV R TN RN T Eded b Babh Belidtiedekidndell dsihd tilelsdmb ¢albdniedhidtibnlabkviadod | | I I § I T |

strategy, as in the total synthesis of juvenile hormones. (216)

R!ICZCH + RCuMgBr, £120.DMS nCHC=CLI _
Duuuﬁuc{h@a g

R} Rl (58)
>:\:\‘ 1 eq I{CH,),C =CH
K — : E,0, AMPA, 20° =
C=CCeHg-n| MgBr =2 K \(CH,),C=CH
69 68
(~ 60%)

Alkylation of vinylcopper complexes with 1-haloalkynes affords conjugated
enynes. (159) The reaction conditions require use of 2 equivalents of TMEDA
for reasonable yields. Use of functionalized 1-haloalkynes allows for further
manipulation. Use of the trimethylsilyl-protected 1-bromopropargyl alcohol 70
provides a streamlined route to bombykol (71) (Eq. 59). (159)
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2. H'/H,0 C=CCH,O0H CH,0,CCH,
(65%) (>90%) (59)
1. BriMg(CH,)Q" “OCHs CyHy-n
(8% Li,CuCl,) E/\
2 =

2. H'/H;0 (CH,)yOH

71

(75%)

Another well-studied aspect of vinylcopper reagents is their reactions with
epoxides. In general, oxiranes are only moderately reactive. (217) However,

I IR T N RN T hd ded ol hied duidratef dudnlbd6b dnbahded te behclivitvioltiiedelcdoded 1§ I I B I T

reagents, and alkylations with epoxides proceed in good yields. (218)
Monosubstituted epoxides are regioselectively attacked at the less-hindered
carbon, giving rise to homoallylic alcohols, key intermediates in the synthesis
of, for example, linear terpenoids (Eq. 60). Styrene oxide, however, gives

mixtures of@,ﬂﬂ Xide the
yield decredSeST0 Ca. G 0 AMO r alkylation
using
H,Cu » MgB ooy FuooMs - GHsg Cu>Mghe,
ue I, + n- = —ap A T
CHs gbry 6113 23° 2h H_CGHI?_/
(60)

1. n-CgHyC=CLi CEHS>=/YDH
2. P‘." ,CsHyn nCeHy CsHyy-n

(74%)

an epoxide includes a key step in the stereospecific total synthesis of the
codling moth constituent 72. (215)



Et,0, DMS
CH,(CH,),Cu*MgBr, + CH,C=CH ﬁ" —
n-C4H CusMgBr,

(CH,),OH
1. n-CyHeC==CLi i s
Q
2. /\,E40, HMPT Cytyn
(89%)

The enhanced reactivity of mixed cuprates has also found extension to
conjugate addition schemes. That is, following carbocupration, the vinylcopper
species can be converted to the ate complex 69 in situ with a lithiated
acetylene, and then reacted with an a , B -unsaturated carbonyl compound.
(215, 218) Double-bond geometry is retained in the adduct. (218) The
alkenylcopper itself is unreactive (Scheme 10).

Scheme 10.
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Acylation of vinylcoppers offers a straightforward route to stereodefined a , 3
-unsaturated carbonyl compounds. Attempts to directly acylate alkenylcopper
species give irreproducible results with acid chlorides. (219) Lithium
dialkenylcuprates are not useful because of their further 1,4 addition to the
product enones. (220) Fortunately, RCu-MgX; (R = alkenyl) reacts smoothly
with acyl chlorides, or with mixed-acid anhydrides if a catalytic amount of Pd°
is present. (221) The original olefin geometry is maintained throughout,



although complete isomerization (from Z to E) of the initially formed enonecan
be achieved via dilute acid catalysis. (221) Thus a, B -unsaturated ketones of
either E or Z stereochemistry can be prepared with ease (Eq. 61).

R Cu*MgBr R COR?
>=/ 3 2. Ricoct 3RPUIPCHML >:/
THF .
R! R (61)
R = alkyl, aryl, (56-84%)

alkenyl, OC,Hg

y -Silylated vinylcopper species 73 have recently been prepared through
carbocupration of acetylenes with a -silylated organocopper reagents. (222)
Intermediates 73 undergo a variety of further transformations in addition to
simple protonolysis to produce allylsilanes 222b (see Table Ill). Oxidative
dimerization

S EICTIsiiinnaRnssEnans
ENOEREECO000000

(68-78%)

occurs in the presence of Li,CuCl,, and alkylations can be carried out with
sp®-centered halides. 222c In the presence of Pd® as catalyst, vinyl halides
couple to produce highly functionalized dienes in which the stereochemistry of
both components is retained (Eq. 62). 222c

8]
(CH;);SiCH, CusMgBrCl _ 5 Pd [P(C4Hs)sla
— + ?I'CﬁH |3)L/\Cl THF, -10°
C,H.O
(62)
(CH3);SiCH, 0
S
CQH 50 CEHIE'H

(65%)



More highly functionalized organocopper reagents (e.g., w -alkoxy-containing
derivatives) also participate in carbocupration schemes. 222d Acylation of y
-silylvinylcopper species in the presence of catalytic amounts of Pd° leads to a
1,5-sigmatropic silyl shift in the initially formed y -silyl- a , B -unsaturated
ketone (Eq. 63). 222c The dienol diethers, produced in high stereoisomeric
purity, are regioisomeric with those commonly referred to as “Danishefsky's
dienes,” (223) and hence are promising for applications in Diels—Alder

chemistry.
(CH] ]351{:[ !?_ CD'MEE I'Cl CH;CDC' [CH3}JS ICHZ 'D
T 5% Pd [P(CgHs)le
CEH 50 THF, -10° CszD
(63)
[1,5] CH, OSi(CH,;),
CHO™ NF

Further useful reactions of vinylcoppers or divinylmagnesio cuprates include
carboxylati E PTH 2 U2 @mm@n with
aminothioaCelars, T aminocarpony [ . (226)
cyanation with cyanogen chloride, (227) and chain extension with 3

-propiolactone. (167, 228) Reactions with carbon disulfide involve inversion of
olefin configuration to the more stable E isomer (Eq. 64). (142)

HC=CH + -C4HyCu * MgBr, » LiBr _THF_ {"54"9.. . ,Cu-MgBrz-LiBr]

1. CS,, THF (64)

1-C4HyCH=CHC(S)SCH
2. CHyl, THF ks ) SRCH,

982 EZ

Certain cumulenes also undergo carbocupration when treated with
dialkylmagnesio cuprates. The regiochemistry of attack is highly dependent on
both reagent and substrate structure, as well as on reaction conditions. The



cumulenes studied so far are methoxypropadiene (74), (229)
cis-1,4-diphenylbutatriene (75), (230) and gem-disubstituted butatrienes 76.

(231)
CH R
CH;:C:\ CﬁHs‘tC:Cﬁ" «Hs c=c=CH,
OCH,4 :
74 75 16
R,CuMgBr {C;Hg);CuMgBr {Cﬁﬂgji(f;i\f[gﬂr
E HE THF
CHs
RCH,CH=CH~OCH; CeHs — R! CH,
= %CH%
C2H5 R'Z CEHS
L (80%) (15%)
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Although Michael additions of organic ligands delivered with RCu-MgX; are
less popular than those effected by lower-order cuprates, (232, 233) many
examples of these couplings have appeared, most of which are illustrated in
Table II-E. While reactions with cyclohexenone proceed in moderate yields (ca.
cetionis bolie bl L ed LI
Acetylenic m&m m X2, (234)
the stereochemical outcomes of which suggest involvement of a
carbocupration process. For example, RCu-MgX; reacts with
dimethylacetylene dicarboxylate in tetrahydrofuran—dimethyl sulfide to give
exclusively the 2-substituted maleates from syn addition (Eq. 65). (235)

4

R H

o RMgBr
CH;0,CC=CCO,CH, ):(C
CuBrDMS (1 eq)
e ) cHOC  COLH,

(70-90%)

(65)

R = alkyl, vinyl, phenyl,
{ il ]

One extension of this chemistry involves RCu-MgX; addition to w
-alkoxycarbonylacetylenic esters to form cyclopentenones (Eq. 66). (236) The
initial vinylcopper (via syn addition) probably equilibrates with its anti isomer,



which then undergoes intramolecular acylation. The many examples involving
functionalized Grignard reagents suggest good generality to this one-pot
procedure, although yields tend to be moderate (35-45%). (236)

CO,CH; CuI n ,CH gﬁj
K THF, TMEDA ZCHg
C=CCOLH; 35 10'2se

R lrcul R COZCHE

0
)&Cﬂzﬂﬂg R= \lf\/\]/‘ll-
R

(66)

Conjugate additions to a , B -ethylenic carbonyl compounds appear to be more
efficient when magnesio cuprates (R,CuMgX) are employed. (233, 237-239)
An important achievement in this field is the highly selective 1,4 addition of
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with a , 3 -enals are usually accompanied by products of 1,2 addition. Similarly,
addition of n-butylmagnesium chloride to a -methylpent-2-enal in the presence
of copper(l) bromide alone (0.5 equivalent) gives a 91:9 ratio of adducts in
favor of 1,2 addition. (240) However, using the copper(l) bromide-dimethyl
sulfide con@ mm& ;ﬁl ar§ (alents) the
product rat are 1T 1aVOo 2 1,4 adduct
(Scheme 11). Whether chlorotrlmethylsnane iS present prior to or after

introduction of the substrate does not affect the product distribution. Thus
dimethyl sulfide appears to be the critical component responsible for this ratio

reversal
Scheme 11.
C;Hs ; 2 RMgCl + CuX Cills - i
(CH4}48iCl (3 eq), )
CHO  (CiHgsN (3 cq), R R CHOSi(CHj;);

THF,-90°  (CH,),Si0
CuX

CuBr 91:9 - 3
CuBr,DMS 4196 1orR=Citlyn

Also quite significant is that even acrolein, a notoriously poor substrate toward
Michael donors, reacts with n-butylmagnesium chloride to give exclusively the
conjugate addition product when one-half equivalent of copper(l)
bromide-dimethylsulfide (and chlorotrimethylsilane) is used. Allyl Grignard,
however, gives no 1,4 addition under these conditions. (240) In the sequence



of Scheme 11, chlorotrimethylsilane can be omitted and bromine used to trap
the incipient enolate, thereby producing a -bromoaldehydes in good yields.
(240) Recently it has been shown that use of chlorotrimethylsilane in
copper-catalyzed Grignard reactions with enals has a rate-accelerating effect
and is not merely stabilizing an initially formed enolate. (157)

The use of homocuprates R,CuMgX has the particular disadvantage that one
of the organic residues R is wasted in the coupling process, since the
byproduct RCu is relatively unreactive. Many mixed cuprates such as 77,
which selectively transfer only the desired Rt group (T = transferrable), have
been developed. Such mixed cuprates can be prepared by adding 1 equivalent
of RTMgX to an RgrCu (R = residual) species, and selective transfer of Rt from
the cuprate to the substrate results in full utilization of the valued Grignard
reagent. Several so-called “dummy ligands” (Rr in 77) have been utilized for
this purpose, including thiophenyl, (241, 242) tert-butoxy, (243) 1-pentynyl,
(244) trimethylsilylethynyl, (245) and methyl groups. (246-250) The efficiency
of each dummy ligand is quite variable and depends upon the nature of Ry in
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77

the mixed cuprate. With increasing steric requirements between cuprate and
educt, the efficiency of selective transfer decreases. (251) For 77, Rr = methyl,

especially 0’7'- Rt penZyl (Eq-o7/J. . 243

0 0
THF, Et,0
CH,=CHCH,(CH;)CuMgBr + —_— (67)
(75%)

The mixed-cuprate Rt(CH3)CuMgX (e.g., Rt = CsHs) can be prepared either by
addition of a Grignard reagent to CH3Cu or by addition of CH3;MgX to RCu (Eq.
68). The mode of formation notwithstanding, the cuprate ligand which is
preferentially transferred to the enone is the one which originates with the
Grignard reagent. (248) This signifies that magnesio mixed cuprates, unlike
their lithio counterparts, (248) do not rapidly exchange their individual ligands.
(248) These observations suggest that mixed magnesio cuprates containing
divalent cations as part of the clusters' gegenion may have unique features



associated with their structures, and that several factors such as ligand
basicity, steric bulk, and/or coordinating ability may be but part of the story
behind the selective release of one group over another from copper. (252)

CgH;MgBr CH;MgBr
+ —= CgHy(CH;)CuMgBr CH,(CHy)CuMgBr —=— +
CHaC\.‘I | l C'ﬂHsCu
CH CeH
6 S%CUCH;. 6 S%CDCHS (68)

l l

(CgHs),CHCH,COCH;  CgHsCH(CH5)CH,COCH;

A related study using 5 equivalents of n-butyl Grignard and methylcopper on
3-methylcyclohexenone demonstrates that not only does the selectivity of
butyl:methyl transfer remain high (98:2), but also only a minor amount (<2%) of
1,2-addition product occurs. (247) With 5 equivalents of both Grignard and
substrate, similar yield and selectivity (97% butyl transfer) are observed. This
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of methylcopper, a technique that appears very promising in mixed-cuprate
chemistry (Eq. 69). (247)

0

{i w/w/nnlnlnls]nlnlulz's[nlulnln

Fr,0, -40° (69)
aHy-n
(12%)

(1eq)

Magnesio cuprates are widely used as reagents in the fields of organocopper
conjugate addition—enolate trapping chemistry 4h and natural products
synthesis. Fragments such as 78 and 79, utilized in the total synthesis of
steroids, (244, 253) are representative outgrowths of this powerful approach.



0 0
1. Cul (0.5 eq), THF
+ =N
MEBI‘ 2, BT(‘H;‘CO:CQHS HzCOz‘Csz
HMPA, THF
78
81%)
0
Cu(C=CC;H,-n )MgBr 11@/ -
- ‘g .O 2. ICH,CO 5
CH,0 THF, mu?:[;l-%gi ’
[ =0
r"‘.
7 CH,COCHH,
CH;0
79

A few reports have appeared on asymmetric induction in conjugate additions

of magnesigﬂﬁﬂ !i rdactions of
mixed cupr T op wm E ﬁ mm@

2-(p-toluene-sulfinyl)cyclopentenones give fairly good enantiomeric excesses
(Eqg. 70). (243) Conjugate additions to unsaturated imides, prepared from
optically pure 2-imidazolones, also proceed with impressive
diastereoselectivities. (254) Related results can be obtained with lithium
cuprates (vide infra).

0
ISI--"’ " 1. RM, THF
‘\CﬁH‘CH:]‘F 2.Al/Hg T 1 ‘R (70)
R! R!
RI i CH;. {6[*]
RM = n-C4Hg(t-C4HgO)CuMgCl B8% ee

The use of chiral mixed cuprates, on the other hand, enables enantioface



differentiation of acyclic a , B -enones. (255-257) Thus in the presence of
(S)-N-methyl-2-hydroxymethylpyrrolidine and copper(l) bromide, methyl
Grignard reacts with benzylideneacetophenone to produce the 1,4 adduct in
64% optical yield (Eq. 71). (255) The enantiomeric excess induced in this
reaction depends upon the reaction times; short exposures (~0.2 hours) give
best results. A later study showed that this particular chiral auxiliary was the
most effective among those screened for this purpose. 257a

NFNcocgH S COCqHs

~H(56eq © H
() “N” YCH,0H (71)
|
CH, (79%)
THF, -20°, 12 min (5) (64% ee)

3.1.2.4. Composition Studies
Although there are relatively few reports which scrutinize the solution
composition of various RMgX to CuX ratios, an impressive bank of information
EEEEEEEREREXLUE VS ER ISR RIS A EENEICICECEIETILANNNNENEN
experiments with acetic anhydride, following 1,4 additions with
inhomogeneous mixtures of 2EtMgBr + Cul, pointed to the presence of at
least three unidentified reactive species in ether solutions. (258) Admixture of
equimolar quantities of copper(l) bromide and methylmagnesium bromide in
Y 16 O O
NonethelesE,j m(m Em (ca. one
third), '"H NMR analysis at —85° reveals formation of monomeric (CHs)sCuMg
plus magnesium bromide. (259, 260) Increasing the amount of Grignard by a
factor of 3 and warming to —30° gives more (CHz)sCuMg ( & — 1.54 ppm vs.
tetramethylsilane), as all of the copper salt is solubilized (Eq. 72). Maintaining
the 1:1 mixture at —60 to —40° over time, however, leads to several other
complexes, the identity of which depends upon the extent of CuBr dissolution
(Eqg. 73). Confirming the existence of (CH3)sCHsMg by independent synthesis
using copper(l) bromide and dimethylmagnesium was particularly enlightening,
and revealed an inclination toward disproportionation to 2 MeCu and
(CH3)sCusMg . (259) Taken together with other supporting documentation (e.g.,
elemental analyses of both solid and liquid phases of numerous combinations),
259a these observations have led to the deduction that “Normant” reagents
(RMgBr + CuBr) in tetrahydrofuran at about —35° consist of at least five
components (Eq. 73). 259a Each cuprate possesses a different stability profile,
but in no case does halogen constitute an integral part of these complexes.
259a




CuBr + 3CHjMgBr  —o (CH;:,CuMg + 2 MgBr, (72)

CH;MgBr + CuBr

' (73)
+ CH3;Cu + CuBr + MgBr,

This state of affairs is made somewhat more intricate in that studies by another
laboratory pursuing identical goals arrived at conclusions which are not in
complete harmony with those cited above. (262) For example, treatment of
CuBr- LiBr with 3 equivalents of CHsMgCl in tetrahydrofuran at —50° gives rise
to two species in equal amounts (Eq. 74). Attempts to combine

3 CH;MgCl + LiCuBr, (CHy),Mg + [(CHy),Cul,Mg (74)

THE
-50°

EEEEEEENER “EW‘IHIHﬂHiiIWiiIEHEH“'
comparanie mensimes m RSpectrum of TiS MIXIUTe, WIth (he signa

atd —1.53 ppm assigned to [(CH3)2.Cu]oMg (262) rather than to (CH3)sCuMg .
(258-260) Use of excess HMPT to completely solubilize these reagents allows
for direct *H NMR examination of CHsMgCl + CuCl at reduced temperatures,

correspondoglalea bk I LA I I LA EIED
correspon b ) parently

CHMgCl + CuCl %M;_p [CH,CuClI],Mg (75)
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enhances the tendency toward halocuprate formation, (263) it is not obligatory,
since CH3MgCl / CuBr in both 2:1 and 3:2 ratios in tetrahydrofuran without
HMPT produce small percentages of bromocuprates (Egs. 76 and 77). (262)
Bromocuprates are more stable than chlorocuprates, since addition of

2CH;MgCl + CuBr %— (CHy),Mg + [(CH;),Cul,Mg +
(23%) (53%)
(76)
[(CH;)3Cu, ;Mg +  [(CH3)CuBr];Mg

(19%) (5%)



THF

3 CHyMgCl + 2CuBr £

[{CH]_hCII] 2 ME + [(CH;}BCUZI]-EME

(6%) (88%)
(77)
+ [(CH;)CuBr,Mg

(6%)

LiBr to (CH3CuCl);Mg [ & (CH3) — 1.31 ppm|] efficiently exchanges bromide for
chloride ion to form (CH3CuBr),Mg [ 6 (CH3) — 1.25 ppm] (Eq. 78). Hence,

(CH,CuCl),Mg ~ —2LBr _  (CH,CuBr),Mg
(78)
(94%)

using either RMgBr + CuCl or RMgCl + CuBr generates predominantly the
bromomagnesio cuprate (RCuBr).Mg, otherwise written as 2RCu-MgBr, (Eq.
79).

2 CH;MgBr + 2CuCl (CH,CuCl);Mg + MgBr,

IIIIIIIlIIIIIIIIIIIIIIIIIIIH‘HIIIIIIIIIIIII!!IIIIIIII
+ (CHyCuBr),Mg + MgCl,
(93%)
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Thus, while some degree of discrepancy remains, what does emerge from this
work is that cuprates stoichiometrically represented as RCu-MgX; or
R2CuMgX are often far from discrete entities. Depending on the relative ratios
of reagents (MRMgX:nCuX), temperature of formation, solvent(s), and
additives, a multitude of species may be present. However, by the judicious
selection of values for m and n, these spectroscopic experiments provide
considerable insight as to potential substrate—reagent compatability, and
hence may assist in selection of a magnesium-based reagent for a specific
application. (264)

3.1.3. Chemistry of Lower-Order Lithio Cuprates

3.1.3.1. Substitution

In the prior review of this topic, the scope and limitations of reactions of
lower-order cuprates [Gilman reagents, R,CuLi] were discussed with respect
to structural variations within both the substrate and the cuprate. (1) The mode
of preparation of various R,CuLi was also outlined. In the intervening years, a
heightened awareness of the role of ligands during the carbon—carbon
bond-forming step has developed. That is, while yields based on educt were



oftentimes high, those viewed with an eye toward conservation of nontrivial
organolithium precursors (RrLi) cannot exceed 50%, since one of the two
required RrLi in (Rt)2CulLi is usually lost (as the protonated species) upon
workup. A need for more economical utilization of RrLi has spawned several
alternative nontransferrable, or “dummy,” ligands Rr which permit full
utilization of potentially valuable RrLi. Such mixed cuprates RtRgCuLi are
generally prepared via prior formation of RRCu(RgLi + CuX) to which is added
the organolithium RrLi possessing the ligand of interest (Eq. 80).

Li + CuX —— RyCu + LiX ek R-RgCuLi + LiX (80)
RR R R

The most popular nontransferrable ligands are the 1-alkynyl residues. These
include pentynyl-, (265) tert-butylethynyl-, 63b (3-methyl-3-methoxybutynyl)-,
(266) trimethylsilylethynyl-, (267) and 3-(dimethylamino)propynylcopper-, (268)
Each has its advantages and disadvantages with regard to selectivity of
transfer, solubility (in ether vs. tetrahydrofuran), and cost effectiveness.

U TS Br Lt WY '

1-C;H,C=CCu D_C“ (C4Hs);PCu
-CHC=CCu S (CoHy):NCu
CH,;0C(CH,),C=CCu CH,S(0)CH;Cu
EllSEIE Tl "
{ 00 CHaEfCT
-CyHLOCu N=(Cu

Other mixed cuprates which provide alternatives to homocuprates include
mesityl- (269) and heteroatom-containing ligands. Examples of the latter class
include the tert-butoxy (270) and thiophenoxy groups, (270) as well as the
underutilized 2-thienyl moiety derived from metalation of thiophene. (78) More
recently, heterocuprates formed from lithium diphenylphosphide and lithium
dicyclohexylamide, 271a,b have shown improved reactivity toward primary
alkyl halides, acid chlorides, and unhindered epoxides. (271) a
-Heteroatom-stabilized carbanions as ligands represent another type of RgLi,
with both sulfonyl (272) and sulfoxide (273) a -anions functioning in this regard.
The nitrile ligand, (274) isoelectronic with acetylides, can also be an excellent
choice, as it is the only member of this class of ligands which does not require
any manipulation (i.e., lithiation followed by metathesis with CuX).

The explanations behind the selectivity of ligand release (91, 275) from copper
vary according to Rg, and while speculative, do provide some guidelines for
use of mixed reagents. Ligands capable of strong backbonding between



copper d electrons and p * orbitals of acetylenic groups o bound to the metal
tend to negate their release relative to other sp®- and sp®-hybridized carbon
atoms. Cuprates composed of ligands bearing heteroatoms attached to copper
may be less prone toward release of these groups based on the pK, of the
ligand's conjugate acid. That is, the cuprate preferably delivers the more basic
ligand, leaving behind the more stable RCu. Alternatively, the relative
strengths of the resulting bonds as felt in the transition states (carbon—carbon
vs. carbon—heteroatom) may also be a factor which contributes to the
discriminating nature of mixed heterocuprates.

Ultrasonication can be employed to generate mixed lithio cuprates by
combining lithium sand, pentynylcopper-HMPA complex, and an organic halide.
(276) Lower-order cuprates mounted on a polymer support can be prepared
and show comparable reactivity to homogeneous solutions of RoCulLi. (277)

3.1.3.1.1. Alkyl and Alkenyl Substrates

Examples of substitution reactions of lower-order lithio cuprates with various
halides and sulfonates are listed in Table IV-A. This methodology has enabled
the preparation of specifically labeled compounds with 'C and *3C tracers.
(278, 279) One can also take advantage of the difference in leaving group
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than their Grignard or organolithium precursors, their substitution reactions

with nonracemic substrates possessing enolizable centers are relatively free of
racemization. This has been effectively exploited in chain elongations of

-tosyloxy a m rﬁ Ej at the

asymmetric center in the presence of lithium dimethylcuprate. (283)

Reactions of halocyclopropanes with lithium dibutylcuprate provide an atypical
route to products of substitution. When bromocyclopropane 80 is treated with
dibutylcopperlithium (4 equivalents) in tetrahydrofuran and subsequently with
an alkyl halide, alkylated cyclopropanes 82 are formed rather than the
expected butyl-substituted compounds. (284) The coupling occurs with
retention of configuration, accounted for on the basis of an intermediate mixed
cuprate 81. (284) Dibutylcopperlithium and tetrahydrofuran are both necessary
for this reaction to occur. Dimethylcopperlithium in a dimethoxyethane—ether
mixture induces ‘normal’ substitution of monoiodocyclopropanes in high yields.
(285)



R, Ry L. (#-C,Hg),CuLi (4 ¢q) R, Ry
R, THF, -48° R,
R Br 2. RX R R

80 82

R
Ry ~
R (C4Hg-n)Li

81

Geminal dibromocyclopropanes are susceptible to double replacement using
excess dibutylcopperlithium. For example, treatment of
1,1-dibromo-2-phenylcyclopropane (83) with 5 equivalents of
dibutylcopperlithium in ether—hexane, followed by addition of methyl iodide,
results in a mixture of the dialkylated products 84a and 84b (4:1). 284b A
mechanism consistent with preferential alkylation cis to the phenyl group
consists of (1) an initial copper—halogen exchange at the least-hindered site
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displacing halogen with inversion; and (3) alkylation of the resulting
organocopper with methyl iodide with retention of configuration. 284b Here
again, dibutylcuprate is the reagent of choice since dimethyl- and
divinylcuprates lead to “normal” substitution processes proposed to proceed

via cut) {3 Es) PP S 111000000

Fh ; Ph
Br 1. (n- JoCuli (5 eq)
f_«i‘:=-< Etzcg’b:nm a8° 5 <RE
- 2, CH,l R,
83 84a:R,=CHy, Ry=CHyn

b: Ry = CyHg-n, Ry= CHy

Substitution of enol diphenyl phosphates or triflates with lower-order cuprates
provides an efficient route to olefins starting from ketones. Enol triflates react
with diorganocuprates in a stereospecific manner and in high yields. (286) On
the other hand, while dibutylcuprate reacts with enol diphenyl phosphates in
50-74% yields, the reaction essentially fails with dimethylcuprate. (287) Enol
phosphates from 3 -keto esters or 3 -diketones couple efficiently with
dialkylcuprates, resulting in a general, high-yield synthesis of stereochemically
well-defined a , B -unsaturated carbonyl compounds. Both cyclic and acyclic



systems undergo this transformation, although cuprates derived from
secondary and tertiary alkyl residues tend to give somewhat lower yields. (288)
In contrast, B, B -difluoro enol phosphates, when treated with dibutylcuprate
followed by allyl halides, undergo substitution of the phosphate moiety with the
allyl group (Eg. 81). (289) An intermediate vinylorganocopper is thought to be
the alkylating agent. The reaction of analogous diethyl phosphates, however,
gives substitution of fluorine (cis to the aryl group) by butyl. Replacement of the
aryl group with an alkyl moiety results in cleavage of the phosphate function to
the corresponding enolate. (289)

CH
F OP(OXOCgHs); 1.(n-CiHplCuli(Sed) gt
>=< THF/TMEDA, -60° 61)
F Ar 2. K F Ar
{B8%:)

Reactions of (E)- B -haloalkenyl sulfones with lower-order cuprates give
substitution products with retention of olefin geometry. (290, 291) The
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mixture of products. (291) The reaction of a 3 -bromostyrene system is even
more complex, resulting in several products. (291) Couplings of
heteroaromatic halides with dimethylcopperlithium are synthetically
unattractive because reduction products predominate. (292)
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Reactions of lower-order cuprates with heteroatomic electrophiles represent a
relatively new area in organocopper chemistry. Chiral sulfoxides of high optical
purity are obtained from treatment of (-)-menthyl-(S)-arylsulfinates with
diorganocuprates. (293) Similarly, phosphinate chloro esters derived from
cinchonine and dichlorophenylphosphine react with aryl cyanocuprates to
produce chiral phosphines and phosphine oxides. (294) Electrophilic
amination of dialkynylcuprates with
N,N-dimethylhydroxylamine-O-phosphinate has also been reported. (295)

Lithium bis(N,N-dialkylamino)cuprates react with carbon monoxide to form the
corresponding bis(dialkylcarbamoyl)cuprates; the latter behave as efficient
carbamoylating agents toward alkyl halides, epoxides, and acid chlorides (Eq.
82). (296, 297)

) . : R*X
¥ NI e R'R N{:ﬂ CHL i W i
(RRN),Culi - [( )2Culi — RRNCOR (82)

25°, 12 h (50-50%)



While homocuprates produce varying yields of dimers upon autooxidation,
(298, 299) di(o-alkoxyaryl)cuprates lead to the corresponding phenols in
moderate yields, accompanied by only minor amounts of dimers. (300) An
alternative synthesis of phenols from diarylcuprates via reaction with diborane
and then alkaline peroxide oxidation has also appeared, (301) although there
seems to be no particular advantage in using cuprates instead of organolithium
reagents.

Oxidative coupling of anilidocyanocuprates with o-lithiobenzamides provides a
one-step synthesis of N-arylanthranilamides, which can then be easily cyclized
to acridone derivates. (302) On a similar note, the heterocuprates 85, in the
presence of oxygen, offer a mild and convenient N-alkylation procedure for
primary and secondary amines. (303)

Et,0 ; 0y
R,Culi + RINHR® 2 R(R'R*N)CuLi — RIRINR
i -

85 (15-94%)
SESEESEEEEEEENEEEEESSEEEEEEEEEENEEEEEEEEEEEEEEEEEEEE

A one-pot sequence to 2,3-disubstituted benzoic acids is available by way of
lower-order cuprate addition to o-oxazolinobenzynes (Eq. 83). (304) Another in

Si.tu dgrivatﬁ m w E ﬁlﬁ 'W | carbenoid
with dialkyl 2 a -diSTb3MUTEd

methylphosphonates, (305) highly valued precursors for Horner—Emmons
olefination reactions.

1 (C;a]zglrl!-h CO,CH,4
N -30 to
O memu | O | 2 ol y
(83)
3.4 NHCI
| 4. CH;N,, Ety0
a L o (69%)

Couplings of dialkyl and diaryl cuprates with organomercurials have been
studied, but appear to be synthetically unattractive. (306)
Dimethylcopperlithium can also be utilized in substitution reactions with



transition metal complexes, as reported for (arene)manganese tricarbonyl
cations, (307) and Fischer-type iron—carbene complexes (Eq. 84). (308)

BF,

(45-50%)

(CsHg)Fe*(CO), . (CHy)Cui (CsHyFe(CO),
(84)

3.1.3.1.3. Carbonyl Compounds

Lower-order cuprate-induced substitutions of acid chlorides are efficient
procedures for preparing ketones. (282, 309-311) Alternatives do exist,
however, including use of selenoesters as substrates. (312) Organocuprate
displacements on S-2-pyridylthioates also afford ketones in high yields,
observations which have figured prominently in sequences leading to total
syntheses of erythronolide A (313) and monensin. (314) If, however, oxygen is
bubbled through solutions of R,CuLi prior to addition of the thioester, the
corresponding carboxylic esters are produced in high yields (Eqg. 85). (315) An
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1. 0y Et0, -78°

(n-CyHo),CulLi CeH{CO,CyHyn
= (99%) (85)

DO Reks 0000000

Dithioesters undergo carbophilic attack, giving rise ultimately to tertiary thiols
through the intermediacy of thioketones (Eq. 86). (164) Related regiochemistry
is observed in reactions of diphenyl-, dimethyl-, and di(n-butyl)cuprates with
1,3-thiazole-5-(4H)thiones, (316) although di(tert-butyl)copperlithium affords
solely reduction products.

CHj);Culi
CHsOSISCH; O 1 C(CHy),SH

E1;0,0°% 1 h (86)
(88%)

Additional examples can be found in Table IV-F.



3.1.3.1.4. Epoxides

Ring opening of oxiranes with lithiodiorganocuprates represents a powerful,
highly utilized synthetic methodology (see Table IV-B). Monosubstituted
epoxides make excellent substrates for lower-order cuprate couplings, the
regiochemistry of which favors attack at the least-hindered site.
1,1-Disubstituted oxiranes are opened regiospecifically, while 1,2-disubstituted
examples often give mixtures of regioisomers or byproducts of elimination or
rearrangement. Trisubstituted examples are best opened with higher-order
reagents (Table IX-A). Mixed lower-order cuprates, for example, RCu(CN)Li,
offer an economical route to alcohols, where full utilization of the organic ligand
can be anticipated, especially with acyclic epoxides (except for styrene oxide).
(317) With cyclic systems (e.g., cyclohexene oxide), however, yields are only
moderate. (317)

Cuprate couplings with epoxides containing neighboring functionality can often
result in secondary processes. Thus 4-vinylcyclohexene dioxide, on being
treated with 1 equivalent of CH3Cu(CN)Li , undergoes ring opening of the
less-hindered pendant epoxide (Eq. 87). (318) The initial ring-opened product
86 then reacts further to induce an intramolecular (regiorandom) ring opening
of the cyclic oxirane forming 87 and 88. The proportion of these two bicyclic
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owing to mixed heterocuprate formation between the alkoxide of 86 and
residual (or additional) cyanocuprate. (318)

CSEEIEEDQEDD e DZEI
P HO 87)

86 87 88
\ J
b
1 equiv: 58% 38%
2 equiv: 7% 9%

Nonracemic 2,3-epoxy acids react with diorganocuprates in a regioselective
manner. The trans-epoxy acids 89 are preferentially attacked at the more
electrophilic C-2 position, with selectivities of 90:91 between 8:1 and 30:1



_ OH
/f\,cozﬂ (CHCuLi ) R,'\/mzu b g COH
t
E

R Et,0,0° 3 h i
89 90 91
(major) {minor)

reaching a maximum for the tert-butyldiphenylsilyloxy derivative 89,

R = CH,0Si(t — Bu)(CsHs)2. (319) The cis-epoxy acids, on the other hand, are
attacked at the C-3 center. These results complement the known
regioselectivity of cuprate attack on a , B -epoxy esters. (320, 321)

Cuprate-mediated opening of epoxy alcohols 92 is highly stereoselective and
leads to structural subunits such as 93, commonly encountered in many

:  CH,OH |
CeHsCH,0, (CH;[Culi  C(H,CH,0
B0, 20° CH;OH
OH
92 93  (95%)

polyacetate/propionate-derived natural products. Dimethylcopperlithium
attacks the cis-epoxide 92 exclusively at the 2-position (i.e., away from the
methyl group at C-4) to form 93 in 95% vyield. (322) The origin of this
regloselectMt |s hlndrance from the C-4 methyl moiet rather than chelation
ciocts soohelTobodh g6 Hatba bl e el et ahor
appendage at C 4, the regloselectlwty is lost. (322) The trans-epoxide 94
shows complementary behavior with dimethylcopperlithium and produces
exclusively the corresponding diastereomer 95. (322)

C.H.CH ; (CHy);Quli ¢y CH
H

94 95 (95%)

Ring opening of a -acyloxyepoxides by diorganocuprates was envisioned as a
good method for nucleophilic a -alkylation of ketones. Unfortunately the yields
are modest, since undesired side reactions, principally involving competitive
electron transfer to form unsubstituted (reduced) products, predominate (Eq.
88). (323)



n-CyHg (CH;),CuLi

CH3CO; CsHy-n Ey0, -78°
H-C4H9 (88)
CHy-n  +  n-CHyCOCHy-n
0
(43%) (32%)

Reactions of cyclohexene oxide with organocuprates containing nonracemic
ligands have been investigated. In all cases the B-substituted alcohols so
formed reflect very low levels of optical induction. (324)

3.1.3.1.5. Allylic Substrates

The predominant mode of lower-order cuprate reactions with allylic substrates

is one of allylic inversion; that is, an Sy2' addition which occurs in a

stereoselectively anti fashion.
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Synthetic uses of these 1,3 displacements with diorganocuprates are listed in

Table IV-C. Readily available allylic acetates function nicely in this regard.

Coupling (in an anti — Sy2' mode) with silylcuprate reagents stereospecifically

produces stereochemically defined allylsilanes (Eq. 89). (325)

OO0000000000Q-GLIO
\: 0,CCH I‘ H
Y 2 3 l

[CgHs(CH3)aSilaCuli (B5%)

CeHs CeHs
(89)

: HSi(CHa}ECﬁHj
i

[CgHs(CHy)2Si]3CuLi 5 (B5%)

CsHs



The regio- and stereoselectivity of alkylation of allylic acetates and pivalates
with lower-order cuprates has been studied. 53¢,59,60,326 Examination of
cinnamyl acetates reveals an overwhelming preference for regioselective a
attack, the conjugated olefin comprising 95% of the product mixture (Eq. 90).
59c,d For

CeHs \/IR R';CuLi CﬁHs\/\(R CaﬁsY\/R
+
y (90)

CCH, R R’

95:3

cis- and trans-5-methyl-2-cyclohexenyl acetates 96, which are regiochemically
unbiased systems, the reaction with dimethylcopperlithium is stereospecific:
cis-96 gives trans-97 and vice versa. 59e Deuterium labeling studies show that
this reaction occurs primarily (>80% selectivity) via the anti Sy2' mode.
53c,59e The steric effects associated with these couplings have also been
assessed. (327) Preparatively, however, cuprate couplings with allylic acetates
are accompanied by ester cleavage thus lowering yields, and hence use of
trimethyl-benzoates
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99.3% cis 1.3% 98.7%
99.3% mrans 97.6% 24%

is recommended. 53c Best results are obtained by copper(l) cyanide-catalyzed
Grignard reactions of organocuprates with allylic acetates. (62) Recently, the
involvement of a copper d-orbital with the appropriate p * and o * orbitals of the
substrate has been proposed to explain the anti-stereochemistry in Sy2'
reactions with cuprates (cf. 12, page 145). (39)

In sharp contrast to the anti-Sn2' outcome from reactions of allylic esters with
R>CulLi, the corresponding carbamates show typically a syn-reaction mode,
although maintaining an Sy2  -type addition. 52,53b Mechanistic proposals
for this reaction have also been put forth. 53b Departure from anti selectivity
can also occur because of steric effects. Thus in the cyclopentenyl bromide 98,
the pendant acetate and chloride groups hinder approach of the cuprate from
the side opposite the bromine and dictate syn-Sy2  attack (Eq. 91). (328,
329)

(CH;);Culi
Et0,0°% 24 h S
,CCH,4 (90-95% conversion) *‘



Bl’m (n-C4Hy),Culi |
. I
-7
[ I e 0,CCH;, (91)
0,CCH; CiHon

98 (95%)

Reactions of homocuprates with acyclic vinyloxiranes are known to occur with
allylic rearrangement, although such dogma does not prevail in the case of
cyclic systems, where both 1,2 and 1,4 additions are observed. (330, 331) The
mixed cyanocuprates, however, not only conserve potentially valuable organic
residues, but also favor 1,4 attack with over 90% selectivity. (331) A variation
of this methodology involves the trimethylsilyl enol ethers of a ,
-epoxycyclohexanones. Addition (anti-Sy2') to these substrates is equivalent to
nucleophilic substitution at the a ' position of cyclohexenones [Eq. 92,

0 OR' OR'

(92)

a) R’ = Si(CHy),
b) R’ =Li

I:IEIEIEIEI 00000000

= Si(CH3)3). (332, 333) The lithium enolates of a, B -epoxycycloalkanones
(Eg. 92, R = Li) behave in the same fashion, (333) and the resulting allylic
alcohols can be converted into a '-substituted cyclohexenones by acid
hydrolysis, elimination, and rearrangement. (332, 333)

Lithium alkoxides of allylic alcohols together with an equivalent of cuprous
iodide, (methylphenylamino)triphenylphosphonium iodide, and an
organolithium, combine to effect Sy2' substitutions (Eq. 93). 334a,b This
four-step,



1
CﬁHj e 2. Cul, THF . CEH!W & CBHS\]/\.,\\I
\/\( 3 N-C‘}I?Li
OH 4

. (CgHshP C4Hgn CyHgn
Nc;g;;:;ﬂﬁﬂ_ e " (93)
(78%)
63:35
(<2% Sy2 product)

one-pot process, for which mechanistic studies have been carried out, gives
>96% Yy -alkylation. 53a An allyloxyphosphonium salt and a lower-order mixed
amidocuprate are believed to be the reactive partners. The sequence has
since been extended to propargylic alcohols from which allenes are obtained in
good yields, also in a single reaction vessel. 334c

Nonracemic oxazolidines derived from a , B -unsaturated aldehydes and (+)-
or (-)-ephedrine are receptive toward lower-order cuprate additions, producing
optically active aldehydes after hydrolysis (Eq. 94). (82, 83, 335, 336) This,

| ctn, 2 HMO (94)
R = CH,, CgHg CH,

RJ'\/CHD
HEEENE N

of course, is tantamount to asymmetric conjugate addition to enals. Best
results are obtained in hexane with enantiomeric excesses (ee) up to 80%.
335c When the 8 carbon contains an electron-withdrawing carbomethoxy
group, the cuprate adds to the enoate (reversing the regiochemistry of addition)
to give diastereomeric excesses (de) on the order of 95% along with good
chemical yields. (336) This methodology has provided a short synthesis of
(R)-(+)-citronellal of 85% optical purity. (83)

Alkylcyanocuprates react with optically active bromoallenes preferentially
(>97%) via an anti-Sny2' mode to afford optically active acetylenes (Eq. 95).
The combination of sterically hindered bromoallenes together with bulky
cuprates, however, redirects the coupling to favor straight substitution. (31)



(95)

N
excess C=CCH
FC:{I{ _ Z-- 3
H Br THF, -78° H

(R) (98%:)

3.1.3.1.6. Propargylic Substrates

Displacement reactions of propargylic systems in an Sy2' sense to afford
allenes are usually best effected by organocopper (RCu) or Grignard-derived
(catalytic) copper reagents. (180) Nevertheless, there are scattered reports
discussing reactions of lower-order cuprates with propargylic substrates for the
preparation of stereodefined allenylsilanes, 325b as well as diversely
substituted allenes. (28) Additional examples can be found in Table IV-D.
Vinylallenes have been formed via related couplings which set the stage for
their facile conversion to cyclopentenones (Eq. 96). (337)

Cuc ECCSHT-‘" “‘IF, _Tsn

n-C¢H,,C=CCH,0Ts + [

EERERERERREEEEREEREREEARER BRRRRLLGE IR RRRRREEDR
~CH 4]
n-CgHyy_C7 2 Hgo0cy, | "CHn (96)
1 o o s [ [ T [
(70%) (54%)

Reactions of homocuprates with propargylic acetates occur in an anti-Sy2’
sense, possibly via a two-step mechanism involving a transient Cu(lll) allenyl
intermediate. (338, 339) Such an intermediate can be trapped with iodine and
subsequently utilized in a synthesis of chiral iodoallenes (Eq. 97). (339)
Another



C=CH (CH,);CuLi H

H —_— H;)C=C=C
Calls 0,CCH; Et;0, -78°, 2 h Gl CH=C \C{{
[alp=-214°
(97)
2 PME o HA(CH,)C=C=CHI
g 2H5(CH;
[o]p=-292°
(60%)

route to chiral allenes involves homocuprate displacement of
diastereomerically pure propargylic carbamates, although net chiral induction
is only moderate. (340) Problems associated with chirality control in allene
formation from propargylic substrates stem from the fact that various
organocuprates may induce racemization of chiral allenes. (35) Occasionally,
reactions of propargylic substrates with cuprates are accompanied by
considerable amounts of reduction products which may be preparatively useful.
(341, 342)
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Carbocupration of terminal acetylenes can be plagued by removal of the
acetylenic hydrogen. (343) Nonetheless, acetylene itself undergoes efficient
carbocupration with lower-order cuprates in ether to afford dialkenylcuprates
(transfer of both ligands from R,CuLi occurs), which go on to participate in

el i A
G:-C;H”\:}fuuy

2 n-CyHzBr, HMPT n-CsHy, C4Hg-n
(C;HsO)P, -30 10 20°

EyO

-CgH;y»Culi + 2 HC=CH
n y ”h -60 10 -35°
30 min

(98)

(81%)

Stannylcupration of acetylenes is facile, but involves a dynamic equilibrium
which can be driven forward only with protons as electrophiles. (351, 352)
Hence, disubstituted but not trisubstituted vinylstannanes can be realized (Eg.
99).



(CH3);SnCu(SCgHg)Li + CH,C=CCO,C,Hs
45°
(99)

__C0,C,Hs CH,OH __CO,CyHg
(CH,);Sn Cu(SCHs)Li (CH,);8n H

Reactions of w -bromophenylacetylenes with dibutylcuprate followed by
quenching provides an efficient means of preparing exocyclic alkenes. (353)
The reaction is highly solvent-dependent, with best results obtained in
pentane—ether (7:1). Presumably the reaction proceeds via initial
bromine—copper exchange and then intramolecular carbocupration (Eq. 100).

1. (n-CyqHg);Culi, (excess), CgHy E
Et;0, pentane, reflux 6 h

CgH,C=C(CH,),Br - (100)
EEEEEEEEEEEEEEEEEERGANEEEEEEEEEENEANEEEEEEEEEEEEEEES

Whereas organocopper (RCu) species in tetrahydrofuran |ve Z-selective enol
ethers as p@ A E I m m . in ether

produce E- selectlve V|nyI ethers (Eqg. 101). (354)

Et,0
CH,=C=CHOCH,; + 1/2 (n-C;H,5),CuLi 2
-40°, 30 min
"'C”“”CHIE (101)
OCH,
E:Z =919
(92%)

The first and only known example of carbocupration of an olefin has recently
appeared. (355) Lower-order lithio cuprates add efficiently to the double bond
of a cyclopropenone ketal, the corresponding cuprate from which can be
further elaborated by subsequent reactions with electrophiles such as alkyl



and vinyl halides. The latter class, however, requires the presence of a Pd°
catalyst. Conjugate addition also readily occurs, assisted by
chlorotrimethylsilane and N,N -dimethylpropyleneurea (DMPU), to afford
from methyl vinyl ketone the cis-disubstituted cyclopropanone ketal 99 in good

yield.
(CH,),CuLi (1.1 eq) = COCH, _ (\<|
0. _O  E0, THF, -0, (CH,),Sicl, THF, DMPU O _O
E 1 min J0w-30°2h
W OSi(CHy)s
99 (65%)

3.1.3.3. Conjugate Addition

1,4 Additions of carbon- and heteroatom-based ligands (R3Si- or R3Sn-) from

R,CuLi to unsaturated systems, best performed in the absence of good donor
OITTIITI TP FE AV P R T o I P e S T T T T T T T T T 1T
functionality present in the educt. As a consequence, this methodology
represents one of the most frequently used tools for structure elaboration in
organic chemistry. Beyond the reports cited below, which allude to such topics
as functionalized reagents, tandem conjugate addition/enolate trapping,

AP T O

The utility of functionalized cuprates is of considerable synthetic value, since
the 1,4 adducts offer opportunities for further manipulation. As an illustration,
1,4-diketones are readily available via the conjugate addition of a
-methoxyvinyl cuprates (Eq. 102). 356a Other examples include those

N

0 O
OC,H;
o ( i 1800
pCuld OC,Hs
o e (102)
0.1 NHCI
0

(90%)



deria -vinylacetals 356a,359 and a -vinyl ethers. 360,356¢ a -Alkoxycuprates
have also recently been described. (361) While all of these reagents are
potentially useful, they unfortunately show reduced reactivity relative to
unfunctionalized diorganocuprates, and in the extreme (e.g., a
-carbethoxyvinyl cuprates) may find their chemoselectivity altered such that
1,2 addition takes place. (362)

Spirocyclic systems can be generated in a single operation by use of novel
bisorganocuprates (e.g., Eq. 103). (363) Although 3 -halo enones are easy to

come
o CuSCgHs]Li 0
THF/hexane
¥ REY (103)

Cl

CuSCgHsILi
(96%)

by, preparation of a , w -dianions, especially those bearing functionality, is the
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however, as part of the newly formed ring. (363)

One-pot conjugate addition—enolate alkylation is the theme of two recent
reviews. 4h,364 Many examples of this concept exist in the cuprate literature,
especially ﬂ B W' : idp (vide infra
and Tables XI-Canad XT-E). HOV & derived from
a cuprate conjugate addition is still not a well-understood process. Although it
has been claimed that such enolates are lithium bound, (365) their reactivity
differs from that of “normal” lithium enolates. A common practice for alkylation
of such enolates is to use chlorotrimethylsilane as a trapping agent to form the
isolable silyl enol ether which can be subsequently exploited as desired. Direct
alkylation of enolates derived from conjugate addition does not follow any
obvious pattern and is usually highly dependent on solvent and the nature of
the alkylating agent. (366)

Asymmetric conjugate addition employing predominantly lithio, rather than
magnesio, (254, 256, 257) cuprates has been approached from various
directions. Use of a chiral auxiliary en route to chiral mixed cuprates
(RT*RrCuLi), such as that derived from azaenolate 100 affords ee's up to 82%
(Eqg. 104). (367) The



CeH H CeHs,  Cotls
L 65 . n-Buli, THF, -40° )_{
N OCH, - N _OCH,
2.CH0>—Cscau g Cil,

SC
\|<(3CH3
100

0 (104)
J—
1. , (CH3);8iCl, -78°
2. Hy0"
,COCH,
(56%) 82% ee

use of chiral mixed cuprates (RtRr*) CuLi has been examined. (368, 369) The
chiral nontransferring ligands used include metalated, optically active a
-alkylphenethylamine derivatives (101), alcoholates of 102, and thiolates of
103. Although ee's are low (0 to ~15%), there is an indication here that Rg* is
involved in the transition state of the 1,4 addition. 369b In contrast, when the
chiral amine is part of the Rt within the homocuprate, very high de's can be
obtained (Eqg. 105). (370) Various prolinol derivatives (104a) pursued on the
T T U NN UY Bbabid o dadich dodelvdtidng ®ANINEVE disb §ivied ehdndodeledifiti®slad riob 1 § I I § I T |
as 83% when incorporated into 104b. (371) Thus far, best results (ee > 95%)
emanate

UOO0RO0O0O000E

N(CH,),
Cu
101 102 103
G
Q\' — N—Cu—R | Li
H
104b

104a G = SCHj, OCH;, SC4H;,
pymolidinyl



Et,0
0°, 15 min (105)
(CH3;N
f ™
(87%) >98% de

from cuprate clusters incorporating the modified ephedrine 105. (372) Model
106 has been advanced which envisions complexation of both lithium ions in
solution (RR'CuLi and LiX) and predicts cuprate attack from the re face of the
enone leading to product 107 (Eqg. 106).

,,,,, Ry V/
! | Cu( \L' —N ~,
Coflsn AN - Daﬂ\ NQ

X =THForI'
R = CyHy, n-C4Ho, or 1-C4HyOCH,

mmﬁ;ﬂ%ﬁm@ﬁhuuu

107

(106)

Another approach to asymmetric conjugate addition relies on the presence of
optically pure additives in the reaction mixture, unsuccessfully attempted
initially using sparteine (108) as the chiral ligand. (373) Chiral amine modified
cuprates [RCu(NRz )Li-Amine, e.g., Amine = 109] have recently been used



A,

H X,
i 0s_N
N [ H, OCH,s
; B

108 109 110
to afford ee's up to 50%. (374) Low optical purities (up to 15% ee) are obtained
when optically active cosolvents (R,R)- or
(S,S)-1,4-(dimethylamino)-2,3-dimethoxybutane are used as the only source of
chirality in the medium. (375) However, with (-)-N- a
-naphthoyl-2S-methoxymethyl-4S-(tert-butyl)thiopyrrolidine (110) as a chiral
additive, B -methylation of chalcone in 95% ee is realized with lithium
dimethylcuprate. (376)

1,4 Additions to chiral enoates are yet another means of inducing asymmetry
at newly formed carbon—carbon bonds. Such reactions can be successfull
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conjugate adducts from which can be easily hydrolyzed to (3 -substituted
alkanoic acids in 56—99% optical yields (Eq. 107). (377) On the same theme,

0]
ot 0 O O R

THF, diglyme H,50, (aq)

0 Iil -781025%2h reflux, 6 h
(207)
CH,4 n-C4Ho
111 4 CO,H
H CgH;
(76%) 99% ee

(-)-menthyl acrylates (378) and atropisomers of 3 -chloro- 8
-(2-methylnaphthyl)methyl acrylates (379) have also been investigated,
although with less impressive results. Recently, optically active 1,3-dioxanone
derivatives have been found to direct cuprate 1,4 additions with high facial
selectivities. (380) Likewise, nonracemic enoate 112, derived from
(+)-camphor, induces excellent diastereoselectivity (95% de) in its reaction
with lithium dibutylcuprate. The conjugate adduct 113, on treatment with
lithium tetrahydroaluminate, gives the corresponding alcohol in high chemical
(92%) and optical (95%) yields (Eq. 108). (381) Conjugate additions of
cuprates to chiral vinyl sulfoximines also give excellent diastereomeric
excesses. (382)



i \nf (-CHg),CuLi

Et; 0, -78 to 25°
(108)
112 113
(74%)
N
THF n-C4Hg OH
(92%) 95% ce

Apart from enones and enoates as conventional substrates, conjugate
additions of cuprates to acetylenic sulfones (383) and acetylenic esters are
also of interest. The latter class of compounds usually gives cis addition;
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non-regioselective on the part of the cuprate ligand. (384) Reactions of
lower-order cuprates with dienones occur primarily via 1,6 addition. (385)
Cuprate additions to a -allenic ketones and sulfones have been studied, (386)
as have reactions with vinylphosphonates, (387) N-nitrosoenamines, (388)

o SRR e o

prate as
initiator. (391)

Cyclopropane ring opening by lower-order cuprates may be classified as
homoconjugate addition, a few examples of which are in the literature. (64, 392,
393) In most cases the cyclopropane ring in the substrate is either in
conjugation with an enone or is geminally diactivated. Nucleophilic ring
opening takes place similarly with 1-arylsulfonylbicyclo[1.1.0]butanes and
lithium diorganocuprates (Eqg. 109). (394)

C4H9"H:
(n-CiHg),CuLi
Et,0, hexane, DMS (109)
S0,CgHs 0% 3h S0,CgHs

(73%)



3.1.4. Reactions in the Presence of Additives

One of the more recently emerging aspects of organocuprate chemistry is the
impact made by additives on reactions of lower-order cuprates. Although
phosphorus-containing compounds (e.g., phosphines, phosphites) have been
utilized for decades with the intention of solubilizing copper(l) salts and as
stabilizing ligands, the apparent compatibility of electrophilic species such as
boron trifluoride etherate and chlorotrimethylsilane with Gilman cuprates has
significantly expanded the scope of this methodology. In general, the presence
of additives of this type (i.e., electron-deficient reagents) tends to increase both
rates and yields of cuprate—educt couplings. Hence, since no changes in the
usual protocols for cuprate use are necessary aside from the introduction of
the additive, it is not surprising that their frequency of deployment continues to
grow. Most applications can be found in natural product total-synthesis
endeavors, and are listed in Tables XI-A to XI-F.

3.1.4.1. Substitution

The admixture of a lower-order cuprate with (usually excess) boron trifluoride
etherate at low temperatures represents a most potent combination for
effecting displacements of oxygen- and nitrogen-containing functional groups.
For example, cyclohexene oxide is opened by a lithium dipentylcuprate—boron
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reaction periods with corresponding decreases in overall efficiency. Similar
enhanced reactivity is reported for isoprene monoepoxide. (395) Ether is the
best solvent for such reactions; the order of mixing of the cuprate, the

substrate, hnrlmzl S ﬂmmﬁ ction
pathway. (1Q4)LAFidineH a dHg ﬁ

diorganocuprates in the presence of boron trifluoride etherate; (396) very poor
yields (~10%) are obtained when this Lewis acid is absent (Eqg. 110).

o)

RL R!

ﬁ . . RL R!

RaCuLi + BF3*EL O \X

N. THF, -78° R ~CH;CeHs
CH,CgHs E

(110)

(75-90%)

Acetals and ketals, which are usually stable toward organocopper reagents
alone, can be easily cleaved when boron trifluoride etherate is added to the
reaction mixture. (395) Various lower-order cuprates can be used, and ether
as a solvent is indispensable (Eqg. 111). With orthoesters, an interesting
selectivity



Ijj\ (n-CqH,5);CuLi ""C’IHIS\l/(CHz}atDH
BF, » Et;0, Et,0 111
0" "OCH, -gﬂ“’.l mlntz OCH, (111)

(83%)

is found in this cleavage process; when the reaction is performed in
tetrahydrofuran, it stops at the acetal stage. (395)

Cleavage of allylic acetals with Grignard reagents in the presence of copper(l)
catalysts shows excellent SN2 selectivity. (122) Although use of R,CuLi-BF;
enhances the reaction rate, only marginal regioselectivity is observed, (397)
while complexes RCu-BF3; show high regioselectivity. (398) The anti-Sy2’
coupling of a diarylcuprate can be mediated by boron trifluoride etherate. (399)

Diastereoselective cleavage of chiral acetals with R,CuLi- BF3 offers a new
route to optically pure secondary alcohols (Eq. 112). (400) Selectivity is
dependent

91% de (112)

1. oxidation ~OH

OO0 EORAEO00000

upon not only the nature of the acetal (alkyl vs. aryl), but also on the
organocopper species and the Lewis acid, a diorganocuprate-BF3-Et,O being
the best choice. Titanium tetrachloride in conjunction with R,CuLi gives low
yields, probably because of the incompatability of cuprates with this powerful
Lewis acid. (399, 401)

Judging from the importance of lithium ions to cuprate reactivity (see
discussion on mechanism of conjugate additions and effects of crown ethers),
it follows that extra alkyllithium added to solutions of R,CuLi can also be
considered an additive. For example, delivery of a 3-furyl group
regioselectively to the least-hindered center of substituted epoxides occurs
best when the epoxide 114/Gilman homocuprate 115 mixture contains two
additional equivalents of 3-furyllithium (Eq. 113). (402) Substitution reactions
of cyclic,



HO.
QuLi /N
+ (m Ety0, -20° 10 0° 8]
0"/, 60h

2 b "
7L (5 - 20%) \o 7& .

114 118
Li I
14 + us + \; i
0%, 20h
(2¢q) (100%)

alicyclic, and aryl halides also give good results with Me,CulLi-MeLi. (403) As
expected with enones, however, the presence of free methyllithium can lead to
competitive products of 1,2 addition. (404)

3.1.4.2. Conjugate Addition
EEEEEEEEERLAU NN SO LS EE LA XML CCI NN ENENER

cuprates can be quite varied. Tri-n-butylphosphine is a commonly employed
solubilizing ligand which can greatly assist in maintaining homogeneity
throughout the course of a cuprate reaction. This has been used to advantage
in studies on additions of (CHz).CulLi to allenic phosphine oxides 405a and
ketones. 4ﬂMﬂi mmlmmm have been
claimed to 5 E—j , . mmcts have
been noted with tetracyanoethylene (406) and 12-crown-4-ether, (407) the
latter additive acting to sequester Li* from the cuprate cluster. Anomalous
results have been obtained with aluminum chloride together with lithium
dibutylcuprate on maleates and fumarates. (408) The Lewis acid of choice, as
with substitution reactions, seems to be boron trifluoride etherate. Both boron
trifluoride etherate (2 equivalents) and excess methyllithium (2 equivalents)
enhanced the rates and yields of cuprate conjugate additions to
didehydrohomoserine- y -lactone 116 (Eqg. 114). (409) Boron trifluoride
etherate has




Br NHCOCgH; CH, NHCOCgH;
Zi , (CHypCuLi  THF,-78° zi
o~ O s 15h o~ O
116 = (25%) (114)

116 + CH,Li + BF;+Et,0 + (CH,),CuLi
e (e 2¢eq)

(78%)

also been used to gauge the extent of topological bias associated with a 1,4
addition of dimethylcopperlithium to a chiral acetal enone. (410)

Several papers attest to the dramatic rate increases observed when
chlorotrimethylsilane is present during a conjugate addition reaction of a
lower-order cuprate. This seemingly incongruous pair is especially effective for
reactions of enones, (80, 361, 411) enoates, (412, 413) and even with a ,
-unsaturated amides, in which case no reaction is normally observed without
chlorotrimethylsilane (Eq. 115). (412) a, B -Unsaturated nitriles, however, give
both 1,2-and 1,4-addition products. (412)

llllllllll!ﬂ!_l.!!l_llllﬂ!ﬂﬂllllﬂm.!!l
32 T (CHy)SICL EO, 32

-181020°, 2 h (115)

(95%)
without (CHy 1 S5iCl: (0%)
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The effect of chlorotrimethylsilane together with HMPA or
4-dimethylaminopyridine is also dramatic and is particularly useful for
conjugate additions to a, B -unsaturated aldehydes. (414)
Chlorotrimethylsilane can also influence rates of conjugate additions of mixed
cuprates, where an otherwise unreactive allylic ligand, as part of mixed cuprate
117, is delivered in high yield (Eq. 116). (414)




1-C4Hy(CH;),Si0
- (CH,),SiCl
CuC=CSi(CHy); * THF, -70°, 2 h
117
OSi(CH,)s
(116)
S
OSi(CH;),CyHg-t
(92%)

Magnesium bromide is an essential ingredient for a successful 1,4 addition of
a Gilman cuprate in a route to levuglandin E;. (415)

Zinc bromide can have a major impact on Michael addition reactions of
dialkylcopperlithiums to nonracemic vinylsulfoximines. (382) With
CHs),CuLi-Lil alone, the imine directs delivery of the methyl group to afford an
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selectivity to 94:6. With the zinc bromide premixed with the substrate, cuprate
attack occurs mainly from the opposite direction, and the ratio is completely
reversed (Eq. 117).

IE000NO0REA000GS-
n-C4H9/|E‘ Hs)‘; E:zo,-qzy i Cng/Q H ﬂc“Hg/i |<“

CeHs ~ (117)

no additive (60%) 88:12
with ZnBry (1.1 eq)  (64%) 12: 88

3.1.5. Composition Studies

3.1.5.1. Solution Experiments

An appreciation for the chemical makeup of lowerorder lithio cuprates has
been slow to materialize. Much of the insight stems from NMR spectral studies
using multinuclear and variable temperature techniques. Early *H NMR
observations on dimethylcopperlithium in ether at —60° showed only the



presence of a single species, implying that any equilibrium of the type shown in
Eq. 118 must lie heavily toward the cuprate. (416)

CHiLi + (CH,Cu), —— (CH,),CuLi (118)

A *C-NMR spectrum also gave a singlet at 5 —9.6 ppm. (417) Admixture of
dimethylcopperlithium with additional methyllithium in ether did not give rise to
a third signal at any temperature. Later work, however, performed in dimethyl
ether at very low temperatures, provided the first demonstration of the
existence of a higher-order cuprate trimethylcopperdilithium (MesCulLi,) (418)
This species exists in equilibrium with the lower-order reagent and free
methyllithium, with K values always favoring the monoanionic salt (K < 1; Eg.
119). (418, 419) *H NMR data on various n-BuCu:n-BulLi ratios containing

K
0.25 [CH,Li], + 0.5 [(CH;),CuLi], —= (CHy)4CuLi, (119)

coordinating phosphine ligands (n-BusP) suggest that both (Bu,CuLi), and
BusCuLis exist in ether solutions, Wh|Ie (BuzxCulLi), and BusCulLi, are formed in

= MEB Qe 1 trascony
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occurrence of higher-order cuprates Me3CulLi, derlved from CuX, X =Br, |, in
either tetrahydrofuran or diethyl ether. (7)

Recent spectral studies (**C and °Li N of cuprates derived from mixtures
of copper(l E-EI m E@Ei EE provide
evidence for the existence of higher-order species PhsCuLi; in this medium
(Eqg. 120). (421) Such is not the case in tetrahydrofuran, however, where only
Ph,CuLi and PhLi are observed, (421) corroborating an earlier assessment.

(7)

CH,SCH,

CuX + 3CgHsLi (CeHs)Culi; + CgHili (120)

(minor)

The nature of the lower-order species dimethylcopperlithium has also been
found to be a function of the manner in which it is prepared. (7) Solutions of
dimethylcopperlithium in tetrahydrofuran, from which the lithium salts have
been removed, give an equilibrium mixture of three components with K¢ 11
(Eq. 121). (7, 422) With an equivalent of LiX left in solution as the byproduct



CHLi + (CH)Culi ——  [(CHy,CuLil, (121)

of metathesis between MeLi + CuX, Eg. 121 no longer holds because rapid
exchange of both lithium ions (between cuprates and LiX) and methyl groups
[between the aggregate Me3;CusLi and (Me2Culi),] takes place even at very
low temperatures (423, 424) on the NMR time scale. In ether, irrespective of
the presence or absence of lithium salts, no such equilibrium is found. (7)
Surprisingly, the species Me,CuLi prepared in ether, upon addition of
tetrahydrofuran, is spectroscopically different from that formed initially in the
same final ether/tetrahydrofuran ratio. Individually, these spectra point to the
fundamental reagents 118 and 119 prepared first upon addition of RLi to CuX,
which vary according to solvent. In tetrahydrofuran a ratio of 1.50 RLi:1.00
CuX leads first to R3CupLi, (418, 419) while in ether 1.66 RLi:1.00 CuX
generates RsCuslLiy. (425) Addition of the remaining RLi (0.50 and 0.34,
respectively), which brings the ratio up to the “normal” 2:1 value, converts each
aggregate to a form of R,CulLi (Eq. 122).

in THF; 1LSORLi+1.00CuX — = RyCuLi —2°RU _ v cuLiy

in B,0: 1.66 RLi + 1.00CuX —— RyCuli —234RU | v cuLiy”
119
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Information concerning mixed lower-order lithio cuprates RR'CulLi is even
more sparse. The question arises as to whether a 1:1:1 mixture of RLi, RMLi,
and CuX affords RR*CuLi as the sole species in solution, or whether it exists in
equilibrium with percentages of homocuprates R,CuLi and R*>CulLi (Eq. 123).
(426, 427) If the latter is true, which reagent effects the chemistry? It has

0

2RLi + 2RLi + 2CuX —=2RRCuLi === R,CuLi + R},CulLi (123)

been shown that treatment of Cul-n-BusP with MeLi and t-BuLi (in a 1:1:1 ratio)
affords a species, presumably Me(t-Bu)CuLi, which gives a methyl singlet in
the *H NMR spectrum at & — 1.70 ppm. (428) In contrast, the spectrum
recorded for an equimolar mixture of Me,CuLi and (t-Bu),CuLi (together with
n-BusP) shows the methyl resonance at & — 1.25 ppm, both experiments
having been run under identical conditions of solvent (2:1 ether:pentane),
temperature (—20°), and concentration (0.33 M). The implication here is that



ligands in lower-order cuprates do not scramble. However, more recent
spectroscopic results (‘*H NMR) with the Me(n-Bu)CuLi system (no phosphine
present) have unequivocally shown that both formulations lead to the same
species which displays two singlets for the methyl group on copper, indicative
of cis—trans isomers of a presumed dimeric cluster (Eq. 124). (250) None of
the

CHaL'i + H-C4H9Li + Cul

Et;C'
CHj,(’Cq_Hg-H}CULi (124)

(CHj}]G] Li + {n-C4Hg]1OJLi

individual homocuprates could be detected by NMR. Moreover, exposure of
preformed Me,CulLi to 1 equivalent of n-BuLi leads to the same spectrum of
Me(n-Bu)Culi, along with the appearance of 1 equivalent of free MeLi (Eq.

125). (250) Thus, while the example of t-BuLi-delivered lower-order cuprates

(CHp),CuLi + n-CjHgli —= CHy(CHy-n)CuLi + CHiLi (125)
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determined, it seems clear that alkyl ligands may move on and off of Cu(l)
monoanions with ease. The factors that govern ligand mixing between
homocuprates, however, are still not fully understood.

The conclu E nct forms of

“‘R2CuLi” appear to exist, (429) and (2) the fashion in which a lower-order
cuprate is originally constituted [i.e., with regard to lithium salts, choice of
solvent(s), etc.] may well need to be considered a reaction variable having
impact not only on product yields but also on reproducibility.

3.1.5.2. Solid-State X-Ray Analyses

The sensitivity of most lithio organocuprates to moisture, oxidation, and
temperature has seriously ham pered efforts to obtain crystalline materials
suitable for X-ray analysis. Although successful investigations describing
mononuclear species M'[R.Cu(l)]” are rare, several neutral complexes with
cluster geometries have been reported, particularly in the phenyl series where
bridging aryl groups are common. These include Cu;Li>(CeHsaCH2NMey)4, (430)
[Li2CusPhg]2[LisClo(Et20)10], (431) [Li(THF)4] — [CusPhg], (432) and
[Li(Eto0)4][LICu4Phg]. (433) Perhaps the species most relevant to synthetic
uses of lower-order cuprates is 120a, the first example of a lithium cuprate
containing Li and Cu in a 1:1 ratio as part of the central core. (430, 434) This
X-ray structure supports the concept of a dimeric model for Me,CuLi proposed
earlier based on solution X-ray scattering, molecular weight measurements,



and kinetic data from reactions with methyl iodide in ether under carefully
controlled conditions. (10) The ortho-N,N-dimethylaminomethyl residues in
120a serve as “well-positioned intramolecular solvent molecules,” completing
the preference of lithium for tetracoordination. The cuprate (p-CH3zCsHa4)4CusLio,
(435) crystallized from benzene and solubilized upon addition of 2 equivalents
of ether, is likely to have related structure 120b, in which

C,H;
|
Y I\ ~ C;;_H;—O\
Salse O %
Lt
: Qu ;&(:>,
f i \)—CQHS
©i CHs
A IR
1208 1200

case ether occupies two vacant coordination sites on lithium. Solution NMR
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involving asymmetrically bridging ligands, 73,252,436a,b apparently a feature
intrinsic to other metal 1B—Iithium clusters (i.e., ArsMaLi;, M = Ag, Au).
ik

434-436a,437
g :ﬁ ﬂerization of
TIDlexe !1@62 (438)

Placementm UMy ]
monomeric

(dppe = 1,2-diphenylphosphinylethane) and [Li(THF)4][Cu(C(SiMes)3)2]. (439)
Another technique for realizing pure lower-order cuprate monoanions relies on
the lithium-ion-sequestering properties of 12-crown-4 ether, which has led to
salts represented as [Li(12-crown-4);]J[CuR;], R = Me, Ph. (440) Recently,
crystalline [Cu(PMes)4][CuMe;] (121a) (441) and RCuP(t-C4Ho).Li (121b) (442)
have yielded to X-ray inspection, which for the former established its ionic
composition as implied by conductivity measurements. A comparison of
solution *H NMR data for 121a and the lithio cation counterpart ([Li][CuMe]),
for which large upfield shifts for protons on carbon attached to copper are
common, leads to the conclusion that interactions between R and Li* in R,CulLi
are involved, as found for 120a. (430) Extended Huckel calculations for dimeric
Me,CuLi, on the other hand, predict preferential ligand bonding to copper
rather than to lithium. (443) Lithio cuprate 121b, a novel
heteroligand-containing species, is also monomeric. (442) Some interesting
features of 121b have been noted, including the strong association of the
lithium cation with one phosphorus atom rather than two, as in
[Cu(t-C4Ho)2P]2[Li(THF)2]. (444) As a result, four-coordinate lithium relies on




three molecules of tetrahydrofuran as ligands, and hence 121b is more

accurately described as [RCU#{f‘CrtHﬂ}z{Li[THF]a}]_ (442) Thus, while much

has been learned about lower-order lithio cuprates (445) since their
introduction four decades ago, (5) there is still no unequivocal proof of
structure for the original species, Me,CulLi.

OOO00000oboo0Ooon



3.2. Organocopper and Organocopper—Lewis Acid-Ligand Reagents
3.2.1. Reactions of Organocopper Reagents

Metathesis between an organolithium (RLi) and Cu(l)X salt, X =1, Br, Cl, (1:1
ratio) leads to an organocopper complex RCu. These reactions, driven in part
by the large difference (>3 V or ~80 + kcal/mol) in reduction potentials (446)
between Li® (Ereg = — 3.04 V) and Cu° (Eeq = + 0.15 V), tend to be rapid and
quantitative, although the resulting species have stability, aggregation state,
and solubility characteristics dependent upon the nature of the organic ligand.

In terms of reactivity, neutral reagents RCu tend to be far less robust than their
lithio or magnesio anionic counterparts (cuprates). Presumably this accounts

for their relatively limited use, although excellent compatibility with Lewis acids
has greatly expanded their value as agents for carbon—carbon bond formation.

3.2.1.1. Substitution

Substrates which undergo substitution with neutral complexes RCu range from
allylic and propargylic systems to activated alkenyl halides. The occasional
enhanced stability of an organocopper species, in comparison with the parent
organolithium, has permitted preparation of optically active cyclopropylcopper
reagents (e.g., 122) which maintain their configurational integrity. (447)

CgHs NC D0 CsHs aNC
237, 30 min i
CﬁHS u CGHS D

(70%)
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More examples of substitution reactions using RCu are illustrated in Table VII.

3.2.1.2. Conjugate Addition

For most circumstances, 1,4 additions mediated by copper reagents fall under
the domain of lower-order lithio or magnesio cuprates. However, there are
instances where RCu reagents give better results than conventional cuprates.
Such examples are found in the chromone and thiachromone systems (Eq.
126). (448, 449)

0 (0}
cl THF/E,0 c
| + n-CHyCu+*S(CHy)y ——= (126)
S -78%, 1 h S CHgn

(41%)



Organocopper reagents add to a , B -acetylenic sulfoxides in nearly
quantitative yields and exclusively in a cis fashion. (450)
Dimethylcopperlithium shows similar reactivity, but other cuprates tend to
attack at sulfur. This chemistry has been extended to optically active acetylenic
sulfoxides. (451) B -lodovinyl sulfones undergo attack by RCu to displace the
halide with strict retention of double-bond geometry. (290, 450) Nonracemic
vinyl sulfoximines 123 react in

CBHE"‘ ¥, C
{:SP 61-15'.“540 CEHS‘.‘ {’D
j: \”\ RCu, Et,0 N* N*
—_— +
C 0°1h ""L"‘ - -J-N“ v
CﬁHj 'DCH3 ﬁHﬁ R CI'.IHS R¥ . CﬁHj
123 R=CH (78%;) 96:4

R =n-CsHy (71%) 95.5:4.5

(TR DT DN R 0T Eidelid dedelai® Bidh Bidsebdnbrk $xBelsksloliMbdddcE k4Ab D Wilhl T F R R R N N 0
Lil-free RCu, the selectivity is in the same direction, but only on the order of 2:1.
A model (124) consistent with these results is proposed where Lil is
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A CeHs
OCH,3
124

CeHls

chelated followed by addition of RCu from the less sterically demanding p face.
With both lower- and higher-order cuprates, the opposite approach is favored
to the extent of ca. 15:85. (452)

B -Haloacrylates behave as Michael acceptors toward tributylstannylcopper to
give (stereospecifically) geometrically defined B -stannylacrylates (125). (453)

THF
Cl CO;CHS i (n 'C,‘H-ghSﬂ CG:CH;
N i + (n-CyHy);SnCu 78,250 N—

(1.3 eq) 125
(62%)



Tosylate and thiophenoxide leaving groups require higher temperature (ca.
25°), and with the latter appendage, stereospecificity is lost. Reactions
involving organocuprates give lower yields. (453)

3.2.1.3. Reactions of Acetylenes

Stannylcupration of 1-alkynes with (CH3)3SnCu-S(CHs): is believed to be a
reversible process which necessitates an in situ proton source to quench the
intermediate vinylcopper species. (351, 352) The reaction is highly
regioselective, with less than 8% of the 1,2-disubstituted alkene being formed
(Eq. 127). (351)

THF, -63°, 12 h Sn(CHy);

HC=C(CH,);O0H + 2 (CH;);SnCusS(CHs), CH;OH, (60eq)

(CH,),0H (127)
{88%:)

Methylcopper (3 equivalents) converts acetylenes via divinylchloroboranes into
symmetrical (E,E)-1,3-dienes 126 in high vyields (Scheme 12). (454)

I R TN PP PT P PP PRI P R s Prqol oy T F N A U T

competitive reductive elimination from a copper(l) boronate complex 128
resulting from a series of redistribution equilibria, is achieved by starting the
reaction at —78° and warming to ambient temperature.

Scheme 12.
FAOROCEED ORL &
JBal EwO S T
R! R Hy

Rl 126 127
3 R __ 78°: (>98%) (<2%)
0°: (90-95%)  (5-10%)
B{CHﬂ]f Cu*
128 SN
\"\% R RI
2 \=< — = 126 + 2Cu° + CuCl
Cu
+
B{C:Hjh

3.2.2. Reactions of Organocopper Reagents in the Presence of Additives
Although neutral organocopper complexes (RCu) alone are utilized
infrequently, their modification upon addition of Lewis acids leads to



substantially improved reactivity profiles which are often unique by comparison
with either RCu or anionic organocuprates. Since the initial report using boron
trifluoride etherate for such purposes, (455) various other Lewis-acid
candidates have also been screened. A review of this novel aspect of
organocopper chemistry has recently appeared. 4i Lewis acids that can be
used for activating RCu include boron trifluoride, magnesium bromide, and
aluminum chloride, along with some other boranes and alanes. Other additives
which significantly modify neutral organocopper species are
chlorotrimethylsilane—tetramethylethylenediamine (TMEDA) mixtures and the
extensily used phosphines.

3.2.2.1. Substitution

Although arylcopper reagents are usually quite unreactive, (456) in the
presence of phosphine ligands (e.g., triphenylphosphine) they will add to
formaldehyde, (457) carbon dioxide, (458) and carbon disulfide. (459-461)
Similar behavior has been noted (using tri-n-butylphosphine) for alkynylcopper
species as well. (462) See Table VIl for some related reactions of

[RCu + additives].

The butylcopper—aluminum chloride mixture is effective in displacing a 'y

ol AW .
y-contrast, giputyituprate gves UCtS Ol TeauCHolT.

Displacements on allylic acetals and ethers can be achieved with the RCu-BF3
combination. Without the Lewis acid present, these reactions either fail or give
complex mixtures. (397, 400)

Various Lem Qaammmimmmm‘mium

tetrachloride, and aluminum chloride, were examined as additives in reactions
of RCu with cinnamyl and crotyl chlorides. (464) Best results (>95% y
selectivity) were realized using RCu- BF;. Similar regioselectivity from
unprotected allylic alcohols is observed as long as excess (3 equivalents)
reagent is utilized (Eq. 128). (464) With a free hydroxy group as part of the
cyclohexenyl

D Ty DH
129 n-CyHgCu + BF,
. : D (128)
THF, -70° to 20° p
n-CsqHg
(47-52%)
D 0,CCH,4

129b



framework 129a, the cuprate is guided toward syn delivery, whereas the
inverted acetate 129b gives the product of anti Sy2" attack by the
organocopper reagent. No significant stereochemical bias is seen from either
the corresponding cis or trans allylic chloro congeners.

3.2.2.2. Conjugate Addition

Modified, neutral organocopper reagents are used for a multitude of conjugate
addition schemes, 4i and can be especially valuable for hindered substrates
where conventional cuprates are slow to react. Sterically congested enones,
(465) and most notably enoates, react smoothly with RCu reagents in the
presence of boron trifluoride etherate (Eq. 129). (465) When

CO,C,H
CO,C,H Et 202Hs
R G e By U
70° to 20° (129)

2cq) CyHo-n

(51%)

a -substituted enoates are involved, RCu-BF; delivers the organic ligand in the
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workup (Eqg. 130). (466)

/_<C02C2H5 ~o . C‘tﬂﬁ’:nzczﬂj
—\  O00OAO0O000000000  «so
(96%)

74 : 26 syn :anil

Chemoselectivity differences between RCu-BF3; and R,CuLi-BF3 are vividly
illustrated in their behavior toward y -alkoxyenoates. (467) The neutral
complexes (RCu) add in a Michael sense to give a mixture of syn and anti
products, the ratio of which is governed by the olefin geometry in 130 (Eqg. 131).
Both the



C4Hg -n

X
Y£< n-CiHoCusBFy
Y THF, -78 to 20°

0 0  CO,CoHs
CﬁHjCHf/ CﬁﬂﬁCHzx (13 1)
130
X= CyHs, Y=H (64%) 8:92 syn:anti
=H, %‘ = C0,C,H; (56%) T8:22 sym:anti

boron trifluoride-modified cuprate and R,CuLi alone, however, prefer an Sy2
pathway, giving products of allylic substitution at the a position.

Enhanced reactivity is also reported for the tributylphosphine—RCu mixture,
with nearly quantitative yields of conjugate adduct being claimed with such
challenging substrates as isophorone. (468, 469)

Equimolar amounts of RCu and aluminum chloride are effective for adding to

B-cyclopropyl enones in a 1,4 manner. (470, 471) This is in sharp contrast to

dialkylcuprates where mixtures of 1,4 and 1,6 adducts are the norm, the latter
reflecting cleavage of the three-membered ring. (64, 392, 393)
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the field of asymmetric conjugate addition reactions. Chiral enoates such as
131, derived from camphor, (472) undergo highly diastereoselective (de

>98%)
\pERONNNNOROOCE0E,

Cu « BF
A e

0 0O

131
(94%)
>98% de

conjugate additions with RCu-BF3; complexes. (473-475) The selection of a
Lewis acid can affect the stereodifferentiation of an addition; thus
N-enoylsultam 132 reacts with RCu-P(C4Hs-n)s in the presence of boron
trifluoride to give C( B )-si face selection, whereas with ethylaluminum
dichloride, strong preference for the C( 8 )-re face by RCu is observed (Eq.
132). (474, 475)



RCu « P(CyHg-n)y
N Si(CH,),CeHs -
~ N Et,0, THF, -78°
#S o
0” Mo

132
O H 'Si(CH3),CeHs O H Si(CH,),C¢H;
Lewis Acid

BF;«Ery0:  (60%) 2773
R = vinyl

EtAICl, : (57%) >96: 4

A detailed examination of a -alkoxy organocopper reagents (476, 477) reveals
that conjugate additions to enones occur readily in the presence of boron
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salts used in their preparation, with best results obtained from freshly
recrystallized copper(l) bromide-dimethyl sulfide complex (478, 479) which has
been pretreated with 5 mol % of isopropylmagnesium bromide [to remove
Cu(ll) impurities] prior to addition of an a -alkoxylithium species. This chemistry

can be utilizeq|ag

alslalsa szl clo W s
and also fol purpose ( ing unusStalrc- 05i0es, 33.

Functionalized organocopper complexes RCu-P(C4Hg-n); are the presumed
outcome from treatment of the corresponding halides with highly

1. THF, (-CyHy)sS, 0
RO o DMS, -78° | RO N
R?ﬁr Cu 2. cyclohexenone - RO
RO 3. BFy* Ey,0 RO k3
R = CH,CzH; o: 64%
B : 78%

activated copper metal. (480-482) Reagent formation (e.g., 134) occurs in
tetrahydrofuran following lithium naphthalenide reduction of Cul-P(CsHe-n)s.
Aside from undergoing 1,4 additions (Scheme 13) (481) and cross couplings
with acid chlorides (480) and allylic and benzylic halides, (480) ring openings
of epoxides 482a can also be carried out. Organocopper complexes generated



in this fashion may also contain remote epoxides within the reagent,
subsequent intramolecular cyclization of which occurs upon warming to —35°.
482b The mode of ring closure can be controlled by solvent as well as the
nature of the alkyl groups located on the epoxide. Yields are good to excellent
and other functionalities such as halogens and nitriles are unaffected by the
oxidation sequence. Should no external electrophile be present, efficient
dimerization can be effected as reaction temperatures warm above 0° in the
presence of EtsP. (480)

Scheme 13.
Tt
1. THF, (n-C4H,;)4P, 20 min
Li* + Cul + P(C,Hyn); il
2. Br(CH,)yCO,C5H; (1 eq)
-78%, 20 min
(2 eq) (2eq)
T L8]
(0.5 eq)
E P« Cu(CH H
[(n-CsHg)y (CHy)3CO,C,Hy P
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Several additional examples of the reactions of additive-modified
organo-copper reagents can be found in Table VIII-B.

3.2.2.3. Composition Studies

Essentially it li i opper
st w1y 9 1 o o o
crystallographic studies. While the compounds examined may be of little
obvious synthetic merit, these analyses do provide considerable insight as to
potential aggregation states and other solution phenomena which may help
explain reagent reactivity and the role of ligands as additives (e.g., phosphines)
(483, 484) in reactions of RCu complexes. Perhaps equally important is the
reminder that their chemistry may not involve monomeric species. Of course,

when considering these compounds, the potentially vital role which solvents
play in their couplings cannot be ignored.

A review of the structural chemistry of organocopper(l) compounds appeared
in 1977, (485) and another in 1982, (67) which contain a number of citations
concerning mixed metal clusters involving Cu(l) [including as examples Ir, Fe,
Re, Ru, Hg, and even Cu(ll)], in addition to X-ray analyses of more traditional
RCu complexes. A spectrum of differing levels of aggregation states and
bonding situations exists, ranging from monomeric to octameric lattices with
the majority bearing aryl, alkenyl, and/or acetylenic groups. Structural studies
of more recent vintage are described below.



Phenylcopper, containing a tetrahedral array around the metal (136), exists as
a monomeric species in the presence of
1,1,1-tris[(diphenylphosphino)-methyl]ethane or “triphos” [CH3C(CH2PPhy)s].
486a It can be formed by treatment of [(triphos)CuCl, 135] with phenyllithium in
tetrahydrofuran. A similar

Py S
—Q:;Cu-—m + CHLi —= {;;Cﬂ_cﬁHs
136

135, P = P(CgHs),

arrangement has been noted for the silylcopper species Ph3SiCu-3PMej; of
approximately tetrahedral configuration which forms yellow crystals of
monomeric material from toluene. The copper-silicon bond was found to be
2.340(2) A, interestingly slightly longer than the composite of the covalent radii
(2.28 A). 486Db

A stable trinuclear complex 137 consisting of a mesityl (Mes) and two benzoyl

(OB2z) ligands on copper can be prepared (40% yield) via intraaggregate
exchange of CusMess with Cu,(OBz), in benzene. (487) The cluster contains
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137

two bridging benzoate groups and a three-center, two-electron bonded mesityl
ligand bridging two copper ions.

Several tetrameric complexes have been prepared, including the

bistetrahydrothiophene-containing tetramesitylcopper(l) compound 138. (488)
It

138




OO PP e

is derived from cyclic pentameric (CuMes)s and tetrahydrothiophene in >80%
yield, and forms a puckered eight-membered ring with four copper atoms
arranged in one plane. A tetranuclear compound [Cus[4-CH3CgH4)CH3C = C
— (CsHaN(CHs3)2-2)]2(CeHaN(CH3)2-2),], containing both aryl and alkenyl
bridging groups, has been crystallized and consists of a central core of copper
atoms in a rhombus-like configuration. (489) The olefinic and aryl moieties
each occupy adjacent edges of the Cu, core.

3.3. Higher-Order Organocuprates

3.3.1. Reagents from CuCN

Subsequent to the two previous reviews on the chemistry of higher-order
cuprates, 6a,b much additional information has been learned about these still
relatively new reagents. 6¢ There has been no shortage of examples of their
use either, as they continue to infilirate the mainstream of synthetic
methodology. That the dianionic cyanocuprates R,Cu(CN)Liz are truly unique

species, as compared to

monoanionic Gilman reagents R,CuLi, was recently

established based upon a cuprate oxidation scheme using o-dinitrobenzene.
(490) These results are fully consistent with earlier IR and NMR spectral
studies which provided physical evidence to this effect. (491) A general study
evaluating the effectiveness of all of the commonly used sources of Cu(l),
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cuprate formation in ether or tetrahydrofuran. However, only conjugate
additions to cyclohexenone were considered in this report, (492) and it is the
more challenging process of substitution where higher-order reagents may

often standﬂﬁ .Lljl..o 3
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In the discussion which follows, an emphasis is placed on new developments
which have not been highlighted in prior reviews. (6) A full listing of reactions

involving higher-order cuprates can be found in Table I1X. Their uses in natural
products-related endeavors are dispersed throughout Table XI.

3.3.1.1. Substitution

In general, higher-order cyanocuprates tend to be more reactive reagents than
lower-order cuprates toward halide displacements and epoxide openings,
perhaps because of their buildup of negative charge in the cluster (i.e., as
dianions rather than as monoanions with R,CuLi). Most noteworthy in this
respect are their couplings of secondary iodides and bromides, (493, 494) and
displacements on trisubstituted oxiranes. (494, 495) They are fully
“‘compatible” with boron trifluoride etherate and usually lead to enhanced rates
and yields in reactions of epoxides in the presence of this additive. 496a
Hence, R,Cu(CN)LizJorRR Cu(CN)Liz] provides many of the same benefits
realized by lower-order reagents. 4i For example, the ligand-conserving mixed
2-thienylcuprates R(2-Th)Cu(CN)Liz, 496b together with boron trifluoride



etherate, combine to open epoxides efficiently at low temperatures (Eq. 133).

496a
(Y real@poem oy
Ey0,-78% 2 h TCeHgn
(133)
with BF; + E,0: (86%)
with no additve: {0%)

Chirality transfer in a 1,3 sense in acyclic y , & -dioxygenated enoates (e.g.,
139) is effected with excellent stereocontrol using higher-order cyanocuprates
in conjunction with boron trifluoride etherate. 497a a -Alkylations usually occur
with >99% diastereoselectivity, an outcome which is also obtainable with
lower-order reagents in the presence of this Lewis acid. 497b The advantage
offered by the higher-order cuprates lies in the net efficiency of the process;
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reduction, while use of R,Cu(CN)Li, affords yields in excess of 94% (Scheme

14). (497)
Scheme 14.
0Si(CHy),C Hg-t 0Si(CH),CHy-t 0Si(CH;),C4Hg-t
SERNED cocx
i 30 min i
OTs '
139
(CH;),Cu(CN)Li, + BFy: (96%) (0%)
(CH;},CuLi + BFy: (40%) (34%)

Higher-order cyanocuprates modified by boron trifluoride etherate have also
been critically examined in terms of their ring-opening reactions of various
epoxides. (498) This extensive study reveals that while lower-order cuprates
(R2CulLi), which generate lithium halide salts in their preparation, always give
halohydrin byproducts, in no case is this observed using either lower- or
higher-order cyanocuprates alone in either tetrahydrofuran or ether. Yields for
reactions of R,Cu(CN)Li, versus RCu(CN)Li are, not surprisingly, (495)
considerably higher (Eq. 134). This combination is apparently so potent that
even



@D cuprate + BF, O’DH O’OH
— —- +
-78 y 1 h "-.C“Hg‘" “~x

(n-C4Hy)oCuli + Lil + 2LiBr (80%) (12%) X =1 (134)
[from 2(n-CgH,Li » LiBr) + Cul] (2%) X = Br
(n-CyHy),Cu(CN)Li, (B8%) (0%)
(n-C4Hg)Cu(CN)Li (52%) (0%)

the mesityl moiety is transferred in excellent yield, (498) an especially
noteworthy example in light of its reputation as a generally nontransferrable
ligand (Eq. 135). (269)

Additional citations are compiled in Table IX-A.

5 OH
oA com (Y
Cu(CN)Liy —————— e
§ { } I3 _Taolmh_ﬂ)n (135)
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3.3.1.2. Conjugate Addition

Reactions E npEuHFajs D tones and
esters have been studied with regard (o such variables as selectivity of ligand

transfer, solvent and additive effects, and substrate variability. (499, 500)
Those prepared from 2 equivalents of the same organolithium and 1 equivalent
of copper(l) cyanide are the more reactive species relative to those containing
a second residual ligand Rg [i.e., mixed cuprates RtRrCu(CN)Li,]. Even highly
congested enones can usually be considered good Michael acceptors, and
with especially difficult cases the use of boron trifluoride etherate can further
assist. (496) Thus the hindered educt isophorone, together with the relatively
unreactive aryl cuprate (CsHs)2Cu(CN)Li», successfully form the product of
1,4-phenyl delivery in >95% yield when boron trifluoride etherate is present
(Eqg. 136). (496) Without this additive, essentially



(CgHs),Cu(CN)Liy
Ew0, THF, -50° 10 15°
G 45 min (136)
with BF; * EL,O: (>95%)
with no addirive: (0%)

none of the desired product is obtained with this or any other cuprate reagent.
Although tetrahydrofuran and dimethoxyethane work well as solvents for
simpler systems, ether is by far the medium of choice with 3, B -disubstituted
enones. (499, 500)

Contrary to results using mixed alkyl vinyl cuprates in displacement reactions
where the sp*-based ligands are selectively released from copper, (494) in
conjugate addition schemes the vinylic group is delivered rather than the alkyl
moiety (Eq. 137). (499, 500) This pattern holds as well for mixed Gilman

0 Q 2
IIIIIIIIIIM nen G REERREEEN
THF, -78°, 1 h L~ &, 3
(>93%)
142 : 1
25:1). (501)

Compounds formally arising from homoenolate aldol reactions can be
constructed via Michael additions of higher-order a -alkoxycuprates to enones
(Eqg. 138). (361, 502) The reagents are easily prepared from the stannane
precursors using successive transmetalations from tin to lithium to copper.
Yields are greatest when both the higher-order species and
chlorotrimethylsilane (5 equivalents) are used. The diastereoselectivity is in the
3:1 range, although



0 1. cuprate (1 eq)
{CH3),SiCl (5 eq)
THF, -78°
UCHZOCI'H

2: B H OCH,0CH,
\_..v__.)
Cu(CN)Li (96%)
2
OCH,OCH, (138)
CuLi
A (94%)
OCH,0CH,
Cu(CN)Li
(53%)
OCH,OCH,;
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Disubstituted enones likewise give synthetically useful yields of conjugate
adducts. More highly congested systems (e.g., isophorone), notwithstanding
the presence of excess chlorotrimethylsilane, do not follow productive
pathways, as dimeric materials reflecting cuprate decomposition prevail. The

thodol b tituted
g | 1 T oL

é + >’32C“{CN}L12 (Cz!iifllflhcxane - o
OCH,OCH; 3. TiCly, CH;Cly, -78° (139)
H
(73%)

A novel route for the preparation of mixed higher-order vinyl cuprates relies on
a transmetalation scheme between a vinylstannane and Me,Cu(Cn)Li; (Eq.
140). (504) Simply mixing the two organometallics in tetrahydrofuran



THF

(CH),CuCN)Li;, + TNA

SnR, 25°, 1.5h
R\ A 140
\"/\Cu(CN}Lig +  CH,SnR, (140)
CH,
140

at room temperature produces mixed cuprate 140 quantitatively, which then
selectively delivers the vinylic ligand in a 1,4 manner to various a , 3
-unsaturated ketones (Egs. 141 and 142). This in situ process, unlike
traditional cuprate formation, does not require pregeneration of the
corresponding vinyllithium species.

1. (CHy);Cu{CN)Li
(n-C4Hg)sSn, i :

? N
M4 g=N )y
(92%)

Sn(C4Hg-n)3 1, (CH,),Cu(CN)L},
O/ DDHD%EIEI OO0 ae

(quant.}

3.3.1.3. Carbocupration—Metallocupration

Addition of a carbon—copper bond across a terminal acetylene using a
higher-order cuprate has not been successful to date, presumably because of
their greater basicity relative to Gilman reagents. Thus proton abstraction from
the alkyne simply leads to a nonreactive salt and an inert copper complex
returning starting material upon workup.

Less basic reagents consisting of silyl or germyl ligands, however, readily add
to acetylenes, affording products which are useful synthetic intermediates. The
stereo- and regiochemistry of addition are such that, for silylcupration, (505)

products of syn addition are formed exclusively with the silyl substituent at the



terminus. The initial vinylcopper species 141 may be transformed further upon
introduction of an electrophile E* (Eq. 143). When mixed alky! silyl

I
[(CH3)3(CgHs)Sil,Cu(CN)Li —Cu___Si(CH),(C¢Hs)

Br=cH THF, -50° to 0°
A R 141
(R = alkyl, aryl) (143)
E* E,_ Si(CH;)(CgHy)
(E*=H' I, RX) R

cuprates (e.g., CH3[CeHs(CH3),Si]Cu(CN)Liy) are involved, the more
electropositive ligand is transferred selectively. This observation applies not
only in silylcupration reactions with acetylenes, but also in substitution and
conjugate addition processes as well. 505b

Allenes undergo syn. metallo-metalations with (Me;PhSi),Cu(CN)Li; to give
either vinyl- or allylsilanes. (506) Simple alkylallenes react quickly at low
temperatures to give products cleanly. The cuprate delivers the silyl ligand not
only to give allylsilanes, but also in a manner which places this group at the
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1. [(CH;)y(C4Hs)Sil,Cu(CN)LI,

>:C:/ THF, -78°, 1 h -
1 o o s

(97%)

Allene itself, as with phenylallene and unlike the case above, gives a single
(E)-vinylsilane upon workup following syn addition of the cuprate (Scheme 15).
(507) Remarkably, when the intermediate bis-organometallic 142 is quenched
with iodine at low temperature, a rearrangement ensues to afford the
iodoallylsilane 144. Such is not the case with chlorine as electrophile, which
leads to vinylsilane 143.

Scheme 15.



[(CH,)(CsH3)8i);Cu(CN)Li, R

" _
\=C=cH, THF, -78°, 1 h " Si(CHy),(CHs)
R =CgHg (91%)
— R=H (99%)
R \=(Cu s
Si(CHy)y(CgHs)
142
Cl,, THF, 1V R = H) (R =H) I, THF, -70°, 1 h
2

Si(CH;)y(CgHs) I
143 144
(61%) (90%)

Higher-order triphenylgermyl cuprates (Phs;Ge),Cu(CN)Li, display less
well-behaved regiochemical patterns with terminal alkynes. (508) Simple
alkylsubstituted systems give ca. 4:1 ratios of terminal olefins 145, an outcome

THF, nig‘?ﬁon. 0° (CgHs)y Ge(CgHs)y
145

%) R0:20
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opposite to that with silyl cuprates. Moreover, the additions are sensitive to
stereoelectronic factors, since phenylacetylene and internal heteroatoms
reverse this ratio. Similar observations have been made with
trialkylstannylcuprates. (1695)

Further illustrations of these 1,4 additions can be found in Table IX-B.

3.3.1.4. Composition Studies

Insofar as cyanocuprates R,Cu(CN)Li, are concerned (for the discussion on
R3CulLi,, see the related section on lower-order lithio cuprates), their discrete
nature has been established by IR and NMR spectroscopy. (491) Addition of
increasing amounts of methyllithium to a tetrahydrofuran solution of
MeCu(CN)Li at —20° results in the conversion of the lower order into the
higher-order cyanocuprate Me,Cu(CN)Li,, as shown by *H NMR spectroscopy.
The mixed cuprate Me(n-Bu)Cu(CN)Li; (146) in tetrahydrofuran gives two



sharp singlets for the methyl group on copper, as well as two triplets for the
methylene of the butyl ligand attached to the metal.

>ﬂ_ CH,4(n-C4H,)Cu(CN)Li,

(CHy);Cu(CN)Li; + (n-CqHg),Cu(CN)Li, 146

CHjL] + H-C,q_HgL‘i + CuCN

The doubling of signals, confirmed by *C NMR, (491, 509) and also seen with
lower-order reagents RR'CuLi, (250) is attributed to geometrical isomers within
a dimeric cluster. The mixed cuprates appear to form irrespective of their mode
of preparation; sequential addition of methyllithium and n-butyllithium to
copper(l) cyanide gives the identical spectrum to that observed upon mixing
Me,Cu(CN)Li, with an equimolar quantity of n-Bu,Cu(CN)Li>.

In diethyl ether, as is true with lower-order systems, (420) these species are
different because of the absence of a good Lewis base to act as occupant of
the fourth coordination site on copper. Such a circumstance encourages the
nitrile ligand to fill this void, thereby generating oligomeric cuprates, as

manifested by their spectral properties. Proton NMR spectra for 146 are now

IV IR T N NN T Nidethddidisdiaidalbbad kefohahded ol pd fodbbti thelndethviahd 1 | I T U U B U §

methylene groups. (491) Surprisingly, upon cooling to —65°, free methyllithium
is observed, indicative of an equilibrium between lower-order species and free
organolithium, which nonetheless does not usually interfere with their
conjugate addition reactions. Infrared spectra of 146, which also show sharp

it e e e
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date, the evidence seems to suggest that higher-order cyanocuprates are
dimeric in tetrahydrofuran. In ether, they appear to be in a higher aggregation
state, bridged via nitrile ligands, as in 147. (491, 510)

é -——CEN—{:Cu—CEN—l%.'u— 3

147

The influence of additives on reactions of cyanocuprates has been addressed
to determine whether they affect the substrate, the cuprate, or both. Couplings
run in the presence of boron trifluoride etherate (2 equivalents), which can
dramatically alter reaction rates and yields in both 1, 4 additions (496) and
epoxide openings, (496, 498) may now be viewed as potentially involving a
modified reagent. (511) Admixture of either a homo- [R,Cu(CN)Li,] or mixed
[RR'Cu(CN)Liz] cuprate with this Lewis acid generates a nitrile bound reagent



148. The inclusion of boron trifluoride into the cluster introduces a more
powerful Lewis acid relative to a lithium cation and is suggested to account for
the enhanced rates of these reactions (Eqg. 145). This notion is contrary to the
more commonly held view that initial enone (or oxirane) activation by the

R
| substrate
cuprate + BFy —— $—Cu—C=N—BF, — product
(145)
R(RY)
148

Lewis acid occurs followed by a second bimolecular reaction with the cuprate
(Eq. 146). 4i

o BFs
L
|
o ; (146)
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The other additive of considerable popularity in terms of accentuating cuprate
couplings is chlorotrimethylsilane. The effects of this (and related) species on
higher-order reagents have also been studied, and the results are quite
surprising. (512) Even at very low temperatures (<— 75°), introduction of R3SiX
to a cuprate (prior to adding the educt) leads to immediate sequestering of the
cyanide ligand from copper by the silyl halide to afford a lower-order cuprate as
the predominant copper-containing species in the medium (Eq. 147).

. 4 (CHy);5iCl i .
2R,Cu(CN)Liy —————— R,CuLi + (CHy),SiCN + LiCl

+ [R;Cu(CN)Li, + (CHy),SiCl]

(147)

3.3.2. Reagents from CuSCN
Although copper(l) thiocyanate was originally thought of as a source of
lower-order cuprates, (5) it has been found to function akin to copper(l)



cyanide upon treatment with 2 equivalents of an organolithium reagent. (513)
Thus, rather than metathesis occurring to generate lithium thiocyanate, a
higher-order species R,Cu(SCN)Liz (149) results (Eq. 148). The nature of the
bonding

2RLi + CuSCN ———— R;Cu(SCN)Li;
149

(148)

between copper and the ambident thiocyanate ligand was investigated using
integrated absorption intensities (514) from IR spectra of these reagents
relative to 1,4-dicyanobenzene. The data, in line with the hard/soft acids and
bases model, (515) confirmed that sulfur (soft) in SCN™ is attached to copper
(soft), rather than nitrogen (hard).

Only a few examples citing the use of these reagents have materialized since
the initial report. (513) Geminally dihalogenated cyclopropanes (e.g., 150)
undergo double displacements with reagents 149, (516) as do a -oxoketene
dithioacetals (e.g., 151) (517, 518) and vinylogous thioesters (e.g., 152). (519)

CeHs
LR 0000008000000c:

During an extensive study on Michael additions of cuprates containing
nonracemic ligands, higher-order thiocyano reagent 153 was evaluated in
terms of its chirality transfer properties. (520) The extent of asymmetric
induction found in the product ketones varied depending upon solvent and
substrate. What is particularly striking is that the sense of chiral induction
observed with this higher-order reagent is opposite to that seen with
lower-order analogs 154 (Scheme 16).

Scheme 16.
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3.4. Reactions of Other Organocopper Species

Cuprates prepared from nonintegral ratios of organolithium to copper halide,
for example, R3CusLi and RsCuslLi; (see section on composition studies of
lower-order lithiocuprates), have also been screened for their synthetic
potential. (403, 404) Organometallics of general formula RsCu,M, with M = Li
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Lithium bromide is a required additive for these reagents, which are claimed to
be superior to both the RCu-MX, and R,CuM formulations. The trinuclear
copper complex (CH3)sCusLis is quite effective in conjugate methylation of a , 8
-unsaturated aldehydes, (425) and reagents of thls type (i.e., RsCusLiz) may

actually nom S using in
situ activat : = S

competing 1,2 addltlon although in hlghly hlndered compounds they offer little
advantage over Gilman reagents (Eq. 149).

CHO
CHO OH
I I
cuprate, Et;0
+

(cHﬂjclleig ':39%}
(CH;),CuLi  (88%) 83 : 17

Several bimetallic reagents can be added across acetylenes under the
influence of copper(l) salts to form highly functionalized alkenes. Examples



include silylboration, (522) silylzincation, (523) stannylzincation, (524)
stannylmagnesation, (524) silylmagnesation, (525) and stannylalumination
(Scheme 17). (526)

Scheme 17.

n-CgH
nAl B 217
H-CBH”C'ECH IHJC‘H’)SS (czHﬁh —

1. 1-CHyLi, -78° n-Cgtyp
2 % () /
-78° 10 25° (68%)

Vinylalanes and vinylboronates can be allylated with allylic bromides in an Sy2'

fashion given the presence of cuprous halides. (527-529) With the electrophile

missing, oxidative dimerization takes place. (530, 531) Copper(l) cyanide can

also be used in place of copper(l) halides, as illustrated in the total synthesis of

(+)-bongkrekic acid (Scheme 18). (532) Sodium boronate 155 undergoes a

transmetalation of the vinylic ligand from boron to copper, perhaps forming a
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bromoacetylene to afford the pentaenyne 156.
Scheme 18.
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(+)-Bongkrekic acid
Alterations in the gegenion associated with lower- and higher-order cuprates
have been studied in hopes of arriving at more finely tuned reactivities and



perhaps some new elements of chemoselectivity. Replacement of a lithium by
a sodium cation in higher-order reagents, thereby generating the mixed metal
cluster R,Cu(CN)LiNa [or RR Cu(CN)LiNa] tends to decrease reactivity
toward enones, as higher reaction temperatures are needed and yields are
somewhat depressed compared to their dilithio counterparts. (533) Use of
these mixed clusters with boron trifluoride etherate, however, can significantly
improve the outcome (Eq. 150). Both monosodio lower-order (R,CuNa) and

(0} 0
Z CulCNMM?  conditions
/ S THF \"./
= (150)
-78%,2h (67%)
M'=Li, M*=MNa ~86:14 frans:cis
-78°, 4BF3 * EyO, 1 h (96%)

disodio higher-order [RR Cu(CN)Nay] cuprates are also relatively unreactive
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increases yields substantially, while both 12-crown-4 and 15-crown-5 ethers
retard ligand transfer.

The corresponding change from RR'Cu(CN)Li, to the magnesio halide analog

RR Cu(Cﬁ@Qﬂm DR ;ﬁe reactivity.
(535) As w ; ey are forned by admixture

of copper(l) cyanide with an equivalent each of RLi and R'MgX, RLi plus R'Na,
or 2 equivalents of RNa (Egs. 151-153). Epoxide openings

R
i / \ il Wl

& 157
(151)
[ @\Na — @ + n-C4HyNa

2RNa + CuCN

R,Cu(CN)Na, (152)



RLi + RMgX + CuCN

"RR'Cu(CN)LiMgX"
158

(153)

with 158 (R = 2-thienyl), especially with substrates that are challenging (e.qg.,
cyclohexene oxides) can be plagued by competing 1,2-halohydrin formation,
which suggests that 158 is not a discrete reagent. (535) 1,1-Disubstituted
oxiranes are simply too hindered to react, and may also be consumed by
cationic polymerization. Monosubstituted epoxides and primary halides,
however, afford good results using 158. Conjugate additions of 158 are
acceptable for uncongested enones, and where tolerable, boron trifluoride
etherate can drastically affect the level of success realized (Eq. 154).

0
i\ THF, -78°
+ (;\Cu{CN}LngBr L5h
| (154)

CH,
no additive (34%)

(o]

with BF; +EL,0  (73%)

A higher-order dicyano cuprate, RCu(CN)[(n-C4Hg)sN]Li, derived from the
addition of RLi to Cu(CN)2N(C4Hg-n)s (159), effects both substitution and
conjugate addition reactions with unhindered substrates. (536) The
lower-order_isolable species 159 _is derived from_copper(l) _cyanide and
ot NE L HIL 3 | el o] ndiodol o Fobim] oA avure. he
unusual association of two attenuating cyanide ligands together with the
non-Lewis acidic tetraalkylammonium counterion combine to take a severe toll
in terms of reactivity. Nonetheless, for specific needs, as in the case of a
synthesis of (z)-12-hydroxyeicosa-5,8,14(Z), 10(E)-tetraenoic acid (HETE),
(536) it is the reagent of choice (Scheme 19).

Scheme 19.
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Recently, zinc halide salts of lower-order cyanocuprates have been promoted



as especially mild and selective reagents which show excellent functional
group tolerance within the cuprate. They can be made by oxidation of zinc
metal in a mixture that contains dibromoethane and chlorotrimethylsilane as
activators/initiators (Scheme 20). (537) Exposure of the organozincate to
copper(l) cyanide solubilized with lithium chloride leads to the mixed reagents
160, which can then effect several standard cuprate-mediated carbon—carbon
bond-forming events. The use of both a deactivating ligand (cyano) and
gegenion (zinc iodide) accounts for their internal compatibility with many
electrophilic centers.

Scheme 20.
0 [0 f
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Mixed copper(l) and zinc halide dimetallic reagents lead to products of

gem-dialky ety i TPEMIEEtEST eht eformatsky
reagents, mmmm -!‘E'! with
copper(l) salts in the pot. (539, 540) Zinc homoenolates (e.g., 161) are
especially valuable synthetic tools which undergo Michael additions to enones
and ynones in the presence of copper(l) bromide dimethyl sulfide, with HMPA

and chlorotrimethylsilane playing essential roles (Scheme 21). (541, 542)
Scheme 21.
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Several hydrido cuprates of general formula LinCumHm + ny are known, some of
which have interesting and potentially useful synthetic properties. LisCuHs is



reputed to be a more efficient reagent for alkyl halide reduction than is lithium
aluminum hydride, whereas Li,CuH3z behaves as a Michael donor of hydride.
(543) The subsequently discovered lower-order hydride species RCu(H)Li,
with R = SCeHs or t-C4HO, can function in a similar way. (544) Related
complexes of lesser-known constitution have been generated from
LiAI(OC4Hq-t)sH and NaAl(OCH,CH,OCHj3),H> solutions containing copper(l)
bromide. (545, 546) Interestingly, methylcopper catalyzes the conjugate
reduction of a , B-unsaturated ketones with diisobutylaluminum hydride, the
aluminum enolate from which can be trapped with various activated
electrophiles. (547, 548) Other hydride-containing copper(l) species derived
from a mixture of CuCl, MgBr,, EtsN, and NaBH, (or NaH), (549) or
(n-C4Hg)sSnH and (CH3).CuMgBr , (550) add to terminal acetylenes to afford
products of symmetrical coupling: (E, E)-1,3-dienes and E-disubstituted olefins.

Although the phosphine-stabilized hexameric copper hydride [CuH-P(CgHs)s]s
and related complexes have been known for some time, (551, 552) their ability
to deliver hydride in a 1,4 sense has only recently been unveiled (Eqg. 155).
(553) Competing 1,2 addition does not occur. The reagent is fully compatible
with chlorotrimethylsilane and can be used in the presence of water.
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H O [(CgHs)yP « CuH], (0.32 eq) H -0

| CeDg, Hy0, 25°, 15 " | (155)
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3.5. Applications of Organocopper—Organocuprate Reagents to Natural
Products Syntheses

The true measure of the value of an organotransition metal reagent lies in the
extent to which it is successfully employed, allowing a transformation to be
realized which might otherwise require multiple steps to achieve. In this sense,
the organocopper reagent is, perhaps, without peer. A multitude of strategies
toward a vast array of complex natural products have embraced the benefits of
organocopper reagent-based carbon—carbon bond constructions. In this
section, a brief representative sampling of some uses of the various copper
reagents within the context of total synthesis is described. Tables XI-A through
F contain an extensive listing of examples found in the literature, classified
according to the ultimate target structure.

In the alkaloid area, (+)-perhydrogephyrotoxin (167) was synthesized with the



aid of the lower-order cuprate (n-CsHg),CuLi . (554) Primary tosylate 164,
derived sequentially from precursors 162 and 163, undergoes smooth
displacement in ether at —20° to arrive at the n-pentyl side chain characteristic
of the saturated analog of naturally occurring gephyrotoxin (165), and
dihydrogephyrotoxin (166) (Scheme 22). (554)

Scheme 22.
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167, R = C.Ho-n ﬂ
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effort over the past decade, and with these efforts has come a considerable
dependence on organocopper reagents for key bond constructions. The potent
combination of a higher-order cyanocuprate in the presence of boron trifluoride
etherate has been used for establishing quarternary centers in the triquinane
sesquiterpenoid area. (511) The vinyllithium-derived reagent (CH, =
CH)2Cu(CN)Liy, useful as a hydroxymethyl group equivalent, (476, 477) adds
to tricyclic enone 168 in a Michael sense exclusively from the (B face in
excellent yield. (555) Subsequent manipulations of the ethenyl residue (i.e.,
vicinal dihydroxylation, oxidative cleavage, and hydride reduction) give the
required one-carbon appended material which was ultimately converted into
the highly oxygenated capnellene tetraol 169 (Scheme 23). (555) A methyl
group has also been introduced via this technology en route to coriolin, (556)
while a synthesis of forskolin has been significantly assisted through the use of
(CH> = CH2)Cu(CN)Liz plus boron trifluoride etherate. (557)

Scheme 23.
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A total synthesis of (z)-cortisone, representing applications of cuprate
chemistry in the steroid area, employs a boron trifluoride etherate-activated,
copper(l)bromide-dimethyl sulfide assisted 1,4 addition of a zinc homoenolate
to bicyclic enone 170. (558) The stereochemistry at the newly formed
center, > 95% aunder the conditions shown (Scheme 24), depends upon the
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unexpectedly obtained. Further transformations of the three-carbon chain build
up the A and B rings of the cortisone nucleus (171). (558)

Scheme 24.
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The essentially stereospecific syn addition of lower-order lithio cuprates across
acetylenes provides a quick synthetic entry into pheromones where the purity
of a Z olefinic component is crucial. Large-scale production of the insect
pheromone Cossus cossus has been achieved via carbocupration of acetylene



with preformed cuprate 172, followed by alkylation of the resulting vinyl cuprate
intermediate 173 with an iodoacetate in the presence of added phosphite
(Scheme 25). (559) Similar sequences have been executed on a 180-mmol
scale with yields in the 77-92% range and isomeric purities typically >99.9%.

Scheme 25.
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A one-pot, “three-component-coupling” sequence involving the conjugate
addition of a phosphine-stabilized organocopper complex to a substituted
cyclopentenone, followed by enolate trapping, configures the prostaglandin
skeleton in a remarkably rapid fashion. (560) A nonracemic THP-protected
enone, upon treatment with the species derived from vinyllithium 174 and
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adduct enolate which can be quenched with aldehyde ester 175 (Scheme 26).
(561-563) The overall yield of 176 from this series of reactions is 83%, with the
remaining steps (mesylation, elimination, reduction, hydrolysis) to arrive at
(-)-PGE;1 methyl ester all proceeding very efficiently as well (84-92%). (564)
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Scheme 26.
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Similar tactics can be applied to the three-step preparation of PGE; from an
optically active trialkylsilyl-protected 4-hydroxycyclopentenone. (561, 562)
Coupling in these cases was accomplished with both allylic and propargylic
iodides of the derived intermediate triphenyltin enol ethers to afford 177a and
177b, respectively (Scheme 27).

Scheme 27.
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Many other types of compounds of natural origin have been synthesized using
copper reagents to effect critical bond formations. In a total synthesis of
(+)-methyl pseudomonate C from carbohydrate precursors, a
copper-catalyzed ring opening of epoxide 178 with the Grignard reagent 179
formed from the corresponding allylic chloride is utilized (Eq. 156). (565) The
realization
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180
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of product 180, via 179, represents one of the rare successful uses of an
unbiased, substituted allylic magnesio (or lithio) cuprate. Many remarkable
features of this coupling were noted, including (1) the regiochemistry of oxirane
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specificity of coupling in the “normal” ( a -), rather than “rearranged” (y -) mode
by the allylic cuprate; and (3) the maintenance of E double-bond geometry.

The construction of the biphenyl-containing lignan steganacin 184, isolated
o e el b e e b prceec
T, o c 0 5 proceeds
by way of an internal ligand-stabilized arylcopper species 181. (566)
Treatment of the precursor bromide with n-butyllithium followed by the copper(l)
iodide-triethylphosphite complex forms the organocopper reagent 181.
Introduction of the iodoimine 182 at —78° gives upon warming to room
temperature and hydrolysis the product biaryl 183, presumed to arise by way
of a Cu(lll) intermediate (Scheme 28).
Scheme 28.
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Several other uncategorized examples of natural product syntheses which rely
on copper reagents are shown in Table XI-F.
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4. Experimental Procedures

4.1.1.1. 1,3-Dimethoxy-5-(n-pentyl)benzene (“Olivetol Dimethyl Ether”)
(Dilithium-tetrachlorocuprate-Catalyzed Coupling of a Grignard with an Alkyl
Halide) (567)

Under dry nitrogen, 5-chloro-1,3-dimethoxybenzene (40 g, 0.23 mol),
magnesium (6 g, 0.25 mol) and a small amount of 1,2-dibromoethane in
tetrahydrofuran (80 mL) were heated under reflux for 6 hours. The solution
was cooled in ice and a mixture of 1-iodopentane (42.6 mL, 0.325 mol) and
dilithiumtetrachlorocuprate (30 mL of a 0.2 M solution in tetrahydrofuran,

6 mmol) was added dropwise over a period of 30 minutes. The resulting black
mixture was stirred at 0° for 90 minutes and at 20° for an additional 16 hours.
The almost solid reaction mixture was acidified with 6 N hydrochloric acid
(160 mL) and extracted with ether (2 x 200 mL). The organic extract was
washed with 15% aqueous ammonia (60 mL) and water (60 mL), dried with
magnesium sulfate, and evaporated in vacuo. According to the 'H NMR
spectrum of the residual product, olivetol dimethyl ether was formed in 74%
yield. Distillation afforded the pure product (31.9 g, 66%) as a colorless liquid,
bp 152-156° (12 mm).

an Epoxide with a Grignard] (568)

To 10.9 g (0.45 mol) of magnesium in 100 mL of tetrahydrofuran was added
73.0 g (0.465 mol) of bromobenzene in 100 mL of tetrahydrofuran over 1 hour.
The resulting mixture was stirred for 30 minutes and then 8.85 g (46.5 mmol)
of cuprous i@ ! @Eution of
29.45 g (0.30 mol) of cyclohexene oxide in 50 mL of tetrahydrofuran was then
added dropwise. After the addition was complete, the mixture was stirred for 3
hours and then quenched by being poured into 100 mL of cold saturated
agueous ammonium chloride solution. The solution was extracted with ether
and the organic layers were combined, dried, and concentrated to afford a
liquid that was distilled at 80° (0.23 mm) to afford 43.1 g (81%) of a yellow solid
which was recrystallized from pentane, mp 56.5 — 57.0°; IR: 3592, 3461, 2941,
2863, 1604, 1497, 1451 cm™; *H NMR (361 MHz) & : 7.35-7.17 (m, 5H), 3.64
(ddd, 1H, J=5.4, 10.8, 10.8 Hz), 2.42 (ddd, 1H, J = 5.4, 10.8, 16.5 Hz), 2.11
(m, 1H), 1.84 (m, 2H), 1.76 (m, 1H), 1.62 (s, 1H), 1.53-1.25 (br m, 4H); **C
NMR (90 MHz) & : 143.4 (s), 128.7 (d), 127.9 (d), 126.7 (d), 74.3 (d), 53.3 (d),
34.6 (1), 33.4 (1), 26.1 (1), 25.1 (t); mass spectrum, m/z: 176(M"), 158, 143, 130,
117, 104, 91 (base).

4.1.1.3. n-Heptanoic Acid [Copper(l) Chloride-Catalyzed Opening of a Lactone
with a Grignard] (166)

n-Butylmagnesium bromide (1 M in ether, 2.4 ml, 2.4 mmol) was slowly added
to a suspension of cuprous chloride (4 mg, 0.04 mmol) in 6 mL of



tetrahydrofuran at 0° under argon. 3 -Propiolactone (0.144 g, 2 mmol) in 2 mL
of tetrahydrofuran was next added dropwise. The mixture was stirred at 0° for
15 minutes and quenched by adding 3 N hydrochloric acid solution. From the
organic layer, heptanoic acid was extracted with 3 N sodium hydroxide
solution. The alkaline solution was acidified, extracted with ether, and
concentrated to give pure heptanoic acid in 90% yield; bp 65° (1.0 mm).

4.1.1.4. 3-(2-Methylpent-2-en-5-yl)Jfuran (“Perillene”)
(Dilithiumtetrachlorocuprate-Catalyzed Coupling of an Allylic Halide with a
Grignard) (99)
To 0.104 g (4.29 mmol) of magnesium turnings covered with 3 mL of
tetrahydrofuran under argon was added 0.5 g (4.29 mmol) of
3-chloromethylfuran in 2 mL of tetrahydrofuran in one portion. The mixture was
allowed to stir for 30 minutes at room temperature, then warmed in a
preheated 50° oil bath for 30 minutes to provide a golden-yellow solution. The
solution was chilled in an ice-water bath and 0.448 g (4.29 mmol) of freshly
distilled 1-chloro-3-methyl-2-butene in 2 mL of tetrahydrofuran was added in
one portion followed immediately by the addition of 0.15 mL of a 0.1 M solution
of dilithiumtetrachlorocuprate in tetrahydrofuran. The resulting black
suspension was stirred for 5 minutes at 0°, poured into petroleum ether
NdUUNdNEEREREE
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a pale yellow liquid which was purified by bulb-to-bulb distillation to give
0.547 g (85%) of perillene as a colorless liquid, bp 80° (20 mm).

4.1.1.5. trans-3-n-Butyl-1-deuterio-5-methylcyclohexene [Copper(l
Cyanide—CE@E of Hn Niyji Erﬁard] 62a

A flask equipped with a magnetic stirrer and septum was charged with 54 mg
(0.6 mmol) of cuprous cyanide. After flushing with dry nitrogen, 2 mL of
anhydrous ether was added and the suspension was chilled to —10°. An ether
solution of n-butylmagnesium bromide (6 mmol, prepared from 987 mg of
1-bromobutane and 146 mg of magnesium in 8 mL of ether) was added
through a cannula, and after stirring the mixture for 10 minutes, a solution of
778 mg (3 mmol) of a -deuterio-cis-5-methyl-2-cyclohexenyl mesitoate in 2 mL
of ether was added. The cooling bath was removed and the mixture stirred at
room temperature for 6.5 hours, after which it was quenched with 2 mL of
agueous ammonium chloride solution. The resulting mixture was filtered, the
precipitate washed with ether, and the ether solution dried over magnesium
sulfate. Removal of solvent by fractionation followed by column
chromatography (silica gel, pentane/ether) and vacuum distillation gave

289 mg (63% vyield) of a clear mobile oil, bp 58-60° (7.4 mm); IR (neat): 3020,
2945, 2910, 2900, 2860, 2840, 2820, 2240, 1640, 1465, 1455, 1430, 1375,
895, 730, 710 cm™; *H NMR ( CDCl3) & : 5.63 (br s, 1H), 2.20-1.90 (br m, 2H),
1.90-1.68 (br m, 1H), 1.68-1.50 (m, 9H), 1.05-0.70 (m, 3H), 0.93 (d, 3H,




J = 7.5 Hz); high-resolution mass spectrum, calculated for C;;H;9D m/e
153.1622, found m/e 153.1628.

4.1.1.6. 3-[3-(1,3-Dioxolan-2-yl)propyllcyclohexanone [Copper(l)
Bromide-Catalyzed Conjugate Addition of a Grignard to an a ,8 -Unsaturated
Ketone] (143)

Magnesium turnings (0.60 g, 25 mmol) were ground for a few minutes with a
mortar and pestle and were immediately placed into a nitrogen-filled flask. A
solution of 2-(3-chloropropyl)-1,3-dioxolane (1.2 mL, 8.3 mmol),
1,2-dibromoethane (0.05 mL), and tetrahydrofuran (1.6 mL) was added at 25°,
and the mixture was stirred in a 70°-bath at which temperature the reaction
began. The reaction flask was then placed in a 25° bath and stirred for 30
minutes, diluted with additional tetrahydrofuran (5 mL), stirred for 1.25 hours,
and cooled to —78°. A solution of cuprous bromide—dimethyl sulfide complex
(0.41 g, 2.0 mmol) and dimethyl sulfide (4 mL) was then added dropwise and
the mixture was stirred at —78° for 1 hour. A solution of cyclohexenone

(0.65 mL, 6.8 mmol) and ether (7 mL) was then introduced dropwise over a 7
minute period, and the mixture stirred at —78° for 2.5 hours and then warmed in
an ice-water bath. After being stirred at 0° for 5 minutes, the mixture was
guenched by the addition of a saturated aqueous solution (5 mL) of ammonium
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two additional 10-mL portions of water and a saturated agueous solution
(15 mL) of sodium chloride, and dried over magnesium sulfate. Concentration
by rotary evaporation gave 1.28 g of the crude product, which was purified by
flash chro il . e 1.05¢
5% of kgt N b il T LT rines o
bulb-to-bulb distillation [oven temperature 80° (0.2 mm)]; IR (neat): 2950,
1712 cm™; 'H NMR ( CDCls) & : 4.83 (t, 1H, J = 4.8 Hz), 3.90 (m, 4H),

1.15-2.55 (m, 15H); Anal. Calcd for C;,H,003: C, 67.89; H, 9.50. Found: C,
67.76; H, 9.53%.

4.1.1.7. 1-Trimethylsilyloxynon-1-ene [Copper(l) Bromide-Catalyzed
Conjugate Addition of a Grignard to an a, 8 -Unsaturated Aldehyde in the
Presence of Chlorotrimethylsilane and Hexamethylphosphoric Triamide] (157)
To a cooled (—78°) tetrahydrofuran solution (60 mL) of n-hexylmagnesium
bromide (prepared from 35 mmol of 1-bromohexane and 37.5 mmol of
magnesium in 85-90% yield), hexamethylphosphoric triamide (10.5 mL,

60 mmol) [CAUTION: Potent Carcinogen ], and cuprous bromide—dimethyl
sulfide complex (257 mg, 1.25 mmol) was added dropwise a mixture of
acrolein (1.67 mL, 25 mmol) and chlorotrimethylsilane (6.4 mL, 50 mmol) in
20 mL of tetrahydrofuran over 30 minutes. After 3 hours, triethylamine (7 mL)
and hexane (100 mL) were added. The organic layer was washed with water
to remove hexamethylphosphoric triamide and dried over magnesium sulfate.



The product (3.86 g, 83%; 94% E by GLC analysis) was obtained by distillation
(74°, 1 mm).

4.1.1.8. 4-Methylbenzophenone (Substitution of an Aroyl Halide with
Arylmethylcoppermagnesium Bromide) (163)

In a 1-L, flame-dried, three-necked, round-bottomed flask equipped with an
overhead stirrer and low-temperature thermometer, a bright yellow suspension
of methylcopper was prepared by the reaction 30 mL of a 1.73 M (51.9 mmol)
ether solution of methyllithium (0.11 M in residual base) with a —78°
suspension of 9.6 g (50.8 mmol) of cuprous iodide in 100 mL of
tetrahydrofuran. The bright yellow color characteristic of methylcopper formed
when this reaction mixture was warmed to 25°. It was then cooled to —70° and
26 mL of a 1.96 M (51.0 mmol) ether solution of 4-methylphenylmagnesium
bromide was added with a syringe. The resulting suspension was allowed to
warm to 25° and after cooling the deep purple solution to —78°, a solution of
benzoyl chloride (13.0 mL, 112 mmol) in tetrahydrofuran (30 mL) was added
dropwise by syringe. The reaction mixture was then warmed to 25° and
allowed to stir for 30 minutes. It was quenched with 8 mL of absolute methanol
and then added to 600 mL of saturated aqueous ammonium chloride solution.
Stirring for 2 hours dissolved the copper salts, the ethereal phase was
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agueous sodium thiosulfate, three times with 100 mL of 1.0 N sodium
hydroxide, and once with 200 mL of saturated sodium chloride, and then dried
over potassium carbonate. The product 4-methylbenzophenone was isolated
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4.1.1.9. trans-4-Methyl-2-cyclopentene-1-acetic Acid [Stoichiometric Copper(l)
Bromide-Mediated Sy2¢ Opening of a Vinyllactone with a Grignard] (174)

To a solution of cuprous bromide—dimethyl sulfide complex (71.0 g, 0.35 mol)
in dimethyl sulfide (300 mL) and tetrahydrofuran (700 mL) at —20° was added
methylmagnesium bromide (125 mL, 2.85 M in tetrahydrofuran, 0.35 mol).
After stirring at —20° for 1 hour, a solution of 2H-cyclopenta[b]furan-2-one
(21.5 g, 0.18 mol) in tetrahydrofuran (200 mL) was added dropwise via an
addition funnel. The mixture was stirred at —20° for 5 hours, poured into 1 N
sodium hydroxide solution, and stirred for 2 hours. The organic layer was
separated and the aqueous layer was acidified to pH ~ 2 with 1 N hydrochloric
acid. After extraction with ether, the organic phase was washed with water and
brine, dried over magnesium sulfate, and concentrated in vacuo to provide a
yellow oil (23.65 g, 97.6%). This was characterized as its methyl ester
(prepared by standard diazomethane treatment); IR ( CHCls): 1730 cm™; *H
NMR ( CDCl3) & : 5.65 (m, 2H), 3.65 (s, 3H), 3.14 (br m, 1H), 2.80 (br m, 1H),
2.30 (AB portion of ABX, 2H), 1.67 (m, 2H), 0.97 (d, 3H); Anal. Calcd for
CoH1407: C, 70.10; H, 9.15. Found: C, 70.01, H, 9.19%.



4.1.1.10. 3-Methoxy-17-[(1 B -methyl)ethan-1,2-dien-2-yl]-1,3,5(10)-estratriene
[Stoichiometric Copper(l) Bromide-Mediated Substitution of a Propargylic
Steroidal Sulfinate with a Grignard] (185)

A solution of methylmagnesium chloride (0.03 mol) in tetrahydrofuran (30 mL)
was added cautiously to a stirred suspension of cuprous bromide (0.03 mol) in
tetrahydrofuran (50 mL) at —50° and stirred at —30° for 30 minutes. 17 a
-Ethynyl-17 B -methanesulfinyloxy-3-methoxy-1,3,5(10)-estratriene (5.58 g,
0.015 mol) in tetrahydrofuran (10 mL) was then added at —50° over 10 minutes.
The reaction mixture was raised to 20° within 10 minutes. After 45 minutes, it
was poured into a saturated solution of ammonium chloride in water (200 mL)
containing sodium cyanide (2 g). It was then extracted with hexane (3 x 50 mL)
and the combined extracts were washed with water and then dried over
magnesium sulfate. Evaporation of solvent in vacuo afforded the product

(4.55 g, 98%) which was recrystallized from ethanol, mp 71.0-71.5°; [o]F'in
methylene chloride: —16.05°.

4.1.1.11. 2-(Trimethylsilylmethyl)hex-1-ene [Copper(l) Bromide-Mediated
Carbocupration of an Acetylene with a Grignard in Ether] 222b
To a suspension of cuprous bromide (2.2 g, 15 mmol) and lithium iodide (1 N
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15 mmol). The mixture first gave a yellow precipitate and then a homogeneous

pale green solution which was stirred at —5° for 1 hour. After addition of
1-hexyne (1.0 g, 12.5 mmol), the mixture was allowed to warm to 10°, stirred at

this temper, ( fatal) I with

100 mL of mﬂmﬁ[ﬂ tifn Mlﬂmﬁm decanted;
the organic layer was washed with brine (10 mL) and dried over magnesium
sulfate. The solvent was evaporated and the residue distilled through a 10-cm
Vigreux column to afford 1.8 g (78%) of pure product, bp 70° (10 mm); *H NMR
(CClsg) ©:4.8 (s, 1H), 4.6 (s, 1H), 2.0 (t, 2H), 1.8 (s, 2H), 1.4 (m, 4H), 0.98 (t,
3H), 0.05 (s, 9H). Anal. Calcd for C10H2,Si: C, 70.50; H, 13.01. Found: C,
70.40; H, 13.03.

4.1.1.12. (E)-4-Methyl-3-decen-1-ol [Copper(l) Bromide-Mediated
Carbocupration of an Acetylene Followed by Opening of an Oxirane with the
Derived Vinylcopper] 218b

To a mixture of cuprous bromide—dimethyl sulfide (0.82 g, 4.0 mmol), ether

(5 mL), and dimethyl sulfide (4 mL) at —45° under nitrogen was added a 2.90 M
solution (1.39 mL, 4.0 mmol) of methylmagnesium bromide in ether over a
2-minute period. After 2 hours, 1-octyne (0.52 mL, 3.5 mmol) was added over
1 minute to the yellow-orange suspension. The mixture was stirred at —23° for
120 hours, and then the resulting dark green solution was cooled to —78°. A
solution of 1-lithio-1-pentyne (prepared from 4.0 mmol of n-butyllithium and
4.0 mmol of 1-pentyne), ether (5 mL), and hexamethylphosphoric triamide



(2.4 mL, 8.0 mmol) [Caution: Potent Carcinogen ] was transferred to the
green solution. After 1 hour, ethylene oxide (0.21 mL, 4.0 mmol), which had
been condensed at —45°, was added with a dry-ice-cooled syringe over a
0.5-minute period. The resulting mixture was stirred at —78° for 2 hours,
allowed to stand at —25° for 24 hours, quenched at 0° by addition of an
aqueous solution (5 mL) of ammonium chloride (adjusted to pH 8 with
ammonia), and then partitioned between ether and water. The crude product
(90% pure by GLPC) was purified by column chromatography on silica gel
(methylene chloride) to give a colorless oil (0.44 g, 75%); IR (neat): 3300, 1669,
874 cm™; *HNMR & :5.05 (t, 1H, J = 7 Hz), 3.55 (t, 2H, J = 7 Hz), 1.58 (s, 3H),
2.40-0.65 (br m, 16H); high-resolution mass spectrum: m/z calculated for
C11H2,0, 170.1667; found, 170.1691.

4.1.1.13. (E)-1-Ethoxy-1-phenylpenta-1,4-diene (Lithium
Dibromocuprate-Mediated Carbocupration of an Acetylene by a Grignard
Followed by Alkylation of the Derived Vinylcopper with an Allylic Halide) (569)
To a stirred solution of phenylcopper [prepared in situ by stirring
phenylmagnesium bromide (0.01 mol) with 0.01 mol of the
tetrahydrofuran-soluble complex lithium dibromocuprate at —50° for 1 hour] in
tetrahydrofuran (35 mL) was added 0.01 mol of ethoxyacetylene at —50°. The
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into an aqueous ammonium chloride solution (200 mL) containing sodium
cyanide (2 g) and extracted with pentane (3 x 50 mL). The combined extracts
were washed with water (6 x 100 mL) to remove tetrahydrofuran and dried
over magnesi ed | e residue
purified by EQ wﬁmm wih mgﬂof the
instability of the product the chromatography was performed within 2 hours;
96% yield, 95% pure by GLC; IR (neat): 3080, 3060, 1645, 1600, 1495, 1238,
1128, 910, 770, 700 cm™; *H NMR ( CCly) & : 7.5-7.1 (m, 5H), 5.82 (m, 1H,
J=6.0,9.5,17.5 Hz), 5.07 (brd, 1H,J = 17.5 Hz), 4.98 (br d, 1H, J = 9.5 Hz),
4.70 (t, 1H, J = 8.0 Hz), 3.73 (g, 2H, J = 7.0 Hz), 2.78 (m, 2H, J = 6.0, 8.0 Hz),
1.25 (t, 3H, J = 7.0 Hz); mass spectrum, m/z: 188 (M"), 105 (100).

4.1.1.14. 3-Vinyl-2-methyl-1-trimethylsilyloxycyclopentene (Conjugate Addition
of Divinylmagnesium Cuprate to an a , 8 -Unsaturated Ketone and in situ
Trapping of the Enolate with Chlorotrimethylsilane) (253)

To magnesium (6.07 g, 250 mmol) and one crystal of iodine in tetrahydrofuran
(100 mL) was added vinyl bromide (70.5 mL, 1 mol) in tetrahydrofuran (60 mL)
at a rate to maintain the reaction temperature at 45°. After all the magnesium
had disappeared, the solution was heated at 45° under a stream of nitrogen to
remove excess vinyl bromide. The mixture was then cooled to -5°, cuprous
iodide (25.7 g, 135 mmol) added, and the solution stirred until it was jet black.
The mixture was quickly chilled to —70° and 2-methylcyclopentenone (10.56 g,
110 mmol) in tetrahydrofuran (40 mL) was added dropwise and the solution



stirred at —40° for 45 minutes. After subsequent cooling to —60°,
chlorotrimethylsilane (34 mL, 365 mmol), hexamethylphosphoric triamide
(70 mL) [Caution: Potent Carcinogen ], and triethylamine (50 mL) were
added sequentially. The reaction mixture was allowed to warm to room
temperature over a period of 2 hours. Aqueous petroleum ether workup,
followed by distillation, gave a colorless liquid (19.19 g, 89%); bp 64—66°
(3.1 mm); IR (neat): 2990, 1690, 1640, 1250, 1210, 1090, 990, 840 cm™*; *H
NMR ( CCl,) & : 5.70 [overlapping (5 lines) ddd, 1H, J =17.5, 10, 9 Hz), 5.00
(dd, 1H, J =17.5, 2.5 Hz), 4.93 (dd, 1H, J =9, 2.5 Hz), 3.00 (m, 1H), 2.5-1.4
(m, 4H), 1.47 (br s, 3H), 0.22 (s, 9H). Anal. Calcd for C11H200Si: C, 67.28; H,
10.26. Found: C, 67.04; H, 10.18.

4.1.1.15. 4-tert-Butyldimethylsilyloxy-3-(7-tert-butyldimethylsilyloxyheptyl)cyclo
pent-2-en-1-one (Conjugate Addition—Elimination of a 8
-Chlorocyclopentenone with a Diorganomagnesium Cuprate) (232)

The required Grignard reagent was prepared by adding a solution of
7-bromo-1-(tert-butyldimethylsilyloxy)heptane (6.19 g, 20 mmol) in
tetrahydrofuran (15 mL), over 1.5 hours to magnesium (491 mg, 20.2 mmol) in
refluxing tetrahydrofuran (15 mL). The consumption of magnesium was
complete after heating at reflux for a further 3 hours. The concentration of
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tetrahydrofuran (2 mL) containing
3-chloro-4-[tert-butyldimethylsilyloxy]cyclopent-2-en-1-one (100 mg, 0.4 mmol)
was stirred vigorously at —10° under argon. Dropwise addition of the above
Grignard r | 1 produced a
green solumﬁmmmm ﬂlﬁlﬁ n was
rapidly quenched with saturated aqgueous ammonium chloride solution (5 mL),
and after addition of ether (5 mL), the mixture was stirred at room temperature
for 1 hour before dilution with water (10 mL) and extraction with ether
(5 x 10 mL). The combined extracts were washed with brine (2 x 5 mL), dried
over magnesium sulfate and evaporated. Preparative thin-layer
chromatography [silica gel, methylene chloride/methanol (50:1, v/v)] gave the
product as a colorless oil (167 mg, 95%), bp (Kugelrohr) 135° at 0.2 mm; IR:
1720 cm™; 'H NMR & : 0.04 (s, 6H), 0.12 (s, 3H), 0.14 (s, 3H), 0.88 (s, 9H),
0.91 (s, 9H), 1.16-1.80 (m, 10H), 2.25 (dd, 1H, J = 18.0, 3.0 Hz), 2.44 (br t, 2H,
J =8 Hz), 2.72 (dd, 1H, J = 18.0, 6.0 Hz), 3.60 (t, 2H, J = 6.0 Hz), 4.76 (dd, 1H,
J =6.0, 3.0 Hz), 5.90 (m, 1H); Anal. Calcd for C,4H4s03Si,: C, 65.40; H, 11.0.
Found: C, 65.65; H, 10.8.

p)

4.1.1.16. 1,4-Diphenyl-2,3-O-isopropylidene-L-threitol (Substitution of an Alkyl
Tosylate with Lithium Diphenylcuprate) (570)

To a solution of 3.0 g of cuprous iodide in 10 mL of dry ether, stirred at 0°
under dry argon, was added dropwise 20 mL of 2.1 M phenyllithium solution in
75% benzene/25% hexane. A solution of 1.93 g of



2,3-O-isopropylidene-L-threitol ditosylate in 12 mL of ether and 3 mL of
tetrahydrofuran was added dropwise to the resulting green solution and the
mixture was stirred at 25° for 2 hours. Saturated aqueous ammonium chloride
was added and the volatile solvents were removed under reduced pressure.
The aqueous residue was extracted with several portions of ether, and the
extracts were washed with saturated brine solution, dried, and concentrated.
The yellow oily residue was chromatographed on 20 g of silica gel, eluting first
with hexane to remove biphenyl, then with hexane—ethyl acetate (3:1) to elute
the product. Distillation at 140° (0.1 mm) yielded 650 mg (47%) of the colorless
product; IR (neat): 3080, 3060, 3010, 2940, 2880, 1620, 1500, 1460, 1380,
1370, 1240, 1215, 1160, 1075, 1050, 750, 695 cm™; *H NMR ( CDCl3) 5 : 1.4
(s, 6H), 2.8 (m, 4H), 4.0 (m, 2H), 7.25 (s, 10H).

4.1.1.17. 1-Chloro-4-cyclopropylbutane (Selective Coupling of a Dihaloalkane
with Lithium Dicyclopropylcuprate) (281)

A solution of 1:1 M cyclopropyllithium in ether (660 mL) was added over 45
minutes at —35° to a slurry of 73 g (0.38 mol) of cuprous iodide in 660 mL of
tetrahydrofuran. After a Gilman test was negative, 1-bromo-4-chlorobutane
(54 g, 0.32 mol) was rapidly added to the mixture which was held at —35° for
1.5 hours. Aqueous saturated ammonium sulfate was then added and the
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drying over calcium sulfate, the extract was distilled through a 45-cm Vigreux
column to remove solvents. The pot residue was then short-path distilled to
yield 37.4 g (90%) of the product, bp 58-59° (17 mm); IR (neat): 3084, 3008,

2941, 2864,.1 b2 = A HA - mass
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4.1.1.18. 1-(2-Deuterio-1-phenylethenyl)naphthalene (Substitution of a Vinyl
Bromide with Lithium Diphenylcuprate) (571)

Lithium diphenylcuprate was prepared at 0° by slowly adding 25 mL of 1.86 M
(46.5 mmol) phenyllithium solution to a suspension of 5.03 g (24.4 mmol) of
cuprous bromide—dimethyl sulfide complex in 20 mL of dry ether. A yellow
precipitate formed initially which changed to a homogeneous green solution
after complete addition. After 40 minutes at 0°, a solution of 1.36 g (5.81 mmol)
of 1-(1-bromo-2-deuterioethenyl)naphthalene (E:Z = 4.1) in 3 mL of dry ether
was then added. After 4.5 hours at 0°, the reaction mixture was poured into
aqueous saturated ammonium chloride solution (pH 9 by addition of
ammonium hydroxide), and this was stirred for 1.5 hours. The ether layer was
separated, washed twice with brine, and then dried. Removal of solvent
afforded a light yellow oil which was purified by short-path distillation, collecting
the fraction with bp 124-134° (1 mm). The yield was 0.80 g (60%) of the
product which was crystallized from methanol, mp 57.5-58.5° *H NMR
(CDCl3) 8 : 5.36 (s, 0.2H), 5.93 (s, 0.8H), 6.8-7.9 (m, 12H); the Z isomer
predominated 4:1.




4.1.1.19. 4-tert-Butyl-1-methylcyclohexene (Substitution of a Vinyl
Trifluoromethanesulfonate with Lithium Dimethylcuprate) (286)

A solution of 2.0 M methyllithium in hexane (5.5 mL, 10.8 mmol) was added to
a stirred slurry of cuprous iodide (1.43 g, 7.5 mmol) in 15 mL of tetrahydrofuran
at 0°. A solution of 1-trifluoromethanesulfonyloxy-4-tert-butylcyclohexene in

5 mL of tetrahydrofuran was added, and the reaction mixture was stirred at
—15° for 12 hours. It was then diluted with hexane, filtered through a pad of
Florisil, and concentrated on the rotary evaporator. Chromatography of the
residue on silica gel provided the product (250 mg, 75%); *"H NMR ( CDCls) & :
5.38 (m, 1H), 1.87 (m, 4H), 1.63 (s, 3H), 1.25 (m, 3H), 0.84 (s, 9H).

4.1.1.20. Methyl
c-6-Benzyloxy-t-2-hydroxy-1,c-3-dimethylcyclohexane-r-1-carboxylate
(Opening of an Epoxide with Lithium Dimethylcuprate) (572)

To a solution of lithium dimethylcuprate (from 6.4 mL of 0.75 M methyllithium
and 490 mg of cuprous iodide) in ether under nitrogen at 0° was added methyl
c-6-benzyloxy-t-2,3-epoxy-1-methylcyclohexane-r-1-carboxylate in ether and
the mixture was stirred at 20° for 18 hours. Addition of saturated aqueous
ammonium chloride and extraction with ether gave the product as a colorless
oil (125 mg, 85%); IR (film): 3560, 1720, 1270, 1060 cm™; *H NMR ( CDCl3) & :
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J=11.7 Hz), 4.52 (d, 1H, J = 11.7 Hz), 7.28 (m, 5H).

4.1.1.21. 1-Hydroxymethyl-2-isopropyl-3-methylcyclohexene (Sn2¢
Substitution of a Vinyl Epoxide with Lithium Dimethylcuprate) (573

Toa stirre@e.@ b)) bF prpus EéidS mL of dry
ether cooled to 0° was added dropwise 16.5 mL (30.0 mmol) of methyllithium.
After 5 minutes, 850 mg (5.6 mmol) of
cis-(E)-1-epoxy-2-ethylidene-3-methylcyclohexane was added in 9 mL of ether.
After being stirred at 0° for 30 minutes, the reaction mixture was poured into
saturated aqueous ammonium chloride solution containing ammonium
hydroxide (pH 9). After the mixture was stirred for 10 minutes, the layers were
separated, the aqueous layer was extracted with ether, and the organic layers
were combined, washed with water, dried, and concentrated in vacuo. The
residue was distilled (Kugelrohr) to give 810 mg (86%) of the product as a
colorless oil, bp 60° (0.02 mm); IR ( CCl,): 3615, 3572-3200 cm™*; *H NMR
(CDCl3) 8 : 4.11 (M, 2H), 2.79 (septet, 1H, J = 7 Hz), 2.30 (m, 1H), 2.10 (m,
2H), 1.73-1.36 (br m, 5H), 1.09-1.04 (br m, 9H); **C NMR ( CDCls) & : 144.42,
129.03, 62.59, 31.03, 30.37, 29.38, 27.83, 22.99, 21.33, 20.91, 17.60; Anal.
Calcd for C11H200: C, 78.51; H, 11.98. Found: C, 78.36; H, 12.01.

4.1.1.22. (S)-(+)-1,3-Di-n-butylallene (Substitution of a Propargylic Carbamate
with Lithium Dibutylcuprate) (340)



To a solution of lithium dibutylcuprate (3.5 mmol) in ether (15 mL), at —78° was
added an ethereal solution (25 mL) of 1.04 g (3.5 mmol) of
(R,R)-3-[N-2-(1-naphthyl)ethylcarbamyloxy]hept-1-yne over 10 minutes. After
being stirred for an additional 7 hours at —78°, it was allowed to come to 0°,
qguenched with aqueous saturated ammonium chloride solution (20 mL), and
stirred for 15 minutes. The mixture was filtered and the organic layer was
separated, washed with aqueous saturated ammonium chloride solution

(20 mL), dried over magnesium sulfate, and concentrated under reduced
pressure. Molecular distillation of the residue afforded 0.4 g (76%) of the

product; [l +54.5°(3.6, CHCL,); IR (film): 1945 cm™; *H NMR( CCls) & : 0.9 (t,

6H), 1.3 (m, 8H), 1.95 (m, 4H), 4.95 (quintet, 2H).

4.1.1.23. 2-Methyl-6-(3-oxobutyl)cyclohexanone Dimethylhydrazone
(Conjugate Addition of the Cuprate Derived from an «a -Lithiocyclohexanone
Dimethylhydrazone to an a ,8 -Unsaturated Ketone) 357b

A precooled (ca. — 30°) clear solution of 0.96 g (5 mmol) of cuprous iodide in
2.88 mL (20 mmol) of diisopropyl sulfide and 10 mL of tetrahydrofuran was
added dropwise with stirring at —78° to a suspension of
6-lithio-2-methylcyclohexanone dimethylhydrazone [5 mmol, generated from

ITTITTTT

QiSO

opytamrd

compound dissolved during warming of the orange reaction mixture from —78°
to —20° over 30 minutes and from —20° to 0° over 10 minutes, resulting in a
clear golden yellow solution. It was cooled again to —78°, and 0.41 mL (5 mmol)
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black—brown reaction mixture was poured into a mixture of saturated
ammonium chloride containing ammonium hydroxide (pH 8) and repeatedly
extracted with methylene chloride. The organic phase was shaken several
times with ammonium chloride—ammonium hydroxide solution until the
aqueous phase was no longer blue. The combined aqueous phase was again
extracted with methylene chloride, and the combined organic phases were
then dried over sodium sulfate. After removal of the solvent in a rotary
evaporator, the crude product (1.19 g, spectroscopic yield 100%) was purified
by distillation to give 0.42 g (85%) of a light-yellow oil, bp 100° (0.05 mm).

4.1.1.24. 3-(cis-2-Ethoxyethenyl)cyclohexanone [Conjugate Addition of

Lithium Di-(cis-2-ethoxyethenyl)cuprate to an a , 8 -Unsaturated Ketone] (574)
A solution of cis-2-ethoxyvinyllithium was prepared from 2.18 g (6.04 mmol) of
cis-1-ethoxy-2-tri-n-butylstannylethylene and n-butyllithium (1.1 equivalent) in
15 mL of tetrahydrofuran at —78° over 1 hour. A solution of 0.577 g (3.03 mmol)
of purified cuprous iodide and 0.89 mL (12.1 mmol) of dimethyl sulfide in 5 mL
of tetrahydrofuran was then added over 5 minutes. After stirring for 1 hour at
—78°,0.264 g (2.75 mmol) of cyclohexenone in 5 mL of tetrahydrofuran was



added over 10 minutes. After stirring for 1 hour, the mixture was warmed to
—40° during 30 minutes, quenched with aqueous 20% ammonium chloride
solution, and extracted with ether. The product was purified by column
chromatography (silica gel, chloroform) to afford 0.379 g (82%) of the desired
product; IR (film): 1715, 1668, 1125 cm™; *"H NMR & : 5.93 (d, 1H, J = 6 Hz),
4.28 (dd, 1H, J =6, 9 Hz), 3.78 (g, 2H,J = 7 Hz), 1.42-3.30 (br m, 9H), 1.22 (t,
3H, J =7 Hz); Anal. Calcd for C,0H160,; C, 71.39; H, 9.59. Found: C, 71.78; H,
9.79.

4.1.1.25. 3-Dimethylphenylsilyl-3,5,5-trimethylcyclohexanone [Conjugate
Addition of Lithium Di-(dimethylphenylsilyl)cuprate to an a , 8 -Unsaturated
Ketone] (575)

Dimethylphenylchlorosilane (3.4 g, 2 mmol), lithium shot (100 mg, 14 mmol),
and dry tetrahydrofuran (35 mL) were stirred under nitrogen for 18 hours. The
resulting red solution was titrated to determine its concentration and used
without further purification. A tetrahydrofuran solution of the above reagent

(2 mmol) was added to cuprous iodide (95 mg, 0.5 mmol) at —23° under
nitrogen and the mixture stirred at this temperature for 4 hours. Then
3,5,5-trimethylcyclohexenone (0.5 mmol) was added, and the mixture was
stirred at —23° for a further 30 minutes, poured onto a mixture of ice (25 g) and
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(25 mL), saturated sodium hydrogen carbonate solution (25 mL), and water
(25 mL) and dried over sodium sulfate. Evaporation in vacuo followed by
preparative TLC [silica gel, ether/light petroleum (3:7), Rs value 0.4] gave the

product ( AR (CCL- 1710 (C =
oyem ST LA AC A M o
1.10 (s, 3H), 1.05 (s, 3H), 0.38 (s, 6H); mass spectrum: m/z 274 (10, M"), 273
(10), 259 (100), 135 (60).

4.1.1.26. Methyl 3-Phenylbutanoate [Conjugate Addition of Lithium
Methyl(2-thienyl)cuprate to an a , 8 -Unsaturated Ester in the Presence of
Chlorotrimethylsilane] 78a

n-Butyllithium (2.5 mmol) was added to a solution of thiophene (3 mmol) in
ether (5 mL) at 0° and the solution was warmed to and stirred at room
temperature for at least 40 minutes. Then another 2.5 mL of ether was added,
the mixture was cooled in an ice bath, and finally powdered cuprous iodide
(2.5 mmol) was added. Then the mixture was stirred until the Gilman test for
free alkyllithium was negative (about 5 minutes). The color of the cuprate
solution was either yellow or light green. The reaction mixture was then cooled
to about —50° and methyl cinnamate (2 mmol) in ether (2.5 mL) was added.
The addition resulted in a shiny yellow color. Within 1 minute from the
substrate addition, chlorotrimethylsilane (5 mmol) was added. The
temperature was allowed to rise to 0° and the reaction was followed by GLC.
The reaction mixture was hydrolyzed by addition of agueous ammonium



chloride—agqueous ammonia mixture (pH 8) and extracted with ether. The
crude product dissolved in pentane was chromatographed through silica gel in
order to remove trimethylsilylthiophene and was then eluted with ether to
obtain 0.268 g (75%) of the product; bp 133-135° (22 mm).

4.1.1.27. (SR,1S,2R,2¢S)-N-(1-Methoxy-1-phenyl-2-propyl)-S-phenyl-S-(2¢-m
ethyl-1¢-hexyl)sulfoximine (Asymmetric Conjugate Addition of Methylcopper to
a Chiral Vinyl Sulfoximine) (452)

To a stirred suspension of cuprous iodide (486 mg, 2.56 mmol) in ether

(12.8 mL) at —25° was added methyllithium (2.56 mmol). After 30 minutes,
(SR,1S,2R)-N-(1-methoxy-1-phenyl-2-propyl)-S-(1-hexenly)-S-phenylsulfoximi
ne (190 mg, 0.511 mmol) in ether (2 mL) was added, and the mixture was
stirred at —25° for 1 hour. It was then allowed to warm to 0° over a period of 1
hour and after an additional 1 hour at 0°, the reaction was quenched with
aqueous ammonium chloride (20 mL). The layers were separated and the
ether layer dried and concentrated. Analysis of the crude reaction mixture by
HPLC indicated two compounds with retention volumes 2.9 and 3.4 in a ratio of
3.5 10 96.5, respectively. Purification of the crude material by preparative TLC
[ethyl acetate/hexane (2.3)] gave the product as a colorless oil; *"H NMR & :
7.70-7.01 (m, 10H), 390(d 1H,J = 76Hz) 332 289(m 2H) 320(S 3H),
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131 95, 129 15, 128.76, 128.13, 127 62, 127 08, 89 24, 63 45, 57. 11 56 13
36.35, 28.47, 28.28, 22.51, 21.83, 19.89, 13.95; mass spectrum (chemical
ionization, methane): m/e 388 (18, M" + 1), 356 (22), 266 (79), 125 (100).
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(Conjugate Addition of an Organocopper to an a, B -Unsaturated Ketone in the
Presence of Tri-n-butylphosphine) (468)

Cuprous iodide (300 mg, 1.57 mmol) was placed in a 180-mL ampule
equipped with a rubber septum. After the atmosphere was replaced by argon,
dry tetrahydrofuran (20 mL) followed by tri-n-butylphosphine (1.02 mL,

4.10 mmol) were added at room temperature. The suspension was stirred until
a clear solution resulted. In a 30-mL test tube equipped with a rubber septum
were placed (E)-1-iodo-3-tetrahydropyranyloxyoctene (528 mg, 1.56 mmol)
and dry ether (6 mL). After cooling to —95°, tert-butyllithium (1.68 mL,

3.12 mmol) in pentane was added to this solution with stirring over 1 minute.
The mixture was stirred at —78° for 2 hours. The resulting white suspension
was added at —78°, with stirring, to the above prepared ethereal solution of the
cuprous iodide—phosphine complex through a stainless-steel cannula under a
slight argon pressure. After the mixture was stirred at —78° for 10 minutes, to
this solution was then added slowly, along the cooled wall of the reaction
vessel, a solution of cyclopentenone (103 mg, 1.25 mmol) in cold (—78°)
tetrahydrofuran (10 mL) through a stainless-steel cannula under a slight argon
pressure over 50 minutes. The mixture was stirred at —78° for 1 hour. A




saturated aqueous solution of ammonium chloride (15 mL) was added at —78°
and the mixture shaken vigorously. The organic layer was separated and the
aqueous layer extracted with ether (30 mL). The combined extracts were dried
over magnesium sulfate, evaporated, and chromatographed on
triethylamine-treated silica gel (30 g) using 2000:100:1 hexane—ethyl
acetate—triethylamine mixture as eluent to give the 1, 4 adduct (310 mg, 84%,
mixture of diastereomers) as a colorless oil; IR (neat): 1741 (C = O)em™; 'H
NMR ( CCl,) 8: 0.90 (t, 3H, J = 6.5 Hz), 1.1-3.1 (m, 21H), 3.3-3.7 (m, 1H),
3.7-4.2 (m, 2H), 4.65 (br s, 1H), 5.2-5.8 (m, 2H); mass spectrum, m/z
calculated for C13H1903(M* — CsH11): 223.13464. Found 223.13404.

4.1.1.29. (2S-(-)-Benzyl 2-Hydroxypent-4-enyl Ether [Opening of a Chiral
Epoxide with Dilithium (2-Thienyl)vinylcyanocuprate] 496b

Thiophene (88 pL, 1.1 mmole) was added to tetrahydrofuran (1 mL), at —78°,
followed by n-butyllithium (0.39 mL, 1.1 mmol). The cooling bath was removed
and the temperature raised to 0° over 5 minutes and stirred for an additional 30
minutes. The faint yellow anion was then transferred via cannula into a
two-neck flask containing cuprous cyanide (89.6 mg, 1 mmol) and
tetrahydrofuran (1 mL), which was previously purged with argon and cooled to
—78°. Warming to 0° produced a light tan solution which was cooled to —78°
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a precooled solution of (2S)-benzyl 2-epoxypropyl ether (149 mg, 0.91 mmol)
in tetrahydrofuran (1 mL). After 2.5 hours at 0°, the reaction was quenched
with 5 mL of a 90% saturated ammonium chloride—concentrated ammonium

hydroxide j | L i per sodium
sulfate. Cowmmﬁmmm ICHJ |j

(230-400 mesh) with ether/Skelly Solve (2:3) afforded 141 mg (92%) of a clear
liquid, bp 90° (0.1 mm); Ry 0.33 (1/1 ether/Skelly Solve); [ a o — 2.2° (c 3,
chloroform); IR (neat): 3400, 3070, 3030, 1640, 1100, 740, 700 cm™; *H NMR
(CDClg) 6 :7.33 (s, 5H), 5.90-5.75 (m, 1H), 5.1 (M, 2H), 4.55 (s, 2H), 3.90 (m,
1H), 3.6-3.4 (m, 2H), 2.41 (d, 1H, J = 3.3 Hz), 2.26 (t, 2H, J = 6.9 Hz); mass
spectrum, m/e 192 (M*,1), 92 (25), 91 (100); m/z calculated for C12H160>:
192.1150. Found: 192.1161.

D

1)

4.1.1.30. 3-Vinylcyclopentanone (Conjugate Addition of Dilithium
Divinylcyanocuprate to an a , 8 -Unsaturated Ketone) (499)

Cuprous cyanide (89 mg, 1 mmol) was placed in a dry two-necked flask
containing a serum cap and a T-joint with access to argon and a vacuum. It
was evacuated and flushed with argon 4-5 times and left under a static argon
pressure. Dry tetrahydrofuran (2 mL) was introduced and the slurry cooled to
—78°, to which was added vinyllithium (0.96 mL, 2.0 mmol) and the mixture
warmed to 0°. It was recooled to —78° and cyclopentenone (75 pL, 0.9 mmol)
was added. After 45 minutes at —78°, the reaction was quenched with 10%
ammonium hydroxide in saturated aqueous ammonium chloride solution,



stirred at room temperature for 30 minutes, and extracted with ether. Analysis
by VPC indicated formation of the product in 93% yield against
3-methylcyclopentanone as internal standard; IR (neat): 1740, 990, 910 cm™;
'H NMR (CDCl3) & : 1.5-3.0 (m, 7H), 5.1 (m, 2H), 5.8 (m, 1H); high resolution
mass spectrum, m/z calculated for C;H;00: 110.0732. Found: 110.0733.

4.1.1.31. 3-Butyl-3,5,5-trimethylcyclohexanone [Conjugate Addition of
Dilithium n-Butyl(methylsulfoxymethyl)cyanocuprate to an a , 8 -Unsaturated
Ketone] (273)

The lithio anion of dimethyl sulfoxide was generated as a 0.2 M solution in
tetrahydrofuran by treatment of dimethyl sulfoxide with n-butyllithium (1
equivalent) at 0° for 15 minutes. This was then transferred to a slurry of
cuprous cyanide (1 equivalent) in tetrahydrofuran at —78° via cannula. The
mixture was warmed to 0°, resulting in a light green slurry which was recooled
to —78°, and n-butyllithium (1 equivalent) was added and allowed to warm to 0°
to ensure cuprate formation. It was then cooled to —78° and a solution of
3,5,5-trimethylcyclohexen-1-one (0.45 equivalent) in tetrahydrofuran was
added via syringe. After 3 hours at —78° and an additional 1 hour at 0°, the
reaction was quenched with a saturated ammonium chloride solution
containing 10% ammonium hydroxide. After stirring for 15 minutes, it was
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phases by VPC showed the product had formed in 95% yield; *"H NMR ( CDCls)

5 : 2.19-2.08 (m, 4H), 1.59 (t, 2H, J=15Hz), 1.49 (d, 2H, J =14 Hz),

1.26-1.21 (m, 4H), 1.03 (s, 3H), 1.02 (s, 3H), 0.98 (s, 3H), 0.88 (t, 3H,
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5. Tabular Survey

Tables |-XI are organized in the sequence used in the Scope and Limitations
section. Literature coverage from 1976 through 1987 is as exhaustive as
possible, using both computer scanning services and hand searches. Many
1988 references are also included, although coverage for that year is not
complete. In addition, some selected references for the period 1989-1991
were inserted during the proof stage. Citations for which critical data such as
conditions and yields are missing are not included. Unspecified conditions are
indicated by—, and unspecified yields are indicated by (—).

Tables |-X are ordered by increasing carbon number of the basic structural
unit of the educt, omitting the carbon count of, for example, protecting groups
or the alcohol portion of a carboxylic ester. Table XI provides examples of the
use of copper reagents in the synthesis of a target structure (or analog) of a
natural product. Entries in each subtable of Table Xl are arranged by target
molecule in alphabetical order, with the following exception. When essentially
identical chemistry was used for two or more different target molecules, only
one set of structures is given, and the other target molecules (not in
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conditions or structures.

Abbreviations used in all tables are as follows:

ORO000RN0DN000000

benzyl
BT benzothiazol-2-yl
COD 1,5-cyclooctadienyl
Cp cyclopentadienyl
diglyme diethylene glycol dimethyl ether
DMA N,N-dimethylacetamide
DMAP p-N,N-dimethylaminopyridine
DME 1,2-dimethoxyethane
DMPU N,N¢-dimethylpropyleneurea
DMS dimethyl sulfide
ether or Et,O diethyl ether
EE ethoxyethyl, C,HsOCH(CH3) —
HMPA hexamethylphosphoric triamide

HMPT hexamethylphosphorous triamide



LDA lithium diisopropylamide

MOM methoxymethyl

MPTP CeHsN(CH3)P*(CeHs)al™

Ms methanesulfonyl

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

PPTS pyridinium p-toluenesulfonate
Py pyridine

TBDMS tert-butyldimethylsilyl

Tf trifluoromethylsulfonyl

THF tetrahydrofuran

THP tetrahydropyranyl

TMEDA N,N,N’,N*-tetramethylethylenediamine
TMS trimethylsilyl

Ts p-toluenesulfonyl

XS excess

Copper reagents used with the Grignard reagent in Tables I-Ill are as follows:
LOO000Ee 0000000
C CuBr
D Cul

E CuBr-(CHs),S
F CuCl,-P(CsHs)3
G CuCN

H Cu(acac):

| CuBr-LiBr

Table |. Copper-Catalyzed Reactions of Grignard Reagents




View PDF

Table Il. Substitution and Conjugate Addition Reactions of
Stoichiometric Cu(l)-RMgX Reagents

View PDF

Table lll. Carbocupration Reactions of Stoichiometric Cu(l)-RMgX
Reagents

View PDF

Table IV. Substitution Reactions of Lower-Order Lithioorganocuprates
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Table V. Carbocupration Reactions of Lower-Order Lithioorganocuprates

View PDF

Table VI. Conjugate Addition Reactions of Lower-Order
Lithioorganocuprates
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Table VII. Substitution Reactions of Organocopper Reagents, RCu
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Table VIII. Reactions of RCu in the Presence of Additives

View PDF

Table IX. Reactions of Higher-Order Cuprates
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Table XI. Organocopper Compounds in Synthesis of Natural Products
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