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A boat-type of chelated bicyclic transition state involving highly diastereoselective construction of three contiguous stereogenic centers in

the Reformatsky reaction of indium enolates with  a-alkoxy/hydroxy ketones is proposed.  a-Hydroxy ketones with indium enolates furnished
highly diastereoselective lactones, while  a-alkoxy ketones gave acyclic esters in moderate selectivities. X-ray structure analyses of key products
unequivocally revealed the unexpected stereochemistry of products and the reaction pathway.

A major challenge in synthetic organic chemistry is stere- ments, to the best of our knowledge, there exists no report
ochemical control during the C—C bond construction. on the Reformatsky reaction afhydroxy ketone with zinc
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y L. 9 () . Chem. Commun1994, 1225. (c) Delaunay, J.; Orliac-Le Moing, A.;
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enolate except our own example using a tin-based reddent. || GGG

This is because the chelation-controlled nucleophilic addition
to carbonyl compounds with free hydroxyl moieties without
protection is a tough task. Perhaps the organometals for
chelates are readily quenched by the protic sites.
Recently, we reported the efficient construction of two
stereogenic centers in the Reformatsky-type addition of
indium enolates to ketoné&sThe cyclic chelation transition
state is essential for the excellent stereoselectivity (over 98%)
from the combination ofi-alkoxy ketonegi-keto esters and
indium enolates. In addition, the reaction conditions have
been optimized for the strict chelation, employing In(l)
enolate in toluene solvent under ultrasonication at room
temperature. Taking an impetus from this observation, we
easily envisaged that -substitutedo-alkoxy ketone and
a-substitutedo-halo ester were treated, the stereoselective
construction of three contiguous stereogenic centers woul
be completed as illustrated in Scheme 1, in which a chair-

Table 1
2 1% In system 1 HO,Ph I 1 HO, Ph g
RO B Y R'Og R + RO, 7A@
%Ph + ¥ 7O Toluene PhB Q PhB Q
Ph i jcaion ~ Ppo tot PR Eees
1a Ultrasonication 3 4
entry ketone RX/ In source condition® product yield (%) {ds)®
(mmol)® (mmolj® (Mmol)
HQ Ph O
4 NR
1a(0.5) 2a(1.0) InCI(1.0) US(3 Ph.JY NN E
1 (1.0) US(@3) \B\:)J\o ¢
2 1a{1.0} 2a(1.8) In{1.1) 67 °C{1) OMe Me 3a 3a; 80°
o O 95(3b:4b = 50:50)°
12(10) 26200 In(1.2) (4 HQ Ph HO PR ( )
Ph.y. B ) Ph\l{/B o o
1a(0.5) 2b(1.0) InCI{1.0) US(2) OMe = OMe 95 (3b:4b = 80:20)
36 apf
HQ ph O HO, Ph O
5 1b(@5) 2b(10) Ini(1.0) Us(2) PP g P o 82(3c4c = 50:50)
OPr’xé% OPr'

ala: Rt = Me; 1b: R! = Pr; 2a: ethyl 2-bromopropionate2b:
2-bromo-y-butyrolactone’ US = ultrasonication (38 kHz, 120 W) at 25
°C in dry toluene (2 mL)¢ Diastereoselectivities were determined from
the crude' H NMR spectrad THF was used, isolated yield for major isomer
3a. For the X-ray structure see the Supporting Information; minor isomers
were isolated as a mixture THF was usedfX-ray structure analysis
revealed the stereochemistry.
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like transition state would furnish a syn/syn adduct. Herein,
we report the excitingly unexpected efficient stereochemical
outcome and mechanism of the Reformatsky reactions of
indium enolates 8 with a-hydroxy ketones to complete the
streocontrol of three contiguous streogenic centers.

At first, under the established reaction conditions for the
two stereogenic centers, the reactioriafand2ain toluene
in the presence of In(1)X system was carried out. However,
no addition took place (entry 1, Table 1) because of very
low reactivity of the lineara-bromo ester2a in toluene.
Although the reaction was effectively promoted in THF
solvent, a mixture of four stereoisomers was observétiin

(4) Yasuda, M.; Okamoto, K.; Sako, T.; Baba,@hem. Commur2001,
157 and references therein.

(5) (a) Babu, S. A.; Yasuda, M.; Shibata, |.; Baba,@rg. Lett.2004,

6, 4475. (b) Babu, S. A;; Yasuda, M.; Shibata, I.; BabaJAOrg. Chem.
2005,70, 10408 and references therein.

(6) For some reviews on indium reagents, see: (a) Podlech, J.; Maier,
T. C. Synthesi®003, 633. (b) Cintas, FBynlett1995, 1087. (c) Nair, V.;
Ros, S.; Jayan, C. N.; Pillai, B. Setrahedron2004,60, 1959. (d) Araki,
S.; Hirashita, TMain Group Met. Org. Synti2004,1, 323. (e) Chan, T.
H.; Li, C.-J.; Lee, M. C.; Wei, Z. Y.Can. J. Chem1994,72, 1181. (f)
Loh, T.-P.Sci. Synth2004,7, 413. (g) Babu, S. ASynlett2002, 531. (h)
Chauhan, K. K.; Frost, C. Gl. Chem. Soc., Perkin Trans.2D00, 3015.
(i) Li, C. J.; Chan, T. HTetrahedrornl 999,55, 1149. (j) Babu, G.; Perumal,
P. T. Aldrichim. Acta2000, 33, 16. (k) Kumar, S.; Kaur, P.; Kumar, V.
Curr. Org. Chem2005,9, 1205.

(7) For the early works on indium-based nondiastereoselective Refor-
matsky reactions, see: (a) Nair, V.; Jayan, C. N.; Ro$e&ahedror2001,
57, 9453. (b) Chao, L.-C.; Rieke, R. D. Org. Chem1975,40, 2253. (c)
Araki, S.; Ito, H.; Butsugan, YSynth. CommurL988,18, 453. (d) Schick,
H.; Ludwig, R.; Schwarz, K.-H.; Kleiner, K.; Kunath, AAngew. Chem.,
Int. Ed. Engl.1993,32, 1191. (e) Araki, S.; Katsumura, N.; Kawasaki, K.-
I.; Butsugan, Y.J. Chem. Soc., Perkin Trans.1B91, 499. () Yi, X.-H.;
Meng, Y.; Li, C.-J.Tetrahedron Lett1997,38, 4731.
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NMR. The column chromatographic purification afforded
only the major isomeBa of 80% yield in pure form (entry

2). Next, the cyclic bromo esté&b which was very active
toward indium species was employed instea@afo afford

only two isomers3b/4b under ultrasonication in toluene, in
which the maximum diastereoselectivity was 80:38/4b,
entry 4). In contrast, no selectivity was achieved in THF
(entry 3). In a further investigation, a bulky alkoxy moiety
perhaps disturbed the chlelation to lose the sterocontrol (entry
5).

Although we screened the reactions using indium, In(1)X,
and In—InC} systemunder various conditions to obtain a
single isomer, at this stage a complete stereocontrol over
three stereogenic centers could not be established using
o-alkoxy ketones.

Stereochemistry.The stereochemistries of addu8ts 3b,
and 4b were unambiguously established from the single-
crystal X-ray structure analyses. The stereochemistry between
OH (C%) and OMe (C) moieties in all the products3(and
4) is syn. This undoubtedly indicates that the syn stereo-
chemistry has been constructed by the perfect chelation-
controlled reaction mechanism. Notably, the expected ster-
eochemistry between (I and (&) is syn; however, the
obtained stereochemistry of major isom&asand3b is anti.

Although a fair stereocontrol was established in the above
reactions, the stereochemistry obtained was unexpected one.

(8) For some recent papers on indium reagents, see: (a) Min, J.-H.; Jung,
S.-Y.; Wu, B.; Oh, J. T.; Lah, M. S.; Koo, ®rg. Lett.2006,8, 1459. (b)
Cook, G. R.; Kargbo, R.; Maity, BOrg. Lett.2005,7, 2767. (c) Vilaivan,
T.; Winotapan, C.; Banphavichit, V.; Shinada, T.; OhfuneJYOrg. Chem
2005,70, 3464. (d) Yasuda, M.; Somyo, T.; Baba, Angew. Chem., Int.
Ed. 2006,45, 793. (e) Yasuda, M.; Yamasaki, S.; Onishi, Y.; BabaJA.
Am. Chem. So2004,126, 7186. (f) Loh, T.-P.; Yin, Z.; Song, H.-S.; Tan,
K.-L. Tetrahedron Lett2003,44, 911. (g) Yi, X.-H.; Meng, Y.; Li, C.-J.
J. Chem. Soc, Chem. Comml®08 449. (h) Hirashita, T.; Kamei, T.;
Satake, M.; Horie, T.; Shimizu, H.; Araki, 8rg. Biomol. Chem2003,1,
3799. (i) Babu, S. A.; Yasuda, M.; Shibata, |.; BabaS4nlett2004 1223.
() Paquette, L. A.Synthesis2003 765. (k) Khan, F. A.; Dash, JE.
J. Org. Chem2004, 2692.
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So, to examine the details and achieve an absolute stereo7awas detected in some runs. Various conditions/solvents/
control we had to aim to obtain only a single isomer by metals were employed to optimize the reaction conditions.
treatingo-hydroxy ketones instead ofalkoxy ketone$.We THF and 1,4-dioxane were found to be the most suitable
effectively believed that a very strong chelation control by solvents. Solvents such as DMF and MeCN gave comparable
the hydroxyl moiety would lead to the perfect diastereose- yields, but with low selectivity. Poor results were found in
lection through a most rigid transition state. methanol. Other metals such as 2Mor tin gave very low

Though no reports exist on the zinc-mediated Reformatsky yields. The scope and generality of this interesting stereo-
conditions for the chelation-controlled reaction using free selective reaction were tested with varioutydroxy ketones
hydroxyl moieties, we envisioned the indium-mediated 5a—gand a variety of branched-halo estera—f (Table
reactions will lead to the products because of its moisture 3). In all runs usinga-hydroxy ketones, an excellent
tolerance!®

Surprisingly, the trial addition c2ato a-hydroxy ketone _

5a afforded the highly diastereoselective lactd@ee (87% Table 3

yield, ds 92%) as an exclusive product constructed with three ¢ oo (.2 o
. . . . OH - e - 1 o R!
contiguous stereogenic centers (entry 1, Table 2), in which  ® s ,H(Rs 2-Sovent (2 ml) e Oik/"‘ R
B~ >cooEt * i % R? v COOEY —> RyzHO"'RJ
- Hy
5 (1 mmol) 2 (2 mmol) 5. Ultrasonication 7 8 (synianti)
_ entry hydroxy ketone bromo ester  conditions product yield /% (ds)a
Table 2 4 M 1 B t,12.0h L o R'=H:8b: 67 99)
pRICH YR P g Acooe o:l‘j//P" pre 5
o] . 2c R'=Me; 8¢; 55 (98)
OH )M\e 1. Indium (1.2 mmol) OH Me o & Me E:;;’:ash PRI HG CoHR'D
Ph + g~~coogt 25VeM@ ML) | A A coor | — B8 it
Ph)\fo( ' 3. Conditions o Ph P wo PR 3 OH on 9 1, 1.5h o 250 60
5a(1mmol)  2a(2mmol) 4 Hz0 6 8a (syn/ant) 4 P | BpPO0R el zen e ’
5. Ultrasonication OH Me B o
o ~cooet 5 )O:(Ph B cooEr  reflux, 6.0 h LY 8e;<10 (-)
Hd 1Ph Ph 2e /
5a o ptf o P
Q 1
s . . OH ) R'=H; 8f; 37 (95)
conditions yield of  yield of R CHR D 15 £.60h o o o
a 6 Br” "COOEt refiux, 9.0 h
entry metal solvent (h) 7a/%  8a/% (ds) 7 Ri—p 520 2 refiux 7.0 h e Ry R=Me; 89; 80 (95)
I THF 0°C, 1.5 7 87(92) 8 Ri-Mesb reflux, 5.5h PRCHHO 4 picy gn: 65 (98)
1 n °C, L R'=Cl; 5c 0
2 In THF rt, 1.5 7 89 (92) Mo Me " 1.5h o Me  BISO(O8)
3 InCl THF rt, 1.5 0  61(96) - My e CO0E et 151 A
4 TIn THF reflux, 1.5 9  69(94) sd Me Ho
)
5 In DMF rt, 1.5 3 89(69) OH e
6 In CH,Cl, rt. 1.5 15 40 (57) 12 p-MeceH4)\gcﬁH4Me"’ Br)z\acooa ,1.5h ﬁMe 8j;73 (93)
“CeHqMe-p
7 In MeCN rt, 1.5 3 82 (56) 5b pMeCetsHO
o
8 In 1,4-dioxane rt, 1.5 4 88 (96) oH ) 9
’ 4 CeHaR'- reflux, 7.0 h oMo 8K
9 In  MeOH  rt15 0 500 15 pRIc TP 5 ooor e
10 Zn THF rt, 1.5 0 <15 (81) 5b,5c PRICoHaHO e
11 Sn THF rt, 1.5 0 0 0
. o ) 15 pRC H)o:rCsHaR‘-p 8,900051 reflux, 7.0h ¢ R'=COOMe; 8m; 66 (99)
a Diastereoselectivities were determined from the cfudeNMR spectra; 8 2d , R
in all runs, because the stereochemistry betweéra@ C has been R'=COOMe; 56 PRICeHyHO o
completely controlled, the values of ds are relatedQC. )M\e
© Ph X Ph Br COOEt reflux, 1.5 h
2a
5f o
the transesterification effectively promoted the cyclization “an: 80 (@)
under the reaction conditioA® In fact, noncyclic product 0H’©
(9) For some reports on the chelation-controlled reactionsloydroxy OH 50:87 (90)
ketones, see: (a) Tanaka, M.; Imai, M.; Yamamoto, Y.; Tanaka, K.;
Shimowatari, M.; Nagumo, S.; Kawahara, N.; Suemuné)kd. Lett.2003 Me
5, 1365. (b) Yasuda, M.; Fujibayashi, T.; Baba, A.Org. Chem1998,
63, 6401. (c) Paquette, L. A.; Lobben, P.X2Org. Chem1998,63, 5604.
(d) Sarko, C. R.; Collibee, S. E.; Knorr, A. L.; Dimare, NL..Org. Chem. oH 8)
1996,61, 868. (e) Prasad, E.; Flowers, R. A.,Jl. Am. Chem. So@002, P
124, 6357. (f) Bartoli, G.; Bartolacci, M.; Giuliani, A.; Marcantoni, E.; OMe

Massaccesi, ME. J. Org. Chem2005 2867. (g) Takahara, J. P.; Masuyama,
Y.; Kurusu, Y.Chem. Lett1991, 879. (h) Lawson, E. C.; Zhang, H.-C;
Maryanoff, B. E.Tetrahedron Lett1999 40, 593. (i) Evans, P. A.; Lawler,
M. J.J. Am. Chem. So2004,126, 8642. (j) Simpura, |.; Nevalainen, V.
Tetrahedror2003,59, 7535. (k) Evans, D. A.; Hoveyda, A. Org. Chem.
1990,55, 5190.

(10) (a) After the addition of water to quench the reaction, ultrasonication
for 2 min was essential to obtain the lactonization prodiiexclusively

(see the Supporting Information for the experimental procedure). (b) As stereocontrol was achieved. Ethyl 2-bromoisovalerate (2c)

noted in ref 4, the reaction d&a either under Reformatsky condition or . o
with lithium enolate could not proceed effectively, and a significant amount with 5a/5b afforded the lactone8b (67%, ds 99) andc

of 5a was recovered. (55%, ds 98), respectively. Ethyl 2-bromo-2-cyclopentyl

aDiastereoselectivities were determined from the cAuddNMR spectra;
in all runs, because the stereochemistry betweérai@ C has been
completely controlled, the values of ds are relateddC.
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acetate (2d) with benzoin afforded the lact@w(69%, ds
99) exclusively.

Ethyl 2-bromo-3,3-dimethylbutyrate2¢) with benzoin
could not afford the lactone effectively even under the
refluxing conditions because of the bulktgrt-butyl sub-
stituent. Next, ethyl 2-bromooctanoat&f)(and o-hydroxy
ketonesba—c afforded the lactone8f—h, with very high
diastereoselectivities respectively (entries 6—9).

In line with exploring the scope, the-hydroxy ketone
5d having a methyl substituent instead of phenyl group was
also reacted witlRa to give the diastereoselective lactone
8i (54%, ds 98). Next, anisoin (5b) and 4gdithlorobenzoin
(5¢) were treated witlza and 2d to furnish the lactone8j
(73%, ds 93)8k (70%, ds 99), an8l (70%, ds 98). Further,
the a-hydroxy ketonebe with 2d also furnished the stereo-
selective lacton8m (66%, ds 99). However, its a limitation
that the-hydroxy ketone5f with 2a failed to afford the
diastereoselective product (entry 16). Finally theydroxy
ketonesba, 5b, and5g were treated with 2-brome-buty-
rolactone (2b) in the presence of indium powder. These
reactions also afforded the stereoselective prod8otsp
with very high diastereoselectivities over three stereogenic
centers (entries 1719). Surprisingly, in these cases also,
diastereselective lactone rings were newly constructed via
the cleavage of the lactone moiety 2ih (Scheme 2).

The X-ray structure analyses revealed the stereochemisr
of lactones8a,8n; hence, the sterochemistry of lactones
8b—p was also assigned. Apparently, all lactones were
obtained from the cyclilzation (lactonization) of addu@ts
having unexpected syn/anti configuration. The unexpected
stereochemical outcome in the Reformatsky reactions of
a-hydroxy ketones with indium enolates can be accounted
in the following mechanism.

Mechanism.Acyclic branchedx-halo esters with indium
could be transformed int& or Z enolates to react with
ketones unlike the 2-bromebutyrolactone Zb) where only
a rigid E-enolate is possible. Both the acyclic and cyclic

3032

esters gave similar stereochemical lactones in which their
anti configuration for € and @ strongly indicates the
involvement of a cyclic transition state rather than an acyclic
path; hence, the participation d-enolates is plausible
conclusively.

In addition, we have already established the formation of
E-enolates from the acyclic-halo esters.On the basis of
these results, the observed excellent diastereoselectivities and
stereochemistries of lactonega—p could be explained
through a boat-type bicyclic transition state from thBe
enolates (Scheme 3). The popular chair-like bicyclic transi-

Scheme 3
pr
Br COOEt
In H
1 o
Oln
{PH/Y Waﬁ#
OFt \ Y- ; o]
o
2 0 OH pr ;
E-enolate | o 0" PR \ S omt o P
[ "Jny I
Ph H mO Ph o pH HO"’ph
~ Ph
pr EtOPh (‘)" 4
S/Oln ......... - rlo-in | observed ~ ds >99
Ok SFEG stereochemistry
t pr’ Ph
Z-enolate |

Bicyclic chelation TS

tion staté! needs theZ-enolate to give the observed un-
expected diasteroselectivity; however, tenolate would
lead to the minor isomer.

In conclusion, we have established an efficient protocol
for the stereocontrol over three contiguous stereogenic centers
during the C-C bond formation. A boat-type of chelated
bicyclic transition state is involved in the Reformatsky
reaction of indium enolates witlw-hydroxy ketones to
furnish the unexpected stereochemical lactones successfully.
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