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Abstract: The reaction of tin enolates 1 with a-chloro- or bromoketones 2 gave y-diketones (1,4-diketones)
3 catalyzed by zinc halides. In contrast to the exclusive formation of 1,4-diketones 3 under catalytic
conditions, uncatalyzed reaction of 1 with 2 gave aldol-type products 4 through carbonyl attack. NMR study
indicates that the catalyzed reaction includes precondensation between tin enolates and o-haloketones
providing an aldol-type species and their rearrangement of the oxoalkyl group with leaving halogen to
produce 1,4-diketones. The catalyst, zinc halides, plays an important role in each step. The carbonyl attack
for precondensation is accelerated by the catalyst as Lewis acid and the intermediate zincate promotes
the rearrangement by releasing oxygen and bonding with halogen. Various types of tin enolates and a-chloro-
and bromoketones were applied to the zinc-catalyzed cross-coupling. On the other hand, the allylic halides,
which have no carbonyl moiety, were inert to the zinc-catalyzed coupling with tin enolates. The copper
halides showed high catalytic activity for the coupling between tin enolates 1 and organic halides 7 to give
y,0-unsaturated ketones 8 and/or 9. The reaction with even chlorides proceeded effectively by the catalytic

system.
Introduction Scheme 1. Cross-Coupling of Carbonylmethyl Units
0]
A metal-catalyzed cross-coupling reaction through carbon HS/ . xﬁﬁ M
carbon bond formation is an important and powerful method ~ )

for organic synthesis.In general, organometallic compounds

and organic halides (or related compounds) are often the I I
coupling partners in this type of reaction. 1,4-Diketongs ( r&(@ @\[ﬁa
diketones) are widely used as synthetic building blocks for 0
further elaboration into furans, cyclopentenones, or pyrrdles.

In terms of applicability, the most straightforward method for for the difficulty in the cross-coupling is ascribed to lack of
their preparation would be cross-coupling of different car- appropriate compounds as carbonylmethyl cation equivalents.
bonylmethyl units, namely, carbonylmethyl anion and cation o-Halocarbonyls might be a typical carbonylmethyl cation
equivalents (Scheme 1). Although a number of homo-coupling equivalent, but they have a reactive site at the carbonyl carbon
reactions of carbonylmethyl radicélsnetal enolate$,or a- as well as a halogeno moietyThis situation leads to a serious
halocarbonyfswere reported, the cross-coupling of carbonyl- problem in chemoselectivity. In fact, Stille reported that the Pd-
methy! units is still a challenging problefrOne main reason  catalyzed reaction of metal enolate wittoromoketone afforded
keto oxirane that is formed through carbonyl additfohhus,
many groups have developed different types of carbonylmethyl

* Corresponding author. E-mail: baba@ap.chem.eng.osaka-u.ac.jp.
(1) Diederich, F., Stang, P. J., Edgetal-catalyzed Cross-coupling Reactipns
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Tetrahedron Lett1992 33, 5823-5826. (e) Paquette, L. A.; Bzowej, E. controlled conditions. References 4b and 4d.
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Lett. 1986 27, 17071710. (c) lyoda, M.; Sakaitani, M.; Kojima, A.; Oda, (8) Pri-Bar, I.; Pearlman, P. S.; Stille, J. B. Org. Chem1983 48, 4629~
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We have been studying the coupling reaction of tin enolates

with a-bromocarbonyls in the presence of an equimolar amount &

of a ligand to the tin centéf In this system, highly coordinated

tin enolates are generated which show high nucleophilicity for
halide selective couplint’.However, there still remain problems

to be solved: (1) catalytic reactions, (2) use of chloroketones,
(3) use of cyclic haloketone, and (4) high chemoselectivity are
required!® Recently, much attention has been focused on the
metal-catalyzed cross-coupling reactions with organic chlorides,

which are more available, stable, and cheap but less reactive &Y
than bromides or iodides that are commonly used as coupling

partnerst* In this paper, we report the first successful metal-
catalyzedcross-coupling of different carbonylmethyl units using
chloroketonesis a cationic partnép.This method directly leads

to a wide variety of 1,4-dicarbonyl compounds under mild
conditions. The carbonyl moiety in chloroketone acts as a
directing group for selective-€C bond formation at the chloride
site. Furthermore, the metal-catalyzed coupling with allylic
halides including chlorides is achieved to afford-unsaturated
ketones.

Results and Discussion

Reaction of Tin Enolates witho-Haloketones Tin enolates
readily react with aldehydes to give aldol-type proddét®n
the contrary, the substitution reaction with halides at the
halogenated carbon is unlikely to occtiin the reaction with

a-haloketone that has both carbonyl and halide moieties, a

carbonyl attack exclusively proceeds to afford halohydrin
derivativest® In fact, an uncatalyzed reaction of tin enold&
with chloroketonea—c gave the halohydrin derivativesin
high yields, not 1,4-diketone3 (Table 1).

(9) (a) Miyano, M.; Dorn, C. RJ. Org. Chem1972 37, 268-274. (b) Brown,
E.; Ragault, M.Tetrahedron Lett1973 1927-1930. (c) Cuvigny, T.;
Larcheveque, M.; Normant, Hletrahedron Lett1974 1237-1240. (d)
Stork, G.; Jung, M. EJ. Am. Chem. Socl974 96, 3682-3686. (e)
Miyashita, M.; Yanami, T.; Yoshikoshi, AJ. Am. Chem. Sod.976 98,
4679-4681. (f) Jacobson, R. M.; Raths, R. A.; McDonald, J. H.,Jll
Org. Chem1977, 42, 2545-2549. (g) Dauben, W. G.; Hart, D. J. Org.
Chem.1977 42, 37873793. (h) Sum, P. E.; Weiler, [Can. J. Chem.
1978 56, 2301-2304.

(10) (a) Corey, E. J.; Hegedus, L. 5.Am. Chem. S0d.969 91, 4926-4928.
(b) McMurry, J. E.; Melton, JJ. Am. Chem. Sod.971 93, 5309-5311.
(c) Mukaiyama, T.; Narasaka, K.; Furusato, 8.Am. Chem. Sod.972
94, 8641-8642. (d) Katritzky, A. R.; Yang, Z.; Lam, J. N. Org. Chem.
1991, 56, 69176923. (e) Kubota, Y.; Nemoto, H.; Yamamoto, ¥.Org.
Chem.1991, 56, 7195-7196. (f) Katritzky, A. R.; Lang, H.; Wang, Z;
Lie, Z. J. Org. Chem1996 61, 7551-7557.

(11) (a) Baba, A.; Yasuda, M.; Yano, K.; Shibata, I.; MatsudaJHChem.
Soc., Perkin Trans. 11990 3205-3207. (b) Yasuda, M.; Oh-hata, T;
Shibata, |.; Baba, A.; Matsuda, H. Chem. Soc., Perkin Trans.1B93
859-865. (c) Yasuda, M.; Katoh, Y.; Shibata, I.; Baba, A.; Matsuda, H.;
Sonoda, NJ. Org. Chem1994 59, 4386-4392. (d) Yasuda, M.; Morimoto,
J.; Shibata, |.; Baba, ATetrahedron Lett1997, 38, 3265-3266.

(12) (a) Yasuda, M.; Hayashi, K.; Katoh, Y.; Shibata, |.; Baba)AAm. Chem.
Soc.1998 120, 715-721. (b) Yasuda, M.; Chiba, K.; Baba, A. Am.
Chem. Soc200Q 122 7549-7555.

(13) For the Pd- or Ru-catalyzed couplingabromoketone bearing bulky or
aryl substituents with tin enolate, see: Kosugi, M.; Takano, |.; Sakurai,
M.; Sano, H.; Migita, T.Chem. Lett1984 1221-1224.

(14) For a recent example, see: Li, G. Xngew. Chem., Int. EQR2001, 40,
1513-1516 and references therein.

(15) A part of this work has been reported as a communication. Yasuda, M.;
Tsuji, S.; Shibata, I.; Baba, Al. Org. Chem1997, 62, 8282-8283.

(16) (a) Noltes, J. G.; Creemers, H. M. J. C.; Van Der Kerk, G. J.JM.
Organomet. Cheni968 11, 21. (b) Labadie, S. S.; Stille, J. Ketrahedron
1984 40, 2329-2336. (c) Yamamoto, Y.; Yatagi, H.; Maruyama, &.
Chem. Soc., Chem. Commui®81, 162.

(17) High temperature is required for halide coupling with tin enolates. Odic,
Y.; Pereyre, M.J. Organomet. Chenl973 55, 273.

(18) (a) Yasuda, M.; Oh-hata, T.; Shibata, I.; Baba, A.; Matsuda, H.; Sonoda,
N. Tetrahedron Lett1994 35, 8627-8630. (b) Yasuda, M.; Oh-hata, T.;
Shibata, I.; Baba, A.; Matsuda, H.; Sonoda,BYll. Chem. Soc. Jpri995
68, 1180-1186.

Table 1. Uncatalyzed Reaction of Tin Enolate 1a with
Chloroketone 2a—c?

RZ
Ph 1
\/ + CIJ\(R
BuzSnO 4, 2 O
o 2,
R
. PhNW . o Ph
O R? 3 OH O 4
R R? yield/%
1 2a Ph H 0 Baad) >99 (4ad)
2 2b Me H 0 (3ab) 62 (4ab)
2c —(CHz)s— 0 (3a9 >99 (4a0

a All reactions were carried out in THF (1 mL) with tin enolatea (2.0
mmol) and chloroketon@ (1.0 mmol) at 40°C for 6 h.

Table 2. Effects of Catalysts in the Reaction of Tin Enolate 1a

with a-Chloroketone 2a—c?

RZ
O
Ph . R catalyst
¥ o+ c — Ph WJ\ R
BuzSnC 1a 2 O 0 R2 3
entry R! R? catalyst time/h product yield/%
1 2a Ph H LiCl 4 3aa 16
2 2a  Ph H MgCb 3 3aa 17
3 2a Ph H CuCp 2 3aa 10
4 2a Ph H AICl3 15 3aa 400
5 2a  Ph H InCk 6 3aa 31P
6 2a Ph H ZnCp 2 3aa >99
7 2a Ph H ZnBp 2 3aa 72
8 2a Ph H Znb 4 3aa 72
9 2b Me H ZnCh 2 3ab 64
10 2c —(CHgp)a— ZnCl, 2 3ac 82

a All reactions were carried out in THF (1 mL) with tin enolate (2.0
mmol), chloroketone2 (1.0 mmol), and catalyst (0.1 mmol) at 4C.
b Unidentified complicated mixture was produced in addition to the
formation of 3. ¢ Starting material2 was recovered in addition to the
formation of 3.

We found an interesting effect of metal halides as a catalyst
on this type of reaction, and the results are summarized in Table
2. When a catalytic amount of LiCl was added to this reaction
system, a cross-coupling product, 1,4-diketBag was obtained
in 16% vyield accompanied by an unidentified complicated
mixture, which was probably formed via carbonyl addition
(entry 1)1%20 MgCl, and CuC} also gave the 1,4-diketone,
though the yields were low (entries 2 and 3). Moderate yields
were obtained by using Alglor InCl; (entries 4 and 5).
Gratifyingly, zinc halides (ZnG| ZnBr,, and Znp) completely
altered the reaction course to give the 1,4-diketone without any
other side products (entries—8). Only a 0.1 equiv of the
catalyst was effective for the cross-couplilng reaction. THF was
the best choice out of the solvents examined since toluene and
acetonitrile afforded3aa in lower yields with ZnC} catalyst
(69% and 74%) compared with thre99% yield in entry 6. The
aliphatic and cyclic chloroketone2b and 2c were also ap-
plicable for the ZnCkcatalyzed system to give 1,4-diketones
3ab and 3ag respectively (entries 9 and 10).

We examined the generality of the zinc-catalyzed cross-
coupling reaction. Table 3 shows the effective and exclusive

(19) Kosugi, M.; Takano, I.; Hoshino, I.; Migita, . Chem. Soc., Chem.
Commun.1983 989-990.

(20) Padmanabhan, S.; Ogawa, T.; SuzukiBdl. Chem. Soc. Jpri989 62,
2114-2116.

J. AM. CHEM. SOC. = VOL. 124, NO. 25, 2002 7441



ARTICLES

Yasuda et al.

Table 3. Reaction of Tin Enolate 1 with a-Haloketone 2 Catalyzed by Zinc Halide?

entry tin enolate haloketone catalyst time/ h product yield/ %
o}
Ph Ph Ph
! T 1a oY 2a ZnCl, 2 Nph 3aa >99
2 BuzSnO 0 ZnBry 2 O o 72
Ph
ab Ol P ZnCl, 24 WJ\ 3ab 84
4 0 ZnCl, 2 o) 64
o}
Ph
5 ZnCl 6
cl 2 82
6 X % ZnBr, 2 m 8ac 75
o}
Ph Ph
7 By 2d ZnBr, 2 Nph 3aa 78
o} o}
0
Ph
8 Br 2e ZnBr, 2 3ac 70
O O
M
© 0
Ph
9 cl f ZnCl, 6 3af 73
0 o] Vo
o}
Ph Ph
10 CIJ\( 2g ZnCl, 44 NPh 3ag 74
o} o)
o}
Ph
11 Cl 2h ZnCly 28 3ah 90
o} o}
o) o
12 tBu Ho o ZnCl, 24 "B”%Ph 3ai 85
cl Ho o
o}
= Ph
13 1b oY 2a ZnBr, 24 Y\)\Ph 3ab 53
BuzSnO 0 e} o}
14 [ ZnBr, 8 WJ\ 3bb 75
15 0 ZnCl, 24 o 60
o 0
16 t'B“%H 2i ZnGl, 24 "B”M\ﬂ/ 3bi 96
cl Ho 8
OH O
o
x Bu
17 tB“MC' 2 ZnCl, 24 w\ abj 20
H H
0
Buf Ph Bu'
-z
18 ¥ e oYy 2a ZnCly 3 Ph  3ca 74
Bu3SnO o] o)
o}
Bu'
19 oY ZnBr, 15 M 3cb 66
o} o)
o}
BI
u
20 cl 2¢ ZnBr, 6 j(\ij 3cc 76
) o)
0
21 1d oYy = zZncl, 6 3db 47
Bu3SnO o] o)
MeO MeO
° 0
P Ph
22 1e oY 2a ZnCl, 4 Ph  3ea 75
BugSnO 0 o
Cl cl
0
P Ph
23 1f oYy 2a ZnCl, 4 Ph  3fa 62
BusSnO o] o)

a All reactions were carried out in THF (2 mL) with tin enolate(2.0 mmol), haloketon (1.0 mmol), and zinc halide (0.1 mmol) at 4C. > The
reaction was carried out at 6C.
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Ph\ﬂACI 2a
O 2a
PFY\/W\Ph
3a;

lo) a

+Jt @ “* s (9
o @ N

SN W R A,,A,“i — — _— — H‘/(f)
e e U 1 T T T
[
D | S ¥ ‘,f\,,LJ_W _® 5.0 45 40
‘ i
— e e Ha) Figure 2. 'H NMR spectra of the uncatalyzed reaction mixturelafvith
T T 2ain CgDg: (f) t =5 min, 25°C; (g) t = 30 min, 60°C; and (h)t = 60
min, 60°C.
5.0 4s 40
ppm Scheme 2

* Ph ! R
c Ph ZnCl, RY Lo

o}
Bus;SnO O 4aaSn R'NR BusSnO 4 l 50
Figure 1. H NMR spectra of the ZnGlcatalyzed reaction mixture dfa 0 3 R .
with 2ain CgDg: (a)t =5 min, 25°C; (b)t = 15 min, 40°C; (c)t = 30 . Cl/\(/\ﬂ/R
min, 60°C; (d) t = 60 min, 60°C; and (e)t = 90 min, 75°C. R o BusSnO O

< 5
formation of 1,4-diketone8 with various types of tin enolates “\_R
12122 anda-haloketone®. a-Bromoketones were also applied c)ro BuzSnCl
to this reaction system to give 1,4-diketones in high yields Zhel 6
(entries 7 and 8). The efficient formation of 1,4-diketones from
cyclic haloketones was noteworthy (entries 5, 6, 8, 12, 16, and gpserved in 5 min at 25C in Figure 2f. On raising the
20), because 2-bromocyclohexanone gave not 1,4-diketone butemperature to 68C, the slow formation ofaaSnwas observed
an aldol-type product by our previous method with the highly i Figure 2g and 2h. These results suggest that Zacelerates
coordinated tin enolate? Even the reactions with sterically the precondensation of tin enolate with chloroketone and
hindered chloroketoneg and2h proceeded smoothly to give  c41a1y7es the rearrangement from carbony! addaaSnto 3aa
1,4-diketones3ag and 3ah in high yields (entries 10 f';\nd 11). A plausible catalytic cycle can be shown in Scheme 2. At
In entry 12 trans-4-tert-butyl-2-chlorocyclohexanon@{) gave st tin enolatel adds to thex-chloroketone? at the carbonyl

a single isomer ofis-diketone3ai, whose relative configuration  .4rhon to forn®. The transmetalation of tin Bwith zinc halide
was unambiguously determined by X-ray analysis. High selec- giyes the reactive intermediate zincaiewhich can readily

tivity was also observed in the reaction bb with 2i (entry transform to the 1,4-diketorby rearrangement of the oxoalkyl
16). Interestingly, theeis-chloroketone2j did not afford 1,4- o0, along with regeneration of zinc haliée Generation
diketone but aldol productbj (entry 17). The use of ZnBr ¢ yhe zinc enolate by the transmetalationlakith zinc halide
sometimes showed a higher yield than the use of Z(@itries 5 5150 |ikely to occu?® The intermediate zincaté certainly

14 and 15). Tin enolates bearing electron-donating or -with- yaus an important role in the rearrangement, which is prompted
drawing substituent&e and 1f showed similar reactivity with by the affinity of zinc with halogen .26

lato form 1.,4-diI;e';:)nes (en.tries 22 ﬁnd. 23). ) ) The carbonyl group i acts as an important directing force

Investigation of the Reaction Mechanism To investigate ¢, o, 5ling at the chloride site. The substitution step takes place
thel reaction mechanism, the reaction mixture was monitored o molecularly due to the precondensation at the carbonyl
by *H NMR. Under the same conditions as in entry 6 in Table .\, | fact, no reactions were observed in the treatment of
2_’ the react|or! _procee_ded t0o fast to a_llow observatpn. Slightly 15 with ethyl 2-chloroacetate or allyl chloride in the presence
different co_ndlltlons with ZnGl(0.1 equiv).1a(1.0 equiv), and of ZnCl, which are typical reactive organic chlorides. As shown
.2a(.1.0 equiv) in benzgnde gave an ob§ewab|e result as ?hOWH in Scheme 3, even after completion of the uncatalyzed conden-
in Figure 1. After 5 min at 23C, the signals corresponding 10 g4t of1a at the carbonyl group ia under the conditions

aldol-type adductaaSn marked by asterisks in the chart, 0 in entry 1 of Table 1, the addition of a catalytic amount
appeared along with the starting chloroket@ase(Figure 1a).

The increase of 1,4-diketorzaa with the decrease ofaaSn (23) (a) Nevar, N. M.; Kellin, A. V.; Kulinkovich, O. GSynthesi€00Q 1259~

can be seen in Figure He on gradually raising the temperature 1262. (b) Kel'in, A. V., Kulinkovich, O. G Synthesid 99§ 330- 332,
o . R (24) We have recently reported the rearrangement of the aryl group from the
from 25 to 75°C for 90 min. In the uncatalyzed reaction as adduct which comes from-haloketone with allylic tin(Il) species. Yasuda,
; B B : M.; Tsuchida, M.; Baba, AChem. Commuril998 563-564.
shown in Figure 2, no Slgnal CorreSpondmg 4eaSnwas (25) A THF solution of an equiomolar mixture df and ZnC} gave 91% of
BusSnCIl at room temperature for 5 min. This result suggests fast

(21) In general, tin enolates exist as an equilibrium mixture of keto- and/or enol- transmetalation between tin enolate and Zn@Gi the reaction shown in
type isomers whose ratio greatly depends on the substituents. In this paper, Scheme 2, however, only a catalytic amount of zinc halide is used and
all structures are shown as enol form for convenience. most of the precondensation product comes from tin enolate.

(22) Pereyre, M.; Bellegarde, B.; Mendelsohn, J.; Valadg,Organomet. Chem. (26) Katritzky, A. R.; Xie, L.; Toader, D.; Serdyuk, 0. Am. Chem. So4995
196§ 11, 97—-110. 117, 12015-12016.
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Scheme 3 Table 4. Effect of Additives in the Reaction of Tin Enolate 1a with
Ph Ph Allyl Bromide 7a@
/
v oo, o

BusSnO 14 O 2, Ph additive Ph
/
j/ + Br/\/ e \H/\/\
40°C,6h BusSnO 4, 7a O gaa

entry additive (mmol) time/h yield/%

ZnCh (0.1) 24 0
ZnCh (1) 24 0
ZnBr, (1) 24 0
Znl (1) 24 0
NiCl, (1) 20 10
Cucl (0.1) 16 >99
CuBr (0.1) 16 >99
Cul (0.1) 16 >99
CuCh (0.1) 20 80
CuBs (0.1) 20 >99

Ph Ph cat.

H,O ZnCl
4aa -—— | C 2.  3aa
>99% BU3SFIO (0] 24 h 92%

4aaSn

BusSnO 1b

cat.
/ ZnCly \ a All reactions were carried out in THF (1 mL) with tin enoldte (2.0
mmol), allyl bromide7a (1.0 mmol), and additive at 48C.

Scheme 4

CQOVWoO~NOUITAWNE

=

N\)& place via equatorial attack to gi¥g which was hydrolyzed to
2y give4bj. The formation of diketone is unlikely to occur because
B the equilibrium betweel andF largely lies on the side dE.
\ ')\( The equatorial attack of tin enolate2pis commonly observed;
o both cases of uncatalyzed and,8hBr-catalyzed reaction of
+Bu 1b with 2j were reported to give (M = H) as a single isomég.
The addition of ZnCl to the reaction mixture including onkg
(M = SnBuw) derived from uncatalyzed reaction dip with 2j
o] gave no 1,4-diketone and only chlorohyddbhj (M = H) in
\/ +  tBu MC' ) 62% yield. Since the unsubstituted 2-halocyclohexanone system
2 has a low energy barrier between conformers, Z@atalyzed
cat. \ reaction smoothly affords 1,4-diketoffe.
ZnCly Reaction of Tin Enolates with Allylic Halides. We next
turned our attention to the reaction with organic halides which
0 oM O have no directing group such as the carbonyl moiety in
oM < f-BUNE)K o 4bj haloketones. As already mentioned above, no reactions were
H D H E observed in the Zn@lcatalyzed reaction dfawith allyl halides.
% ‘l We have previously reported thatl equiv of additive acceler-
ates the coupling of tin enolate with allylic halid€s-lowever,
diketone ~_ O the catalytic cross-coupling is still a problem to be sol¢&d.
MO Table 4 shows the effect of catalysts in the reactioriaf
with allyl bromide7a. Even the use of 1 equiv of zinc halides
resulted in no reaction (entries-2). A catalytic amount of

of ZnCl, led to the transformation int8aain high yield (92%). NiCl gave a low yield of the coupling produta (entry 5).

These results show the precondensation step should be include¢lS showrj n entrllesﬁlo, copper halides effepnvgly cgtalyzed
in the reaction course. the reaction to giver,0-unsaturated ketongaain high yields.

It is noteworthy that each diastereomer oteftbutyl-2- Copper halides could activate allylic halide to formrailly_lic _
chlorocyclohexanone2{ and 2j) showed contrastive results complex, or generate copper enolate by transmetalation with

: o ) : .
(entries 16 and 17 in Table 3). These differences are cIearIytln enolate’ _When the copperl cz:]talyzed_ reacnon_hliwnh h
ascribed to the conformation of intermediate carbonyl adducts. 7awas monitored by NMR, only the starting materials and the

For the formation of 1,4-diketone throth the addition- (27) We have already reported the facial selectivity of the 2-chlorocyclohexanone

rearrangement mechanism, the intermediate should have an systeng vtvri1th tin ensgle(t,t\ﬁs (rﬁf) 18)('1 gh& uncat)a'lyzfg Je""cﬁj%g"b&‘”““ |zdi
: : - . gives both isomer = H) an =H)in 6 an b yields,
Oxoalkyl group and Cl |rant|-per|planar positions such &sor respectively, after workup. In the presence of a catalytic amount &,

F in Scheme 4. Therefore, the reactioriLlbfwith 2i presumably the exclusive attack from the axial direction takes place to GV =
. . . . . H) as a single product in 60% vyield.
proceeds througB to diketone3bi. The facial selective addition  (28) 2-Chiorocyclohexanone exits as a mixture of conformers in comparable

of 1b to 2i via axial attack can be explained if the ZnChtalyst ratios: Basso, E. A.; Kaiser, C.; Rittner, R.; Lambert, JJBOrg. Chem.
. . 1993 58, 7865-7869. The ZnGl reaction of tin enolate with either

acts as does RBbBr, which was previously reported to be the conformer gives precondensation adduct bearing Cl and an oxoalkyl group

i i = in the trans configuration as expected from the results in Scheme 4. We
cat;lyst for the selective formation _Of Chloro,hyd@(M reported that the RBbBr-catalyzed reaction of tin enolates with 2-chloro-
H).2" In fact, PhSbBr-catalyzed reaction dfo with 2i in THF cyclohexanone gave only the chlorohydrin with Cl and an oxoalkyl group

i i — i in trans positions (ref 18).
for 24 h,’ m, er;IChB (M SnBu:)’) would be prgdomlnantly (29) Allylic tins were reported to couple with allylic bromides in the ZpCl
formed in situl® followed by loading of a catalytic amount of cafalyzed reaction. Godschalx, J. P.; Stille, JTtrahedron Lett1983
i i i 0 P 24, 1905-1908.

ZnCl, gave exclusive formation d3bi in 58% yield. On the 50 o4 "5 "5 Liebeskind, L. SJ. Am. Chem. Socl996 118 2748-
other hand, it is assumed that the reactiorilofwith 2j takes 2749.
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Table 5. Reaction of Tin Enolates 1 with Organic Halides 7 products at 63C (entry 3). Moderate yields were obtained in
Catalyzed by Cul® ) the reaction with prenyl or benzyl bromide (entries 4 and 5).
1 R Whena-bromoestef7f was used as the substrate, the reaction
HWRZ + ></\/sz3 oo, resulted in low conversion (entry 8).1t is noteworthy that
BugSnO 4 7 allylic chlorides were also applied to the Cul-catalyzed reaction
R? R? system. The reaction with cinnamyl chloridég gave the
RMRS + F“\K\(\ coupling products in 88% yield under THF reflux conditions,
o] R* o R®R* while no reaction was observed without the catalyst (entries 7
8 o-adduct 9 y-adduct and 8). Satisfactory yield was obtained in the reaction with crotyl
chloride 7h using DMF as a solveri£ Other tin enolates were
entry tin enolate halide time/h temp/°C  vyield/ % (8 : 9) also applied to the Cul-catalyzed coupling to give the cross-
o coupling products in moderate to high yields (entries-13).
=
BusSnO 1a Br/\/k 1 0 >99(8aa) Conclusions
5 1a B~ 24 0 ~99 (8ab:9ab: 72:28) We have demonstrated the cross-coupling of carbonylmethyl
7b units using a-chloroketones and tin enolates as coupling
s 1a B e 16 63 299 (Bac:9ac; 75:25) partners._Zinc halides _showed ex_cellent catalytic activity fqr
7c the coupling. The reaction course includes the precondensation
between tin enolates andhaloketone providing an aldol-type
4 1a Br«)\ 20 63 42 (8ad:9ad: 70:30) species and rearrangement of the oxoalkyl group with substitu-
7d tion of halogen to produce 1,4-diketones. The carbonyl group
5 1a B > Ph 16 63 54 (8ae)? in haloketone acts as a directing group for the coupling reaction.
7e NMR studies apparently suggest two steps are involved in the
6 1a Br/\H/OEt 20 63 20 (8af)° regction course. Zinc halides haye two functions: (i) asa Lewis
o 7 acid agceleratlng aqpl controlling the prepondensanon step
; PN 2 63 88 (8ab9ab; 67:33) (formation of5). and (ii) as an agentl promotmg the rearrange-
g 1a Cl /7gF’h 20 63 0 ' ment by releasing oxygen and bonding with halogen (formation
of 3 from 6). The reaction with organic halides which have no
ge 1a oA e 20 70 86 (8ac-9ac: 76:24) directing group was catalyzed by a different type of catalyst.
7h The copper halides effectively catalyzed the cross-coupling of
&)\ tin enolates with allylic halides to gived-unsaturated ketones.
108 1a o ~F 20 63 37 (8ad-9ad; 72:28) This system was also applied to chloride substrates as cationic
T coupling partners.
1° 1a CI”>Ph .2 70 38 (8ae)” Experimental Section
i
General. Melting points were taken on a Yanagimoto melting point
12 B NF 04 40 76 (8da) apparatus and are uncorrected. IR spectra were recorded as thin films

BugSnO 1d 7a or as solids in KBr pellets on a Hitachi 260-30 spectrophotoméitkr.
and**C NMR spectra were obtained with a JEOL JNM-GSX-270 (270

v o~ I and 67.9 MHz) or a JEOL JNM-GSX-400 (400 and 100 MHz)
18 BugSnO 1b B~ 7bPh 24 40 >99 (8bb:9bb; 67:33) spectrometer, respectively, with TMS as internal standard. Mass spectra
were recorded on a JEOL JMS-DS303 or a Shimadzu GCMS-QP2000A
14 1b I " ph 21 63 14 (8bb:9bb; 33:67) spectrometer. GLC analyses were performed on a Shimadzu GC-8A
79 with FID, usirg a 2 m x 3 mm column packed with SE-52. Flash
Ph__za,, P chromatography was performed on silica gel (Wakogel C-300). Bulb-
15 Bu-Sn0 19 Br 24 40 30 (8ga) to-bulb distillation (Kugelrohr) was accomplished in a Sibata GTO-
8 7a 250RS at the oven temperature and pressure indicated. Yields were
a . ' . — determined by GLC ofH NMR with internal standards.

All reactions were carried out in THF (1 mL) with tin enolatg2.0 . - . .
mmol), organic halideZ (1.0 mmol), and Cul (0.1 mmolf.8ae = 1,3- Materials. THF was distilled from sodium and benzophenone. Tin
diphenyl-1-propanoné.8af = ethyl 4-oxo-4-phenylbutanoatéWithout enolatesla—d and 1g were prepared from tributyltin methoxide and
Cul. ¢ DMF was used as solvent instead of THF. the corresponding enol acetates by known meth®d3The tin enolates

. . . . le and 1f were prepared fronp-methoxye-acetoxystyren& and
product were observed without any intermediates. Evidence for , chjoro.¢-acetoxystyreri@ with tributyitin methoxide in a similar

the generation of neithet-allylic copper nor copper enolate  fashiont>22All tin compounds were handled carefully because of their

was obtained even in the equimolar mixture of Cul &ador toxicity. a-Haloketone®a, 2b, 2¢, 2d, 2f, and2h were commercially
Cul andlain THF. The reaction mechanism and the catalyst available. 2-Bromocyclohexanon2g,** 2-chloropropiophenon&),
behavior are not clear at this stage. and 4tert-butylcyclohexanone2( and 2j)3¢ were prepared according

Table 5 shows the results of coupling between various types

i i i (31) The palladium-catalyzed coupling of haloester with tin enolate or allyltin
of tlnlenolatesl apd o'rgamc hahdeg catalyzed by Cul. The reagents was roported. Simpson. J. H ; Stille, JJKOrg. Chem 1985
reaction of la with cinnamyl bromide7b gave the cross- 50, 1759-1760.
; ot ; ; (32) The reaction carried out in THF under the reflux condition resulted in low
coupling prc_>duct quantitatively (entry 2). The reactions with yield (21%, 8ac9ac 64:36).
crotyl bromide 7c also proceeded smoothly and gave the (33) Noyce, D. S.; Pollack, R. Ml. Am. Chem. Sod.969 91, 119-124.
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to the described methods. Allylic halides (and related halides)j
were commercial products. Zinc halides were dried under reduced
pressure before use.

Uncatalyzed Reaction of Tin Enolates with ChloroketonesTo a
solution of a tin enolatd (2.0 mmol) in dry THF (1 mL) was added
o-chloroketone2 (1.0 mmol) under nitrogen. The mixture was stirred

data described in the literature. The spectral data of the pr@&hict
was in excellent agreement with the commercially available sample
(Aldrich).

1-(4-Methylphenyl)-4-phenylbutane-1,4-dione (3af)According to
the general procedure, this compound was prepared fr@nZnCl,,
and2f in THF to give the product as a white solid after recrystallization

under the reaction conditions noted in Table 1 and quenched with water (hexane): mp 114116 °C; IR (KBr) 1680 cnt?; *H NMR (270 Hz,

(5 mL). Diethyl ether (30 mL) and aqueous hH(15%; 15 mL) were
added and the homogeneous mixture was vigorously stirred for 20 min.
The resulting BuSnF was filtered off. The filtrate was washed with
water (30 mLx 2), dried (MgSQ), and evaporated. Flash chroma-
tography of the residue on silica gel gave pure products.

General Procedure for Synthesis of 1,4-Diketones (3)To a
mixture of a tin enolatd (2.0 mmol) and 0.1 mmol of zinc halide (or
other metal halides in Table 2) in dry THF (1 mL) was added
o-haloketone2 (1.0 mmol) under nitrogen. The reaction mixture was
stirred under the reaction conditions noted in Table 2 or 3. Water (5
mL) was then added to the solution. Diethyl ether (30 mL) and aqueous
NHF (15%; 15 mL) were added and the homogeneous mixture was
vigorously stirred for 20 min. The resulting BSnF was filtered off.
The filtrate was washed with water (30 mt 2), dried (MgSQ), and

CDCls) ¢ 8.06-7.22 (m, 4H, aromatic), 7.587.44 (m, 3H, aromatic),
7.29-7.25 (m, 2H, aromatic), 3.45 (s, 4H, 2- and 3}H.42 (s, 3H,
Me); 3C NMR (67.9 Hz, CDGJ) 198.77 (s), 198.28 (s), 143.90 (s),
136.81 (s), 134.30 (s), 133.08 (d), 129.24 (d), 128.55 (d), 128.22 (d),
128.10 (d), 32.60 (t), 32.46 (t), 21.63 (q); MS (El, 70 eiwiiz 252
(M*, 8), 119 (100), 105 (41); HRMS (EI, 70 eV) calcd forA160,
252.1150, founa/z252.1121, 252.1140, 252.1175 {MAnal. Calcd
for Ci17H1602: C, 80.93; H, 6.39. Found: C, 80.63; H, 6.32.
2-Methyl-1,4-diphenylbutane-1,4-dione (3ag)According to the
general procedure, this compound was prepared ftepnZnCl, and
2gin THF to give the product as a white solid after recrystallization
(hexane): mp 106C; IR (KBr) 2970 (alkyl), 1680, 1660 cm; H
NMR (270 Hz, CDC}) 8.07—7.43 (m, 10H, aromatic), 4.234.15 (m,
1H, 2-H), 3.73 (ddJ = 8.3, 17.6 Hz, 1H, 3-B), 3.12 (dd,J = 4.9,

evaporated. Flash chromatography of the resultant residue on silica gel17.6 Hz, 1H, 3-H), 1.29 (d,J = 7.3 Hz, 3H, Me):13C NMR (67.9 Hz,

or recrystallization gave pure products.

Control Experiment for Investigation of Reaction Mechanism
(Scheme 3) To a solution of tin enolatéa (2.0 mmol) in dry THF (1
mL) was addedx-chloroketone2a (1.0 mmol) under nitrogen. The
mixture was stirred at 4€C for 6 h. Then ZnGl(0.1 mmol) was added
to the solution. The reaction mixture was stirred for 24 h and quenched
with water (5 mL). Diethyl ether (30 mL) and aqueous H15%;
15 mL) were added and the resulting BaF was filtered off. The
filtrate was washed with water (30 mk 2), dried (MgSQ), and
evaporated to give an oil that was found by NMR and GLC analyses
to consist of the compoun8aa (92%) without4aa

NMR Study of the Reaction of 1a with 2a (Figure 1) To a dry
benzeneds solution of ZnC} (0.04 mmol) in an NMR tube was
introducedla (0.4 mmol) and2a (0.4 mmol).*H NMR spectra were
recorded at varying temperature from 25 to°@bas shown in Figure
1. Noncatalyzed reaction was carried out without Zré2|25-60 °C.

General Procedure for Synthesis ofy,0-Unsaturated Ketones (8
and/or 9). To a mixture of tin enolatd (2.0 mmol) and a catalytic
amount of Cul (0.1 mmol) in dry THF (1 mL) was added organic halide
7 (1.0 mmol) under nitrogen. The reaction mixture was stirred under
the conditions noted in Table 5. Water (5 mL) was then added to the
solution. Diethyl ether (30 mL) and aqueous NH15%; 15 mL) were
added and the resulting BSnF was filtered off. The filtrate was washed
with water (30 mL x 2), dried (MgSQ), and evaporated. Flash
chromatography of the resultant residue on silica gel or recrystallization
gave pure products.

Spectral Data These product3aa !t 3ab,'P 3agt 3ah,!1b 3ch,11?
3cglic 3db,37 4bj’18b 8aa228ab,122 8ag38 9ac3® 8ad,?® 9ad,*! 8ael?
8af,11 8da,*? 8bb, %2 9bb,** and 8ga** were identified by the spectral

(34) Bedoukian, P. ZJ. Am. Chem. Sod.945 67, 1430-1431.

(35) Olah, G. A.; Ohannesian, L.; Arvanaghi, M.; Parakash, G. Kl. ®rg.
Chem.1984 49, 2032-2034.

(36) Allinger, N. L.; Allinger, J.; Freiberg, L. A.; Czaja, R. F.; Lebel, N. A.
Am. Chem. Socd96Q 82, 5876-5882.

(37) Tsuda, T.; Satomi, H.; Hayashi, T.; Saegusal.TOrg. Chem1987, 52,
439-443.

(38) Tanko, J. M.; Drumright, R. E.; Suleman, N. K.; Brammer, L. E.,JJr.
Am. Chem. Sodl994 116, 1785-1791. Roberts, R. M.; Landolt, R. G.;
Greene, R. N.; Heyer, E. W.. Am. Chem. S0d.967, 89, 1404-1411.

(39) Roberts, R. M.; Landolt, R. G.; Greene, R. N.; Heyer, EJWAmM. Chem.
So0c.1967, 89, 1404-1411.

(40) Michael, J. P.; Nkwelo, M. MTetrahedron199Q 46, 2549-2560.

(41) Jemison, R. W.; Laird, T.; Ollis, W. D.; Sutherland, I. .Chem. Soc.,
Perkin Trans. 1198Q 1450-1457.

(42) Molandar, G. A.; Kimberly, O. CJ. Org. Chem1993 58, 5931-5943.

(43) Maruoka, K.; Banno, H.; Yamamoto, Hietrahedron: Asymmetr§991
2, 647-662.

(44) Barentsen, H. M.; Sieval, A. B.; CornelisseTétrahedroril995 51, 7495~
7520.
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CDCl3) 203.33 (s, C-1), 198.41 (s, C-4), 136.64 (s), 133.14 (d), 136.06
(s), 132.92 (d), 128.62 (d), 128.52 (d), 128.48 (d), 128.05 (d), 42.30
(t, C-3), 36.23 (d, C-2), 17.91 (g, Me); MS (El, 70 eXyz 252 (M*,
3.5), 147 (5), 105 (100), 77 (37), 51 (12); HRMS:(EI, 70 eV) calcd for
CiH1602 252.1150, foundn/z 252.1121, 252.1140, 252.1175 (M
Anal. Calcd for G/H1602: C, 80.93; H, 6.39. Found: C, 80.63; H,
6.34.

(2R*,4S%)-4-tert-Butyl-2-(2-0x0-2-phenylethyl)cyclohexane-1-
one (3ai) According to the general procedure, this compound was
prepared fromla, ZnCh, and2i in THF to give the product as a white
solid after recrystallization (hexane). The crystal obtained was suitable
for X-ray crystallographic analysis. Details of the crystal structure data
and analysis are provided in the Supporting Information: mp°133
IR (KBr) 2950, 1700, 1680 cfH NMR (400 MHz, CDC}) 8.00—

7.97 (m, 2H, aromatic), 7.577.53 (m, 1H, aromatic), 7.477.43 (m,
2H, aromatic), 3.62 (dd] = 17.58, 6.35 Hz, 1H, PhCOCH|, 3.21—
3.16 (m, 1H, 2-H), 2.69 (ddJ = 17.58, 5.37 Hz, 1H, PhCOCH
2.47-2.43 (m, 2H), 2.2£2.13 (m, 2H), 1.741.67 (m, 1H), 1.54
1.42 (m, 1H), 1.32-1.22 (m, 1H), 0.92 (s, 9H, CME 13C NMR (100
MHz, CDCk) 211.79 (s), 198.48 (s), 137.01 (s), 132.92 (d), 128.45,
(d), 128.00 (d), 46.94 (d), 45.48 (d), 41.16 (t), 38.44 (t), 35.19 (1),
32.36 (s), 28.61 (t), 27.58 (q); MS (El, 70 exyz 272 (M*, 18), 215
(35), 153 (64), 133 (18), 120 (33), 105 (100), 77 (27), 57 (22); HRMS
(El, 70 eV) calcd for GgH240, 272.1776, foundm/z 272.1801,
272.1788, 272.1746 (N). Anal. Calcd for GgH240,: C, 79.37; H, 8.88.
Found: C, 79.49; H, 8.89.

(2R*,4S¥)-4-tert-Butyl-2-(2-oxopropyl)cyclohexane-1-one (3bi)
According to the general procedure, this compound was prepared from
1b, ZnCk, and2i in THF to give the product as a colorless liquid after
flash chromatography (hexane/8t 1/1) and distillation: bp 113C/1
mmHg; IR (KBr) 2950, 1710, 1700 chn'H NMR (400 MHz, CDC})
3.05-2.93 (m, 2H), 2.42-2.35 (m, 2H), 2.21 (s, 3H, Me€0), 2.20-

1.10 (m, ring), 0.90 (s, 9H, CME °C NMR (100 MHz, CDC{) 211.79

(s), 207.28 (s), 46.94 (d), 45.59 (d), 43.31 (1), 41.07 (t), 34.93 (), 32.35
(s, M&C), 30.42 (q,MeCO), 28.53 (t), 27.58 (gVesC); MS (El, 70

eV) mz 167 (M" — 43, 18), 153 (20), 111 (20), 57 (63), 43 (100).
Anal. Calcd for GsH202: C, 74.24; H, 10.54. Found: C, 70.49; H,
10.29.

5,5-Dimethyl-1-phenylhexane-1,4-dione (3ca)According to the
general procedure, this compound was prepared ftonZnCk, and
2a in THF to give the product as a colorless liquid after flash
chromatography (hexanef&t, 10/1) and distillation: bp 123C/1
mmHg; IR (neat) 1680, 1660 crfii *H NMR (400 Hz, CDC}) 7.99-

7.46 (m, 5H, aromatic), 3.26 (@,= 6.4 Hz, 2H, 2-H), 2.97 (t J=6.4
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Hz, 2H, 3-H), 1.22 (s, 9H, BY); *C NMR (100 Hz, CDCJ)) 214.66 1,3-Diphenyl-4-pentene-1-one (9ab)According to the general
(C-4), 198.96 (C-1), 136.88, 133.05, 128.56, 128.06, 44.07, 32.42, procedure, this compound was prepared fttanCul, and7b in THF.
30.77, 26.64 (5-Mg; MS (CI, 70 eV)m/z 219 (M" + 1, 100), 161 The title compound was obtained wisab and separated by flash
(57), 133 (13), 105 (16); HRMS (ClI, 70 eV) calcd for; 8200, chromatography (hexane/gt, 20/1) and distillation: bp 152C/1
219.3037, foundn/z 219.1370, 219.1394, 219.1376 {M- 1). Anal. mmHg; IR (KBr) 3090, 1700, 1620 cin*H NMR (270 MHz, CDC})
Calcd for G4H10: C, 77.03; H, 8.31. Found: C, 76.98; H, 8.38. 7.94-7.90 (m, 2H, aromatic), 7.577.17 (m, 8H, aromatic), 6.11

1-(4-Methoxyphenyl)-4-phenylbutane-1,4-dione (3edccording 5.98 (m, 1H, 4-H), 5.07 (d] = 6.84 Hz, 1H, CH=CHH,), 5.08-4.99
to the general procedure, this compound was prepared Is@nCh, (m, 2H, 5-H), 4.18-4.10 (m, 1H, 3-H), 3.44 (dd) = 16.6, 7.8 Hz,
and2ain THF to give the product as a yellow solid after recrystalli-  1H, 2-H"), 3.35 (dd,J = 16.6, 6.8 Hz, 1H, 2-B); 13C NMR (67.9
zation (hexane/benzene, 3/1): mp-280 °C; IR (KBr) 1692, 1673 MHz, CDCk) 197.99, (s, C-1), 142.99 (s), 140.57 (d, C-4) 136.97 (s),
cm™%; H NMR (400 MHz, CDC}) 8.05-8.00 (m, 4H, aromatic), 7.57 132.85 (d), 128.42 (d), 127.90 (d), 127.58 (d), 126.39 (d), 114.54 {(t,
7.46 (m, 3H, aromatic), 6.966.93 (m, 2H, aromatic), 3.88 (s, 3H, Me),  C-5), 44.36 (d, C-3), 43.83 (t, C-2); MS (El, 70 e¥jz 236 (M*, 9),
3.47-3.39 (m, 4H, 2-H and 3-H); **C NMR (100 MHz, CDC}) 117 (12), 105 (100), 77 (21); HRMS (EI, 70 eV) calcd for/8:60
198.85, 197.14, 163.50C(OMe), 136.81, 133.06, 130.35, 129.87, 236.1201, foundn/z 236.1189, 236.1195, 236.1196 {MAnal. Calcd
128.55, 128.09, 113.70, 55.43 (Me), 32.63, 32.19; MS (El, 70ra%)  for Cy7H;60: C, 86.40; H, 6.82. Found: C, 86.35; H, 6.87.
268 (M*, 40), 135 (100), 105 (20), 77 (16); HRMS (EI, 70 eV) calcd
for C17H1605 268.1099, founan/z 268.1084, 268.1108, 268.1107 (M
Anal. Calcd for G/H1605: C, 76.10; H, 6.01. Found: C, 76.38; H,
6.19.

1-(4-Chlorophenyl)-4-phenylbutane-1,4-dione (3fa)According to

Acknowledgment. This work was supported by a Grant-in-
Aid for Scientific Research, the Ministry of Education, Science,
Sports, and Culture, of the Japanese Government. Thanks are

the general procedure, this compound was prepared fioranCh, due to Mrs. Y. Miyaji and Mr. H. Moriguchi, Faculty of
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(400 MHz, CDC}) 8.05-7.96 (m, 4H, aromatic), 7.667.56 (m, 1H,
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70 eV)miz 272 (M*, 53), 139 (59), 133 (13), 111 (13), 105 (100), 77
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(23); HRMS (EI, 70 eV) calcd for GH130,Cl 272.0604, foundwz p-ip 9
272.0603, 272.0633, 272.0604 (M Anal. Calcd for GgH130.Cl: C,
70.46; H, 4.80; Cl, 13.00. Found: C, 70.25; H, 4.82; ClI, 13.28. JA0258172
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