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The reaction of (Phebox)RhCI»(H,0) complexes 3 (Phebox = 2,6-bis(oxazolinyl)phenyl) with
methyl isocyanoacetate (1) and (p-tolylsulfonyl)methyl isocyanide (TosMIC; 2) provided the
corresponding isocyanide complexes (Phebox)RhCI,(L) (4, L = methyl isocyanoacetate; 5, L
= TosMIC) in almost quantitative yields. These isocyanide complexes 4 and 5 readily reacted
with aldehydes in the presence of t-BuOK to give the aldol adducts as diastereomeric mixtures
of chiral Fischer carbene complexes 6—9. NMR study and X-ray crystallography of these
carbene complexes revealed that (1) the aldol reactions proceed with trans stereoselectivity
with modest to good diastereofacial selectivities on the (Phebox)RhCl, fragments, (2) the
carbene fragments act as basic o-donor ligands, and (3) the hybridization of the carbene
carbon atoms is sp? and the electron-deficient carbene carbon centers are z-conjugated with
both neighboring nitrogen and oxygen atoms. We also succeeded in the isolation of both
enantiomers of 2-oxazoline derivative 14 from the corresponding chiral carbene complexes

8 by treatment with AgBF,.

Introduction

Ever since Schollkopf and Gerhart discovered that
isocyanides could be anionized (metalated) at the a-po-
sition in 1968, isocyanides having acidic hydrogens at
the a-carbon atom have been found to be versatile
reagents for the nucleophilic introduction of (masked)
a-aminoalkyl groups or synthesis of heterocyclic com-
pounds.! For asymmetric reactions with isocyanides as
substrates using chiral metal complexes, it is necessary
to design ligand systems having deep chiral surround-
ings, because the enantioselective carbon—carbon bond
formation is accomplished at the a-carbon atom, very
distant from the metal center.

Previously, we have designed an anionic “N—C—N
pincer” ligand,?=¢ 2,6-bis(oxazolinyl)phenyl (abbreviated
as Phebox),”8 and synthesized chiral rhodium(l11) aqua
complexes as new types of transition-metal Lewis acids®
(Figure 1; 3). We have demonstrated that (Phebox)-

(1) Reviews: (a) Ugi, I. Isonitrile Chemistry; Academic Press: New
York, 1971. (b) Hoppe, D. Angew. Chem., Int. Ed. Engl. 1974, 13, 789.
(c) Schollkopf, U. Angew. Chem., Int. Ed. Engl. 1977, 16, 339. Also
see: (d) Schéllkopf, U.; Gerhart, F. Angew. Chem., Int. Ed. Engl. 1968,
7, 805. (e) Saegusa, T.; Ito, Y.; Kinoshita, H.; Tomita, S. J. Org. Chem.
1971, 36, 3316. (f) Hoppe, D.; Schollkopf, U. Justus Liebigs Ann. Chem.
1972, 763, 1. (g) Ito, Y.; Matsuura, T.; Saegusa, T. Tetrahedron Lett.
1985, 26, 5781. (h) Grigg, R.; Lansdell, M. I.; Thornton-Pett, M.
Tetrahedron 1999, 55, 2025.

(2) Reviews: (a) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F;
Zanobini, F. Coord. Chem. Rev. 1992, 120, 193. (b) Cotton, F. A.; Hong,
B. Prog. Inorg. Chem. 1992, 40, 179. (c) Mayer, H. A.; Kaska, W. C.
Chem. Rev. 1994, 94, 1239. (d) Rietveld, M. H. P.; Grove, D. M.; van
Koten, G. New J. Chem. 1997, 21, 751. (e) Rybtchinski, B.; Milstein,
D. Angew. Chem., Int. Ed. 1999, 38, 870. (f) Jensen, C. M. Chem.
Commun. 1999, 2443. (g) Albrecht, M.; van Koten, G. Angew. Chem.,
Int. Ed. 2001, 40, 3750.
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RhCl;,(vacant), generated by releasing H,O from aqua
complexes 3, captures a carbonyl oxygen to make
C=0lo-type carbonyl complexes and, therefore, acts as
a traditional Lewis acid catalyst for the enantioselective
allylation of aldehydes™=¢ and hetero Diels—Alder reac-
tion of Danishefsky’s dienes.”d During the course of our
studies on the Phebox—Rh(l1l) systems as chiral transi-
tion-metal Lewis acids, we have found that isocyanide
compounds can bind to the rhodium atom, forming

(3) For representative papers on achiral P—C—P pincer complexes,
see the following. Rh complexes: (a) van der Boom, M. E.; Liou, S.-Y.;
Ben-David, Y.; Gozin, M.; Milstein, D. J. Am. Chem. Soc. 1998, 120,
13415. (b) van der Boom, M. E.; Higgitt, C. L.; Milstein, D. Organo-
metallics 1999, 18, 2413. (c) Cohen, R.; van der Boom, M. E.; Shimon,
L. J. W.; Rozenberg, H.; Milstein, D. 3. Am. Chem. Soc. 2000, 122,
7723. (d) Vigalok, A.; Milstein, D. Acc. Chem. Res. 2001, 34, 798. Ir
complexes: (e) Rybtchinski, B.; Ben-David, Y.; Milstein, D. Organo-
metallics 1997, 16, 3786. (f) Gupta, M.; Hagen, C.; Kaska, W. C;
Cramer, R. E.; Jensen, C. M. J. Am. Chem. Soc. 1997, 119, 840. (9)
Lee, D. W.; Kaska, W. C.; Jensen, C. M. Organometallics 1998, 17, 1.
(h) Kanzelberger, M.; Singh, B.; Czerw, M.; Krogh-Jespersen, K
Goldman, A. S. J. Am. Chem. Soc. 2000, 122, 11017. Ru and Os
complexes: (i) Lee, H. M.; Yao, J.; Jia, G. Organometallics 1997, 16,
3927. (j) Gusev, D. G.; Madott, M.; Dolgushin, F. M.; Lyssenko, K. A.;
Antipin, M. Y. Organometallics 2000, 19, 1734. (k) Gusev, D. G.;
Dolgushin, F. M.; Antipin, M. Y. Organometallics 2000, 19, 3429. (I)
Wen, T. B.; Cheung, Y. K.; Yao, J.; Wong, W.-T.; Zhou, Z. Y.; Jia, G.
Organometallics 2000, 19, 3803. (m) Ashkenazi, N.; Vigalok, A
Parthiban, S.; Ben-David, Y.; Shimon, L. J. W.; Martin, J. M. L.
Milstein, D. 3. Am. Chem. Soc. 2000, 122, 8797. (n) Gauvin, R. M.;
Rozenberg, H.; Shimon, L. J. W.; Milstein, D. Organometallics 2001,
20, 1797. Ni and Pd complexes: (0) Ohff, M.; Ohff, A.; van der Boom,
M. E.; Milstein, D. J. Am. Chem. Soc. 1997, 119, 11687. (p) van der
Boom, M. E.; Liou, S.-Y.; Ben-David, Y.; Shimon, L. J. W.; Milstein,
D. J. Am. Chem. Soc. 1998, 120, 6531. (q) Cotter, W. D.; Barbour, L.;
McNamara, K. L.; Hechter, R.; Lachicotte, R. J. J. Am. Chem. Soc.
1998, 120, 11016. Pt complexes: (r) Gandelman, M.; Vigalok, A,
Shimon, L. J. W.; Milstein, D. Organometallics 1997, 16, 3981.
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Figure 1.

stable isocyanide complexes; furthermore, these iso-
cyanide components on the (Phebox)RhClI, fragments
readily reacted with aldehydes to afford the correspond-
ing aldol adducts'® as diastereomeric mixtures of chiral

(4) For representative papers on achiral N—C—N pincer complexes,
see the following. Rh complexes: (a) van der Zeijden, A. A. H.; van
Koten, G.; Luijk, R.; Vrieze, K.; Slob, C.; Krabbendam, H.; Spek, A. L.
Inorg. Chem. 1988, 27, 1041. (b) van der Zeijden, A. A. H.; van Koten,
G.; Nordemann, R. A.; Kojic-Prodic, B.; Spek, A. L. Organometallics
1988, 7, 1957. (c) van der Zeijden, A. A. H.; van Koten, G.; Ernsting,
J. M.; Elsevier, C. J.; Krijnen, B.; Stam, C. H. J. Chem. Soc., Dalton
Trans. 1989, 317. Pd and Pt complexes: (d) Grove, D. M.; van Koten,
G.; Louwen, J. N.; Noltes, J. G.; Spek, A. L.; Ubbels, H. J. C. 3. Am.
Chem. Soc. 1982, 104, 6609. (e) Terheijden, J.; van Koten, G.; de Booys,
J. L.; Ubbels, H. J. C.; Stam, C. H. Organometallics 1983, 2, 1882. (f)
Steenwinkel, P.; Jastrzebski, J. T. B. H.; Deelman, B.-J.; Grove, D.
M.; Kooijman, H.; Veldman, N.; Smeets, W. J. J.; Spek, A. L.; van
Koten, G. Organometallics 1997, 16, 5486. (g) Albrecht, M.; Gossage,
R. A.; Lutz, M.; Spek, A. L.; van Koten, G. Chem. Eur. J. 2000, 6, 1431.
(h) Tsubomura, T.; Tanihata, T.; Yamakawa, T.; Ohmi, R.; Tamane,
T.; Higuchi, A.; Katoh, A.; Sakai, K. Organometallics 2001, 18, 3833.
(i) Albrecht, M.; Spek, A. L.; van Koten, G. 3. Am. Chem. Soc. 2001,
123, 7233. Ni complexes: (j) Grove, D. M.; van Koten, G.; Zoet, R;
Murrall, N. W.; Welch, A. J. 3. Am. Chem. Soc. 1983, 105, 1379. (k)
van Beek, J. A. M.; van Koten, G.; Ramp, M. J.; Coenjaarts, N. C;
Grove, D. M.; Goubitz, K.; Zoutberg, M. C.; Stam, C. H.; Smeets, W. J.
J.; Spek, A. L. Inorg. Chem. 1991, 30, 3059. (I) Gossage, R. A.; van de
Kuil, L. A.; van Koten, G. Acc. Chem. Res. 1998, 31, 423. Sn
complexes: (m) van Koten, G.; Jastrzebski, J. T. B. H.; Noltes, J. G;
Spek, A. L.; Schoone, J. C. J. Organomet. Chem. 1978, 148, 233. (n)
Jastrzebski, J. T. B. H.; van der Schaaf, P. A.; Boersma, J.; van Koten,
G. Organometallics 1989, 8, 1373. Ru complexes: (0) Steenwinkel, P.;
James, S. L.; Grove, D. M.; Veldman, N.; Spek, A. L.; van Koten, G.
Chem. Eur. J. 1996, 2, 1440. (p) Hartshorn, C. M.; Steel, P. J.
Organometallics 1998, 17, 3487. (q) Steenwinkel, P.; Grove, D. M;
Veldman, N.; Spek, A. L.; van Koten, G. Organometallics 1998, 17,
5647. Ta and Ti complexes: (r) Donkervoort, J. G.; Jastrzebski, J. T.
B. H.; Deelman, B.-J.; Kooijman, H.; Veldman, N.; Spek, A. L.; van
Koten, G. Organometallics 1997, 16, 4174. (s) Rietveld, M. H. P;
Klumpers, E. G.; Jastrzebski, J. T. B. H.; Grove, D. M.; Veldman, N.;
Spek, A. L.; van Koten, G. Organometallics 1997, 16, 4260.

(5) For chiral P—C—P pincer complexes, see the following. Pd and
Pt complexes: (a) Gorla, F.; Venanzi, L. M.; Albinati, A. Organo-
metallics 1994, 13, 43. (b) Gorla, F.; Togni, A.; Venanzi, L. M.; Albinati,
A.; Lianza, F. Organometallics 1994, 13, 1607. (c) Longmire, J. M.;
Zhang, X.; Shang, M. Organometallics 1998, 17, 4374. Ru complexes:
(d) Albrecht, M.; Kocks, B. M.; Spek, A. L.; van Koten, G. J. Organomet.
Chem. 2001, 624, 271.

(6) For chiral N—C—N pincer complexes, see the following. Ni
complexes: (a) van de Kuil, L. A.; Veldhuizen, Y. S. J.; Grove, D. M.;
Zwikker, J. W.; Jenneskens, L. W.; Drenth, W.; Smeets, W. J. J.; Spek,
A. L.; van Koten, G. Recl. Trav. Chim. Pays-Bas 1994, 113, 267. (b)
Donkervoort, J. G.; Vicario, J. L.; Jastrzebski, J. T. B. H.; Smeets, W.
J. J.; Spek, A. L.; van Koten, G. J. Organomet. Chem. 1998, 551, 1. Pd
complexes: (c) Denmark, S. E.; Stavenger, R. A.; Faucher, A.-M.;
Edwards, J. P. J. Org. Chem. 1997, 62, 3375. (d) Stark, M. A.; Richards,
C. J. Tetrahedron Lett. 1997, 38, 5881. (e) Stark, M. A.; Jones, G.;
Richards, C. J. Organometallics 2000, 19, 1282 and ref 5d. Rh
complexes: (f) Gerisch, M.; Krumper, J. R.; Bergman, R. G.; Tilley, T.
D. J. Am. Chem. Soc. 2001, 123, 5818.

(7) (@) Motoyama, Y., Makihara, N.; Mikami, Y.; Aoki, K.
Nishiyama, H. Chem. Lett. 1997, 951. (b) Motoyama, Y.; Narusawa,
H.; Nishiyama, H. Chem. Commun. 1999, 131. (c) Motoyama, Y.;
Mikami, Y.; Kawakami, H.; Aoki, K.; Nishiyama, H. Organometallics
1999, 18, 3584. (d) Motoyama, Y.; Koga, Y.; Nishiyama, H. Tetrahedron
2001, 53, 853. (e) Motoyama, Y.; Okano, H.; Narusawa, H.; Makihara,
N.; Aoki, K.; Nishiyama, H. Organometallics 2001, 20, 1580.
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Fischer carbene complexes (Scheme 1). To our knowl-
edge, there has been no report on the synthesis and
isolation of Fischer carbene complexes in the aldol-type
condensation of isocyanides and aldehydes since two
independent groups first described the achiral platinum
and osumium complexes in 1975.11 Not only chiral metal
isocyanides but also chiral Fischer carbene complexes
have been recognized to offer a variety of potential
applications in asymmetric synthesis.’212 For the cre-
ation of new reaction systems and elucidation of reaction
mechanisms, it is of importance to study the structural
characterization of the chiral Fischer carbene complexes
and to clarify the steric course during the asymmetric
induction of bound isocyanides in coordination spheres.
Herein we disclose chiral Phebox—Rh(ll1)—isocyanide
complexes and their application to asymmetric aldol-

(8) Phebox-coordinated palladium(l1) complexes were reported.tc—¢
Very recently, a similar type of ligand, 2,6-bis(oxazolylmethyl)-4,6-
dimethylbenzene (BenboxMey), and its coordinated rhodium(ll) and
(111) complexes were reported.5f

(9) Reviews: (a) Bosnich, B. Aldrichim. Acta 1998, 31, 76. (b)
Nishiyama, H.; Motoyama, Y. In Lewis Acid Reagents: A Practical
Approach; Yamamoto, H., Ed.; Oxford University Press: Oxford, U.K.,
1999; Chapter 13. (c) Kundig, E. P.; Saudan, C. M. In Lewis Acids in
Organic Synthesis; Yamamoto, H., Ed.; Wiley-VCH: Weinheim, Ger-
many, 2000; Vol. 2, Chapter 14.

(10) van Koten reported that achiral Pd complexes bearing N—C—N
pincer ligands acted as aldol-type condensation catalysts; see: (a)
Schlenk, C.; Kleij, A. W.; Frey, H.; van Koten, G. Angew. Chem., Int.
Ed. 2000, 39, 3445. (b) Kleij, A. W.; Klein Gebbink, R. J. M.; van den
Nieuwenhuijzen, P. A. J.; Kooijman, H.; Lutz, M.; Spek, A. L.; van
Koten, G. Organometallics 2001, 20, 634. (c) Meijer, M. D.; Ronde, N.;
Vogt, D.; van Klink, G. P. M.; van Koten, G. Organometallics 2001,
20, 3993.

(11) Pt complexes: (a) Fehlhammer, W. P.; Bartel, K.; Petri, W. J.
Organomet. Chem. 1975, 87, C34. Os complexes: (b) Grundy, K. R.;
Roper, W. R. J. Organomet. Chem. 1975, 91, C61.

(12) Reviews: (a) Dotz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, F.
R.; Schubert, U.; Weiss, K. Transition Metal Carbene Complexes; Verlag
Chemie: Weinheim, Germany, 1983. (b) Wulff, W. D. In Comprehensive
Organic Synthesis; Trost, B. M., Fleming, 1., Eds.; Pergamon: Oxford,
U.K., 1991; Vol. 5, p 1065. (c) Doyle, M. P. In Comprehensive
Organometallic Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson,
G., Eds.; Pergamon: Oxford, U.K., 1995; Vol. 12, p 387. (d) Wulff, W.
D. In Comprehensive Organometallic Chemistry I1; Abel, E. W., Stone,
F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, U.K., 1995; Vol. 12,
p 469. (e) Harvey, D. F.; Sigano, D. M. Chem. Rev. 1996, 96, 271. (f)
Hegedus, L. S. Tetrahedron 1997, 53, 4105. (g) Dotz, K. H.; Tomuschat,
P. Chem. Soc. Rev. 1999, 28, 187.

(13) Representative papers: (a) Schwindt, M. A.; Miller, J. R,
Hegedus, L. S. J. Organomet. Chem. 1991, 413, 143. (b) Détz, K. H.;
Weber, R. Chem. Ber. 1991, 1635. (c) Grotjahn, D. B.; Détz, K. H.
Synlett 1991, 381. (d) Macomber, D. W.; Hung, M. H.; Madhuker, P.;
Liang, M. Organometallics 1991, 10, 737. (e) Hegedus, L. S.; Lastra,
E.; Narukawa, Y.; Snustad, D. C. J. Am. Chem. Soc. 1992, 114, 2991.
(f) Anderson, B. A.; Wulff, W. D.; Rahm, A. 3. Am. Chem. Soc. 1993,
115, 4602. (g) Powers, T. S.; Jiang, W.; Su, J.; Wulff, W. D. J. Am.
Chem. Soc. 1997, 119, 6438. (h) Kagoshima, H.; Okamura, T.; Akiyama,
T. J. Am. Chem. Soc. 2001, 123, 7182, and references sited therein.

(14) Isolation or NMR studies of chiral isocyanide complexes: (a)
Sawamura, M.; Ito, Y.; Hayashi, T. Tetrahedron Lett. 1990, 31, 2723.
(b) Togni, A.; Pastor, S. D. J. Org. Chem. 1990, 55, 1649. (c) Nesper,
R.; Pregosin, P. S.; Punter, K.; Wérle, M. Helv. Chim. Acta 1993, 76,
2239.
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Table 1. Selected Spectroscopic Data for
Isocyanide Compounds

1: EWG = CO;Me
2: EWG = SO,Tol

4: EWG = CO,Me
5: EWG = SO,Tol

IR2y, IHNMRbo, ppm - CNMR®d, ppm

yeld, em  (Jgm Hz)  _ Urno B

compd % CN He CN Ca
1 2166 4.24 (2H) 161.6 43.4
4a 99 2212 4.73 (2H) 150.6 (34.9) 45.3
4b 99 2207 4.76 (2H) 150.4 (34.9) 455
4c 99 2211 4.69 (2H) 153.2 (31.6) 45.4
4d 98 2199 4.82 (2H) 151.2 (35.7) 45.4
2 2150 4.58 (2H) 166.1 61.4
5a 99 2188 4.98,5.02 (15.4) 154.7 (36.0) 62.7
5b 98 2186 4.98,5.05(15.2) 154.2(36.2) 63.0
5c 99 2194 4.91,4.97 (15.4) 157.2 (38.3) 62.9

a Observed as KBr pellets. P Observed at 400 MHz in CDCl; at
room temperature. ¢ Observed at 100 MHz in CDCI; at room
temperature.

type condensation with aldehydes in order to study
asymmetric induction in a stoichiometric manner. We
also describe the structural characterization of the
Fischer carbene complexes obtained, mechanistic stud-
ies of the reaction pathway, and the transition state
assembly on the basis of X-ray crystallography and
NMR evidence.

Results and Discussion

1. Synthesis and Structural Studies of (Phebox)-
RhCl,(isocyanide) Complexes 4—5. Treatment of
aqua complexes 3 with methyl isocyanoacetate (1) or (p-
tolylsulfonyl)methyl isocyanide (TosMIC; 2) in dichlo-
romethane spontaneously produced the corresponding
isocyanide complexes (Phebox)RhCIx(L) (4, L = methyl
isocyanoacetate; 5, L = TosMIC) in 98—99% yields as
stable pale yellow solids. Table 1 lists some of the
relevant spectroscopic data. Although the CN stretching
bands of all complexes are observed at the normal range
of the CN triple bonds (2186—2212 cm™1), the signals
for isocyanide carbons on the (Phebox)RhCI, fragments
appear at higher field (~12 ppm) than the uncomplexed
(free) ones (6 161.6 ppm for 1 and 6 166.1 ppm for 2)
with 108Rh—13C couplings (31.6—38.3 Hz) on the 13C
NMR spectra. Therefore, we concluded that the isocya-
nides are coordinated to the (Phebox)RhCI, fragments
by the isocyanide’s carbons. Because of its potentially
diastereotopic environments, the signals for the a-me-
thylene protons (H,) of bound isocyanides to the chiral
(Phebox)RhCI, fragments can be observed as two non-
equivalent AB patterns such as TosMIC complexes 5.
However, 'TH NMR spectra for the chiral methyl iso-
cyanoacetate complexes 4a—c show the equivalent CH,-
CO;Me signals. These results indicated that the rotation
along the Cy—Nisocyanide bond is faster than the NMR
time scale for the methyl isocyanoacetate complexes 4.

Motoyama et al.

Table 2. Asymmetric Aldol-Type Condensation of
Methyl Isocyanoacetate Complexes 4 and

Aldehydes?
(o]
RJ\H [Rh) [Rh] [j‘E]
"?ﬂ( Q2NH  + NH o+ NH
H5—\_<5 A . Hg', A
0°C.053h "R S4%ome B toMe R COMe
trans-(4R,55) trans-(45,5R) cis
6: R=Ph
7: R=tBu
substrate/ % yieldP % de®
entry product 4R,5S 4S,5R cis trans
1 4al6a 46 35 9 14
2 4al7a 64 (63)° 36 (22)° 0 28
3 4b/7b 91 (48)¢ 9 0 82
4 4d/7d 100 (90)¢ 0

a All reactions were carried out using 1 equiv of methyl
isocyanoacetate complexes 4, 1 equiv of t-BuOK, and 1.2 equiv of
aldehydes in THF at 0 °C. P Determined by 'H NMR analysis.
¢ Isolated yield.

2. Asymmetric Aldol-Type Condensation of Iso-
cyanide Complexes. (i) Reaction of Methyl Iso-
cyanoacetate Complexes 4. At first, the aldol-type
condensation of the i-Pr-Phebox-derived methyl iso-
cyanoacetate complex 4a and benzaldehyde was per-
formed with several bases as deprotonating reagents.
However, no reaction occurred by the use of tertiary
amines or K,COs. Finally, we found that the present
reaction proceeds smoothly in THF at O °C by the use
of 1 equiv of t-BuOK as a base. The 'H NMR spectrum
of the crude products indicated the formation of the
three aldol adducts 6a as stereoisomers in 46%, 35%,
and 9% vyields, respectively (Table 2, entry 1). Two of
them exhibited characteristic signals as carbene moi-
eties on the 13C NMR with 10Rh—13C couplings:
Rh=C¢arpene at 0 228.4 ppm (Jrh-c = 31.8 Hz) and 6
228.6 ppm (Jrn-c = 31.4 Hz), respectively (Table 3).1516
Therefore, we assumed that these aldol adducts are the
oxazolidin-2-ylidene Fischer carbene complexes. This
inference is also substantiated by the characteristic NH
proton signals as broad singlets at § 9.76—9.77 ppm.1516
Usually, trans isomers display smaller vicinal (Hs—Hs)
coupling constants than do cis isomers. Thus, the
relative stereochemistry for the carbene fragment of the
minor complex (Jvic = 11.4 Hz) is thought to be the cis
configuration, and the others with small (6.8 and 6.4
Hz) coupling constants may be trans diastereomers.
However, these carbene complexes were unstable and
could not be isolated. Next, we carried out the reaction
of chiral isocyanide complexes 4a and 4b and the
nonchiral complex 4d with pivalaldehyde in a similar

(15) Reviews of the =CXY type carbene complexes: (a) Fehlhammer,
W. P.; Fritz, M. Chem. Rev. 1993, 93, 1243. (b) Regitz, M. Angew.
Chem., Int. Ed. Engl. 1996, 35, 725. (c) Herrmann, W. A.; Kdcher, C.
Angew. Chem., Int. Ed. Engl. 1997, 36, 2162. (d) Bourissou, D.; Guerret,
0O.; Gabbai, F. P.; Bertrand, G. Chem. Rev. 2000, 100, 39. See also ref
12a.

(16) (a) Macomber, D. W.; Rogers, R. D. J. Organomet. Chem. 1986,
308, 353. (b) Cetinkaya, B.; Hitchcock, P. B.; Jasim, H. A.; Lappert,
M. F. Advances in Metal Carbene Chemistry; Schubert, U., Ed.; Kluwer
Academic: Dordrecht, The Netherlands, 1989; pp 59—66. (c) Werner,
H.; Horlin, G.; Mahr, N. J. Organomet. Chem. 1998, 551, 367. (d)
Herrmann, W. A.; Goossen, L. J.; Spiegler, M. Organometallics 1998,
17, 2162.
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Table 3. Selected Spectroscopic Data for Carbene Complexes 6 and 7

lH Nl\/|Rb 13C NMRe¢
complex dec pt, °C IR2 v, cm~1 OnH, PPM Ona.ns, PPM [Jvie, HZ] dome, PPM OCearpeney PPM [Jrh—c, HZ]

(4R,5S)-6a 9.76 4.81, 6.41 [6.8] 3.93 228.4 [31.8]
(4S,5R)-6a 9.77 4.78,6.32 [6.4] 3.92 228.6 [31.4]
cis—6a 9.77 6.45 (Hs) [11.4] 3.86
(4R,5S)-7a 138 3467 9.53 4.48,5.00 [7.4] 3.96 227.8[32.3]
(4S,5R)-7a 148 3471 9.63 4.48, 4.98 [6.8] 3.86 227.6 [32.8]
(4R,53)-7b 216 3458 9.68 4.53,5.14 [7.5] 3.35 228.1[31.3]
(4S,5R)-7b 9.82 3.81
7d 193 3458 9.78 4.55,5.12 [8.5] 3.84 228.5 [32.0]

a Observed as KBr pellets. ? Observed at 400 MHz in CDCl3 at room temperature. © Observed at 100 MHz in CDCl3 at room temperature.

C|2
N3 ©&’ Cearbene

(4S,5R)-7a

(4R,55)-7b

Figure 2. Molecular structures of (4S,5R)-7a (left) and (4R,5S)-7b (right).

manner. In all of the experiments, the reaction pro-
ceeded smoothly to afford the corresponding aldol ad-
ducts in quantitative yields. The carbene complexes
obtained, 7, are only trans stereoisomers and could be
isolated in pure form by silica gel chromatography at 0
°C, except for the Bn-Phebox-derived minor isomer
(entries 2—4). These preferencial trans diastereoselec-
tivities are not due to the chirality on the Phebox ligand
but to the structures of the (Phebox)RhCI, fragments,
since the diastereoselectivity of the reaction with the
nonchiral dMe-Phebox-derived 4d is also trans stereo-
specific. Although the diastereomeric excess of the aldol
adducts 7a is only 28%, the Bn-Phebox-derived com-
pound 4b shows high diastereofacial selectivity (82%
de). With the expectation of increasing diastereofacial
selectivity, we also attempted the reaction at lower
temperature. However, decomposition of the isocyanide
complex 4b into the aqua complex 3b was fast, and only
a trace amount of the desired carbene complex 7b was
obtained. It is worth noting that all major trans isomers,
including benzaldehyde-derived 6a, display more high-
field shifts for the NH signals and larger vicinal (Hs—
Hs) coupling constants than do minor isomers in the 1H
NMR spectra. Finally, we succeeded in the structural
characterization of the minor and major isomers 7a and
7b, respectively, by X-ray diffraction and revealed that
the absolute configurations of the carbene moieties on
major diastereomers are 4R,5S based on the chiral

(S,S)-Phebox structures (Figure 2). Structural features
will be discussed later.

(ii) Reaction of TosMIC Complexes 5. Next, we
examined the aldol-type condensation of the TosMIC
complexes 5 with aldehydes in a manner similar to the
reaction of methyl isocyanoacetate comolexes. The 1H
NMR spectrum of the crude products for the reaction
of i-Pr-Phebox-derived complex 5a and benzaldehyde
indicated formation of the two carbene complexes 8a as
stereoisomers in quantitative yield. Relative stereo-
chemistries on the carbene moieties are found to be the
trans configuration for both complexes by the small
vicinal coupling constants (Jys4-ps = 5.6 and 4.8 Hz,
respectively), but the diastereomer ratio is 50:50 (Table
4, entry 1). These diastereomers were separated by silica
gel chromatography at 0 °C, and the trans-(4R,5R)
structure of one of the diastereomers could be charac-
terized by X-ray diffraction (Figure 3; for a detailed
discussion, see below). The relationship between the
chemical shifts for the NH signals, vicinal (Hs—Hs)
coupling constants, and the absolute configurations on
the carbene parts for the TosMIC-derived carbene
complexes can be assigned in a manner similar to that
for the methyl isocyanoacetate derived complexes: the
4R,5R isomer displays more low-field shifts for the NH
signals and smaller vicinal (H4—Hs) coupling constants
on the 'H NMR spectra (Table 5). In the reaction of the
Bn-Phebox-derived complex 5b and benzaldehyde, sur-
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Table 4. Asymmetric Aldol-Type Condensation of
TosMIC Complexes 5 and Aldehydes?

(o]
RJ\ H [Rh] [E] { Jﬁ]
t'i:iK O2°NH + O °NH + NH
H5—3——<:. iHg >—/ =
0°C,15-3h  "R™® 50,7l R 60,Tol R
4558 4A5R elimn. prod.
8: R=Ph 10: R=Ph
9:R=tBu 11: R=tBu
substrate/ % yield"
entry product 4S,5S 4R,5R elimin product
1 5a/8a 50 (35)° 50 (38)° 0 (10a)
2 5b/8b 31 65 0 (10b)
3 5c/8c 38 24 31 (10c)
4 5a/9a 40 (31)° 29 23 (11a)
5 5b/9b 26 45 29 (11b)

a All reactions were carried out using 1 equiv of TosMIC
complexes 5, 1 equiv of t-BuOK, and 1.2 equiv of aldehydes in THF
at 0 °C. P Determined by 'H NMR analysis. ¢ Isolated yield.

Figure 3. Molecular structure of (4S,5R)-8a. For clarity,
only H atoms on the carbene fragment are shown.

prisingly, the opposite trans diastereomer (4R,5R)-8b
was obtained as the major product with 35% de (entry
2). The reaction of 5c afforded the oxazol-2-ylidene
complex 10c in 31% yield as a byproduct, which was
formed by eliminating p-toluenesulfinic acid from the
carbene complexes 8c (entry 3).17 The similar elimina-
tion products 11a and 11b were produced in 23—29%
yield by reactions with pivalaldehyde, and the absolute
configurations on the carbene parts for complexes 9a
and 9b were of opposite stereochemistry (entries 4 and
5).

3. Structures, Stabilities, and Reactivities of
Chiral Fischer Carbene Complexes. (i) Structures
of the Carbene Moieties. Two methyl isocyanoacetate

(17) van Leusen, A. M.; Hoogenboom, B. E.; Siderius, H. Tetrahedron
Lett. 1972, 2369. See also ref 16b.
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Chart 1
[Rh [Rhlo
OONH .  O%BNH
R OEwe B eEwe
A
Chart 2

6=70° 0~ 85°

4R,55 (EWG = CO,Me)
48,58 (EWG = SO,Tol)

48,5R (EWG = CO,Me)
4R,5R (EWG = SO,Tol)

derived carbene complexes, (4S,5R)-7a and (4R,5S)-7b,
and one TosMIC-derived complex, (4R,5R)-8a, have
been characterized by X-ray crystallography (Figures 2
and 3), and the relevant bond distances and angles are
summarized in Table 6. The Rh1—Ccarpene lengths
(2.113—2.112 A) fall in the range observed for similar
complexes,® and such long Rh1—Ccarpene distances sug-
gest that these carbene complexes can be described as
Lewis acid—base adducts; the carbene fragments act as
basic o-donors. The sums of angles around the carbene
carbons for these three complexes are almost 360°,
indicating that the hybridization of the Ccarhene atoms
is sp2. Both the O—Ccarbene and the N3—Ccarpene bond
distances for these complexes are shorter than the
normal ranges of X—C (X = O, N) single bonds. In this
geometries, the electron-deficient carbene carbon cen-
ters are s-conjugated with two heteroatoms; the meso-
meric structure A makes a strong contribution (Chart
1). Although the bound carbene planes of (4S,5R)-7a
(EWG = CO,Me) and (4R,5R)-8a (EWG = SO,Tol) are
almost perpendicular to the Phebox planes (0 = 85°),
the bound carbene moiety on (4R,5S)-7b leans toward
the Phebox plane from the CI-Rh—CI plane; the di-
hedral angle between the carbene part and the Phebox
plane is about 70° (Chart 2). This slope of the carbene
moiety is due to the steric repulsion between the
substituents on the Phebox ligand and both EWG and
R groups on the carbene fragment.

(ii) Stabilities of the Carbene Complexes. To
study the differences of the stabilitiy between both
diastereomers (4S,5S and 4R,5R), we carefully exam-
ined the reaction of the i-Pr-Phebox-derived TosMIC
complex 5a and benzaldehyde. *H NMR spectra showed
only the desired carbene complexes (4S,5S)-8a and
(4R,5R)-8a within 1.5 h in the ratio 50:50. However,
these carbene complexes gradually decomposed, and
signals due to the oxazol-2-ylidene complex 10a, which
was formed by eliminating HSO,Tol from the carbene
complexes 8a, appeared after completion of the aldol-
type condensation. The amounts of these three com-
plexes were 16% for (4S,5S)-8a, 37% for (4R,5R)-8a, and

(18) (a) Beck, W.; Weigand, W.; Nagel, U.; Schaal, M. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 377. (b) Rieger, D.; Lotz, S. D.; Kernbach, U.;
Andre, C.; Bertran-Nadal, J.; Fehlhammer, W. P. 3. Organomet. Chem.
1995, 491, 135. See also refs 14 and 15.
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Table 5. Selected Spectroscopic Data for Carbene Complexes 8—11

lH NMRt| 13C NMRe¢
complex dec pt, °C IR vy, M1 ONH, PPM OwHams, PPM [Jvie, HZ] OTol—Me, PPM OCearpener PPM [Jrn—c, Hz]

(4S,5S)-8a 195 3449 9.60 5.03, 6.86 [5.6] 2.46 232.2 [32.0]
(4R,5R)-8a 190 3449 9.94 5.01, 6.79 [4.8] 2.48 232.4[32.3]
10a 11.77 212.5[33.8]
(4S,5S)-8b 9.77 5.13 (H.) [5.8] 2.39
(4R,5R)-8b 10.05 5.04 (Ha) [4.7] 2.46
(4S,5S)-8¢ 9.16 5.0, 6.80 [8.2] 2.50
(4R,5R)-8C 9.82 4.99, 6.65 [7.9] 2.49
10c 11.57
(4S,5S)-9a 174 3455 9.32 4.78, 5.46 [5.9] 2.46 231.6 [31.8]
(4R,5R)-9a 9.79 4.77,5.47 [5.8] 2.46
1la 11.42
(4S,5S)-9b 9.72 4.97,5.29 [5.9] 2.28
(4R,5R)-9b 9.84 4.77,5.51 [4.8] 2.45
11b 11.68

a Observed as KBr pellets. ® Observed at 400 MHz in CDCl3 at room temperature. ¢ Observed at 100 MHz in CDCl3 at room temperature.

Table 6. Selected Bond Distances (A) and Angles
(deg) for the Carbene Complexes (4S,5R)-7a,
(4R,5S)-7b, and (4R,5R)-8a

(4S,5R)-7a  (4R,55)-7b  (4R,5R)-8a
Rh1—Cl1 2.346(2) 2.336(2) 2.351(2)
Rh1—-CI2 2.340(2) 2.364(2) 2.340(2)
Rh1—-N1 2.074(7) 2.086(6) 2.072(4)
Rh1—N2 2.041(7) 2.057(6) 2.059(4)
Rh1—Ccarbene 2.115(9) 2.122(8) 2.113(5)
O—Cearbene 1.33(1) 1.324(9) 1.322(6)
N3—Cearbene 1.33(1) 1.316(9) 1.319(7)
0-Cs 1.49(1) 1.467(9) 1.478(6)
N3—C4 1.45(1) 1.439(10) 1.449(7)
C4—Cs 1.54(1) 1.56(1) 1.528(8)
N1—Rh1—N2 157.5(3) 155.9(3) 156.7(2)
Rh1—Ccarbene—O 126.7(6) 125.4(5) 125.1(4)
Rh1—Cearbene—N3 123.8(7) 125.0(6) 125.2(4)
O—Cearbene—N3 109.1(8) 109.6(7) 109.7(4)
Chart 3
[jji] [TE] [Rh]
0" "NH 0" "NH 0" "NH

D YR

PR “sO,Tol  PH  "SO,Tol  Ph

(45,55)-8a (4R,5R)-8a 10a
<15h 50 : 50 : 0
25h 16 : 37 : 47

47% for 10a (Chart 3). This result shows that the
decomposition rate of the sterically hindered (4S,5S)-
8a is much faster (ca. 2.6 times) than that of the less
hindered 4R,5R isomer. The elimination product 10c is
rearranged to the N-bonded oxazole complex 12 during
column purification. The structure of 12 was determined
by X-ray diffraction (Figure 4 and Table 7). Although
the N-bonded oxazole complex is stable in the solid
state, dissociation of bound oxazole is observed in
solution and, finally, both the aqua complex 3a and free
oxazole 13 are obtained (Scheme 2).

(iii) Formation of Optically Pure 2-Oxazolines
from Carbene Complexes. We also succeeded in the
isolation of the optically pure 2-oxazoline derivative 14
from the chiral carbene complexes 8a by treatment with
AgBF,; (Scheme 3). To a solution of (4S,5S)-8a in
dichloromethane was added 2.1 equiv of AgBF,4 at 20
°C. After it was stirred for 1.5 h at that temperature,
the reaction mixture was filtered through a pad of

Figure 4. Molecular structure of 12: one of the two
independent crystal structures.

Table 7. Selected Bond Distances (A) and Angles
(deg) for the Oxazole Complex 122

Rh1-Cl1 2.3304(5) Rh1-CI2 2.341(4)
Rh1-N1 2.10(1) Rh1-N2 2.08(1)
Rh1-N3 2.22(2) N3—C2 1.27(2)
N3—C4 1.44(2) c4-C5 1.42(2)
N1-Rh1-N2 157.1(5) Rh1—-N3—-C2 126(1)
Rh1-N3—C4 128(1) C3-N3-C5 105(1)

2 One of the two independentmolecules in the unit cell.

Scheme 2
[Rh] [Tilh] (RN
H H H,O ! H N _H
Q" NH O \gl/ 2 WO \gl/
Ph H Ph Ph
10a 12 3a 13

alumina to afford 5-phenyloxazole (13) as the main
product and optically pure (4S,5S)-14 in 7% vyield. In
the reaction of sterically less hindered (4R,5R)-8a, the
rate of carbene decomposition is slower and the chemical
yield of (4R,5R)-14 increased to 41%. Optical purities
for both (4S,5S)- and (4R,5R)-14 were confirmed by
chiral HPLC analysis (Daicel CHIRALCEL OD-H).

4. Mechanistic Studies. (i) Reaction Mechanism.
It is known that the a-isocyano carbanion species are
thermolabile and easily decomposed between —60 and
0 °C.1 In fact, there is no evidence for the formation of
metalated isocyanides bound to the (Phebox)RhCI;
fragments using methyl isocyanoacetate complexes 4
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Scheme 3

(An] H H
0" "NH AgBF, 0" N . o)§N
Hy =l H, CH,Cl, Hs= =K Ha =/

Ph 8O,Tol  20°C,1.5h Ph SO, Tol Ph
(45,55)-8a trans-(45,55)-14 13
(7%)

[An] H H

0” "NH AgBF, 0" N 0)§N

_ 9P N
Hy" ==t CH,Cl, He')5Ha =/
Ph SO,Tol  20°C,1.5h Ph SO, Tol Ph

(4R,5R)-8a trans-(4R,5R)-14 13
(41%)
Scheme 4
[Rn] [Rh] [Rh]
c +BUOK ¢ ¢
ey Neo | e
“Us ~.0 (¢]
SOZTO| +BUuOH H N H Y
0" Tol OMe
5¢ B [

because the decomposition of produced carbanion spe-
cies is very fast. During careful NMR studies of the
reaction of TosMIC complexes 5 with t-BuOK, however,
we could detect the a-isocyano carbanion species on the
IH NMR (Scheme 4). Deprotonation of the t-Bu-Phebox-
derived TosMIC complex 5¢ with 1 equiv of t-BuOK in
THF-dg was carried out at 0 °C to produce t-BuOH (6
1.14 ppm; s, 9H) and the enolate complex B; signals for
ao-methylene protons disappeared, and the signal as-
signed to the vinylic proton was observed at ¢ 7.08 ppm
(bs, 1H). Therefore, we assumed that the similar enolate
complex C is formed by the reaction of methyl iso-
cyanoacetate complexes 4 with t-BuOK. This enolate
complex B is remarkably unstable in solution (THF-dg)
at 20 °C: the decomposition rate was ca. 50% over 1
min. Using other bases such as triethylamine or diiso-
propylethylamine, no reaction occurred and signals due
to only starting isocyanide complexes and tertiary
amines were observed. These results imply that the
Lewis acidity of (Phebox)RhCI, fragments is quite low;
therefore, strong bases such as t-BuOK are needed in
order to generate an intermediate isocyano enolate by
deprotonation of o-protons.

Usually, this aldol-type condensation proceeds via the
mechanism given in Scheme 5.1° At first, the enolate
complex B or C, generated by deprotonation of iso-
cyanide complexes 4 and 5, reacts with aldehyde to
produce the 2-isocyano alkoxide complex D. The cycliza-
tion reaction subsequently proceeds to give the meta-
lated oxazoline E as an intermediate. Finally the
protonation occurs directly at the 2-position on E,
resulting in the formation of the 2-oxazoline product.
Because the aldol adducts are obtained as oxazolidin-
2-ylidene type Fischer carbene complexes, final proto-
nation proceeds not at the 2-position but at the N atom

(19) Mechanistic studies using alkali metals: (a) Hoppe, D.; Schéllko-
pf, U. Angew. Chem., Int. Ed. Engl. 1970, 9, 300. (b) Boll, W. A,;
Gerhart, F.; Nurrenbach, A.; Schollkopf, U. Angew. Chem., Int. Ed.
Engl. 1970, 9, 458. (c) Meyers, A. |.; Collington, E. W. J. Am. Chem.
Soc. 1970, 92, 6676. (d) Schollkopf, U.; Béhme, P. Angew. Chem., Int.
Ed. Engl. 1971, 10, 491. See also ref 1b.
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F G
O H O H
[Rh]---CN*?{é*R [Rh]-uCN‘&—H
H X ﬂ* R X
/ ;
trans-4 cis
[X = C(OMe)(O"), S(0)Tol(O)]
Figure 5. Antiperiplanar transition states F and G.

Scheme 5
o [Rh]
]
A | e
BorC (€]
aldol reaction o) \1/k
enolate T2 EWG
R
2-isocyano alkoxide
D
J cyclization
[Rh] [Rh]© H
H* * H* )§
O"2'NH  ~— 02N -~ Q2N
R Ewa R EWG R Ewe
Fischer carbene metalated oxazoline 2-oxazoline

of the metalated oxazoline E. However, It is not clear
whether the N atom of E is protonated via a metal
hydride intermediate or direct N protonation occurs.

(ii) Transition State Assembly. Since the relative
stereochemistries of carbene complexes 6—9 are trans
configurations, the chiral enolates B and C react trans
selectively with aldehydes. This trans-selective reaction
of the enolates B and C with aldehydes can be at-
tributed to the gauche interaction between the R groups
of aldehydes and the isocyano moiety bound to the bulky
(Phebox)RhCI, fragments in antiperiplanar transition
states (Figure 5, F vs G).

The reason the Bn-Phebox-derived complex shows
much higher diastereofacial selectivity than do i-Pr- or
t-Bu-Phebox complexes is explained by X-ray analyses
of the corresponding isocyanide complexes 4b,c and 5c.
The ORTEP drawings are shown in Figure 6, and
selected bond distances and angles are summarized in
Table 8. The C, atoms on the (Phebox)RhCI, fragments
are very distant from the Rh atoms (~4.68 A), so that
the i-Pr or t-Bu substituents on the Phebox ligands do
not reach out sufficiently to the a-carbon atoms where
the diastereofacial selective carbon—carbon bond forms
(Figure 6, center and right). The Bn moieties on 4b,
however, make deep chiral surroundings (Figure 6, left);
therefore, high diastereofacial selectivity is achieved in
the present reaction.

The possible structures of the methyl isocyanoacetate
derived enolate complexes C are shown in Figure 7. The
observed 4R,5S stereochemistry of the carbene parts
using the (S,S)-(Bn-Phebox)RhCI, fragment can be
unambiguously explained by the intermediate C'. The
enolate plane bound to the Rh atom is perpendicular to
the Phebox plane, and the si face of the enolate is
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4b

5c

Figure 6. Molecular structures of the isocyanide complexes 4b (left), 4c (center), and 5c (right).

Table 8. Selected Bond Distances (A) and Angles
(deg) for the Isocyanide Complexes 4b,c and 5c

4b 4c 5c2
Rh1-CI1 2.350(3) 2.338(2) 2.339(4)
Rh1-CI2 2.341(3) 2.356(2) 2.361(3)
Rh1—-N1 2.049(8) 2.092(7) 2.082(10)
Rh1—-N2 2.063(8) 2.096(7) 2.102(10)
Rh1-C1 2.104(9) 2.122(9) 2.11(2)
N3—-C1 1.13(2) 1.14(2) 1.13(2)
N3—-Ca 1.44(1) 1.43(1) 1.44(2)
N1-Rh1—N2 157.3(3) 157.8(3) 157.4(4)
Rh1-C1—-N3 175(1) 171.9(8) 173(1)
C1-N3—Ca 175(2) 178.8(9) 173(2)

a One of the two independent molecules in the unit cell.

c c"

re-face attack si-face attack

!

(4R55) (45,5R)

Figure 7. Structures of the enolate complexes C' (left) and
C" (right).

masked by one benzyl substituent on the oxazoline
rings. The aldehydes attacked the exposed re face of the
bound enolate, and so the 4R,5S product was obtained.
If the bound enolate plane was placed almost parallel
to the Phebox plane (C"), the opposite product, 4S,5R,
would be obtained as the major isomer.

The resulting opposite diastereofacial selection using
the Bn-Phebox-derived TosMIC complex 5b is shown by
the intermediate B" in Figure 8. When the enolate plane
is perpendicular to the Phebox plane, as in the iso-
cyanoacetate complex C', steric repulsion between the
bulky tolyl group on the sp? sulfur atom and one benzyl
substituent on the oxazoline rings occurs (B'). Therefore,
the enolate plane rotates along the N—C, bond to avoid
this steric repulsion (B"). In such a case, the si face of
the bound enolate plane is shielded by one benzyl
substituent on the oxazoline rings.

si-face attack re-face attack

!

(48,55) (4R5R)

Figure 8. Structures of the enolate complexes B’ (left) and
B" (right).
Conclusion

We have synthesized the isocyanide complexes bound
to the chiral (Phebox)RhCI, fragments and succeeded
in the structural characterization of these chiral iso-
cyanide complexes by NMR and X-ray studies. We have
demonstrated asymmetric aldol-type condensation of
isocyanides and aldehydes on the (Phebox)RhClI, frag-
ments and found that the aldol adducts were obtained
as chiral Fischer carbene complexes. NMR and X-ray
crystallography revealed that the Bn-Phebox-derived
rhodium(l11) fragments having deep chiral pockets acted
as efficient chiral assemblies? for the present reaction,
even in a stoichiometric manner. To the best of our
knowledge, this is the first example of a full structural
characterization of both chiral isocyanides and Fischer
carbene complexes in the present aldol-type condensa-
tion. We have also succeeded in the isolation of optically
pure 2-oxazolines from the corresponding chiral carbene
complexes. These findings have provided important
information about the steric course of the asymmetric
aldol-type condensation of isocyanides and aldehydes by
Lewis acid coordination. We will now apply this knowl-
edge to catalytic asymmetric reactions.?!

(20) Representative papers of chiral assemblies for asymmetric
synthesis are as follows. Asymmetric conjugate addition of enones: (a)
Wang, Y.; Gladysz, J. A. J. Org. Chem. 1995, 60, 903. Asymmetric [2,3]
rearrangement: (b) Bell, P. T.; Cagle, P. C.; Vichard, D.; Gladysz, J.
A. Organometallics 1996, 15, 4695. Asymmetric Claisen rearrange-
ment: (c) Maruoka, K.; Saito, S.; Yamamoto, H. J. Am. Chem. Soc.
1995, 117, 1165. Asymmetric alkylation of aldehydes: (d) Saito, S.;
Kano, T.; Hatanaka, K.; Yamamoto, H. J. Org. Chem. 1997, 62, 5651.
Asymmetric oxidation of sulfides: (e) Schenk, W. A.; Frosch, J.; Adam,
W.; Prechtl, F. Angew. Chem., Int. Ed. Engl. 1994, 33, 16009.
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Experimental Section

General Methods. Anhydrous dichloromethane and tet-
rahydrofuran were purchased from Kanto Chemical Co. (p-
Tolylsulfonyl)methyl isocyanide (TosMIC) and t-BuOK were
purchased from Tokyo Chemical Industry Co., Ltd. Methyl
isocyanoacetate and silver tetrafluoroborate were purchased
from Aldrich Chemical Co. 'H and 3C NMR spectra were
measured on a Varian Inova-400 (400 MHz) spectrometer. 'H
NMR chemical shifts are given in parts per million downfield
from tetramethylsilane as an internal standard (6 0) in CDCls,
unless otherwise noted. 1*C NMR chemical shifts are given in
parts per million in CDCI; as an internal standard (6 77.1),
unless otherwise noted. IR spectra were measured on a JASCO
FT/IR-230 spectrometer. Melting points were measured on a
Yanaco MP-J3 apparatus. Elemental analyses were measured
on a Yanaco CHN CORDER MT-6. Column chromatography
was performed with silica gel (Merck, Art 7734) and with Al,O3
(Merck, Art 1097). Analytical thin-layer chromatography (TLC)
was performed on glass plates and aluminum sheets precoated
with silica gel (Merck, Kieselgel 60 Fs4, layer thicknesses 0.25
and 0.2 mm, respectively). Visualization was accomplished by
UV light (254 nm), anisaldehyde, and phosphomolybdic acid.
All reactions were carried out under a nitrogen or argon
atmosphere. (Phebox)RhCI,(H,O) complexes (3a—c) were pre-
pared by our method.”®

Synthesis of (dMe-Phebox)SnMe; and (dMe-Phebox)-
RhCI,(H,0) (3d). These compounds were prepared from
2-amino-2-methylpropan-1-ol according to our methods.”®

(dMe-Phebox)SnMes: white solids; Mp: 115—118 °C. IR
(KBr): v 2980, 2905, 1647, 1465, 1355, 1295, 1115, 1060, 975
cm~1 H NMR (400 MHz, CDCl3): 6 0.23 (s, satellite Jsn-n =
55.6, 53.2 Hz, 9H), 1.39 (s, 12H), 4.09 (s, 4H), 7.34 (t, I = 7.7
Hz, satellite Jsp-n = 7.7 Hz, 1H), 7.94 (d, J = 7.7 Hz, satellite
Jsn-n = 11.9 Hz, 2H). 13C NMR (100 MHz, CDCl3): § —3.2
(satellite Jsn-c = 384.6, 367.5 Hz), 28.7, 68.1, 79.4, 127.9
(satellite Jsn-c = 8.4 Hz), 131.4 (satellite Jsp-c = 31.7 Hz),
136.3 (satellite Jsn—c = 18.3 Hz), 146.3 (satellite Jsn—c = 455.8,
435.6 Hz), 163.8 (satellite Jsn-c = 15.2 Hz). Anal. Found for
C19H28N>05Sn: C, 52.63; H, 6.63; N, 6.35. Calcd: C, 52.45; H,
6.49; N, 6.44.

(dMe-Phebox)RhCI;(H,0) (3d): pale yellow solids; Mp:
>300 °C dec. IR (KBr): v 3384, 1620, 1487, 1402, 959, 743
cm~L. IH NMR (400 MHz, THF-dg): 6 1.47 (s, 12H), 2.66 (bs,
2H), 4.53 (s, 4H), 7.18 (t, 3 = 7.6 Hz, 1H), 7.49 (d, J = 7.6 Hz,
2H). 3C NMR (100 MHz, THF-dg): 6 27.6, 66.6, 83.2, 122.4,
127.0, 133.2, 169.9 (Jrn-c = 4.2 Hz), 185.4 (Jrn-c = 18.0 Hz).
Anal. Found for C16H2:N205CI;Rh: C, 41.58; H, 4.67; N, 5.89.
Calcd: C, 41.49; H, 4.57; N, 6.05%.

Synthesis of (Phebox)RhCl;(isocyanide) Complexes.
General Procedure for the Preparation of Isocyanide
Complexes. To a stirred solution of aqua complex 3 (1 equiv)
in dichloromethane was added isocyanide (1.1 equiv) at room
temperature under an argon atmosphere. After it was stirred
for 5 min, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in dichlo-
romethane, and then hexane was added to the solution. The
resultant precipitate was isolated by filtration, washed with
hexane, and dried in vacuo to afford the isocyanide complexes
in quantitative yield as pale yellow powders.

(21) Representative papers are as follows. Au(l) complexes: (a) Ito,
Y.; Sawamura, M.; Hayashi, T. 3. Am. Chem. Soc. 1986, 108, 6405. (b)
Ito, Y.; Sawamura, M.; Hayashi, T. Tetrahedron Lett. 1987, 28, 6215.
(c) Hayashi, T.; Sawamura, M.; Ito, Y. Tetrahedron 1992, 48, 1999.
(d) Pastor, S. D.; Togni, A. J. Am. Chem. Soc. 1989, 111, 2333. (e) Togni,
A.; Pastor, S. D.; Rihs, G. J. Organomet. Chem. 1990, 381, C21. (f)
Pastor, S. D.; Togni, A. Helv. Chim. Acta 1991, 74, 905. Ag(l)
complexes: (g) Sawamura, M.; Hamashima, H.; Ito, Y. J. Org. Chem.
1990, 55, 5935. Pd(Il) and Pt(Il) complexes: (h) Gorla, F.; Togni, A.;
Venanzi, M.; Albinati, A.; Lianza, F. Organometallics 1994, 13, 1607.
(i) Longmire, J. M.; Zhang, X.; Shang, M. Organometallics 1998, 17,
4374.

Motoyama et al.

(i-Pr-Phebox)RhCI;(CNCH,CO;Me) (4a). Mp: 158—159
°C dec. IR (KBr): v 2957, 2212, 1763, 1619, 1593, 1486, 1399,
1216, 961, 742 cm~*. 'H NMR (400 MHz, CDCls): 6 0.92 (d, J
=6.4Hz, 6H),0.99 (d, J=7.2 Hz, 6H), 2.47 (qqd, J = 7.2, 6.4,
3.2 Hz, 2H), 3.89 (s, 3H), 4.22 (ddd, J = 10.0, 7.2, 3.2 Hz, 2H),
4.66 (dd, J = 8.8, 7.2 Hz, 2H), 4.73 (s, 2H), 4.74 (dd, J = 10.0,
8.8 Hz, 2H), 7.28 (t, J = 7.6 Hz, 1H), 7.61 (d, J = 7.6 Hz, 2H).
13C NMR (100 MHz, CDClg): 6 15.2,19.5, 29.5, 45.3, 53.7, 68.0,
71.1,123.7, 128.0, 130.8, 150.6 (Jrn-c = 34.9 Hz), 163.6, 173.3
(Jrn-c = 3.0 Hz), 193.5 (Jrn-c = 16.3 Hz). Anal. Found for
C2H2sN304Cl:Rh: C, 44.16; H, 5.08; N, 7.31. Calcd: C, 46.17;
H, 4.93; N, 7.34.

(Bn-Phebox)RhCI;(CNCH.CO;Me) (4b). Single crystals
for the X-ray difflaction study were obtained from ethyl
acetate—ether—hexane at room temperature. Mp: 117 °C dec.
IR (KBr): v 2939, 2207, 1757, 1618, 1486, 1399, 1220, 969,
741 cm™1. 'H NMR (400 MHz, CDCl3): 6 2.78 (dd, J = 14.4,
11.0 Hz, 2H), 3.70 (s, 3H), 3.79 (dd, J = 14.4, 3.7 Hz, 2H),
4.53 (dd, J = 8.1, 7.9 Hz, 2H), 4.63 (dddd, J = 11.0, 9.2, 7.9,
3.7 Hz, 2H), 4.72 (dd, 3 = 9.2, 8.1 Hz, 2H), 4.76 (s, 2H), 7.25—
7.36 (m, 11H), 7.66 (d, J = 7.7 Hz, 2H). 3C NMR (100 MHz,
CDCls): 640.6,45.5,53.8,64.1, 75.4, 123.9, 127.0, 128.4, 129.0,
129.1, 130.8, 137.0, 150.4 (Jrn-c = 34.9 Hz), 163.4, 173.8 (Jrn-c
= 3.0 Hz), 193.6 (Jrh—-c = 15.9 Hz). Anal. Found for C3oH2sN304-
Cl,Rh: C,53.87; H, 4.22; N, 6.25. Calcd: C,53.91; H, 4.22; N,
6.29.

(t-Bu-Phebox)RhCI>(CNCH,CO;Me) (4c). Single crystals
for the X-ray difflaction study were obtained from chloroform—
hexane at room temperature. Mp: 112—113 °C dec. IR (KBr):
v 2961, 2211, 1759, 1618, 1485, 1398, 1217, 971, 740 cm™ 1. 'H
NMR (400 MHz, CDCls): 6 1.09 (s, 18H), 3.84 (dd, J = 9.7,
4.0 Hz, 2H), 4.690 (s, 2H), 4.692 (dd, J = 9.7, 9.2 Hz, 2H),
479 (dd, 3 =9.2,4.0 Hz, 2H), 7.29 (t, 3 = 7.5 Hz, 1H), 7.62 (d,
J = 7.5 Hz, 2H). 3C NMR (100 MHz, CDCl3): ¢ 26.3, 35.4,
45.4,53.7, 72.3, 73.5, 123.6, 128.3, 130.5, 153.2 (Jrh-c = 31.6
Hz), 163.5, 174.6 (Jrh-c = 3.0 Hz), 191.3 (Jrn-c = 15.2 Hz).
Anal. Found for C,;sH3,N30,Cl,Rh: C, 48.03; H, 5.31; N, 7.04.
Calcd: C, 48.02; H, 5.37; N, 7.00.

(dMe-Phebox)RhCI;(CNCH,CO;Me) (4d). Mp: 203 °C
dec. IR (KBr): v 2929, 2199, 1753, 1618, 1496, 1398, 1228,
962, 758 cm™L. I1H NMR (400 MHz, CDCls): 6 1.55 (s, 12H),
3.92 (s, 3H), 4.54 (s, 4H), 4.82 (s, 2H), 7.28 (t, I = 7.7 Hz, 1H),
7.61 (d, J = 7.7 Hz, 2H). 13C NMR (100 MHz, CDCly): 6 27.8,
45.4, 53.8, 65.8, 81.9, 123.6, 127.9, 131.4, 151.2 (Jrp-c = 35.7
Hz), 163.6, 171.7 (Jrn-c = 3.4 Hz), 193.6 (Jrn-c = 16.0 Hz).
Anal. Found for C,oH24N304CloRh: C, 44.04; H, 4.36; N, 7.83.
Calcd: C, 44.14; H, 4.44; N, 7.72.

(i-Pr-Phebox)RhCI;(CNCH,SO,p-Tol) (5a). Mp: 132—
134 °C dec. IR (KBr): v 2959, 2188, 1620, 1594, 1486, 1401,
1337, 1153, 961, 742 cm™*. *H NMR (400 MHz, CDClz): 6 0.86
(d, 3 = 6.8 Hz, 6H), 0.89 (d, J = 7.2 Hz, 6H), 2.25 (qqd, J =
7.2,6.8, 3.2 Hz, 2H), 2.46 (s, 3H), 4.10 (ddd, J = 10.0, 7.2, 3.2
Hz, 2H), 4.63 (dd, J = 8.8, 7.2 Hz, 2H), 4.72 (dd, J = 10.0, 8.8
Hz, 2H), 4.98 (d, J = 15.4 Hz, 1H), 5.02 (d, J = 15.4 Hz, 1H),
7.30 (t, J = 7.6 Hz, 1H), 7.46 (d, J = 8.4 Hz, 2H), 7.62 (d, J =
7.6 Hz, 2H), 8.12 (d, J = 8.4 Hz, 2H). 3C NMR (100 MHz,
CDCl3): 0 15.2,19.4,21.9, 29.6, 62.7, 68.0, 71.2, 123.8, 128.1,
130.0, 130.6, 130.7, 130.8, 132.3, 146.9, 154.7 (Jrn-c = 36.0
Hz), 173.4, 173.3 (Jrn-c = 3.0 Hz), 193.1 (Jrn-c = 16.3 Hz).
Anal. Found for C;H32N304CI,SRh: C, 48.50; H, 4.86; N, 6.38.
Calcd: C, 48.51; H, 4.83; N, 6.29.

(Bn-Phebox)RhCIz(CNCH,SO;p-Tol) (5b). Mp: 142 °C
dec. IR (KBr): v 2924, 2186, 1619, 1594, 1487, 1401, 1340,
1153, 970, 741 cm*. *H NMR (400 MHz, CDCls): 6 2.18 (s,
3H), 2.66 (dd, J = 14.0, 11.2 Hz, 2H), 3.46 (dd, J = 14.0, 3.6
Hz, 2H), 4.47 (dddd, J = 11.2, 9.2, 7.2, 3.6 Hz, 2H), 4.54 (dd,
J=18.8, 7.2 Hz, 2H), 4.68 (dd, J = 9.2, 8.8 Hz, 2H), 4.98 (d, J
=15.2 Hz, 1H), 5.05 (d, J = 15.2 Hz, 1H), 7.12 (d, J = 8.4 Hz,
2H), 7.22—7.38 (m, 11H), 7.67 (d, J = 7.6 Hz, 2H), 8.12 (d, J
= 8.4 Hz, 2H). 3C NMR (100 MHz, CDCl3): ¢ 21.7,40.8, 62.8,
64.3, 75.4, 124.1, 127.0, 128.5, 129.0, 129.1, 130.0, 130.68,
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130.74, 132.0, 136.7, 147.2, 154.2 (Jrn-c = 36.2 Hz), 173.8
(Jrh-c = 3.4 Hz), 193.4 (Jrh-c = 16.4 Hz). Anal. Found for
C3sH3,N304CI,SRh: C,54.88; H, 4.36; N, 5.46. Calcd: C, 54.99;
H, 4.22; N, 5.50.

(t-Bu-Phebox)RhCI;(CNCH,SO,p-Tol) (5c¢). Single crys-
tals for the X-ray difflaction study were obtained from ethyl
acetate—dichloromethane—hexane at room temperature. Mp:
198 °C dec. IR (KBr): v 2957, 2194, 1619, 1487, 1397, 1369,
1341, 1153, 972 cm™*. *H NMR (400 MHz, CDClg): 6 0.95 (s,
18H), 2.45 (s, 3H), 3.60 (dd, J = 10.0, 4.0 Hz, 2H), 4.67 (dd, J
=10.0, 8.8 Hz, 2H), 4.77 (dd, J = 8.8, 4.0 Hz, 2H), 4.91 (d, J
= 15.4 Hz, 1H), 4.97 (d, 3 = 15.4 Hz, 1H), 7.31 (t, J = 7.6 Hz,
1H), 7.48 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 8.14 (d,
J = 8.2 Hz, 2H). 3C NMR (100 MHz, CDClg): ¢ 21.9, 26.2,
35.3, 62.9, 72.3, 73.5, 123.8, 128.4, 130.4 (2C), 130.9, 132.0,
146.7, 157.2 (Jrn-c = 38.3 Hz), 174.6 (Jrn-c = 3.0 Hz), 191.2
(\JRh—C = 15.2 HZ) Anal. Found for C29H36N304C|28Rh: C,
49.85; H, 5.25; N, 5.98. Calcd: C, 50.01; H, 5.21; N, 6.03.

General Procedure for the Aldol-Type Condensation
of Isocyanide Complexes and Aldehydes. To a stirred
solution of the isocyanide complex (1 equiv) and potassium tert-
butoxide (1 equiv) in tetrahydrofuran was added aldehyde (1.2
equiv) at 0 °C under an argon atmosphere. After it was stirred
for 0.5—3 h at that temperature, the reaction mixture was
poured into water at 0 °C, and then the mixture was extracted
with ether. The extract was dried over Na,SO, and evaporated
under reduced pressure. This crude product was measured by
NMR.

Reaction of 4a with Benzaldehyde. (i-Pr-Phebox)-

RhCI,(=COCH(Ph)CH(CO,Me)NH) (6a). (4R,5S)-6a. This
complex could not be isolated. *H NMR (400 MHz, CDCl3): ¢
0.78 (d, 3 = 7.1 Hz, 6H), 0.83 (d, J = 7.0 Hz, 6H), 2.05 (ddd,
J=17.1,7.0,3.3 Hz, 2H), 3.93 (s, 3H), 4.00 (ddd, J = 10.1, 7.3,
3.3 Hz, 2H), 4.59 (dd, J = 8.8, 7.3 Hz, 2H), 4.67 (dd, J = 10.1,
8.8 Hz, 2H), 4.81 (d, J = 6.8 Hz, 1H), 6.41 (d, J = 6.8 Hz, 1H),
7.27 (t, 3 = 7.7 Hz, 1H), 7.41—7.56 (m, 5H), 7.63 (d, J = 7.7
Hz, 2H), 9.76 (bs, 1H). 3C NMR (100 MHz, CDCls): ¢ 15.0,
19.5,29.2,53.7,64.9, 67.8, 70.7, 89.2, 123.3, 126.0, 127.7, 129.2,
129.5,131.2, 137.4, 168.6, 174.1 (Jrn-c = 3.2 HZz), 197.1 (Jrn-—c
= 14.2 Hz), 228.4 (Jrn-c = 31.8 Hz).

(4S,5R)-6a. This complex could not be isolated. H NMR
(400 MHz, CDCl3): 6 0.83 (d, J = 7.0 Hz, 12H), 2.00 (dsept, J
= 3.1, 7.0 Hz, 2H), 3.92 (s, 3H), 4.07 (ddd, J = 10.1, 6.6, 3.1
Hz, 2H), 4.62 (dd, J = 8.8, 6.6 Hz, 2H), 4.71 (dd, J = 10.1, 8.8
Hz, 2H), 4.78 (d, J = 6.4 Hz, 1H), 6.32 (d, J = 6.4 Hz, 1H),
7.28 (t, J = 7.7 Hz, 1H), 7.41—7.56 (m, 5H), 7.63 (d, J = 7.7
Hz, 2H), 9.77 (bs, 1H). 3C NMR (100 MHz, CDCls): 6 14.9,
19.3,29.5,53.7,64.9, 67.6, 70.9, 89.4, 123.3, 125.9, 127.7, 129.3,
129.6, 131.1, 137.6, 169.1, 174.0 (Jrn-c = 2.8 Hz), 197.0 (Jrn-c
= 14.6 Hz), 228.6 (Jrn-c = 31.4 Hz).

cis-6a. This complex could not be isolated. *H NMR (400
MHz, CDCl3): 6 3.86 (s, 3H; OMe), 6.45 (d, J = 11.4 Hz, 1H;
Hs), 9.77 (bs, 1H; NH).

Reaction of 4a with Pivalaldehyde. (i-Pr-Phebox)-

RhCl,(=COCH(t-Bu)CH(CO,Me)NH) (7). (4R,5S)-7a. The
product was purified by silica gel chromatography (2:1
hexane—ethyl acetate) at 0 °C in 63% yield. Mp: 138 °C dec.
IR (KBr): v 3467, 2958, 1748, 1618, 1485, 1392, 1216, 1146,
961 cm~L. *H NMR (400 MHz, CDCls): 6 0.80 (d, J = 6.6 Hz,
6H), 0.84 (d, J = 7.1 Hz, 6H), 1.15 (s, 9H), 2.07 (qqd, 3 = 7.1,
6.6, 2.9 Hz, 2H), 3.96 (s, 3H), 3.99 (ddd, J = 9.6, 6.6, 2.9 Hz),
4.48 (d, J = 7.4 Hz, 1H), 4.60 (dd, J = 8.8, 6.6 Hz, 2H), 4.65
(dd, 3 =9.6, 8.8 Hz, 2H), 5.09 (d, J = 7.4 Hz, 1H), 7.26 (t, I =
7.7 Hz, 1H), 7.61 (d, J = 7.7 Hz, 2H), 9.53 (bs, 1H). 3C NMR
(100 MHz, CDCl3): 6 14.9, 19.5, 27.9, 29.1, 34.4, 53.5, 58.6,
67.7,70.7, 96.6, 123.2, 127.6, 131.1, 169.3, 173.9 (Jrh-c = 2.7
Hz), 197.4 (Jrh-c = 14.7 Hz), 227.8 (Jrn-c = 32.3 Hz). Anal.
Found for C,7H3sCI:N3OsRh: C, 49.27; H, 5.89; N, 6.31%; Calcd
49.25; H, 5.82; N, 6.38.

(4S,5R)-7a. The product was purified by silica gel chroma-
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tography (2:1 hexane—ethyl acetate) at 0 °C in 22% vyield.
Single crystals for the X-ray diffraction study were obtained
from dichloromethane—ethyl acetate—ether at room temper-
ature. Mp: 148 °C dec. IR (KBr): v 3471, 2959, 1747, 1618,
1485, 1389, 1221, 1148, 957 cm . 'H NMR (400 MHz,
CDClIs): 6 0.80 (d, 3 = 7.0 Hz, 6H), 0.82 (d, J = 6.8 Hz, 6H),
1.15 (s, 9H), 1.96 (qqd, J = 7.0, 6.8, 2.9 Hz, 2H), 3.86 (s, 3H),
3.99 (ddd, 3 = 9.3, 6.4, 2.9 Hz), 4.48 (d, J = 6.8 Hz, 1H), 4.62
(dd, 3 =9.0, 6.4 Hz, 2H), 4.69 (dd, J = 9.3, 9.0 Hz, 2H), 4.98
(d, J = 6.8 Hz, 1H), 7.26 (t, J = 7.7 Hz, 1H), 7.61 (d, J = 7.7
Hz, 2H), 9.63 (bs, 1H). **C NMR (100 MHz, CDCl3): 6 14.8,
19.2, 25.0, 29.3, 34.6, 53.5, 58.4, 67.7, 70.8, 96.9, 123.2, 127.6,
131.1, 170.0, 173.9 (Jrh-c = 2.8 Hz), 197.4 (Jrn-c = 14.6 Hz),
227.6 (JRh—C = 32.8 HZ). Anal. Found for C,;H35CI,N3OsRh:
C, 49.26; H, 5.87; N, 6.32. Calcd: C, 49.25; H, 5.82; N,
6.38.

Reaction of 4b with Pivalaldehyde. (Bn-Phebox)-

RhCIl,(=COCH(t-Bu)CH(CO,Me)NH) (7b). (4R ,5S)-7b. The
product was purified by silica gel chromatography (2:1 hex-
ane—ethyl acetate) at 0 °C in 48% yield. Single crystals for
the X-ray diffraction study were obtained from dichloro-
methane—ethyl acetate—ether—hexane at room temperature.
Mp: 216 °C dec. IR (KBr): v 3458, 1617, 1486, 1398, 1219,
1150, 970, 740 cmL. *H NMR (400 MHz, CDCls): 6 1.08 (s,
9H), 2.62 (dd, J = 14.7, 11.2 Hz, 2H), 3.32 (dd, J = 14.7, 3.1
Hz, 2H), 3.35 (s, 3H), 4.40 (dddd, J = 11.2, 8.6, 6.4, 3.1 Hz,
2H), 4.45 (dd, J = 8.4, 6.4 Hz, 2H), 4.53 (d, J = 7.5 Hz, 1H),
4.63 (dd, J = 8.6, 8.4 Hz, 2H), 5.14 (d, J = 7.5 Hz, 1H), 7.11
(d, 3 = 7.1 Hz, 4H), 7.21-7.32 (m, 7H), 7.66 (d, J = 7.7 Hz,
2H), 9.68 (bs, 1H). **C NMR (100 MHz, CDCl3): ¢ 25.0, 34.5,
40.4, 53.3, 58.9, 63.6, 75.0, 97.0, 123.4, 126.8, 127.9, 128.9,
129.0, 131.2, 136.9, 169.1, 174.5 (Jrn-c = 2.7 Hz), 197.5 (Jrn-c
= 14.9 Hz), 228.1 (Jrh-c = 31.3 Hz). Anal. Found for CasH3sN3Os-
Cl;Rh: C,55.69; H, 5.14; N, 5.66. Calcd: C, 55.72; H, 5.08; N,
5.57.

(4S,5R)-7b. This complex could not be isolated. *H NMR
(400 MHz, CDCl3): 6 1.13 (s, 9H), 2.78 (dd, J = 14.1, 10.5 Hz,
2H), 3.63 (dd, J = 14.1, 3.9 Hz, 2H), 3.81 (s, 3H), 4.35-5.03
(m, 8H), 7.02—7.41 (m, 11H), 7.62 (d, J = 7.7 Hz, 2H), 9.82
(bs, 1H).

Reaction of 4d with Pivalaldehyde. (dMe-Phebox)-

RhCI2(=(|:OCH(t—Bu)CH(COzMe)II\lH) (7d). The product was
purified by silica gel chromatography (4:1 dichloromethane—
ethyl acetate) at 0 °C in 90% yield. Mp: 193 °C dec. IR (KBr):
v 3458, 1617, 1486, 1397, 1219, 1150, 970, 740 cm™%. *H NMR
(400 MHz, CDCl3): 6 1.19 (s, 9H), 1.31 (s, 6H), 1.33 (s, 6H),
3.84 (s, 3H), 4.41 (d, J = 8.2 Hz, 2H), 4.47 (d, J = 8.2 Hz, 2H),
4.55(d, J=8.5Hz, 1H),5.12 (d, J = 8.5 Hz, 1H), 7.24 (t, J =
7.5 Hz, 1H), 7.61 (d, J = 7.5 Hz, 2H), 9.78 (bs, 1H). *C NMR
(100 MHz, CDClg): 6 25.4, 27.3, 27.8, 34.3, 53.3, 58.9, 66.1,
81.9, 97.2, 123.0, 127.4, 131.7, 169.4, 172.3 (Jrn-c = 3.2 Hz),
196.8 (Jrn-c = 15.0 Hz), 228.5 (Jrn-c = 32.0 Hz). Anal. Found
for CzsH34N3OsCl,Rh: C, 47.70; H, 5.47; N, 6.62. Calcd: C,
47.63; H, 5.44; N, 6.67.

Reaction of 5a with Benzaldehyde. (i-Pr-Phebox)-

RhCl,(=COCH(Ph)CH(SO,-p-Tol)NH) (8a). (4S,5S)-8a. The
product was purified by silica gel chromatography (5:1 hex-
ane—ethyl acetate) at 0 °C in 35% yield. Mp: 195 °C dec. IR
(KBr): v 2959, 1618, 1596, 1479, 1394, 1149, 962 cm™*. 'H
NMR (400 MHz, CDCl3): 6 0.75 (d, J = 7.2 Hz, 6H), 0.85 (d,
J = 6.8 Hz, 6H), 2.11 (qqd, J = 7.2, 6.8, 3.2 Hz, 2H), 2.46 (s,
3H), 3.96 (ddd, J = 10.0, 7.2, 3.2 Hz, 2H), 4.60 (dd, J = 8.8,
7.2 Hz, 2H), 4.64 (dd, J = 10.0, 8.8 Hz, 2H), 5.03 (d, J = 5.6
Hz, 1H), 6.86 (d, J = 5.6 Hz, 1H), 7.28 (t, J = 7.6 Hz, 1H),
7.39—7.48 (m, 3H), 7.45 (d, J = 8.4 Hz, 2H), 7.54 (d, I = 7.2
Hz, 2H), 7.63 (d, J = 7.6 Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H),
9.60 (bs, 1H). 3C NMR (100 MHz, CDClg): ¢ 14.9, 19.5, 22.0,
29.1, 67.6, 70.7, 81.4, 87.2, 123.4, 125.4, 127.7, 129.3, 129.5
(2C), 131.1 (2C), 131.9, 136.2, 147.2, 173.9 (Jrn-c = 2.7 Hz),
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196.5 (Jrn-c = 14.7 Hz), 232.3 (Jrn-c = 32.0 Hz). Anal. Found
for C34H38N305C|28Rh: C, 5262, H, 504, N, 5.53. Calcd: C,
52.72; H, 4.94; N, 5.43.

(4R,5R)-8a. The product was purified by silica gel chroma-
tography (5:1 hexane-ethyl acetate) at 0 °C in 38% yield. Single
crystals for the X-ray diffraction study were obtained from
ethyl acetate—ether—hexane at room temperature. Mp: 190
°C dec. IR (KBr): v 3449, 2956, 1618, 1596, 1486, 1387, 1149,
963 cm™. 'H NMR (400 MHz, CDClg): 6 0.78 (d, J = 6.8 Hz,
6H), 0.86 (d, J = 7.2 Hz, 6H), 2.08 (qqd, J = 7.2, 6.8, 3.2 Hz,
2H), 2.48 (s, 3H), 4.11 (ddd, J = 10.0, 6.4, 3.2 Hz, 2H), 4.64
(dd, J = 8.8, 6.4 Hz, 2H), 4.73 (dd, J = 10.0, 8.8 Hz, 2H), 5.01
(d, J=48Hz, 1H),6.79 (d, I =4.8 Hz, 1H), 7.29 (t, I = 7.6
Hz, 1H), 7.35—7.45 (m, 5H), 7.47 (d, J = 8.2 Hz, 2H), 7.64 (d,
J = 7.6 Hz, 2H), 7.88 (d, J = 8.2 Hz, 2H), 9.94 (bs, 1H). 3C
NMR (100 MHz, CDCls): ¢ 14.8, 19.3, 22.0, 29.4, 68.1, 70.9,
81.4,87.5,123.4,125.3,127.7,129.3,129.4,129.7, 131.0, 131.1,
132.1, 136.3,147.2,174.0 (Jrn—c = 2.7 HZz), 196.3 (Jrn-c = 14.6
HZ), 232.4 (JRhfc =32.3 HZ). Anal. Found for C34H33N3050|2-
SRh: C, 52.79; H, 4.97; N, 5.34. Calcd: C, 52.72; H, 4.94; N,
5.43.

(i-Pr-Phebox)RhCl,(=COCH(Ph)CHNH) (10a). This com-
plex could not be isolated. *H NMR (400 MHz, CDCl3): 6 0.72
(d, J = 7.3 Hz, 6H), 0.81 (d, J = 6.8 Hz, 6H), 1.69 (qqd, J =
7.3, 6.8, 3.2 Hz, 2H), 3.95 (ddd, J = 10.1, 7.5, 3.2 Hz, 2H),
4.57 (dd, J = 8.8, 7.5 Hz, 2H), 4.68 (dd, J = 10.1, 8.8 Hz, 2H),
7.29 (t, J = 7.6 Hz, 1H), 7.40—7.60 (m, 4H), 7.65 (d, J = 7.6
Hz, 2H), 7.89 (d, J = 7.2 Hz, 2H), 11.77 (bs, 1H). 13C NMR
(100 MHz, CDCl3): 6 197.1 (Jrn-c = 15.0 Hz; Cipso), 212.5 (Jrn-—c
= 33.8 Hz; Ccarbene)-

(i-Pr-Phebox)RhClI.(5-phenyloxazole) (12). The product
was purified by silica gel chromatography (5:1 hexane-ethyl
acetate) at 0 °C in 12% yield. Single crystals for the X-ray
diffraction study were obtained from toluene—hexane at room
temperature. Mp: 202 °C dec. IR (KBr): v 2958, 1620, 1485,
1395, 1333, 1147, 966 cm™. 'H NMR (400 MHz, CDCls): o
0.73 (d, J = 7.1 Hz, 6H), 0.83 (d, J = 6.8 Hz, 6H), 1.70 (qqd,
J=7.1,6.8,3.3Hz, 2H), 4.04 (ddd, J = 10.1, 7.3, 3.3 Hz, 2H),
4.61 (dd, J = 8.8, 7.3 Hz, 2H), 4.71 (dd, J = 10.1, 8.8 Hz, 62H),
7.27 (t, 3 = 7.7 Hz, 1H), 7.40-7.55 (m, 3H), 7.63 (d, 3 = 7.7
Hz, 2H), 7.83 (d, J = 7.3 Hz, 2H), 8.47 (s, 1H), 9.09 (s, 1H).
3C NMR (100 MHz, CDCl3): ¢ 15.2, 19.4, 29.3, 67.3, 71.1,
121.5, 123.1, 124.7, 127.1, 128.0, 129.3, 129.5, 131.6, 153.0,
154.3, 172.4 (Jrn—c = 3.4 Hz), 187.3 (Jrn-c = 19.7 Hz). Anal.
Found for C,7H30N3zO3CI,Rh: C, 52.45; H, 4.98; N, 6.82.
Calcd: C, 52.44; H, 4.89; N, 6.80.

Reaction of 5b with Benzaldehyde. (Bn-Phebox)RhCl-

(=COCH(Ph)CH(SO,-p-Tol)NH) (8b). (4S,5S)-8b. This com-
plex could not be isolated. *H NMR (400 MHz, CDClz): 6 2.39
(s, 3H), 2.57—2.67 (m, 2H), 3.32 (dd, J = 14.4, 4.1 Hz, 2H),
4.31-4.69 (m, 6H), 5.13 (d, J = 5.8 Hz, 1H), 6.89—7.94 (m,
23H), 9.77 (bs, 1H).

(4R,5R)-8b. This complex could not be isolated. *H NMR
(400 MHz, CDCly): ¢ 2.46 (s, 3H), 2.57—2.67 (m, 2H), 3.41 (dd,
J =13.9, 3.4 Hz, 2H), 4.31-4.69 (m, 6H), 5.04 (d, J = 4.7 Hz,
1H), 6.89—7.94 (m, 23H), 10.05 (bs, 1H).

Reaction of 5c with Benzaldehyde. (t-Bu-Phebox)-

RhCI(=COCH(Ph)CH(SO»-p-Tol)NH) (8c). (4S,5S)-8c. This
complex could not be isolated. *H NMR (400 MHz, CDCl3): ¢
0.74 (s, 18H), 2.50 (s, 3H), 4.59—4.75 (m, 6H), 5.09 (d, J = 8.2
Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 7.27—7.68 (m, 10H), 7.96 (d,
J = 8.4 Hz, 2H), 9.16 (bs, 1H).

(4R,5R)-8c. This complex could not be isolated. *H NMR
(400 MHz, CDCls): 6 0.86 (s, 18H), 2.49 (s, 3H), 4.65—4.88
(m, 6H), 4.99 (d, J = 7.9 Hz, 1H), 6.65 (d, J = 7.9 Hz, 1H),
7.30 (t, J = 7.7 Hz, 1H), 7.40—7.57 (m, 7H), 7.65 (d, J = 7.7
Hz, 2H), 7.87 (d, J = 8.2 Hz, 2H), 9.82 (bs, 1H).

1
(t-Bu-Phebox)RhCl,(=COCH(Ph)CHNH) (10c). This com-
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Table 9. Crystallographic Data for 4b,c and 5c

4b 4c 5c
formula C3oH2gN304- C24H32N304- CsgH72NgOs-
Cl;Rh Cl;Rh Cl4S2Rh,
fw 668.38 600.35 1392.99
cryst syst orthorhombic orthorhombic monoclinic
space group P2,2121 P212121 P21
cell constants
a, A 14.463(2) 11.492(3) 12.963(8)
b, A 15.594(2) 21.751(5) 21.677(8)
c, A 13.141(2) 10.892(4) 11.052(8)
£, deg 89.98(5)
v, A3 2963.9(6) 2722(1) 3105(2)
Z 4 4 2
Dealed, g CM~3 1.498 1.464 1.490
F(000) 1360 1232 1432
uw(Mo Ka), cm™t  7.94 8.55 8.26
radiation; 1, A Mo Ka; Mo Ka; Mo Ka;
0.710 69 0.710 69 0.710 69
temp, °C 23.0 23.0 23.0
20max, deg 55.1 55.0 55.0
scan type w—20 w—20 w—20
scan width, deg  1.26 + 0.30 1.15+0.30 1.05 + 0.30
tan 6 tan 6 tan 6
no. of total data 3831 3526 7687
collected
no. of unique 7326 (Rint =
data 0.038)
no. of obsd rflns 2494 (1 > 30) 2711 (1 > 30) 4796 (1 > 30)
no. of variables 361 307 720
residuals: R; Ry, 0.042; 0.045 0.038; 0.044 0.046; 0.053

plex could not be isolated. *H NMR (400 MHz, CDClz): 6 0.86
(s, 18H), 4.59—4.75 (m, 6H), 7.27—7.68 (m, 9H), 11.57 (bs, 1H).
Reaction of 5a with Pivalaldehyde. (i-Pr-Phebox)-

RhCl,(=COCH(t-Bu)CH(SO,p-Tol)NH) (9a). (4S,5S)-9a.
The product was purified by silica gel chromatography (20:1
hexane—ethyl acetate) at 0 °C in 31% yield. Mp: 174 °C dec.
IR (KBr): v 3455, 2960, 1618, 1484, 1393, 1151, 960, 738 cm™.
IH NMR (400 MHz, CDCl3): 6 0.80 (d, J = 6.6 Hz, 6H), 0.84
(d, 3 = 7.0 Hz, 6H), 1.13 (s, 9H), 2.14 (qqd, J = 7.0, 6.6, 2.9
Hz, 2H), 2.46 (s, 3H), 3.92 (dd, J = 7.9, 2.9 Hz, 2H), 4.62 (d, J
= 7.9 Hz, 4H), 4.78 (d, J = 5.9 Hz, 1H), 5.46 (d, J = 5.9 Hz,
1H), 7.27 (t, 3 = 7.7 Hz, 1H), 7.43 (d, J = 8.1 Hz, 2H), 7.61 (d,
J = 7.7 Hz, 2H), 7.88 (d, J = 8.1 Hz, 2H), 9.32 (bs, 1H). 13C
NMR (100 MHz, CDClg): 6 14.7, 19.6, 21.9, 24.9, 29.1, 34.5,
67.6, 70.7, 75.8, 95.0, 123.3, 127.6, 129.8, 130.9, 131.1, 132.0,
147.0, 173.8 (Jrn-c = 3.2 Hz), 196.7 (Jrn-c = 14.8 Hz), 231.6
(JRh—C = 31.8 HZ) Anal. Found for C3H42N305CI,SRh: C,
50.91; H, 5.59; N, 5.63. Calcd: C, 50.94; H, 5.61; N, 5.57.

(4R,5R)-9a. This complex could not be isolated. H NMR
(400 MHz, CDCl3): ¢ 0.80(d, J =6.6 Hz, 6H),0.85(d,J=7.1
Hz, 6H), 1.13 (s, 9H), 2.14 (qqd, J = 7.1, 6.6, 2.8 Hz, 2H), 2.46
(s, 3H), 3.92 (dd, J = 8.0, 2.8 Hz, 2H), 4.62 (d, J = 8.0 Hz,
4H), 4.77 (d, 3 = 5.8 Hz, 1H), 5.47 (d, J = 5.8 Hz, 1H), 7.27 (t,
J=7.7Hz, 1H), 7.44 (d, 3 = 8.2 Hz, 2H), 7.61 (d, J = 7.7 Hz,
2H), 7.88 (d, J = 8.2 Hz, 2H), 9.79 (bs, 1H).

(i-Pr-Phebox)RhCI,(=COCH(t-Bu)CHNH) (11a). This
complex could not be isolated. '"H NMR (400 MHz, CDClz): ¢
0.71-0.86 (m, 12H), 1.25 (s, 9H), 1.54—1.63 (m, 2H), 3.86—
3.93 (m, 4H), 4.52—4.71 (m, 2H), 6.91 (d, J = 1.7 Hz, 1H),
7.24—7.64 (m, 3H), 11.42 (bs, 1H).

Reaction of 5b with Pivalaldehyde. (Bn-Phebox)-

RhCl,(=COCH(t-Bu)CH(SO,p-Tol)NH) (9b). (4S,5S)-9b.
This complex could not be isolated. '"H NMR (400 MHz,
CDCl3): 6 1.11 (s, 9H), 2.28 (s, 3H), 2.45—2.63 (m, 2H), 3.13
(dd, 3 = 14.4, 3.6 Hz, 2H), 4.40—4.67 (m, 6H), 4.97 (d, J = 5.9
Hz, 1H), 5.29 (d, J = 5.9 Hz, 1H), 6.93—7.91 (m, 15H), 7.81 (d,
J = 8.4 Hz, 2H), 9.72 (bs, 1H).

(4R,5R)-9b. This complex could not be isolated. *H NMR
(400 MHz, CDClg): 6 1.13 (s, 9H), 2.45 (s, 3H), 2.45—2.63 (m,
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Table 10. Crystallographic Data for (4S,5R)-7a, (4R,5S)-7b, (4R,5R)-8a, and 12

(4S,5R)-7a (4R,5S)-7b (4R,5R)-8a 12
formula C27H33N305C|2Rh C35H33N305C|2Rh C34H33N3O5C|25Rh C54H50N606C|4Rh2
fw 658.43 754.51 774.56 1236.73
cryst syst orthorhombic orthorhombic orthorhombic triclinic
space group P212,2; P212121 P212121 P1
cell constants

a, 12.318(3) 13.807(5) 11.967(7) 11.594(2)
b, A 20.576(3) 20.982(5) 11.989(8) 12.882(2)
c, A 12.123(2) 11.610(4) 24.492(8) 9.613(1)
o, deg 92.55(1)
£, deg 92.49(1)
y, deg 75.64(1)
Vv, A3 3072.7(9) 3363(1) 3513(2) 1388.6(4)
z 4 4 4 1
Decaled, g CM™—3 1.423 1.490 1.464 1.479
F(000) 1360 1552 1592 632
u(Mo Ka), cm~? 7.67 7.11 7.40 8.38
radiation; 4, A Mo Ka; 0.710 69 Mo Ka; 0.710 69 Mo Ka; 0.710 69 Mo Ka; 0.710 69
temp, °C 23.0 23.0 23.0 23.0
26max, deg 55.1 55.1 55.0 55.0
scan type w—20 w—20 w—20 w—20
scan width, deg 1.10 + 0.30 tan @ 1.10 + 0.30 tan @ 1.37 + 0.30 tan 6 1.15+ 0.30 tan 6
no. of total data collected 3979 4337 4531 6691
no. of unique data 6374 (Rint = 0.017)
no. of obsd rflns 2774 (1 > 30) 3401 (I > 30) 3848 (1 > 30) 4597 (1 > 30)
no. of variables 343 415 415 646
residuals: R; Ry 0.042; 0.047 0.042; 0.047 0.031; 0.034 0.039; 0.043

2H), 3.43 (dd, J = 14.9, 4.1 Hz, 2H), 4.40—4.67 (m, 6H), 4.77
(d, J = 4.8 Hz, 1H), 551 (d, J = 4.8 Hz, 1H), 6.93—7.91 (m,
15H), 7.90 (d, J = 8.4 Hz, 2H), 9.84 (bs, 1H).

(Bn-Phebox)RhCI,(=COCH(t-Bu)CHNH) (11b). This com-
plex could not be isolated. *H NMR (400 MHz, CDClg): 6 1.43
(s, 9H), 2.45-2.63 (m, 2H), 2.96 (dd, J = 13.4, 3.0 Hz, 2H),
4.40—4.67 (m, 6H), 6.93—7.91 (m, 14H), 11.68 (bs, 1H).

Oxazoline Formation from a Carbene Complex. trans-
4(p-Tolylsulfonyl)-5-phenyl-2-oxazoline (14). To a stirred
solution of carbene complex (4S,5S)-8a or (4R,5R)-8a in
dichloromethane was added AgBF, (2.1 equiv) at 20 °C, and
the reaction mixture was stirred for 1.5 h at that temperature.
Pulification by alumina (Al,Oz) chromatography (benzene)
gave trans-4-(p-tolylsulfonyl)-5-phenyl-2-oxazoline in 7% yield
for (4S,5S)-14 or 41% yield for (4R,5R)-14, respectively. IR
(KBr): v 3079, 2956, 1612, 1494, 1311, 1154, 1113, 948, 702,
666 cm~t. 'H NMR (400 MHz, CDCls): 6 2.45 (s, 3H), 5.04 (dd,
J=5.9,1.6 Hz, 1H), 6.05 (d, J = 5.9 Hz, 1H), 7.22 (d, J = 1.6
Hz, 1H), 7.28—7.46 (m, 7H), 7.85 (d, J = 8.4 Hz, 2H). 3C NMR
(100 MHz, CDCl3): 6 21.9, 79.4, 92.6, 125.3, 129.1, 129.2,
129.6, 130.0, 133.2, 137.8, 145.8, 159.6. Daicel CHIRALCEL
OD-H, UV detector 254 nm, hexane—i-PrOH (5:1), flow rate
0.5 mL/min, tr = 19.1 min (4S,5S), 25.5 min (4R,5R). This is
a known compound. The physical data are consistent with
those reported.?9

X-ray Structure Determination and Details of Refine-
ment. X-ray-quality crystals of 4b,c, 5c, (4S,5R)-7a, (4R,5S)-
7b, (4R,5R)-8a, and 12 were obtained directly from the
preparations described above and mounted in glass capillaries.
Diffraction experiments were performed on a Rigaku AFC-7R
four-circle diffractometer equipped with graphite-monochro-
mated Mo Ko radiation; A = 0.710 69 A. The lattice parameters
and orientation matrixes were obtained and refined from 24
machine-centered reflections with 29.52 < 26 < 29.99° for 4b,
from 25 machine-centered reflections with 29.60 < 20 < 29.94°
for 4c, from 25 machine-centered reflections with 29.59 < 26
< 29.97° for 5c, from 24 machine-centered reflections with
29.39 < 26 < 29.98° for (4S,5R)-7a, from 24 machine-centered
reflections with 29.60 < 26 < 30.00° for (4R,5S)-7b, from 25
machine-centered reflections with 29.60 < 20 < 29.97° for
(4R,5R)-8a, and from 25 machine-centered reflections with
29.60 < 20 < 29.97° for 12. Intensity data were collected using

a w—260 scan technique, and 3 standard reflections were
recorded every 150 reflections. The data were corrected for
Lorentz and polarization effects. Relevant crystal data are
given in Table 9 (for 4b,c and 5c) and Table 10 (for (4S,5R)-
7a, (4R,5S)-7b, (4R,5R)-8a, and 12). The structure was solved
by heavy-atom Patterson methods??> and expanded using
Fourier techniques.®® The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined.
The final cycle of full-matrix least-squares refinement was
based on 2494 observed reflections (I > 3¢(1)) and 361 variable
parameters for 4b, on 2711 observed reflections (I > 30(l)) and
307 variable parameters for 4c, on 4796 observed reflections
(I > 30(l)) and 720 variable parameters for 5c, on 2774
observed reflections (I > 3¢(l)) and 343 variable parameters
for (4S,5R)-7a, on 3401 observed reflections (I > 30(1)) and
415 variable parameters for (4R,5S)-7b, on 3848 observed
reflections (I > 30(1)) and 415 variable parameters for (4R,5R)-
8a, and on 4597 observed reflections (I > 3o(l)) and 646
variable parameters for 12. Neutral atom scattering factors
were taken from Cromer and Waber.?* All calculations were
performed using the teXsan?® crystallographic software pack-
age. Final refinement details are collected in Table 9 (for 4b,c
and 5c) and Table 10 (for (4S,5R)-7a, (4R,5S)-7b, (4R,5R)-8a,
and 12), and the numbering schemes employed are shown in
Figures 2—4, which were drawn with ORTEP with 30%
probability ellipsoids. Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre
as Supplementary Publication Nos. CCDC-177836 (4b), CCDC-
177837 (4c), CCDC-177838 (5c), CCDC-177839 ((4S,5R)-7a),
CCDC-177840 ((4R,5S)-7b), CCDC-177841 ((4R,5R)-8a), and
CCDC-177842 (12). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
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ligent Control; Rigaku Corp., Tokyo, Japan, 1991.

(23) DIRDIF92: Beurskens, P. T.; Admiraal, G.; Beurskens, G.;
Bosman, W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.;
Smykalla, C. The DIRDIF Program System; Technical Report of the
Crystallography Laboratory; University of Nijmegen, Nijmegen, The
Netherlands, 1992.

(24) Cromer, D. T.; Waber, J. T. International Tables for X-ray
Crystallography; Kynoch Press: Birmingham, U.K., 1974; Vol. 4.

(25) teXan: Crystal Structure Analysis Package; Molecular Struc-
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