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Unexpected cis-Selective 1,4-Addition
Reaction of Lower Order Cyanocuprates to
Optically Active 5-(tert-Butyldimethylsiloxy)-
2-cyclohexenone**
Georges Hareau-Vittini, Shinichi Hikichi, and
Fumie Sato*

We have recently reported an efficient and practical
synthesis of the 5-(tert-butyldimethylsiloxy)-2-cyclohexenone
(1; 98.3 % ee) as a convenient chiral 2,5-cyclohexadienone
synthon.[1, 2] The enone 1, as expected, undergoes highly
selective anti-1,4-additions with organocopper reagents such
as [R2CuLi] or [R2Cu(CN)Li2] to yield trans-2 as the major
products. These can be easily converted into the optically
active 5-substituted-2-cyclohexenone 3 upon treatment with
DBU or toluenesulfonic acid (Scheme 1).[1]

Scheme 1. Preparation of both enantiomers of 3 starting from (S)-1. a)
[nBu2Cu(CN)Li2], 92%, 98% dr ; b) DBU (3 equiv), DMF, 20 8C, 5 h, 93%;
c) [nBuCu(CN)Li], 91%, 99% dr ; b) DBU (5 equiv), DMF 100 8C, 1 h,
74%. DBU� 1,8-diazabicyclo[5.4.0]undec-7-ene, TBS� tert-butyldime-
thylsilyl.

with CH2Cl2/MeOH (95/5). Evaporation of the third fraction yielded 15 mg
(11 %) of 3 b as a brown-violet powder. 1H NMR (250 MHz, CD2Cl2, 27 8C,
TMS): d� 6.35 (m, 8 H, ArH), 8.34 (br s, 16 H, pyrrole b-H), 8.60 (m, 8H,
ArH), 9.45 (m, 22 H, ArH); MS (positive SI-MS): m/z calcd for
C86H54N10Ce: 1368 [M�]; found: 1368; elemental analysis calcd for
C80H48N16Ce: C 75.53, H 3.98, N 10.24; found: C 74.92, H 3.70, N 10.06;
UV/Vis (CH2Cl2): lmax (lge)� 398 nm (5.22), 543 nm (4.20), 650 nm (3.57),
722 nm(3.48).

CD spectroscopy: A stock solution of dicarboxylic acid in ethyl acetate was
added to a 0.1 mm solution of 3 a or 3b in dichloromethane. The
dichloromethane/ethyl acetate ratio of the sample was adjusted to 30/1.
The CD spectra were recorded from 250 nm to 500 nm for different
concentrations of guest molecules at 25 8C.

Instruments: Shimadzu UV-160A (absorption spectra), JASCO J-720WI
(CD spectra), and JEOL 400 MHz FT-NMR (GSX-400) (1H NMR
spectra).

Received: November 14, 1997
Revised version: April 20, 1998 [Z 11159 IE]

German version: Angew. Chem. 1998, 110, 2242 ± 2246

Keywords: allosterism ´ amino acids ´ chirality ´ molecular
recognition ´ porphyrinoids

[1] a) M. F. Perutz, Annu. Rev. Biochem. 1979, 48, 327; b) J. Monod, J.-P.
Changeux, F. Jacob, J. Mol. Biol. 1963, 6, 306; c) M. F. Perutz, G.
Fermi, B. Luisi, B. Shaanan, R. C. Liddington, Acc. Chem. Res. 1987,
20, 309.

[2] R. Gramdori, T. A. Lavoie, M. Pflumm, G. Tian, H. Niersbach, W. K.
Maas, R. Fairman, J. Carey, J. Mol. Biol. 1995, 254, 150.

[3] J. R. Burke, M. R. Witmer, J. Tredup, R. Micanovic, K. R. Gregor, J.
Lahiri, K. M. Tramposch, J. J. Villaframca, Biochemistry 1995, 34,
15165.

[4] a) A. M. Filenko, V. M. Danilova, A. Sobieszek, Biophys. J. 1997, 73,
1593; b) S. Modi, D. E. Gilham, M. J. Sutcliffe, L.-Y. Lian, W. V.
Primrose, C. R. Wolf, G. C. K. Roberts, Biochemistry 1997, 36, 4461;
c) F. J. Bruzzese, P. R. Connelly, Biochemistry 1997, 36, 10428; d) J. A.
Schetz, D. R. Sibley, J. Neurochem. 1997, 68, 1990.

[5] a) T. G. Traylor, M. J. Mitchell, J. P. Ciconene, S. Nelson, J. Am. Chem.
Soc. 1982, 104, 4986; b) J. Rebek, Jr., Acc. Chem. Res. 1984, 17, 258;
c) J. Rebek, Jr., T. Costello, L. Marshall, R. Wattley, R. C. Gadwood,
K. Onan, J. Am. Chem. Soc. 1985, 107, 7481; d) I. Tabushi, S. Kugimiya,
M. G. Kinnaird, T. Sasaki, J. Am. Chem. Soc. 1985, 107, 4129; e) I.
Tabushi, S. Kugimiya, J. Am. Chem. Soc. 1986, 108, 6926; f) P. D. Beer,
A. S. Rothin, J. Chem. Soc. Chem. Commun. 1988, 52; g) R. C. Petter,
J. S. Salek, C. T. Sikorski, G. Kumaravel, F.-T. Lin, J. Am. Chem. Soc.
1990, 112, 3860; h) H.-J. Schneider, D. Ruf, Angew. Chem. 1990, 102,
1192; Angew. Chem. Int. Ed. Engl. 1990, 29, 1159; i) R. P. Sijbesma,
R. J. Nolte, J. Am. Chem. Soc. 1991, 113, 6695; j) Y. Kobuke, Y. Satoh,
J. Am. Chem. Soc. 1992, 114, 789.

[6] K. Kobayashi, Y. Asakawa, Y. Kato, Y. Aoyama, J. Am. Chem. Soc.
1992, 114, 10307.

[7] M. Takeuchi, T. Imada, S. Shinkai, J. Am. Chem. Soc. 1996, 118, 10658.
[8] Syntheses of metal bis(porphyrinate) double deckers: a) J. W. Buchler,

M. Nawra, Inorg. Chem. 1994, 33, 2830; b) J. W. Buchler, V. Eiermann,
H. Hanssum, G. Heinz, H. Rüterjans, M. Schwarzkopf, Chem. Ber.
1994, 127, 589; c) J. W. Buchler, A. De Cian, J. Fischer, P. Ham-
merschmitt, J. Löffler, B. Scharbert, R. Weiss, Chem. Ber. 1989, 122,
2219; d) J. W. Buchler, G. Heinz, Chem. Ber. 1996, 129, 1073; e) J. W.
Buchler, G. Heinz, Chem. Ber. 1996, 129, 201, and references therein;
f) J. Jiang, K. Machida, E. Yamamoto, G. Adachi, Chem. Lett. 1991,
2035; g) J. Jiang, K. Machida, G. Adachi, Bull. Chem. Soc. Jpn. 1992,
65, 1990; h) J. Jiang, K. Machida, G. Adachi, J. Alloys Compd. 1993,
32, 950, and references therein.

[9] K. Tashiro, K. Konishi, T. Aida, Angew. Chem. 1997, 109, 882; Angew.
Chem. Int. Ed. Engl. 1997, 36, 856.

[10] The rate of rotation of the porphyrin rings in cerium bis(porphyrinate)
double deckers is comparable to or slower than the NMR time scale.[9]

However, the allosteric behavior is observable for this ªstaticº
equilibrium system as long as the porphyrin rings rotate.

[11] S. Takagi, T. Yamamura, M. Nakajima, K. Ishiguro, Y. Kawanishi, S.
Nihojima, H. Tsuchiya, T. Saito, Y. Sasaki, Bull. Chem. Soc. Jpn. 1981,
54, 3879.

[12] The a-amino acid derivatives tested here were 4, BOC-l-glutamic
acid, BOC-L-serine, BOC-l-histidine, and di-BOC-l-cystine.

[13] a) J. Baldwin, C. Chothia, J. Mol. Biol. 1979, 129, 175; b) K. A.
Connors, Binding Constants, Wiley, New York, 1987.

[14] A. Job, Ann. Chim. (Paris) 1928, 9, 113.
[15] Elemental analysis of the precipitate: calcd for 3 a ´ (l-tartaric acid)4.0 :

C 58.42, H 3.68, N 11.35; for 3 a ´ (l-tartaric acid)3.8 : C 58.83, H 3.67, N
11.53; for 3a ´ (l-tartaric acid)3.0: C 60.59, H 3.65, N 12.29; found: C
58.76, H 3.68, N 11.49. Thus, the experimental result is closest to 3a ´
(l-tartaric acid)3.8. The slight deviation from the 1:4 stoichiometry is
due to immediate precipitation after mixing.

[*] Prof. Dr. F. Sato, Dr. G. Hareau-Vittini, S. Hikichi
Department of Biomolecular Engineering
Tokyo Institute of Technology
4259 Nagatsuta-cho, Midori-ku, Yokohama,
Kanagawa 226-8501 (Japan)
Fax: (�81) 45-924-5826
E-mail : fsato@bio.titech.ac.jp

[**] This work was supported by the Japan Society for the Promotion of
Science.



COMMUNICATIONS

2100 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3715-2100 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 15

In the course of a further study of the 1,4-addition reaction,
we have found that 1 reacts with lower order butylcyanocup-
rate [BuCu(CN)Li][3] to yield with high selectivity cis-2 (R�
nBu). This is the first cis-selective 1,4-addition of organo-
copper reagents to 5-substituted 2-cyclohexenones,[4] and
enables the preparation of both enantiomers of 3 (R� nBu)
starting from a single enantiomer of 1 (Scheme 1).

The significance of this result from the viewpoint of
synthetic chemistry, as well as organocopper chemistry,
prompted us to carry out further study. The objective of our
work was centered on the examination of the generality of the
reaction by changing the R group in [RCu(CN)Li], and also to
reveal whether this phenomenon was characteristic of the
particular substrate 1 or not.

Table 1 summarizes the results of the reaction of 1 with a
variety of lower order cyanocuprates ([RCu(CN)Li]) and, for
comparison, those obtained when the higher order dilithium
cyanocuprate [R2Cu(CN)Li2] was used.[1, 6] The reaction in
Et2O with a variety of lower order cyanocuprates, except for
the vinyl derivative, proceeds with high cis selectivity, al-

though the phenylcyanocuprate gives the 1,4-addition product
only in a moderate yield. Especially noteworthy is the very
high selectivity observed with the methyl derivative (entry 1),
primary alkyl derivatives (entries 2 and 4), and secondary
alkyl derivatives (entry 6); in these cases the corresponding
cis-2 product can be obtained in an almost pure form after
usual workup of the reaction mixture. The reaction of tertiary-
alkyl and phenyl derivatives, however, proceeded with lower
diastereomeric ratio (dr), 75:25 ± 80:20 (entries 8 and 9). Even
if the selectivity was somewhat diminished, the lower order
cyanocuprate [RCu(CN)MgX] derived from Grignard re-
agents also yielded mainly the cis-addition product (entries 3,
5, and 7). The only exception to the cis-selective addition of
lower order cyanocuprates to 1 is the case of the vinyl
derivative which gave the trans-addition product selectively
(entry 10); the explanation for this result must await further
study.

To see whether this highly cis-selective 1,4-addition of
[RCu(CN)Li] was characteristic of 1, we carried out the
reaction of [nBuCu(CN)Li] with 5-methyl- and 5-trimethyl-

Table 1. 1,4-Addition of lower order cyanocuprates [RCu(CN)M] onto 2-cyclohexenones.

Entry Enone R M Conditions[a] Yield [%][b] cis :trans[c] Reaction with [R2Cu(CN)Li2]
Yield [%][b] cis :trans[c]

1

OTBS

O

Me Li A 77[d] > 99:1[e] 83[d] 3:97[e]

2 nBu Li B[f] 91[d] > 99.5:0.5[e] 92[d] 2:98[e]

3 nBu MgBr C[g] 73 90:10 ± ±

4
*

(  )2
Li B 87[d] 98:2 ± ±

5 MgBr B ±[h] 70:30 ± ±
6 sBu Li A 84[d] > 98:2 [h] < 2:98
7 cyclohexyl MgCl D 75 65:35 ± ±
8 tBu Li A 78 75:25 92 < 2:98
9 Ph Li D 25 80:20 80[d] 3:97[e]

10 H2C�CH Li D 45 25:75 75 5:95

11

Me

O

nBu Li B 95 < 1:99[e] ± ±

12

SiMe3

O

nBu Li B ±[h] < 1:99[e] ± ±

13

OBn

O

nBu Li B 80 > 98:2 87 10:90[e]

14

O

OTBS

nBu Li D 91[d] 3:97[e] ± ±

[a] All reactions were performed with 2.40 equiv of lower order cyanocuprate, unless otherwise stated. A: Et2O, ÿ78 8C!0 8C, 1 h; B: Et2O, ÿ78 8C, 1 h;
C: THF,ÿ78 8C, 1 h; D: Et2O,ÿ78 8C!0 8C, 2 h. [b] cis/trans mixture, determined by NMR spectroscopy. [c] Determined by NMR spectroscopy. [d] Yield of
isolated product. [e] Determined by gas chromatography. [f] 1.2 Equiv of [nBuCu(CN)MgBr] yielded 82 % of the product with a cis :trans ratio of >98:2.
[g] 1.2 Equiv of [nBuCu(CN)Li] were used. [h] Not determined.
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silyl-2-cyclohexenone: the reactions yielded almost exclusive-
ly the corresponding trans-3,5-disubstituted cyclohexanones
(entries 11 and 12). This result strongly indicates that the
alkoxy functionality in the substrate 1 plays a crucial role in
the control of the stereochemistry of the 1,4-addition. We
confirmed this assumption by carrying out the reaction of 5-
benzyloxy-2-cyclohexenone[8] with [nBuCu(CN)Li], which
yielded almost exclusively the corresponding cis adduct (en-
try 13). With the evidence that an alkoxy group is essential to
attain excellent cis selectivity, we then turned our attention to
the reaction of [nBuCu(CN)Li] with the 4-(tert-butyldi-
methylsiloxy)-2-cyclohexenone[9] to examine the effect of
the position of the alkoxy group on the diastereoselectivity of
the addition.[10] The reaction furnished the trans-addition
product almost exclusively (entry 14), indicating that the
selectivity is also highly dependent on the position of the
alkoxy group on the cyclohexenone ring.

The foregoing results may be explained by assuming that
the reaction proceeds via a d,p*-complex intermediate as
suggested by Corey et al.[11] Based on this model, the reaction
with the higher order cuprates [R2Cu(CN)Li2] proceeds by via
the d,p*-complex 4, which has the TBSO functionality in a
pseudo-equatorial position, while the reaction with the lower
order cuprate [BuCu(CN)Li] proceeds via 5 in which the
copper atom is coordinated by the oxygen atom of the alkoxy
group (Scheme 2).[12]
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Scheme 2. Proposed intermediates for the reaction of 1 with higher (top)
and lower order (bottom) cyanocuprates. TBS� tert-butyldimethylsilyl.

In conclusion, the reaction of 1 with lower order cyano-
cuprates (except for the vinyl derivative) gives the cis-1,4-
addition products with high selectively. This is the first cis-
selective 1,4-addition of organocopper compounds to a 5-
substituted-2-cyclohexenone and opens up an easy and
practical access to both enantiomers of 5-alkyl-2-cyclo-
hexenones 3 from the readily available 1.[13]

Experimental Section

Entry 2 in Table 1: CuCN[14] (1.2 mmol, 107 mg) and dry Et2O (10 mL) were
introduced into a flame-dried Schlenk tube flushed with argon. The mixture
was cooled to ÿ78 8C under magnetic agitation and nBuLi (1.59m in n-
hexane, 1,2 mmol; 0.75 mL) was slowly added. The resulting mixture was
stirred for 30 min at ÿ78 8C (until complete dissolution of the copper salt;
the mixture can be warmed up to 0 8C if needed), and enone 1 (0.5 mmol,

113 mg) in ether (1 mL) was added dropwise at ÿ78 8C (addition time:
about 5 min). Stirring was continued for a further hour before the mixture
was quenched with saturated NH4OH. After extraction with Et2O, the
combined organic layers were dried over MgSO4. Evaporation of the
solvent gave a colorless oil, cis:trans�>99.5:0.5 by GC measurement,
purification by flash chromatography (SiO2; hexanes:Et2O (9:1)) yielded
the corresponding product as a colorless oil (130 mg, 91%). 1H NMR
(300 MHz, CDCl3): d� 3.80 (dddd, J� 10.6, 10.6, 4.8, 4.8 Hz, 1 H), 2.60 ±
2.50 (m, 1 H); 2.35 ± 2.23 (m, 2 H), 2.08 ± 1.98 (m, 1H), 1.88 (dd, J� 13.2,
13.2 Hz, 1H), 1.62 ± 1.44 (m, 1 H), 1.40 ± 1.15 (m, 7 H), 0.95 ± 0.70 (m, 12H),
0.02 (s, 3 H), 0.00 (s, 3H); 13C NMR (75 MHz, CDCl3): d� 209.6(4), 69.6(3),
51.5(2), 46.9(2), 41.5(2), 36.1(2), 32.7(3), 28.6(2), 25.6(1), 22.5(2), 17.8(4),
13.8(1), ÿ4.96(1), ÿ4.98(1).
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