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A series of enones, 7, 8, and 3, with progressively more negative reduction potentials has been used to study the
effects of solvent (or other donor ligands) and the nature of the substituent R upon the ability of cuprate reagents,
LiCuRy, to form conjugate adducts from unsaturated carbonyl compounds. Good donor solvents (THF, DME,
DMF) retarded or inhibited conjugate addition; the best yields of conjugate adducts were obtained with mixtures
of Et;0-MesS or EtoO-pentane as the reaction solvent. The limiting reductior. potentials (E,q) for successful con-
jugate additions varied with the nature of the cuprate reagent, LiCuRy, in the following way: E = —2.35 V,R =n-Bu
or CHy=CH-; E;eqa = ~2.2t0 —2.3 V, R = Ph, sec-Bu, or Me; E;oq = =2.1 V,R = t-Bu;and E;eq = —2.0t0o 2.1V,
R = CHy;==CHCH.. Three side reactions have been observed in reactions of LiCuR; reagents with enones whose
Eeq values cause conjugate addition to be marginally successful. The most common side reaction was formation
of the metal enolate of the starting enone. With sec-Bu and t-Bu cuprate reagents a second side reaction, resulting
from thermal decomposition of the cuprate reagent, produced 1,2 and/or 1,4 reduction products of the starting
encne. A third side reaction observed with ¢t-Bu and allyl cuprate reagents was the formation of 1,2-addition prod-
ucts. This latter side reaction, also related to decomposition of the cuprate reagents, was significantly enhanced by
the use of impure Cu(]) salts to prepare the cuprate reagents. Additional experiments are provided to support the
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idea that the soluble metal enolates from enones and LiCuMe, are Li enolates and not Cu(I) enolates.

Previous study? of the reaction of lithium dimethylcu-
prate (LiCuMes)? with various a,3-unsaturated carbonyl
compounds in ether solution has demonstrated that the re-
duction potential (E,.q vs. SCE in an aprotic solvent) of the
unsaturated carbonyl compound should be within the range
—1.3 to —2.3 V in order to obtain the conjugate addition
product in good yield. More easily reduced substrates (E,q
less negative than —1.3 V) typically yield reduction products
rather than conjugate adducts, while more difficultly reduced
substrates (E,.q more negative than —2.3 V) either fail to react
or, more commonly, react with LiCuMe, to form the enolate
(e.g., 2) of the starting material (e.g., 3). This latter circum-
stance results in an apparent recovery of “unchanged” starting
material after hydrolysis of the reaction mixture. Most un-
saturated carbonyl compounds of interest as synthetic in-
termediates have E,.q values within the range —1.8 to —2.5
V.4 Consequently, it was of interest to extend our study of the
upper limit of E.q values for successful conjugate addition
to include the use of reaction sclvents other than Et;0O and the
use of cuprates, LiCuR,, where the reagent substituent R is
not a methyl group. This paper reports our study of these
solvent and substituent effects.

CH coc CH, O°Li"
3 H, LiCuMe,

>c=c< ——> (CH,),CC=CCH,
CH, CH; 5%

1(23% of product)
3(Epg =235 V)
CH, O"Li*

+ (CH,),C=C—C=CH,

2 (77% of product)

Choice of Reaction Solvent. The coupling reaction of
LiCuR, reagents with alkyl halides is accelerated by changing
the reaction solvent from Et;0 to a better donor solvent such
as THF or an Et,0-HMP [(Me;N)3PO)] mixture,® while the
mechanistically related coupling of LiCuR, with alkyl tosyl-
ates and epoxides is retarded by the use of THF rather than
Et,0.7 Previous observations relating to the conjugate addi-
tion of LiCuRj, reagents to unsaturated carbonyl compounds
suggest that the presence of good donor solvents or donor li-
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gands may be deleterious.? For example, in the reaction of the
enone 482 (caled? E oq = —2.3 V) with LiCuMe, an increasing
fraction of the enone was recovered as the solvent was changed
from PhH to Et,0 to THF. Similarly, lower yields of conjugate
adducts were obtained with THF rather than Et;0 as the
solvent for reaction of several enones®® (calcd* E,.q = —2.1 to
—2.2 V) with LiCuMe,. The addition of 2-3 molar equiv of the
donor ligand, 12-crown-4-polyether, was found8® to inhibit
the addition of LiCuMe, to enone 5 (caled® E g = —2.1 V) and
the addition of LiCuEt, to ester 6 (caled® E,.q = —2.3 V).

CH, OCOCH,
CH,C==CHCO,Et
(CH,),CH ? :
(CH,),Br 6
4 CHB

5

To examine the effect of solvent on conjugate addition in
a more systematic way, the set of enones 7, 8, and 3 (Scheme
I) with progressively more negative reduction potentials was
used. These enones were allowed to react with LiCuMe; in
Et;0 and in mixtures of Et;0 with poorer (pentane, PhH,
CH,Cly, MeoS) or better (THF, DME) donor solvents. The
results, summarized in Table I, demonstrate that for the most
difficulty reduced enone 3 there is a clear advantage in using
a mixed solvent containing as much pentane as can be added
without precipitating the cuprate reagent. Furthermore, there
is a clear disadvantage to adding a better donor solvent such
as THF or DME. With the more easily reduced enone 8, use
of an Et;O-pentane mixture rather than pure Et,0 as the
solvent offered no advantage, but the deleterious effect of

Scheme 1

(CH,3)oC=CHCOCH4
8 (Freq = —2.21V)
(CH;).C=C(CH3)COCH;D
9

CH3;CH=CHCOCH,
T (Ered = 2.08 V)
3 (Ereq = ~2.35V)

CHjy

|
PhCHCH,COPh
11 (75% yield)

1. MesCuLi, Etp0, DMF
trans-PhCH=CHCOPh

10 (Ereq = ~1.41 V)

2. HoO
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Table I. Reaction of LiCuMe; with the Enones 7, 8, and 3 at 10-30 °C in Various Solvents

Reaction product (% yield)

trans-CH3CH=CHCOCH;

Solvent (7; Efeqa = —2.08 V)

(CH3)oC=CHCOCHj;
(8 Ereq = =2.21 V)

(3; Eyeq = —2.35V)

EtoO-pentane (1:3.4 v/v)

Et,0-PhH (1:5 v/v)
Et,0-MesS (1:5 v/v)
Ety0-CH:Cly (1:3.3 v/v)

Et,0 (CH3)oCHCH2COCHj;
(14; 94%)°

Et,O-THF (1:5 v/v) 14 (98%)

Et,O-DME (1:5 v/v) 14 (84%)

(CH3)3CCH,COCHj3

(CH3)3CCH(CH3)COCHj; (12; 59%)
+ 3 (26%)

12 (37%) + 3 (62%)

12 (31%) + 3 (62%)

12 (25%) + 3 (63%)

(13; 88%)

3 (93%) 12 (21%) % + 3 (72%)
13 (51%) + 8 (39%) 3 (96%)
13 (45%) + 8 (45%) 3 (100%)

a This experiment was described by H. O. House, W. L. Respess, and G. M. Whitesides, J. Org. Chem., 31, 3128 (1966). ® This ex-
periment was originally reported in ref 2b; the range of product compositions was 15-30% of 12 and 70-85% of 3.

adding better donor solvents (THF or DME) was still ap-
parent. In these experiments the recovered starting material
(e.g., 3) resulted from a relatively slow reaction [precipitation
of (CH3Cu),] to form the enolate 2 that was reconverted to
the starting ketone 3 by hydrolysis with H20 or to the mono-
deuterio ketone 9 by quenching in a D;O-DOAc mixture.

Since the usual preparative route to LiCuR; reagents (re-
action of Cul or CuBr with 2 molar equiv of RLi) produces a
solution containing the cuprate reagent accompanied by an
equivalent amount of Lil or LiBr, it might be supposed that
the deleterious effect of THF or DME arises from the in-
creased ability of these solvents to complex with Lit+ (from Lil
or LiBr). If this extra Li* were a catalyst for the conjugate
addition, then coordination of the Lit with a good donor li-
gand could retard or inhibit the reaction (cf. ref 7). We were
able to disprove this hypothesis by demonstrating that the
same amount of conjugate adduct 12 was formed from the
enone 3 using either an Et,;0 solution of the usual cuprate
reagent (LiCuMe; + LiBr) or an Et,0 solution of LiCuMe;
from which 95% of the LiBr had been removed.6b.10

Only with the most easily reduced enone 7 was it possible
to demonstrate that addition of one of the donor solvents,
THF or DME, had no deleterious effect on conjugate addition.
Since stable solutions of LiCuMey in mixtures of Et,0 and
DMF can be prepared,®¢ it was also possible to examine the
effect of a very good® donor solvent on the conjugate addition
reaction. Using LiCuMe; in an Et,O-DMF mixture (1:3 v/v)
we did not detect the conjugate adduct from any of the enones
7, 8, or 3 and only obtained a conjugate adduct 11 in this sol-
vent mixture with the very easily reduced (and difficultly
enolizable!1) enone 10.

Consideration of these results indicates that the choice of
reaction solvent can be a very important factor in obtaining
good yields of conjugate adducts from cuprate reagents and
unsaturated carbonyl compounds. This is particularly true
in the rather common circumstance where the estimated? E..q
value for the unsaturated carbonyl is more negative than —2.1
V. In such cases the presence of good donor solvents (e.g., THF
or DME) or good donor additives (e.g., DMF or HMP) may
either lower the yield or completely inhibit the formation of
a conjugate adduct. In general the best choice of reaction
solvent would appear to be either pure Et,0 or an Et;0-MeyS
mixture. Dilution of these cuprate solutions with a hydro-
carbon cosolvent (e.g., pentane) before use is clearly desirable
whenever the estimated* E o4 value for the unsaturated car-
bonyl compound is more negative than —2.2 V.

The Effect of the Substituent R in LiCuR,. In order to
survey the effect of the group R in a cuprate reagent, LiCuR,,
upon limiting substrate E..q value for successful conjugate
addition, we have studied the reactions of the enones 7, 8, and
3 with a representative group of cuprate reagents, 15-21 (see
Table II). In performing these reactions we selected reaction

temperatures 5-10 °C below the temperature at which sig-
nificant thermal decomposition of the cuprate reagent began
in order to minimize subsequently discussed side reactions.
Although successful conjugate additions require only 1 molar
equiv of LiCuR; reagent for each mole of enone,22 we used an
excess of LiCuR,; in each of these reactions to minimize the
possibility that portions of the starting enones 7, 8, or 3 were
recovered because of adventitious destruction of a portion of
the LiCuR; reagent. Furthermore, we used reaction times well
in excess of those normally needed for complete reaction.
Thus, we believe that any unchanged enone found among the
reaction products represents the portion of enone that was
converted to its enolate (e.g., 2 from 3) rather than undergoing
conjugate addition. In most cases this relatively slow enolate
formation was the major side reaction when conjugate addi-
tion was retarded or inhibited. Whenever practical, we used
mixtures of EtoO with MeoS or Me,S plus a hydrocarbon
(pentane, hexane, or cyclohexane) as the reaction solvent in
order to optimize the proportion of conjugate adduct 12-14
or 22-34 (see Table II) in the product.

The results of this series of reactions, summarized in Table
IT, suggest that the following limiting E .q values are appro-
priate for the various cuprates studied: —2.35 V, LiCu(Bu-n),
and LiCu(CH=CH,),; —2.2 to —2.3 V, LiCuPh,, LiCu(Bu-
sec)q, and LiCuMe,; —2.1 V, LiCu(Bu-t)o; —2.0 to —2.1 V,
LiCu(CH3CH==CHy;);. This order of ability to undergo con-
jugate addition with an enone having a certain E,.q value
(n-Bu ~ CHs=CH; > Ph ~ sec-Bu ~ Me > ¢t-Bu > allyl)
generally parallels the order of relative rates for conjugate
addition determined in several sets of competition experi-
ments. When limited amounts of several enones were allowed
to react with solutions containing both LiCuMe; and LiCu-
(CH==CH;),, the relative rate of R group transfer was
CHy=CH > Me.?b12 In competition experiments involving
addition to enone 8 the order was n-Bu > sec-Bu > ¢t-Buand
the order n-Bu ~ sec-Bu > ¢-Bu > Ph was reported for com-
petitive additions to CH;=CHCOCH;.13:14 These relative rate
orders were consistent with our order of reactivity except for
the positions of LiCuPhy and LiCu(Bu-t),, where our data
clearly indicated LiCuPhs to be more reactive, not less reac-
tive, than LiCu(Bu-t)s. Although this difference might be
interpreted to mean that the reactivity order changed in mixed
cuprates such as LiCu(Ph)Bu-¢ [formed from LiCuPh;, and
LiCu(Bu-t)s], the facts that the earlier relative rate study!3
was performed at a temperature (0 °C) where thermal de-
composition of LiCu{Bu-t); would be extensive and used an
enone (CH;=CHCOCHS3;) that would be a very efficient trap
for alkyl radicals led us to reexamine these relative rates.
Reaction of the enone 8 (Scheme II) with an excess of an
equimolar mixture of LiCuPhy and LiCu(Bu-t); indicated
that the relative rates of R group transfer were Ph > t-Bu, as
our previous data suggested.
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Table II. Reaction of LiCuR; Reagents with the Enones 7, 8, and 3 in Et;0 or Et;0-Hexane Solution

Reaction products (% yield)®

trans-CH3CH- (CHj3).C= (CH3),C=C-
=CHCOCH; CHCOCH; (CH3)COCH,
LiCuRg¢ Reaction (7; Ereq (8; Ereqg = (3; Ereg =
(solvent) temp, °C = ~2.08 V) -2.21V) —-2.35 V)
LiCu(Bu-n); (15) -20 to —30 n-BuC(CHj3)sCH,- n-BuC(CHj3),CH-
(Eto0-MeoS- COCH; (22; 83%) (CH3)COCH; (23;
hexane, 1:3:3 v/v/v) 74%) + 3 (5%)
LICU(CH=CH2)2 (16) —-20to—35 CH2=CHC(CH3)2- CH2=CHC(CH3)2CH
(Et20-MeoS-THF, CH,COCH; (CH3)COCH3; (25;
1:1:1 v/v/v) (24; 72%) ¢ 55%) + 3 (17%)°
LiCuPhs (17) (MeyS- 10-27 PhC(CHj3),CH,- PhC(CH3)o,CH(CHs3)-
Et,0, 1:3v/v) COCHs; (26; 77%) COCHS; (27: 48%)
+ 3 (43%)
LiCu(Bu-sec); (18) —50 to —55 sec-BuCH(CHjy)- sec-BuC(CHs)o- sec-BuC(CH3)o,CH(CHj)-
{(Et,0-MeyS—cyclo- CH,COCH;3 CH,COCH; COCH; (30; 17-43%
hexane, 1:1:2 v/v/v) (28, 87%) (29; 77%) + 3 (19-45%)
+ other products
LiCuMe; (19) (Et20) 10-30 (CH3)oCHCH,- (CH3)3CCH,- (CH3)3sCCH(CHz)-
COCHj; (14; COCHj; (13; 93%) COCHs; (125 21%)
949%)°¢ + 3 (72%)
LiCu(Bu-t); (20) —~55 to —65 t-BuCH(CH3)- t-BuC(CHs3)oCH,-
(Et20-MeoS- CH,COCHj3 COCH3 (32; 4%)
pentane, 1:1:1 v/v) (31; 74%) + 8 (59-62%)
+ other products
LiCu(CH,CH== ~30 to ~70 CH,=—CHCH,CH- CH,=—CHCH,C-
CH,)» (21) (CH3)CH,COCH3 (CH3)2.CH,COCHj,4
(Et20-Me,S, (33; 10-16%) + (34; 1%) + 8 (6%)
3:1v/v) 7 (48-53%) + + 36 (71%)

35 (12-18%)

@ This experiment is reported in ref 2f. ® This experiment is described in ref 2b. ¢ This experiment is described by H. O. House,
W. L. Respess, and G. M. Whitesides, J. Org. Chem., 31, 3128 (1966). ¢ Registry no.: 15, 24406-16-4; 16, 22903-99-7; 17, 23402-69-9;
18, 23402-73-5; 19, 15681-48-8; 20, 23402-75-7; 21, 21500-57-2. ¢ Registry no.: 7, 3102-33-8; 28, 21409-93-8; 14, 108-10-1; 31, 65995-71-3;
33, 35194-34-4; 35, 919-98-2; 8, 141-79-7; 22, 49585-97-9; 24, 1753-37-3; 26, 7403-42-1; 29, 66018-00-6; 13, 590-50-1; 32, 65995-72-4;

34, 17123-68-1; 36, 926-20-5; 3, 684-94-6; 23, 58105-39-8; 25, 54678-05-6; 27, 1203-12-9; 30, 65995-73-5; 12, 5340-45-5.

Scheme 11

(CH3)3C=CHCOCHj3 + LiCuPh; + LiCu(Bu-t),
8 17 20
1. Eto0, Mes2S, pentane,
—62 to =712 °C
- PhC(CHj3):CH,COCH;3
26 (67%)
+ ¢-BuC(CH3)sCH,COCHj; + other products
32 (1.3%)

2. Ha0

Thus, with proper attention to reaction conditions, conju-
gate addition to unsaturated carbonyl substrates having Eeq
values less negative than —2.3 V is likely to be a satisfactory
synthetic procedure for LiCuR; reagents where the group R
is primary or secondary alkyl, methyl, vinyl, or aryl. Substrates
with E.q values less negative than —2.3 V include acetylenic
ketones and esters, a fair number of ethylenic ketones, and a
limited number of ethylenic esters.# However, the number of
simple unsaturated carbonyl substrates that are likely to form
conjugate adducts in good yield (E;q = —2.1 V or less) with
LiCuR; reagents where the group R is tertiary alkyl or allyl
is much more limited. In instances where the foregoing data
would suggest that a satisfactory conjugate addition is
doubtful, it would seem prudent to modify the unsaturated
carbonyl substrate in such a way that its reduction potential
will be less negative. For example, although unsaturated esters
of the type 37 normally fail to give good yields of conjugate
adducts with LiCuMes,152 the corresponding more easily re-
duced alkylidene malonates 38152 or alkylidene cyanoace-
tatesl5P are satisfactory substrates. Similarly, while the re-
action of enone 7 with either LiCu(CHsCH=CHy), or with
CH,=CHCH,MgBr in the presence of a Me,SCuBr catalyst
formed the conjugate adduct 33 in only 10-20% yield, the

corresponding reaction with the more easily reduced enone
39 formed the conjugate adduct 40 in 75% yield.1¢

RyC=CHCOQOEt R,C=C(CO:Et),
37 (caled* Ereg = —2.4 V) 38 (Ereqg = —2.1V)
CH;CH=CHCOCH;
7 (Ereqa = —2.08V)
CHy=CHCH,CH(CH3)CH;COCH3
33
CH3CH==C(CO3Bu-t)COCHj;
39 (Ereqa=—18V)
CHy=CHCH,CH(CH3)CH(CO4Bu-t)COCHj,4
40

Side Reactions with the sec-Butyl, tert-Butyl, and
Allyl Cuprates. Our study of the reaction of LiCu(Bu-sec)s
with the enone 3 (Scheme II]) and the reaction of LiCu(Bu-t),
with the enone 8 were both complicated by the formation of
reduction products 41-44. The amounts of these byproducts
varied from run to run and appeared to be related to the
amount of thermal decomposition of the cuprate reagent that
occurred during the course of the reaction. Analogous by-
products were not observed in reactions of either of these
cuprate reagents with more easily reduced enones where
conjugate addition occurred readily. We are, therefore, in-
clined to believe that these reduction products are formed by
partial thermal decomposition of sec-alkyl and tert-alkyl
cuprates to form copper hydride species of the type LiCuH(R)
that reduce the enones at a rate competitive with conjugate
addition or enolate formation.1?

A second side reaction, noted in the reaction of LiCu(Bu-t)s
(20) with the enone 8 and the reaction of LiCu-
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Scheme III
{(CH,),C==C(CH,)COCH, + LiCwBu-sec),
3 18
L Et,0. Me,8, cyclohexane,
-55t00°C
3 + sec-BuC(CH,),CH(CH,)COCH,
2. H,
2. H,0 20
+ (CH,),C==C(CH,)CH(OH)CH; + (CH,),CHCH(CH,)COCH,
41 42
(CH,),C=CHCOCH, + LiCu(Bu-t),
8 20
L Et,0, Me,S, pentane
-651t00°C
— 8 + ¢-BuC(CH,),CH,COCH,
2. H,0
32
+ (CH,),C==CHCH(OH)CH, + (CH,),CHCH,COCH,
43 44

OH

(CH,),C=CHC(CHy)Bu-t = CH,==C(CH,)CH,COCH,

45 46
0O

+ LiCu(CH,CH==CH,),

21
47 (Eea=—2.07V)
0

1 Et,0, Me,S

-72°C
_—
2.H0

’ CH,CH==CH,

48
HO CH,CH=CH, OH

CH,CH==CHCCH,CH==CH,

O

(CH,)zC_—' CHCCHQC}-I-: CHZ

49 CH;

35
OH COCH,

T

50(E.q=~211V
CH, (Ered 211 V)
36
0

a

51 (E g =—2.16 V)*

(CH,CH=CH,), (21) with the enones 7, 8, and 47, was the
formation of 1,2 adducts 35, 36, 45, and 49. A major cause of
this side reaction was the special sensitivity of the cuprates
20 and 21 to thermal decomposition when the Cu(I) salt used
to prepare the cuprates contained an impurity [presumably
a Cu(ll) derivative]. Thus, the t-BuyCuli (20) generated at
—60 to —70 °C from freshly prepared (or freshly recrystallized)
Me,SCuBr was obtained as a pale orange solution that reacted
with the enone 8 to form, after hydrolysis, a mixture of the
starting enone 8 and the conjugate adduct 32. However, when
the cuprate 20 was prepared from samples of Me;SCuBr that
had been stored for some time before use, partial decompo-
sition of the cuprate 20 was evident (brown-black precipitate)
during its formation, even at —70 °C, and a substantial

House and Wilkins

amount (20% or more) of the 1,2-adduct 45 was formed upon
addition of the enone 8. Similarly, repetition of the previously
reported!® addition of LiCu(CHo,CH=CH,); (from freshly
purified Me,SCuBr) to the enone 47 formed the conjugate
adduct 48 in 91% yield, while similar reactions employing
MesSCuBr that had been stored before use yielded mixtures
containing both the ketone 48 and the alcohol 49. These ob-
servations suggest that in the presence of small amounts of
a Cu(Il) compound the cuprates 20 and 21 are particularly
prone to an autocatalytic decompositioni’e that generates one
of the organolithium reagents, ¢-BuLi or CHy=CHCH,Li, and
leads to 1,2 addition as a side reaction.

Even with special care to control the reaction temperature
and purity of the Cu(I) source, we have found the course of the
reaction of LiCu(CH,CH=CH,), with enones having E .4
values of about 2.1 V to vary significantly with the structure
of the enone. While high yields of conjugate adducts have been
obtained from reaction of LiCu(CH,CH=CH,), or Li-
Cu[CH,C(CHg3)==CHj]1% with the cyclic enones 47 and 51,19
reaction of LiCu(CH;CH=CH,), with the enones 7 and 50
yielded mixtures containing comparable amounts of the
starting enone, the conjugate adduct, and the 1,2 adduct. The
yields of 1,4-adduct 33 (10-16%), 1,2-adduct 35 (12~18%), and
recovered enone (48-53%) obtained from enone 7 and LiCu-
(CHy,CH==CH,); were not significantly different when the
CHy=CHCH;Li used to prepare the cuprate 21 was obtained
from Sn(CH,CH=CH,); and PhLi,2%2 rather than from
PhOCH,CH==CH, and Li,2%0 in spite of the fact that the latter
reagent contains an equivalent amount of PhOLi. However,
one difference dependent on the source of the CHy,—=
CHCH,Li was observed. The red precipitate, previously
suggested!819 to be allylcopper, that resulted either when the
allylcuprate solution was treated with a reactive enone or when
the Cu(l) salt was treated with only 1 molar equiv of
CH,=CHCH,Li was observed only with the CHy=CHCH,Li
preparation that contained an equimolar amount of PhOLi.
In reactions utilizing phenoxide-free CH,=CHCH,Li [from
(CH,=CHCH,),Sn], the above circumstances ied to the for-
mation of red-orange solutions but no red precipitate. These
observations suggest that the above red precipitate may be
some mixed cuprate cluster such as (allyl)(PhO)CulLi.

Although an early study?! had suggested that an added
Cu(l) salt was not effective in catalyzing the conjugate addi-
tion of an allyl Grignard reagent to the enone 47, in retrospect
this early Cu-catalyzed reaction, performed at 25 °C, could
not have succeeded because the allylcopper reagents undergo
rapid thermal decomposition at temperatures above —30 °C.
When the enone 7 was allowed to react with
CHy=CHCH,MgBr in Et;0 at —40 to —50 °C in the presence
of 27 mol % of MesSCuBr, the yield of 1,4-adduct 33 (13-20%)
was similar to that obtained with the allylcuprate 21. As might
be expected, the yield of alcohol 35 (53-60%) was higher and
the amount of recovered enone 7 (4-8%) was lower. The more
easily reduced derivative (39) of enone 7 reacted with
CH;=CHCH;MgBr at ~70 °C in the presence of 27 mol % of
Me,SCuBr to yield 75% of the conjugate adduct 40.2f In the
absence of a Cu(I) catalyst, each of the enones 7, 8, and 47
reacted with CH,=—CHCH,MgBr to give a good yield of
1,2-adduct 35,2 36, or 49. Both this observation and related
control experiments with allyllithium indicated the product
compositions reported here are not being complicated by a
base-catalyzed?? oxy-Cope rearrangement during the reaction
or subsequent product isolation.

We conclude that one may expect satisfactory yields of
conjugate adducts from reaction of either LiCu-
(CH,CH==CHj;); or CH;=CHCH,;MgBr accompanied by a
soluble Cu(I) catalyst with unsaturated carbonyl compounds
if the E.q values are —2.0 V or less negative. However, as the
substrate E,.q values become more negative than —2.0 Vit is
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Scheme IV
0 OLi
1.0 molar equiv
of Me;CuLi (MeCu),
Et,0,25 °C + (precipitate)
CH, CH,
53 (solution)
PhC=CCOCH; Ph /COCH3
(=
54 AT
CH, Cu(ligands)
55
P (11 i
h\ /CL<hgands) Ph\ /OLI
/C=C\ /C=C=C\
CH, COCH;, CH, CH,
56 57
OCu(ligancs) 0
Cu(ligand)
CHQ
__CH;;
\R ?
58 9
0 OLi
MeCuld B6O CH, 4+ (MeCu),
- 27 or 0 °C - (precipitate)

61 (solution) 0

difficult to predict whether the predominant mode of reaction
will be 1,2 addition or conjugate addition.23 In such cases it
appears wise to consider alternative synthetic routes to the
conjugate adduct, such as the base-catalyzed oxy-Cope rear-
rangement?? or the very efficient reaction of the enone with
CH,=CHCH;SiMe; and TiCl,.24

The Nature of the Initial Reaction Product. The reac-
tion of the enone 52 (Scheme IV) with 1 molar equiv of Li-
CuMes; at 25 °C formed a suspension in which all of the enolate
53 was in solution and all of the Cu used was in the MeCu
precipitate.? This simple observation allows the unambiguous
conclusion that the first stable product formed at 25 °C is a
lithium enolate and not some type of copper enolate. However,
there is clear precedent for the formation of solutions of vin-
ylcopper enolates such as 55 and 56 (confirmed by spectral
measurements) by the addition of LiCuMe, to the acetylenic
ester 54,%5 and the corresponding lithium enolate 57 is formed
only upon reaction of 56 with MeLi at 25 °C. Thus, the pos-
sibility exists that the reaction of the enone 52 initially formed
some type of copper enolate (e.g., 58 or 59) that dissociated
at 25 °C to form the observed lithium enolate 53 and the in-
soluble MeCu. We have sought more information concerning
this possibility by studying the reaction of the more reactive
enone 60 with 1 molar equiv of LiCuMe; at various tempera-
tures. At both 27 and 0 °C the results with enone 60 paralleled
the earlier study in forming a suspension with all the enolate
61 in solution and all of the Cu in the MeCu precipitate. Even
after reaction at much lower temperatures (—44 and —72 °C)
essentially all of the Cu (94-98%) remained in the precipitate
along with a significant fraction (20% at —44 °C and 98% at
—72 °C) of the conjugate adduct. When these cold solutions

60 (caled Eoq=—17V)
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were warmed to 0 °C before hydrolysis, the mixture then
contained the usual mixture with all the enolate 61 in solution
and all the Cu in the precipitate. Thus, we can conclude that
at 0 °C or above the conjugate adduct is a lithium enolate and
even at —44 °C that portion of the conjugate adduct in solu-
tion is the lithium enolate. However, we have found no con-
vincing way to decide whether the insoluble conjugate adduct
present at low temperatures (—44 or —72 °C) is a lithium en-
olate or a copper enolate. In any case, it is clear that if a copper
enolate such as 59 is formed it is much less stable than the

vinylcopper enolate 56 (which was stable in solution at 25
°C).

Discussion

The effect of donor solvents (or other donor ligands) upon
the reactions of LiCuR; reagents can be understood if the
metal atoms in the cuprate cluster 63 (Scheme V) are con-
sidered as either electrophilic (Li atoms) or nucleophilic (Cu
atoms) sites. The presence of a good donor solvent, RO, would
increase the proportion of the solvated complex 64. Since this
solvation (63 — 64) would increase the electron density of the
cluster, it should facilitate the oxidative addition32® of an alkyl
halide at the Cu atom (64 — 65), leading to an increased rate
of formation of coupled product, RCH;. By contrast, the
conjugate addition of the cuprate reagent to an enone is be-
lieved to proceed by initial coordination of the enone oxygen



2448 J. Org. Chem., Vol. 43, No. 12, 1978

atom with the cluster (63 — 66),22¢ followed by inner-sphere
electron transfer and subsequent transformations (66 — 67
— 68 — 69) leading to the conjugate adduct. A good donor
ligand, R0, would clearly compete with the enone for elec-
trophilic coordination sites on the cuprate cluster and would,
consequently, tend to diminish the concentration of the
enone-cuprate complex (66) needed for electron transfer and
subsequent conjugate addition. With difficultly reduced en-
ones, where the electron-transfer step 66 — 67 is not especially
favorable, the result of diminishing the concentration of
complex 66 would be to decrease the rate of conjugate addi-
tions, allowing the usually slower competing enolate formation
to become the dominant reaction. Although it is not presently
clear what cuprate species is primarily responsible for the
conversion of ketones to their metal enolates, it is apparent
that this competing reaction is not inhibited by the presence
of good donor solvents.

The order of reactivity in conjugate addition of LiCuRs
reagents with various R groups (n-Bu ~ CHy==CH > Ph ~
sec-Bu~ Me > t-Bu >CH,=CHCH),) differs from the reac-
tivity order in coupling reactions with alkyl halides (sec-Bu
> t-Bu > n-Bu > Ph)!3 or alkyl tosylates (sec-alkyl and
tert-alkyl > Ph and Me).8c Neither reactivity order suggests
any obvious explanation. One possibility is that the size and/or
geometry of the cuprate cluster LiCuR; varies with different
R groups, so that the dimeric formulation 63 indicated3 for
LiCuMe, is not applicable to other cuprate reagents. If this
were true then it would not be surprising to find that both the
oxidation potential of the cuprate and its steric requirements
for bonding with other ligands would vary with changes in the
size and geometry of the cuprate cluster.

Experimental Section?26

Preparation of Reagents. All solvents were purified by distillation
from LiAlH; immediately before use. Recrystallized samples of
Me;SCuBr?? were used to prepare all organocopper(l) derivatives.
The MesS was purified by distillation from LiAlHg; bp 36-38 °C. Pure
samples of enones 727 and 320 were obtained as previoulsy described
and a pure sample of enone 8 was obtained by fractional distillation?8
of commercial mesityl oxide: bp 127-128 °C; n255 1.4430 (lit.28 bp
129.8 °C; n20y 1.44575). Solutions of PhLi, obtained by reaction of
PhBr with Li wire in Et;0, were standardized by a double titration
procedure?® in which aliquots of the reagent, both before and after
reaction with BrCH,CHyBr, were titrated with standard aqueous acid.
The same standardization procedure?® was used for commercial so-
lutions of n-BuLi (Foote Mineral Co.) in hexane, t-BuLi (Lithium
Corporation of America) in pentane, and sec-BuLi (Foote Mineral
Co.) in cyclohexane, Ethereal solutions of allylmagnesium bromide,
prepared in the usual way,’® were standardized by titration with
sec-BuOH employing 2,2’-bipyridyl as the indicator.3! Ethereal so-
lutions of allyllithium, containing an equivalent amount of PhOLi,
were prepared by a modification of a previously described proce-
dure?®b in which PhOCH,CH=CH, was allowed to react with Li in
Et20 solution. Alkoxide-free ethereal solutions of allyllithium were
prepared by the previously described2%2 reaction of (CHy=CHCHy)-
4Sn with ethereal PhLi. In each case the amounts of allyllithium and
residual base in the solutions were determined by the double titration
procedure.?? Solutions of halide-free MeLi, obtained by reaction of
MeCl with Li dispersion in Et,0, were standardized by the double
titration procedure?® or by titration with sec-BuOH employing 2,2’-
bipyridyl as the indicator.3! Titration for halide ion by the Volhard
procedure indicated that the LiCl content of the halide-free MeLi was
5-6 mol %.

Freshly distilled commercial samples of enone 47 were used for
electrochemical measurements employing previously described
procedures.!6:32 Solutions in anhydrous DMF containing 0.5 M n-
Buy,NBF, and 1.3-4.8 X 1073 M enone 47 exhibited a polarographic
E, /o value of —2.07 V vs, SCE (n = 0.9, ig = 7-19 uA).

The previously described?®3 reaction of 3-ethoxy-2-cyclohexenone
with ethereal PhMgBr followed by treatment with dilute aqueous
H3S0, yielded 14.8 g (78%) of the enone 60 as pale yellow plates: mp
61-62 °C (lit. mp 61-61.5,34 64.5-66 °C33); IR (CCly) 1670 em™1
(C=0); NMR (CCly) 6 7.1-7.7 (5 H, m, aryl CH), 6.26 (1 H, partially
resolved multiplet, vinyl CH), and 1.9-2.9 (6 H, m, aliphatic CH); UV
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max (95% EtOH) 217.5 (e 9180) and 283.5 nm (e 17 000); mass spec-
trum m/e (relative intensity) 172 (M1, 99), 145 (25), 144 (100), 128
(20), 116 (70), 115 (72), and 102 (21).

Reactions of LiCuMe; with Enone 3 in Various Solvents. So-
lutions of LiCuMey, prepared from 411 mg (2.0 mmol) of Me;S—-CuBr
and 2.4 mL of Et;0 containing 4.0 mmol of halide-free MeLi, were
stirred at 10-25 °C for 5 min and then diluted either with 12 mL of
Et20 or with the appropriate volume (see Table I) of one of the pu-
rified cosolvents: pentane, PhH, MeyS, CHoCly, THF, or DME. Then
weighed samples of the enone 3 (~112 mg or 1 mmol) and n-C1oHgg
(~100 mg, internal standard) in 2.0 mL of the cosolvent were added
and the reaction mixtures were stirred for 12 h at 25-30 °C. After the
mixtures had been treated with a limited amount of HyO (~0.3 mL)
and then filtered, the resulting organic solutions were analyzed by
GLC [FFAP (Regis Chemical Co.) on Chromosorb P, apparatus cal-
ibrated with known mixtures]; the retention times were: ketone 12,
8.7 min; enone 3, 18.6 min; n-CisHszg, 36.8 min. Collected (GLC)
samples of the ketones 3 and 12 (n25p 1.4152; lit. n25p 1.4161,35
1.4162%) were identified with authentic samples2b by comparison of
IR, NMR, and mass spectra and GLC retention times, The 13C NMR
spectrum of the ketone 12 (CDCl; solution) is summarized in the
following structure; the indicated assignments are consistent with
off-resonance decoupling measurements. The yields of ketone 12 and

recovered enone 3 from the various reactions are summarized in Table
1

27.5 55.4 2123

b

(CHy);,CCH(CH;)COCH; <— 319
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A cold (15 °C) solution of MesCuLi, from 3.717 g (18.1 mmol) of
Me3SCuBr, 36.2 mmol of MeLi (halide-free) in 25 mL of Et,0, and
125 mL of THF, was treated with a solution of 1,021 g (9.12 mmol) of
the enone 3 in 10 mL of THF. The originally colorless solution pro-
gressively turned yellow, pink, and then violet and yellow (MeCu),,
began to precipitate after 10 min, After the reaction mixture had been
stirred at 15-20 °C for 1 h, it was added slowly with stirring to a so-
lution of DOAc and D20 prepared by refluxing a mixture of 7.91 g
(77.6 mmol) of freshly distilled AcoO and 10 mL of D90. The resulting
mixture was filtered and extracted with three 25-mL portions of Et;0.
After the combined ethereal extracts had been washed with aqueous
NaHCOs3, dried, and concentrated, an aliquot of the crude liquid
product (1.92 g) was mixed with a known weight of n-C15Hgg for GLC
analysis. The calculated recovery of the enone 9 (or 3) was 85% and
none of the conjugate adduct 12 was detected. Short-path distillation
of the remaining crude product separated 686 mg of the enone 9
containing (mass spectral analysis) 15% do species, 78% d; species, and
7% dg species. The NMR spectrum (CCly) of this product corre-
sponded to the NMR spectrum of the enone 3, except that the CH;CO
singlet at & 2.10 was largely replaced by a three-line pattern (Jup =
2.2 Hz) at slightly higher field (§ 2.08),3¢ corresponding to the
COCH:D grouping. In a second comparable experiment, the recovered
enone 9 (86% yield) contained (mass spectral analysis) 22% d, species
and 78% d; species and exhibited NMR absorption comparable to that
described above. As a control experiment, 755 mg (6.74 mmol) of the
enone 3 in 5 mL of THF was added to a solution prepared from 10.1
mmol of MesCuli, 78 mL of THF, 43 mmol of CH3COsD, and 10 mL
of Dg0. After the resulting mixture had been stirred at 27 °C for 2 h,
the previously described isolation procedure was used to separate 491
mg of the enone 3, bp 49-50 °C (12 mm), that contained (mass spectral
analysis) 99% do species and 1% d; species.

The following experiments were performed to compare the reaction
of enone 3 with ethereal MesCuli in the presence and absence of
dissolved Li* salts. A solution of 84 mg (0.75 mmol) of the enone 3 and
60 mg of n-C;o2Hge in 4 mL of Et20 was added to a cold (6 °C) solution
of 1.69 mmol of MepCuLi and 1.69 mmol of LiBr [from 348 mg (1.69
mmol) of Me2SCuBr and 3.38 mmol of halide-free MeLi in 8.2 mL of
Et0)]. The resulting mixture was allowed to warm from 6 to 22 °C
with stirring during 20 min, quenched with H;0, and analyzed (GLC,
UCON 50HB 280X on Chromosorb P, apparatus calibrated with
known mixtures). The crude product contained ketone 12 (retention
time 7.1 min, 19% yield), enone 3 (12.1 min, 80% yield), and n-C12Hgg
(28.5 min). In a second comparable reaction the yields were 22% of
ketone 12 and 69% of enone 3.

Reaction of 1.03 g (5.00 mmol) of Me;SCuBr with 4.96 mmol of
halide-free MeLi in 9.2 mL of Et,0 yielded a slurry of yellow (MeCu),,
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that was centrifuged. After the supernatant liquid had been separated,
the (MeCu),, precipitate was washed with one 6-mL portion of Et;0
and then treated with 4.65 mmol of halide-free MeLi in 9 mL of Et,0.
Aliquots of the resulting MeoCuLi solution (0.53 M) were quenched
in aqueous HySOy, filtered, and titrated for halide content by the
Volhard procedure; in a series of cuprate preparations, the halide
concentration (mainly LiCl) was 0.023-0.030 M (4-6 mol %). After
a solution of 2.65 mmol of this halide-free Me2CuLi in 9 mL of Eto0
had been allowed to react with 84 mg (0.75 mmol) of the enone 3 as
previously discribed, the product yields (GLC analysis) were 17% of
ketone 12 and 81% of enone 3. From a second comparable run, the
yields were 17% of ketone 12 and 77% of enone 3. Thus, in all of the
reactions of enone 3 with MeoCuLi in Et,O solution the product was
composed of 18-24% of the conjugate adduct 12 and 76-82% of the
enone 3 (from enolate formation) irrespective of whether the solution
contained a molar equivalent of LiBr.

Reaction of LiCuMe; with the Enones 7 and 8 in Various Sol-
vents. Solutions of LiCuMes, from 411 mg (2.0 mmol) of Me2S—-CuBr
and 2.4 mL of an Et,0 solution containing 4.0 mmol of MeLi, were
diluted with 11 mL of either THF or DME and then treated with 2.0
mL of the same cosolvent containing weighed amounts of n-Ci2Hgg
(~80-90 mg, internal standard) and either enone 8 (~98 mg, 1.0
mmol) or 7 (~84 mg, 1.0 mmol). The resulting mixtures were stirred
at 25-30 °C for 12 h and then subjected to the previously described
isolation and analytical procedures.

The GLC retention times (Carbowax 20M on Chromosorb P) for
reactions with the enone 8 were: ketone 13, 16.1 min; enone 8, 29.9 min;
n-C12Hgg, 58.9 min, The corresponding values for reactions with the
enone 7 were: ketone 14, 13.9 min; n-CioHag, 55.8 min. Collected
(GLC) samples of the ketones 8, 13, and 14 were identified with au-
thentic samples?¢ by comparison of GLC retention times and IR and
either NMR or mass spectra. Comparable reaction and analysis
procedures were used for the reaction of 1.024 mmol of the enone 8
with 2.05 mmol of Me;CuLi in 8.7 mL of Et;0 and for the reaction of
0.997 mmol of the enone 8 with 2.76 mmol of MegCuLi in a mixture
of 3.6 ml of Et,0 and 14 mL of pentane. The yields of the ketones 13
and 14 and the recovered enone 8 are summarized in Table I

Reaction of LiCuMe; With the Enone 10 in Et;O-DMF Solu-
tion. A solution of LiCuMes, prepared from 520 mg (2.53 mmol) of
MesSCuBr and 4.95 mmol of MeLi (halide-free) in 3 mL of Et20, was
diluted with 15 mL of anhydrous DMF and then a solution of 256 mg
(1.23 mmol) of the enone 10 in 2 mL of Et;0 was added dropwise with
stirring. The resulting solution, which turned red immediately upon
addition of the enone, was stirred at 25 °C for 5 h; during this period
the initial red solution turned green within ~10 min, but no further
change and no precipitation of (MeCu),, were evident. The resulting
mixture was partitioned between pentane and an aqueous solution
of NH4Cl and NHs. The organic layer was washed with aqueous NaCl,
dried, and concentrated to leave 345 mg of crude solid product con-
taining (TLC, silica gel coating with an EtoO-hexane eluent, 1:4 v/v)
the adduct 11 (R 0.43) and two minor unidentified impurities (R 0.10
and 0.26). A 183.8-mg aliquot of the crude product was subjected to
preparative TLC to separate 104.1 mg (75% yield) of the adduct 11
as colorless plates, mp 70-72 °C (lit.18a mp 70.5-71 °C); the product
was identified with an authentic sample by comparison of IR, NMR,
and mass spectra.

Reactions of PhyCuli. A. With Enone 8. To a cold (10 °C) solu-
tion of 3.46 g (16.9 mmol) of MesSCuBr in 15 mL of MesS was added,
dropwise with stirring and cooling during 20 min, 35.7 mL of an Et20
solution containing 33.8 mmol of PhLi. To the resulting cold (10 °C)
green solution was added 1.10 g (11.3 mmol) of enone 8. The resulting
mixture, which warmed to 34 °C and slowly became a dark green-
brown color, was stirred for 1 h at 27 °C and the mixture was then
partitioned between Et20 and an aqueous solution (pH 8) of NH3 and
NH,4CL The organic layer was washed successively with aqueous NHg,
aqueous NaCl, and Hy0 and then dried and concentrated to leave 2.16
g of crude liquid product. An aliquot was mixed with an internal
standard (n-C1gHs,) and subjected to GLC analysis (Carbowax 20M
on Chromosorb P, apparatus calibrated with known mixtures of au-
thentic samples); the product contained n-CigHs4 (retention time 6.3
min), ketone 26 (77% yield, 19.0 min), and PhPh (26.0 min). In three
comparable reactions, the yields of ketone 26 were 76, 77, and 87%.
A collected (GLC) sample of PhPh was identified with an authentic
sample by comparison of IR and mass spectra and GLC retention
times. A collected (GLC) sample of the ketone 26 was obtained as a
colorless liquid, n25p 1.5118 [lit. bp 61-62 °C (1 mm),372 134 °C (22
mm);37 n20, 1,511537¢]; IR (CCly) 1725 and 1708 cm™ (C==0); NMR
(CCly), 6 7.0-7.5 (56 H, m, aryl CH), 2.58 (2 H, s, CH,CO), 1.63 (3 H,
s, CH3CO), and 1.33 (6 H, s, CH3); UV (95% EtOH) series of weak
maxima (e 60~243) in the region 239-278.5 nm; mass spectrum m/e
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(rel intensity) 176 (M, 24), 120 (20), 119 (100), 118 (38), 91 (63), and
43 (58).

B. With Enone 3. To a solution (at 20 °C) of PhoCuLii, prepared
from 2.303 g (11.2 mmol) of MeSCuBr in 7 mL of MesS and 28 mL
of Et20 and 28 mL of an Et20 solution containing 22.4 mmol of PhLi,
was added, dropwise and with stirring, a solution of 896 mg (8.0 mmol)
of the enone 3 in 12 mL of Et20. The reaction mixture, a green solution
containing some white solid, was stirred at 27 °C for 1 h and then
subjected to the usual isolation procedure. An aliquot of the crude
liquid product (1.74 g) was mixed with a known amount of internal
standard (n-CgH17Ph) for GLC analysis (Carbowax 20 M on Chro-
mosorb P). The product contained (GLC) the enone 3 (retention time
10.2 min, 43% recovery), n-CgH;7Ph (34.5 min), the ketone 27 (44.3
min, 48% yield), and PhPh (47.9 min). Collected (GLC) samples of
PhPh and the enone 3 were identified with authentic samples by
comparison of GLC retention times and IR and mass spectra. A col-
lected (GLC) sample of the ketone 27 was obtained as a colorless
liquid, n25p 1.4468 [lit. bp 72-75 °C (0.15 mm),38 129-130 °C (5
mm),38b 138.5 °C (18 mm);38 n25y, 1.4604,38 1.5093%8¢]: IR (CCLy) 1711
em~1 (C=0); NMR (CCly) 6 7.1-7.5 (6 H, m, aryl CH), 2.91 (1 H, q,
J =17.5Hz, CHCO), 1.68 (3 H, s, CH3CO), 1.35 (6 H, s, CHa), and 0.95
(3H, d,J = 7.5 Hz, CH3); mass spectrum m/e (rel intensity), 190 (M*,
5) 120 (11), 119 (100), 91 (37), 43 (30), and 41 (18); UV (95% EtOH)
series of weak maxima (¢ 174-248) in the region 246-264 nm with an
additional maximum at 289 nm (¢ 56).

Reaction of n-Bu;CuLi. A, With Enone 8. To a cold (~20 to —30
°C) solution of n-BuzCuli, from 14.35 g (70 mmol) of Me>SCuBr, 75
mL of MegS, and 77.5 mL of a hexane solution containing 140 mmol
of n-BuLi, was added, dropwise with stirring and cooling, a solution
of 4.9 g (50 mmol) of the enone 8 in 20 mL of Et20. The resulting dark
green-brown mixture was stirred at —20 to —30 °C for 20 min and then
allowed to warm to 27 °C with stirring during 15 min. This warming
was accompanied by thermal decomposition of the excess cuprate with
separation of Cu® as a black precipitate. The reaction mixture was
partitioned between Et;0 and an aqueous solution (pH 8) of NH,CI
and NHa. The organic phase was filtered, washed successively with
aqueous NHjy and with aqueous NaCl, and then dried and concen-
trated by fractional distillation. The residual yellow liquid (8.046 g)
contained (GLC, Carbowax 20 M on Chromosorb P) the ketone 22
(retention time 11.7 min) accompanied by two minor unidentified
impurities (4.5 and 5.3 min). A 7.060-g aliquot of the product was
fractionally distilled to separate 5.670 g (83%) of the ketone 22 as a
colorless liquid: bp 93-95 °C (30 mm); n25p 1.4223. A collected (GLC)
sample of the pure ketone 22 was obtained as a colorless liquid, n25p
1.4240 [1it.39 bp 62-64 °C (7 mm); n2°p 1.4250); IR (CCly) 1716 cm™!
(C=0); UV max (95% EtOH) 284.5 nm (¢ 21); NMR (CCly) 6 2.25 (2
H, s, CH,CO), 2.04 (3 H, s, CH3CO), and 0.8-1.5 (15 H, m, aliphatic
CH including a CHj singlet at 6 0.97); mass spectrum m/e (rel. in-
tensity) 156 (M*, <1), 98 (35), 69 (30), 58 (14), 57 (36), 56 (22), 43
(100), and 41 (16). The natural abundance 13C NMR spectrum of the
ketone 22 (CDCl3) is summarized in the following formula; the indi-
cated assignments are consistent with off-resonance decoupling
measurements.

23.4, 26.3, 420 272 5338 323
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B. With Enone 3. To a cold (~25 °C) solution of n-BusCuLi, from
2.173 g (10.6 mmol) of Me2SCuBr in 13 mL of MesS and 13.9 mL of
a hexane solution containing 21.2 mmol of n-BuLi, was added,
dropwise with stirring and cooling, a solution of 846 mg (7.55 mmol)
of the enone 3 in 4 mL of Et20. After the resulting dark-colored so-
lution had been stirred at =25 °C for 15 min, it was warmed to 27°C
during 15 min and then subjected to the previously described isolation
procedure. After an aliquot of the crude liquid product (1.94 g) had
been mixed with a known weight of internal standard (n-BuPh),
analysis (GLC, Carbowax 20 M on chromosorb P) indicated the
presence of the starting enone 3 (retention time 8.3 min, ~5% recov-
ery), n-BuPh (12.0 min), and the adduct 23 (18.9 min, 74% yield). A
collected (GLC) sample of the ketone 23 was obtained as a colorless
liquid: n%5p 1.4336; IR, (CCly) 1711 em~! (C==0); UV max (95% EtOH)
285.5 nm (¢ 17); NMR (CCly) 6 2.49 (1 H, q,/ = 7 Hz, CHCO), 2.08 (3
H, s, COCHj3), and 0.8-1.5 (18 H, m, aliphatic CH including a CHj
singlet at § 0.90); mass spectrum m/e (rel intensity) 170 (M*, <1), 98
(19), 72 (100), 71 (15), 57 (50), and 43 (61). The natural abundance
13C NMR spectrum of the ketone 23 (CDCl3) is summarized in the
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following formula; the indicated assignments are consistent with
off-resonance decoupling measurements.

23.5, 26.0 40.6 14.0, 24.3, 246
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CH,CH,CH,CH,C(CH,),CH(CH;)COCH; <— 319
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Anal. Caled for C1,H0: C, 77.58; H, 13.02. Found: C, 77.47; H,
13.04.

Reaction of t-Bu,CuLi. A, With Enone 8. To a cold (—72 °C)
solution of 11.73 g (57.1 mmol) of freshly recrystallized Me,SCuBr
in 50 mL of Et20 and 62 mL of Me,S was added, dropwise with stir-
ring and cooling during 45 min, 68.3 mL of a pentane solution con-
taining 114 mmol of ¢-BuLi. The temperature was maintained at =72
to —65 °C during this addition. The yellow to orange precipitate that
separated during the initial phase of the addition redissolved as the
remainder of the ¢t-Bul.i was added to give an orange solution of ¢-
BugCulLi. A solution of 3.83 g (39.1 mmol) of the enone 8 in 10 mL of
Et20 was added, dropwise and with stirring during 10 min, to the cold
solution of ¢-BuyCul.i while the mixture was maintained at —65 °C.
During the addition of the enone 8 the solution turned red and a red
precipitate separated. The resulting mixture was stirred at =60 °C
for 45 min and then allowed to warm to 0 °C over a period of 20 min.
During this warming thermal decomposition (separation of brown-
black solid) was evident as the temperature rose above —25 °C. The
reaction mixture was partitioned between Et;0 and an aqueous so-
lution of NH,4Cl and NH3. The organic phase was washed with
aqueous NaCl, dried, concentrated, and mixed with a known weight
of n-C14Hap (an internal standard). Analysis {GLC, 74 °C with FFAP
(a modified Carbowax) on Chromosorb P, apparatus calibrated with
known mixtures| indicated the presence of the starting enone 8 (re-
tention time 2.9 min, 51% recovery), the isomerized enone 46 (2.2 min,
11% yield), the alcohol 43 (5.3 min, 10% yield), the ketone 32 (11.6 min,
3.5% yield), and n-Cy4Hjp (26.2 min). A peak corresponding in re-
tention time (1.8 min) to ketone 44, the conjugate reduction product
of enone 8, was also observed. Under the conditions used for this
analysis the subsequently described alcohol 45 exhibited a GLC peak
at 10.1 min. In another comparable experiment employing 1,3,5-(i-
Pr)3CeHj (retention time 31.0 min) as the internal standard, the yields
and retention times of the products were: 8, 57% (3.0 min); 46, 1.9%
(2.3 min); 43, 4.5% (5.6 min); and 32, 4.7% (12.7 min). Collected (GLC)
samples of ketones 8 and 46 and alcohol 43 were identified with au-
thentic samples by comparison of GLC retention times and IR and
mass spectra. A collected (GLC) sample of the ketone 32 was obtained
as a colorless liquid, n2%p 1.4416 [1it.4° bp 196.1 °C; n20p 1.4420]; IR
(CCly) 1715 (sh) and 1708 em~! (C=0); NMR (CCly) 6 2.29 (2 H, s,
CH,CO0), 2.05 (3 H, s, CH3CO), 0.97 (6 H, s, CH3), and 0.87 (9, H, s,
t-Bu); mass spectrum m/e (rel intensity) 141 (9), 123 (9), 101 (24), 100
(57),99 (26), 98 (26), 85 (58), 83 (71), 57 (69), 55 (36), 43 (100), 41 (58),
and 39 (31).

In an experiment where the cuprate reagent was prepared at —57
to —65 °C from 14.65 g (71.5 mmol) of Me2SCuBr (not freshly puri-
fied), 60 mL of MesS, and 72.2 mL of a pentane solution containing
143 mmol of ¢t-BulLi, at least partial decomposition of the cuprate
occurred during its preparation. After the resulting cold (—65 °C)
dark-colored mixture had been treated with a solution of 5.00 g (51.0
mmol) of the enone 8 in 20 mL of Etz0, the resulting mixture was
stirred at —60 to 65 °C for 20 min and then allowed to warm to room
temperature with stirring during 15 min. After following the usual
isolation procedure, the residual crude liquid product (3.63 g) con-
tained (IR and NMR analysis) a mixture of the starting enone 8 and
the alcohol 45 with little if any saturated ketone product. A 3.12-g
aliquot of this crude product was distilled in a short-path still to
separate 1.37 g (20%) of the pure alcohol 45 as a colorless liquid [bp
30-31 °C (0.4 mm); n2%p 1.4510-1.4512] that was identified with the
subsequently described sample by comparision of IR and NMR
spectra. A collected (GLC) sample of the starting enone 8 was iden-
tified with an authentic sample by comparison of GLC retention times
and IR spectra.

To obtain an authentic sample of the alcohol 45, a solution of 153
mmol of t-BuLi in 185 mL of pentane was cooled to ~72 °C and then
a solution of 7.497 g (76.5 mmol) of the ketone 8 in 25 mL of Et;0 was
added dropwise and with stirring while the temperature of the reac-
tion mixture was maintained at ~65 to —72 °C. After the resulting
yellow mixture had been stirred at =72 °C for 30 min, it was warmed
to —30 °C and siphoned into H»0. This mixture was saturated with
NaCl and extracted with Et20. After the ethereal solution had been
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dried and concentrated, the residue, 11.89 g of liquid containing (IR
and NMR analysis) mainly the alcohol 45, was fractionally distilled
in apparatus that had been washed with aqueous NH3 and dried be-
fore use. The alcohol 45 was collected as 3.83 g (33%) of colorless liquid:
bp 28-33 °C (0.42 mm); n25p 1.4500-1.4508 [lit. bp 180-185 °C,%0 46
°C (4 mm);41a n20; 1.450241b); IR (CCly) 3610, 3500 (OH), and 1665
cm~! (weak, C=C); NMR (CCly) 3 5.1-5.4 (1 H, m, vinyl CH), 1.87
(3H,d,J = 1.5 Hz, allylic CHs), 1.72 (3H, d, J = 1.5 Hz, allylic CHj),
1.23 (3 H, s, CH3), and 0.92 (9 H, s, ¢t-Bu); mass spectrum m/e (rel
intensity) 138 (13), 123 (84), 81 (85), 79 (20), 67 (34), 57 (59), 55 (42),
53 (30), 43 (55), 42 (100), and 39 (58).

Reduction of 1.02 g (10.44 mmol) of the enone 8 with 564 mg (14.9
mmol) of LiAlHy in 18 mL of Et,0, followed by hydrolysis with a
limited amount (2.2 mL) of aqueous NaOH and the usual isolation
procedure, yielded 635 mg (61%) of the alcohol 43 as a colorless liquid:
bp 37-45 °C (10 mm); n25p 1.4350 [lit.*’P bp 63 °C (36 mm); nl8p
1.440}; IR (CCly) 3608, 3420 (br, OH), and 1674 cm~*! (C==C); NMR
(CCly) 64.1-5.3 (2 H, m, vinyl CH and CHO), 3.13 (1 H, br, OH), 1.63
(6 H, d,J = 1 Hz, allylic CHj), and 1.11 (3 H, d, J = 6 Hz, CH3); mass
spectrum m/e (rel intensity) 100 (M+, 7), 85 (100), 82 (20), 87 (73),
55 (21), 45 (25), 43 (57), 41 (77), and 39 (36).

B. With Enone 7. To a cold {—55 to —60 °C) red-colored solution
of t-BuoCuli, formed at —60 to —65 °C from 3.73 g (18.2 mmol) of
MesSCuBr in 15 mL of MeoS and 20.6 mL of a pentane solution
containing 33.4 mmol of ¢-BuLi, was added, dropwise with stirring
and cooling, a solution of 1.007 g (12.0 mmol) of the enone 7 in 6 mL
of Et20. After the reaction mixture had been stirred at —55 °C for 30
min, it was allowed to warm to 27 °C during 30 min and then subjected
to the usual isolation procedure. An aliquot of the crude liquid product
(1.72 g) was mixed with a known amount of internal standard (durene)
and analyzed by GLC (silicone QF; on Chromosorb P). The product
contained (GLC) durene (retention time 12.9 min) and the ketone 31
(19.9 min, 74% yield) as well as two minor unidentified volatile by-
products (3.9 and 10.8 min).

A collected (GLC) sample of the ketone 31 was obtained as a col-
orless liquid, n%p 1.4227 [1it.*2 bp 162 °C (735 mm), n2%5 1.4275); IR
(CCly) 1718 cm~1 (C==0); UV max (95% EtOH) 277.5 nm (¢ 34); NMR
(CCly) 6 1.7-2.7 (6 H, m, aliphatic CH including a CH3CO singlet at
§2.05) and 0.7-0.95 (12 H, t-Bu singlet at & 0.85 partially resolved from
a CHj doublet); mass spectrum m/e (rel intensity) 142 (M*, <1), 127
(7), 86 (32), 71 (36), 57 (65), 43 (100), and 41 (39). The natural abun-
dance 3C NMR spectrum (CDCl;) is summarized in the following
formula; the indicated assignments are consistent with off-resonance
decoupling measurements.
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325 15.1 208.0

Reaction of the Enone 8 With a Mixture of t-BuyCuLi and
PhyCulii. A cooled (15 °C) solution of 2.02 g (3.82 mmol) of MeyS-
CuBr (recrystailized before use) in 8.5 mL of Et,0 and 14.5 mL of
Me,S was treated with 8.85 mL of an Et,0 solution containing 9.82
mmol of PhLi (from PhBr and Li). The resulting greenish yellow
slurry was cooled to =72 °C and 5.88 mL of a pentane solution con-
taining 9.82 mmol of ¢t-BuLi was added dropwise and with stirring
while the temperature was maintained at —65 to —72 °C. After the
resulting solution of the cuprates had been stirred at =70 °C for 10
min a solution of 317 mg (3.24 mmol) of the enone 8, 3.1 mg of n-
C16Hs4 (internal standard), and 61 mg of 1,3,5-(i-Pr)sCeHj (internal
standard) in 2 mL of Et;O was added dropwise and with stirring at
—62 to —68 °C. During the addition of the enone a red precipitate
[(¢-BuCu),] separated. The reaction mixture was stirred at —72 °C
for 1 h and then was allowed to warm to 25 °C during 45 min. After
the mixture had been quenched in an aqueous solution of NH,Cland
NHj, it was filtered to remove precipitated Cu and then extracted with
Et20. The Et50 solution was washed with aqueous NaCl, dried, and
analyzed by GLC [FFAP (a modified Carbowax) on Chromosorb P,
apparatus calibrated with known mixtures}. With the GLC column
at 74 °C, the yields and retention times of the components were: enone
46, 0.4% yield (2.5 min); enone 8, 6.4% recovery (3.5 min); alcohol 43,
3.3% yield (5.7 min); alcohol 45, 0.7% yield (10.5 min); ketone 32, 1.3%
yield (11.7 min); and 1,3,5-(i-Pr)3CgHjs (32.2 min). With the GLC
column at 141 °C the yields and retention times of the components
were: n-CigHgzq (7.9 min); ketone 26, 67% yield (16.7 min); and PhPh
(22.7 min). From a second comparable reaction the product yields
were: 46, 3.1%; 8, 6.4%; 43, 7.9%; 32, 1.6%; and 26, 77%. A collected
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sample of the major product, ketone 26, was identified with an au-
thentic sample by comparison of GLC retention times and IR spectra.
Thus the ratio of conjugate addition products 32 (t-Bu addition) to
26 (Ph addition) was 2:98.

Reactions of sec-BuzCuli. A. With Enone 7. To a cold (—72 °C)
mixture of 3.80 g (18.5 ramol) of Me2SCuBr, 10 mL of MesS, and 10
mL of Ete0 was added, dropwise with stirring and cooling, 27.4 mL
of a cyclohexane solution containing 36.9 mmol of sec-BuLi. After the
resulting solution of sec-BugoCuLi had been stirred for 5 min at =55
°C, a solution of 1.108 g (13.2 mmol) of the enone 7 in 4 mL of Et,0
was added dropwise with stirring while the mixture was kept at =50
to —55 °C. The resulting reaction mixture was stirred at —50 °C for
20 min and then allowed to warm to 0 °C with stirring during 10 min.
After the mixture had been partitioned between Et2O and an aqueous
solution of NH3 and NH4C], the organic phase was dried, concen-
trated, and mixed with a known weight of internal standard (tetralin).
The crude product contained (GL.C, Carbowax 20 M on Chromosorb
P, apparatus calibrated with known mixtures) the ketone 28 (reten-
tion time 10.9 min, diasterecisomers not resolved, yield 87%), tetralin
(32.1 min), and two minor unidentified alcohol (IR analysis) im-
purities (5.3 min and 21.0 min), but lacked a GLC peak for the starting
enone 7 (4.5 min). A collected (GLC) sample of the ketone 28 was
obtained as a colorless liquid, n2%p 1.4236 [1it.3 bp 71-73 °C (15 min)];
IR (CCly) 1720 em~t (C==0); UV max (95% EtOH) 278 nm (¢ 25);
NMR (CCly) 6 1.6-2.8 (6 H, m, aliphatic CH including a CH3CO sin-
glet at 6 2.06) and 0.6-1.1 (12 H, m, aliphatic CH); mass spectrum m/e
(rel intensity) 142 (M*, <1), 85 (35), 84 (59), 69 (25), 58 (26), 57 (22),
43 (100), and 41 (22). The natural abundance 3C NMR spectrum
(CDCl3) of the ketone 28 is summarized in the following structure.
Since two diastereoisomers are present in this sample, two chemical
shift values are given for each carbon atom where the two diastereo-
isomers nave different chemical shifts.
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B. With Enone 8. To a cold (—50 to —55 °C) solution of sec-
BuyCulli, from 3.38 g (16.4 mmol) of MesSCuBr, 10 mL of MesS, 10
mL of Et20, and 23.2 mL of a cyclohexane solution containing 31.3
mmol of sec-Buli, was added, dropwise with stirring and cooling, a
solution of 1.096 g (11.2 mmol) of the enone 8 in 4 mL of Et;0. After
the reaction mixture had been stirred for 20 min at —50 °C and for
an additional 10 min while it was allowed to warm to 0 °C, the usual
isolation procedure was followed and the crude neutral product was
mixed with a known amount of internal standard (sec-BuPh). The
crude product contained (GLC, Carbowax 20 M on Chromosorb P,
apparatus calibrated with known mixtures) sec-BuPh (retention time
10.9 min), the ketone 29 (18.3 min, yield 77%), and two minor un-
identified impurities (5.6 and 35.0 min). A collected (GL.C) sample
of the ketone 29 was obtained as a colorless liquid: n25p 1.4330; IR
(CCly) 1720 em~! (C==0); UV max (95% EtOH), 284 nm (¢ 25); NMR
(CCly) 62.36 (2H, s, CH2CO), 2.12 (3 H, s, CH3CO), and 0.6-1.8 (15
H, m, aliphatic CH including a CHj singlet at § 0.96); mass spectrum
m/e (rel intensity) 141 (1), 99 (17), 98 (38), 83 (25), 57 (17), 43 (100),
and 41 (12). The natural abundance 13C NMR sepctrum (CDCl3) of
the ketone 29 is summarized in the following structure; the indicated
assignments are consistent with off-resonance decoupling measure-
ments.

23.9 245 245 207.9
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Anal. Caled for C1gH90: C, 76.86; H, 12.90. Found: C, 76.60; H,
12.89.

C. With Enone 3. To a cold (—68 to —72 °C) solution of sec-
BugCulli, from 6.80 g (33.1 mmol) of Me;SCuBr, 25 mL of MesS, 25
mL of Et0, and 45.3 mL of a cyclohexane solution containing 66.2
mmol of sec-BuLi, was added 2.523 g (22.5 mmol) of the enone 3 in
2 mL of Et20. After the resulting mixture had been stirred at —55 to
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—60 °C for 30 min and at —45 to —60 °C for 90 min, it was warmed to
0 °C during 10 min and then subjected to the usual isolation proce-
dure. After the crude liquid product had been mixed with an internal
standard (1,3,5-triisopropylbenzene), analysis [GLC, FFAP (Regis
Chemical Co.) on Chromosorb P] indicated the presence of the ketone
42 (retention time 4.1 min, 5% yield), the starting enone 3 (9.6 min,
20% yield), the alcohol 41 (23.9 min, 13% yield), the ketone 30 (35.6
min, the two diastereoisomers were not resolved, 19% yield), and
1,3,5-(i-Pr)sCgHs (59.5 min). From a number of comparable reactions,
the following ranges of yields were observed for the various products:
42, 5-10%; 3, 19-45%; 41, 13—-34%; 30, 17-43%. Collected (GLC) sam-
ples of products 3, 41, and 42 were identified with authentic samples
by comparison of IR and mass spectra and GLC retention times. A
collected (GLC) sample of the ketone 30 was obtained as a colorless
liquid: n25p 1.4430; IR (CCly) 1713 cm~! (C=0); UV max (95% EtOH)
288 nm (¢ 36); 1H NMR (CCly) 6 2.5-2.9 (1 H, m, CHCO), 2.07 (2 H,
s, CH3CO), and 0.7-1.4 (18 H, m, aliphatic CH); mass spectrum m/e
(rel intensity) 137 (1), 113 (11), 99 (11),98 (31), 83 (23), 72 (16), 57 (34),
55 (12), 43 (100), and 41 (14). The natural abundance 3C NMR
spectrum (CDCl3) of ketone 30 is summarized in the following
structure; the indicated assignments are consistent with off-resonance
decoupling measurements. Since the product is a mixture of two
diastereoisomers, certain of the 13C NMR signals appear as two
peaks.

23.6.
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Anal. Caled for C1;Hs00: C, 77.58; H, 13.02. Found: C, 77.57; H,
13.02.

To obtain an authentic sample of the alcohol 41, 1.00 g (8.93 mmo})
of the enone 3 was reduced with 177 mg (4.65 mmol) of LiAlH,in 8
mL of refluxing Ets0 for 30 min. After addition of 0.7 mL of Hy0 and
0.2 mL of aqueous 15% NaOH to precipitate the metal salts, the Ets0
solution was dried, concentrated, and distilled to separate the alcohol
41 as a colorless liquid: bp 41-42 °C (12 mm); n2%p 1.4508 [lit.44 bp
65-68 °C (25 mm)}; IR (CCly) 3615 and 3470 cm~! (OH); NMR (CCly)
6472 (1 H,q,J =6.5Hz, CHO), 270 (1 H,s, OH), 1.4-1.8 (9 H, m,
allylic CH3), and 1.10 (3 H, d, J = 6.5 Hz, CHj3), mass spectrum m/e
(rel intensity) 114 (M*, 20), 99 (84), 96 (18), 81 (44), 79 (15), 55 (30),
53 (19), 45 (17), 43 (100), 41 (43), and 39 (25).

An authentic sample of the ketone 42 was obtained by hydrogen-
ating a solution of 0.40 g (3.5 mmol) of the enone 3 in 8 mL of EtOH
over 30 mg of a 5% Pd/C catalyst at 25 °C and 1 atm of Hy. After 8 h
the Ho uptake (3.9 mmol) ceased and the mixture was filtered and
concentrated. A collected (GLC) sample of the ketone 4245 was ob-
tained as a colorless liquid, n25p 1.4070 (lit. bp 135-140,452 136-138
°C45b): IR (CCly) 1713 cm~! (C=0); NMR (CCly) 6 1.7-2.3 (5 H, m,
aliphatic CH including a CH3CO singlet at  2.04) and 0.7-1.3 (3 H,
m, CH3); mass spectrum m/e (rel intensity) 114 (M*, 2), 72 (22), 71
(19), 55 (12), 43 (100), and 41 (20).

Reaction of (CH;~CHCH,);CuLi. A, With Enone 47. To a cold
(=72 °C) partial solution of 545 mg (2.65 mmol) of freshly purified
MesSCuBr in 4 mL of MegS and 4 mL of EtoO was added, dropwise
and with stirring, a solution of 5.30 mmol of CHy;=CHCH,Li (from
PhOCH,CH==CHy;) in 6.3 mL of EtoO while the temperature was
maintained at —60 to —68 °C. As this addition proceeded the white
precipitate (Me2SCuBr) was replaced by a red precipitate (presum-
ably a derivative of allylcopper) and finally a clear red solution of
(CHy=CHCH;)2CuLi was obtained. To this solution was added,
dropwise and with stirring, a solution 126 mg (1.31 mmol) of the enone
47 and 94 mg of PhCgH17-n in 4 mL of Et20. The resulting mixture,
from which a red precipitate separated during the addition of the
enone, was stirred at —72 °C for 3 h and then allowed to warm to 27
°C overnight. During the warming, decomposition of the excess cu-
prate reagent was evident (separation of a fine black precipitate) as
the temperature of the reaction mixture rose above —30 °C. The final
reaction mixture was added, dropwise and with stirring, to an aqueous
solution of NH4Cl and NH4OH, and the resulting mixture was ex-
tracted with EtoO. After the ethereal solution had been washed suc-
cessively with aqueous 10% NaOH (to remove PhOH from the PhO-
CH;CH=CH,) and with aqueous NaCl, it was dried, concentrated,
and analyzed [GLC, FFAP (Regis Chemical Co.) on Chromosorb P,
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apparatus calibrated known mixtures]. The product contained the
ketone 48 (retention time 11.1 min, yield 91%), PhCgH;7-n (22.0 min),
and a minor unidentified impurity (3.4 min), but did not exhibit a
GLC peak corresponding to the alcohol 49 (9.6 min).

A comparable reaction was run employing the cuprate, from 3.60
g (17.5 mmol) of MeySCuBr, 35 mmol of CHy=CHCH,Li (from
PhOCH,;CH=CH3), 23 mL of MesS, and 38 mL of Et;0, with a so-
lution of 1.20 g (12.5 mmol) of the enone 47 in 5 mL of Et;0. After the
mixture had been stirred at =72 °C for 1 h and then warmed to 0 °C
during 15 min, the previously described isolation procedure separated
1.50 g of the crude product as a yellow liquid. Short-path distillation
of a 1.39-g aliquot of this product separated 910 mg (57%) of the ke-
tone 48 as a colorless liquid, n25p 1.4720-1.4721, that was identified
with the previously described!® sample by comparison of IR, NMR,
and mass spectra.

A solution of 5.00 g (52.1 mmol) of the enone 47 in 10 mL of Et;0
was added, dropwise and with stirring during 20 min, to a solution
containing 60 mmol of CH;==CHCH;MgBr in 68 mL of Et,0. After
the resulting mixture had been stirred at 25 °C for 12 h, it was poured
into aqueous NH,ClI and extracted with Eto0. The organic layer was
dried and concentrated to leave 6.74 g of the crude alcohol 49. Frac-
tional distillation afforded 1.01 g of forerun [bp 35-40 °C (0.06 mm);
n?p 1.5154] and 3.58 g (50%) of the pure alcohol 49 as a colorless
liquid: bp 40-42 °C (0.05 mm); n%p 1.4932; IR (CCly) 3620, 3480 (OH),
1640 (C=C), and 912 cm~! (CH=CH,); NMR (CCly) §4.7-6.2 (5 H,
m, vinyl CH), 2.48 (1 H, s, OH), and 1.0-2.3 (8 H, m, CHy); mass
spectrum m/e (rel intensity) 120 (8), 97 (100), 79 (32), 55 (37), 41 (33),
and 39 (30).

Anal. Caled for CgH140: C, 78.21; H, 10.21. Found: C, 78.18; H,
10.24.

B. With Enone 8. To a cold (-65 to —72 °C) solution of
(CHy=CHCHy)CuLi, from 417 mg (2.03 mmol) of MesSCuBr, 4.06
mmol of CHy=CHCH,Li (from PhOCH;CH=CHj), 4 mL of MesS,
and 9.1 mL of Ety0, was added, dropwise and with stirring, a solution
of 99 mg (1.01 mmol) of the enone 8 in 4 mL of Et50. The resulting
solution, from which a red precipitate separated within 5 min, was
stirred at =72 °C for 2 h and then allowed to warm to 27 °C during
2 h. After following the previously described isolation procedure, an
aliquot of the crude product (164 mg of liquid) was mixed with a
known weight of dicyclohexyl (an internal standard) for analysis
[GLC, FFAP (Regis Chemical Co.) on Chromosorb P, apparatus
calibrated with known mixtures]. The crude product contained the
enone 8 (retention time 3.2 min, 6% recovery), the ketone 34 (8.4 min,
1% yield), the alcohol 36 (15.1 min, 71% yield), and dicyclohexyl (25.5
min). A comparable reaction of 2.00 g (20.4 mmol) of the enone with
a solution of (CHy==CHCHy)CuLi [from 6.30 g (30.7 mmol) of
MesSCuBr and 61.3 mmol of CHy=CHCH,Li (from PhO-
CHoCH==CHjy)] in 30 mL of MesS and 40 mL of Et20 produced 3.27
g of crude liquid product containing (GLC) the alcohol 36 accompa-
nied by minor amounts of the enone 8 and the ketone 34. A collected
(GLC) sample of the ketone 34 was identified with an authentic
sample by comparison of IR spectra and GLC retention times. Dis-
tillation of a 3.14-g aliquot of the curde product separated 1.96 g (72%)
of the alcohol 36 [bp 68-74 °C (10 mm); n?3p 1.4552-1.4585] that was
identified with an authentic sample by comparison of IR and NMR
spectra and GLC retention times.

Reaction of 2.76 g (28 mmol) of the enone 8 with 34 mmol of
CHgy=CHCH:MgBr in 48 mL of Etg0, followed by the usual isolation
procedure, afforded 3.06 g (78%) of the alcohol 36 as a colorless liquid:
bp 70-75 °C (10 mm); n25p 1.4570 [lit.48 bp 72 °C (18 mm); n20p
1.4598]; IR (CCly) 3600, 3570, 3460 (OH), 1666, 1639 (C=C), and 922
cm~! (CH=CH,); NMR (CCly) 6 4.7-6.2 (4 H, m, vinyl CH), 2.25 (2
H,d,. = 7 Hz, allvlic CHs), 1.83 (3 H, d,J = 1 Hz, allylic CHj), 1.6-1.8
(1 H, br, OH), 1.66 (3 H, d, J = 1 Hz, allylic CH3), and 1.25 (3 H, s,
CHay).

Anal. Caled for CoH¢0: C, 77.09; H, 11.50. Found: C, 76.96; H
11.55.

Following a previously described? procedure, a solution of 1.00 g
(8.8 mmol) of CHy=CHCH,SiMe; in 10 mL of CHCl; was added,
dropwise and with stirring during 2 min, to a cold (=78 °C) mixture
of 0.78 g (8.0 mmol) of the enone 8 and 1.52 g (8.0 mmol) of TiCly in
10 mL of CHCly. The resulting red-brown mixture was allowed to
warm to 25 °C with stirring during 40 min and then partitioned be-
tween Hy0 and Et20. The organic solution was dried and concen-
trated to leave 1.60 g of crude liquid product. After an aliquot of the
crude product had been mixed with a known amount of 1,3,5-(i-
Pr)3CgHj (an internal standard), analysis (GLC, Carbowax 20 M on
Chromosorb P, apparatus calibrated with known mixtures) indicated
the presence of the enone 8 (retention time 12.8 min, 13% recovery),
the ketone 34 (26.8 min, 856% yield), and 1,3,5-(:-Pr)3CeHz (108 min).
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Distillation of a 1.39-g aliquot of the crude product separated 641 mg
(66%) of the ketone 34 as a colorless liquid: bp 45-60 °C (10 mm); n%5p
1.4330 [it.47 bp 167-168 °C; n25p 1.4335]; IR (CCly) 1720 (C=0), 1639
(C=C), and 922 em~! (CH=CH3); UV max (95% EtOH) 286 nm (¢
21); NMR (CCly) 6 4.7-6.2 (3 H, m, vinyl CH), 2.25 (2 H, s, CH,CO),
1.9-2.2 (6 H, m, allylic CHp and COCH3), and 0.98 (6 H, s, CH3); mass
spectrum m/e (rel intensity) 125 (7), 99 (46), 82 (75), 67 (33), 55 (28),
43 (100), 41 (36), and 39 (386).

C. With Enone 7. To a cold (=72 °C) mixture of 576 mg (2.80
mmol) of Me;SCuBr, 6 mL of MesS, and 6 mL of Ets0 was added,
dropwise with stirring and cooling, a solution of 5.60 mmol of
CHs=CHCH;Li [from (CHy=CHCH3),Sn] in 5.2 mL of Et;0. As the
lithium reagent was added the white precipitate (Me2SCuBr) dis-
solved to give an orange-red solution and finally a pale yellow solution
when all of the lithium reagent had been added. However, unlike the
cuprate preparation using CHy==CHCH,Li from PhOCH,CH=CH,,
no red precipitate was observed when equimolar amounts of MeoS-
CuBr and CH,=CHCH;Li were present. To the cold (—72 °C) solu-
tion of the cuprate was added, dropwise and with stirring, a solution
of 94.1 mg (1.12 mmol) of the enone 7 and 66.3 mg of n-C19Hzg (an
internal standard) in 2 mL of Et20. During this addition the solution
developed a red-orange color, but no red precipitate was observed.
The resulting solution was warmed to =50 °C, stirred for 2 h, warmed
to —40 °C, and siphoned into a cold (—40 °C), stirred solution of 3 mL
of HOAc in 25 mL of Et20. (In other runs, where the diallylcuprate
reagent was allowed to warm to —30 to —35 °C before quenching, some
therial decomposition of the cuprate reagent was evident.) The re-
sulting mixture was warmed to 25 °C and partitioned between Et2Q
and aqueous NaHCOj3. After the ethereal layer had been washed
successively with an aqueous solution (pH 8) of NH3 and NH,Cl and
with aqueous NaCl, it was dried and concentrated for GLC analysis
(UCON 50HB 280 X on Chromosorb P, apparatus calibrated with
known mixtures). The product contained the enone 7 (retention time
3.4 min, 44% yield), the ketone 33 (7.6 min, 13% yield), the alcohol 35
(10.1 min, 16% yield), and n-CigHgg (15.1 min). In a second compa-
rable run, where the reaction mixture was stirred at —55 to ~60 °C
for 45 min and then warmed to 25 °C before quenching, the yields
were: 28% of enone 7, 18% of ketone 33, and 22% of alcohol 35. Col-
lected (GLC) samples of ketones 7 and 33 and alcohol 35 were iden-
tified with authentic samples® by comparison of GLC retention times
and IR spectra.

In an additional set of experiments CH;=~CHCH;Li, prepared from
PhOCHyCH==CHg, was used to prepare the diallylcuprate reagent.
These preparations differed from the preparation described above
in that a red precipitate separated when equimolar quantities of
Me2SCuBr and CHy=CHCH;Li were present and redissolved as the
second equivalent of CHy=CHCH;Li was added to give a cold (—70
to =72 °C) orange solution of the diallylcuprate reagent. From a series
of reactions ran for 2-3 h within the temperature range —72 to —30
°C and then quenched in a HOAc~Et;0 mixture at —40 to ~30 °C,
the product yields were: 48-53% of enone 7, 10-16% of ketone 33, and
12-18% of alcohol 35.

A solution of 1.27 mmol of CHy=~CHCH;MgBr in 1.73 mL of Et,0
was added, dropwise and with stirring, to a cold (=65 °C) suspension
of 71.2 mg (0.35 mmol, 28 mol %) of Me,SCuBr in 3 mL of Me,S and
3 mL of Et90 and the resulting pale orange solution was stirred at —60
to —65 °C for 10 min. Then a solution of 95.8 mg (1.14 mmol) of the
enone 7 and 74.3 mg of n-Cy3Hge (an internal standard) in 3 mL of
Et,0 was added dropwise and with stirring during 35 min while the
temperature of the mixture was maintained at —48 to —52 °C. The
resulting light orange suspension was stirred at —50 °C for 2 h and
then warmed to —40 °C, quenched in an HOAc-Et;0 mixture at —40
°C, and subjected to the previously described isolation and analysis
procedures. The yields were 8% of enone 7, 20% of ketone 33, and 60%
of alcohol 35. Collected (GLC) samples of the products were identified
with authentic samples by comparison of IR and mass spectra and
GLC retention times. In a similar reaction where an Et;0 solution of
CHy;=CHCH,MgBr was added slowly to a cold (=72 °C) mixture of
the enone 7 and 27 mol % of Me;SCuBr the yields were 4% of enone
7, 13% of ketone 33, and 53% of the alcohol 35.

Reaction of Me,CulLi With the Enone 60. To a cold (0 °C) solu-
tion of Me,CulLi, from 358 mg (1.74 mmol) of MeoSCuBr, 3.48 mmol
of halide-free MeLi, and 12 mL of Et,0, was added, dropwise and with
stirring, a solution of 198 mg (1.15 mmol) of the enone 60 in 4 mL of
Et50. After the resulting red-orange solution, from which a yellow
precipitate separated rapidly, had been stirred at 0 °C for 1 h, it was
siphoned into a vigorously stirred aqueous solution (pH 8) of NH,Cl
and NHs. The resulting solution was extracted with Et;0 and the
ethereal extract was dried, concentrated, and mixed with a known
weight of o-terphenyl (an internal standard) for GLC analysis (silicone
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Table III. Reaction of Enone 60 With Me2CulLi in Et;0 Solution

Product yields, %

Supernatant solution Precipitate
Temp, °C Cu Enone 60 Ketone 62 Cu Enone 60 Ketone 62
27 0.5 15 72 99
0 1.5 17 68 98
—44 1.2 4 67 98 3 17
-72 5.3 9 0.5 94 59 32

SE-52 on Chromosorb P, apparatus calibrated with known mixtures).
The crude product contained the ketone 62 (retention time 12.8 min,
96% yield) and o-terphenyl (37.0 min), but none of the starting enone
60 (17.7 min) was detected. A collected (GLC) sample of the ketone
62 was obtained as a colorless liquid: n25p 1.5397 [lit.*8 bp 80-100 °C
(0.1 mm)}; IR (CCly) 1718 em~! (C=0); NMR (CCly) 5 7.0-7.4 (6 H,
m, aryl CH), 1.4-3.0 (8 H, m, CHy), and 1.26 (3 H, 5, CHjy; 1it.32 1.28);
UV (95% EtOH) series of weak maxima (e 283 or less) in region
247-268 nm with a maximum at 282 nm (e 87); mass spectrum m/e
(rel intensity) 188 (M™, 65), 173 (30), 145 (30}, 131 (100), 118 (50), 117
(33),91 (51), 55 (68), and 42 (43).

In a series of similar experiments, solutions of 1.16-1.18 mmol of
the enone 60 in 5 mL of Eto0O were added, dropwise and with stirring
during a period of 4045 min, to centrifuge tubes containing 1.22-1.28
mmol of MesCul.i in 6.5 mL of Et30 that were continuously cooled
in baths at the temperatures indicated in Table III. In each case a
yellow (27, 0, —44 °C) to orange (—72 °C) precipitate separated during
the addition of the enone 60. The resulting mixtures were stirred for
40 min at the bath temperatures indicated in Table 111, centrifuged
for 1-2 min, and again stored in the cooling baths while the super-
natant liquid was separated from each tube with a cannula. In the
experiments performed at 27 °C and at 0 °C, the precipitates were
washed with two 10-mL portions of EtoO (at 0 or 27 °C) and these
washings were combined with the appropriate supernatant solutions.
The separate supernatant solutions and precipitates were each hy-
drolyzed with water and extracted with Etz0. Each of the Eto0 ex-
tracts was dried, concentrated, mixed with a known weight of o-ter-
phenyl, and subjected to the previously described GLC analysis. Each
aqueous phase was acidified with aqueous H,SO4 and HNO3, boiled
to complete the oxidation of all Cu salts to Cu(II) salts and to expel
oxides of nitrogen, and then analyzed for copper by electrodeposition.
The yields of Cu, the recovered enone 60, and the ketone 62, found
in the precipitates and the supernatant solutions are presented in
Table I11.

To explore the solubility of the lithium enolate 61 at low temper-
ature, the above reaction of MesCuLi with the enone 60 was repeated
at 27 °C and the supernatnat solution was separated from the
(MeCu), precipitate by centrifugation. When this supernatant so-
lution was cooled to 0 °C, a small amount of gray-white solid precip-
itated. This precipitate was separated by centrifugation, hydrolyzed,
and subjected to the previously descrbed GLC analysis. The organic
material obtained from this precipitate contained the enone 60 (0.4%
recovery) and the ketone 62 (0.4% yield). The remaining solution was
cooled to —72 °C and centrifuged to separate a white crystalline
precipitate (mainly LiBr) from a pale yellow supernatant solution.
The organic material obtained from this precipitate contained the
enone 60 (1.1% recovery) and the ketone 62 (0.7% yield). The super-
natant solution was hydrolyzed to give the enone 60 (22% recovery)
and the ketone 62 (55% yield). Thus, we conclude that the lithium
enolate 61 is relatively soluble in Et;0 at =72 °C in the concentration
range where these experiments were performed.

Registry No.—9, 65995-74-6; 10, 614-47-1; 11, 1533-20-6; 41,
2747-54-8; 42, 565-78-6; 43, 4325-82-0; 44, 108-10-1; 45, 65995-75-T;
46, 3744-02-3; 47, 930-68-7; 48, 20498-05-9; 49, 65995-76-8; 60,
10345-87-6; 62, 33026-37-8.
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A variety of styrene derivatives and 3-vinylpyridine were prepared in moderate to good yields by the palladium-
tri-o-tolylphosphine catalyzed reaction of ethylene with aryl bromides or 3-bromopyridine, respectively.

Styrene derivatives are often very useful chemical inter-
mediates. Frequently, the synthesis of many of these deriva-
tives is not trivial. Therefore, we thought it worthwhile to
investigate the palladium-catalyzed arylation of ethylene as
a simple general route to these compounds. Previously, eth-
ylene had been successfully used in the arylation reaction but
the generality of the reaction had not been determined.>2 This
paper reports a study of the reaction employing a variety of
aryl bromides.

Resulits and Discussion

Preliminary experiments reacting 2-bromotoluene in ace-
tonitrile solution with ethylene using triethylamine as base
and 1 mol % palladium acetate, plus 2 mol % tri-o-tolylphos-
phine (based upon the halide) as catalyst, showed that eth-
ylene pressure was necessary to obtain good yields of o-
methylstyrene. The yield of 2-methylstyrene in 20 h at 125 °C
increased from 54 10 83 10 86% as the pressure of ethylene was
increased from 20 to 100 to 120 psi, respectively. The reason
for the lower yields at the lower pressures was that (£)-2,2’-

Br

@( + CH,=CH, + Et,N
CH,

Pd(0Ac),[P(o-t0l)5);

125 °
C, 18 h CH,

o
CH,
+ Et;NH"Br~

dimethylstilbene was being formed as a side product by a
second arylation of the 2-methylstyrene. The yields of the
stilbene decreased from 34 to 10 to 4%, respectively, in the

above reactions. At pressures above about 200 psi the reaction
rates decreased. At 750 psi only 40% of the styrene was formed
in 20 h and 60% of the starting bromide remained unreacted.
The high ethylene pressure apparently deactivates the cata-
lyst by coordination probably decreasing the rate of oxidative
addition of the 2-bromotoluene.

In one experiment, the use of triphenylphosphine rather
than the tri-o-tolylphosphine gave product at only Falf the
rate. Therefore, subsequent experiments were carried out with
100-200 psi of ethylene with tri-o-tolylphosphine in the cat-
alyst.

Ethylene was arylated with seven different aryl bromides
and 3-bromopyridine as shown in Table I. The isolated yields
of distilled styrene products ranged from 45 to 86%. The stil-
bene yields were also obtained by isolation. Unreacted aryl
bromides were determined by GLC. These are relatively good
yields considering the fact that the reactions were carried out
on only a 10-20 mmol scale and some polymerization often
occurred. 3-Bromopyridine yielded the 3-vinyl derivative in
52% yield (isolated as the picrate). Styrene derivatives with
methyl, nitro, acetamide, amino, formyl, and carboxyl sub-
stituents also were prepared. o-Divinylbenzene was obtained
from o-dibromobenzene in 76% (isolated) yield. Thus, the
palladium-catalyzed arylation of ethylene appears to be an
excellent method for the preparation of a wide variety of
styrene derivatives.

Experimental Section

Reagents. All of the aryl bromides were commercial products which
were used without further purification. The ethylene, triethylamine,
and acetonitrile were reagent grade materials and were used as re-
ceived. The tri-o-tolylphosphine was prepared by the Grignard pro-
cedure described previously.? The palladium acetate was prepared
by the published method.4

General Procedure for the Arylation of Ethylene. A 45-mL
T-303 stainless steel bomb (Parr Instrument Company) containing
a Teflon-coated magnetic stirring bar was charged with 20 mmol of

0022-3263/78/1943-2454$01.00/0 © 1978 American Chemical Society



