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Summary: (η6-Arene)tricarbonylchromium complexes with
leaving groups at the â- or γ-positions undergo nucleo-
philic substitution reactions with net retention of stereo-
chemistry via neighboring group participation from the
coordinatively saturated chromium atom.

Neighboring group participation is an important mode
of chemical reactivity whereby interaction of neighbor-
ing groups with reactive centers can alter the regio-
chemical or stereochemical outcome and rates (anchi-
meric assistance) of reactions.1 In organometallic
chemistry, such interactions are common at allylic and
benzylic positions, but less so at remote positions. (η6-
Arene)tricarbonylchromium complexes2 with leaving
groups at the benzylic position are known to undergo
substitution reactions with net retention of stereochem-
istry3 and at faster rates than their noncomplexed
counterparts.4 These properties are central to many
recent synthetic applications of arene complexes,5 and
a detailed theoretical picture of the complexed benzylic
cation I responsible for the observed chemistry is now

available.6 Intriguingly, (η6-arene)tricarbonylchromium
complexes with â-position leaving groups also undergo
solvolytic substitution reactions with net retention of

stereochemistry7 and enhanced rates.8,9 In these studies,
only an oxygen nucleophile (solvent) was employed. Bly
initially proposed and then rejected, on the basis of
conflicting rate data,8b,c the chromacyclic cation II to
explain reaction rates and stereochemistry resulting
from solvolyses of methanesulfonates â to chromium-
complexed arenes. Our results from experimental and
theoretical studies strongly support the existence of
complexed â-cations and provide a detailed picture of
the parent chromacyclic intermediate cation II respon-
sible for the observed chemistry.10 Structures I and II,
which can be viewed as the result of neighboring group
participation to ionization by chromium, have closed-
shell electron configurations at both chromium and the
reactive carbons. These results led us to question
whether intermediate II might be utilized for formation
of carbon-carbon bonds and if neighboring group par-
ticipation by chromium11 in substitution reactions might
be a more general phenomenon: for example, extending
to the γ-position as in III. We report herein that (a)
carbon nucleophiles are effective for substitution reac-
tions at the â-position under ionizing conditions, (b)
substitutions with carbon nucleophiles at the â-position
are regioselective and stereoselective for net retention,
and (c) substitutions at the γ-position can also be
stereoselective for net retention.

â-Position. As an initial test of chromium, as opposed
to phenyl, neighboring group participation for substitu-
tion reactions at the â-position, a simple labeling study
was explored, employing a CD2 unit as a regiochemical
marker. Under ionizing conditions, 2-phenylethyl sub-
strates react with phenyl group participation via phe-(1) March, J. Advanced Organic Chemistry; Wiley: New York, 1992;

pp 308-326.
(2) For reviews, see: (a) Davies, S. G.; McCarthy, T. D. In Compre-

hensive Organometallic Chemistry II; Abel, E. W., Stone, F. G. A.,
Wilkinson, G., Eds.; Pergamon: Oxford, U.K., 1995; Vol. 12, pp 1039-
1070. (b) Semmelhack, M. F. In Comprehensive Organometallic
Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;
Pergamon: Oxford, U.K., 1995; Vol. 12, pp 979-1015. (c) Semmelhack,
M. F. In Comprehensive Organometallic Chemistry II; Abel, E. W.,
Stone, F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, U.K., 1995;
Vol. 12, pp 1017-1038. (d) Morris, M. J. In Comprehensive Organo-
metallic Chemistry II; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.;
Pergamon: Oxford, U.K., 1995; Vol. 5, pp 471-549.

(3) Davies, S. G.; Donohoe, T. J. Synlett 1993, 323-332.
(4) Holmes, J. D.; Jones, D. A. K.; Pettit, R. J. Organomet. Chem.

1965, 4, 324-331.
(5) (a) Müller, T. J.; Netz, A. Organometallics 1998, 17, 3609-3614.

(b) Weiss, H.-C.; Boese, R.; Smith, H. L.; Haley, M. M. J. Chem. Soc.,
Chem. Commun. 1997, 2401-2402. (c) Majdalani, A.; Schmalz, H.-G.
Synlett 1997, 1303-1305. (d) Corey, E. J.; Helal, C. J. Tetrahedron
Lett. 1996, 37, 4837-4840. (e) Uemura, M.; Nishimura, H.; Minami,
T.; Hayashi, Y. J. Am. Chem. Soc. 1991, 113, 5402-5410. (f) Coote, S.
J.; Davies, S. G.; Middlemiss, D.; Naylor, A. Tetrahedron: Asymmetry
1990, 1, 33-56. (g) Reetz, M. T.; Sauerwald, M. J. Organomet. Chem.
1990, 382, 121-128.

(6) (a) Merlic, C. A.; Walsh, J. C.; Tantillo, D. J.; Houk, K. N. J.
Am. Chem. Soc. 1999, 121, 3596-3606. (b) Pfletschinger, A.; Dargel,
T. K.; Bats, J. W.; Schmalz, H.-G.; Koch, W. Chem. Eur. J. 1999, 5,
537-544.

(7) Bly, R. S.; Veazey, R. L. J. Am. Chem. Soc. 1969, 91, 4221-
4235.

(8) (a) Bly, R. S.; Strickland, R. C. J. Am. Chem. Soc. 1970, 92,
7459-7461. (b) Bly, R. S.; Maier, T. L. J. Org. Chem. 1978, 43, 614-
621. (c) Bly, R. S.; Ni, E. K.; Tse, A. K. K.; Wallace, E. J. Org. Chem.
1980, 45, 1362-1366.

(9) (a) Wells, D. K.; Trahanovsky, W. S. J. Am. Chem. Soc. 1970,
92, 7461-7463. (b) Ceccon, A. J. Organomet. Chem. 1974, 72, 189-
195. (c) Ceccon, A.; Sartori, S. J. Organomet. Chem. 1973, 50, 161-
169.

(10) (a) Merlic, C. A.; Miller, M. M.; Hietbrink, B. N.; Houk, K. N.
J. Am. Chem. Soc., submitted for publication. (b) Tantillo, D. J.;
Hietbrink, B. N.; Merlic, C. A.; Houk, K. N. J. Am. Chem. Soc. 2000,
122, 7136-7137.

(11) One recent report invoking neighboring group participation in
(arene)chromium complexes merely found transfer of a Cr(CO)3 moiety
between aryl rings: Traylor, T. G.; Goldberg, M. J. J. Am. Chem. Soc.
1987, 109, 3968-3973.
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nonium ion intermediates to yield products where the
side-chain carbons are scrambled,12 and this was con-
firmed with substrate 1 (eq 1).

In marked contrast to 1, reaction of complexed iodide
3 under the same reaction conditions (1.1 equiv of
AgBF4, 5 equiv of MeOH, CH2Cl2) provided methyl 1,1-
dideuterio-2-(η6-phenyltricarbonylchromium)ethyl ether
(Table 1, entry 1) in 49% yield. Notably, the reaction
was twice as fast and occurred with no positional
scrambling.13 To explore the scope and synthetic utility
of this reaction, in particular for carbon-carbon bond
formation, a variety of nucleophiles were examined and
found to be successful in substitution reactions (Table
1). The yields were modest, but consistent, and rear-
rangement products were not detected by 1H and 13C
NMR analysis. Of particular interest are entries 6 and
7, in which we demonstrate the compatibility of this
primary iodide to participate in Friedel-Crafts alkyla-
tion reactions.

To test the stereochemical outcome of substitution
reactions at the â-position employing carbon nucleo-
philes, 5a,b (96:4 erythro:threo) was prepared by start-
ing from cis-2,3-epoxybutane.14 It is interesting that the

stereochemistry of 5a had to be confirmed by an X-ray
structural analysis, since the 1H NMR coupling con-
stants between the two methine protons in this and
related systems are ambiguous.15 Treatment of 5a,b,
under the same reaction conditions as for 3 above,
afforded 6a,b (83:17 erythro:threo). X-ray structural

analysis of 6a determined that the reaction proceeded
with 86% retention of stereochemistry. While stereose-
lective Friedel-Crafts reactions are known, most occur
with net inversion of stereochemistry.16

Presumably, the silver ion in these reactions com-
plexes to the iodine and activates it for d-orbital
electrons on chromium to interact with the â-carbon
center. The chromacyclic intermediate II is then cap-
tured by the nucleophile, producing the substituted
product. The regiochemistry, stereochemistry, and quali-
tative rate enhancements are evidence for neighboring
group participation by chromium for ionization of leav-
ing groups at the â-position and a direct metal-carbon
interaction.

γ-Position. These results, coupled with detailed
computational studies on chromium centers interacting
with remote cations as in chromacyclic intermediates
II and III,10 led us to propose that participation by
chromium in substitution reactions is a more general
phenomenon. To test this prediction, optically active
substitution substrate 7, prepared via an enzymatic
resolution,17 reacted under solvolytic conditions (2 equiv
of AcONa, AcOH, 90 °C) to give acetates 8a,b. Analysis
found that substitution occurred with 80% inversion and
20% retention of configuration (eq 4).14 As a control

reaction, noncomplexed substrate 9 reacted to give
substitution with 100% inversion of stereochemistry (eq
5). This latter result was expected from the results of
Winstein, who demonstrated that phenyl groups do not
participate in solvolyses of leaving groups at the γ-posi-

(12) Lancelot, C. J.; Cram, D. J.; Schleyer, P. v. R. In Carbonium
Ions; Olah, G. A., Schleyer, P. v. R., Eds.; Wiley: New York, 1972;
Vol. 3, Chapter 27.

(13) Solvolysis with rearrangement has been reported for an unsym-
metrical system: Bly, R. S.; Strickland, R. C.; Swindell, R. T.; Veazey,
R. L. J. Am. Chem. Soc. 1970, 92, 3722-3729.

(14) See the Supporting Information.

(15) (a) Beak, P.; Adams, J. T.; Barron, J. A. J. Am. Chem. Soc. 1974,
96, 2494-2510. (b) Schlosser, M.; Tarchini, C. Helv. Chim. Acta 1977,
60, 3060-3068. (c) Theine, A.; Traynham, J. G. J. Org. Chem. 1974,
39, 153-157. (d) Uzawa, J.; Zushi, S.; Komada, Y.; Fukuda, Y.;
Nishihata, K.; Umemura, K.; Nishio, M.; Hirota, M. Bull. Chem. Soc.
Jpn. 1980, 53, 3623-3630.

(16) (a) Toshimitsu, A.; Hirosawa, C.; Tamao, K. Synlett 1996, 465-
467. (b) Piccolo, O.; Azzena, U.; Melloni, G.; Delogu, G.; Valoti, E. J.
Org. Chem. 1991, 56, 183-187. (c) Nakajima, T.; Nakamoto, Y.; Suga,
Y. Bull. Chem. Soc. Jpn. 1975, 48, 960-965.

(17) Burgess, K.; Jennings, L. D. J. Am. Chem. Soc. 1991, 113,
6129-6139. See the Supporting Information.

Table 1

a Yields in parentheses based on recovered starting material.
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tion.18 We propose that the 20% of substitution with
retention in eq 4 occurred by ionization with net
inversion using neighboring group participation from
chromium followed by nucleophilic displacement of
chromium, also with inversion.19 Thus, the chromium
tricarbonyl moiety does participate in the remote sub-
stitution reaction, but the rate of reaction in this case
is a factor of 4 less than the rate of the competing direct
SN2 reaction.

To enhance chromium participation by employing the
gem-dialkyl effect,20 substrate 1114 was examined (eq
6). Solvolysis (2 equiv of AcONa, AcOH, 90 °C) resulted

in substitution with 74% retention of configuration. As
a control reaction, noncomplexed substrate 13 reacted
to give substitution with 91% inversion of stereochem-
istry (eq 7).21 These results demonstrate that the
chromium atom of an (η6-arene)tricarbonylchromium
complex can provide neighboring group participation in
solvolytic reactions at the γ-position and that this
interaction with a remote cation leads to net retention
of configuration in substitution reactions. It is also
interesting to point out that, with regard to the phe-
nonium ion, there are no examples of phenyl participa-
tion at the γ-position12,18 and only a few at the δ-posi-
tion;22 thus, these results provide access to a unique

mode of reactivity. To obtain 100% retention, further
refinements are currently under examination. First, to
reduce the rate of the competing direct SN2 reaction, a
less nucleophilic system might be used. Second, the
chromium atom might be tuned23 to be more nucleo-
philic by replacing a CO with a phosphine ligand or by
substituting the aromatic ring with electron-donating
substituents.

Reactions of electrophiles with organometallic com-
plexes at either the ligands or the metal are certainly
well-known,24 especially for protons.25 However, here we
begin to address the question of whether participation
by a metal center in a distal ligand-centered reaction
can impart changes in the rate, regiochemistry, and
stereochemistry of the reaction. We contend that just
as benzylic positions exhibit cationic stabilization via
direct coordination to chromium (I), so can cations at
the â- and γ-positions (II and III), barring strong steric
demands or cation stabilization,26 and that this interac-
tion can be utilized for formation of carbon-carbon
bonds and control of stereochemistry. Further, this
should extend to other metal systems. For example,
R-substituted ferrocene complexes undergo substitution
with retention of configuration via an intermediate
analogous to I,27 and we predict that substitutions at
the â- and γ-positions could involve metal participa-
tion.28 Studies on the mechanistic implications and
synthetic applications of these phenomena are presently
underway in our laboratories.

Supporting Information Available: Complete experi-
mental procedures and spectral characterization for all com-
pounds and full X-ray structural details for compounds 5a and
6a. This material is available free of charge via the Internet
at http://pubs.acs.org.

OM000980W

(18) Heck, R.; Winstein, S. J. Am. Chem. Soc. 1957, 79, 3105-3113.
(19) (a) The same process explains the â-substitution chemistry of

arene complexes.7,8,10a (b) Conversion of an alkyliron complex to a cation
and subsequent SN2 displacement of the metal also occurs with
inversion of stereochemistry: Bock, P. L.; Boschetto, D. J.; Rasmussen,
J. R.; Demers, J. P.; Whitesides, G. M. J. Am. Chem. Soc. 1974, 96,
2814-2825.

(20) (a) Jung, M. E. Synlett 1999, 843-846. (b) Jung, M. E.; Gervay,
J. J. Am. Chem. Soc. 1991, 113, 224-232.

(21) Control reaction (7) might be interesting in its own right. Since
γ-phenyl rings do not participate in solvolyses of simple systems,11,16

one interpretation is that the gem-dialkyl effect18 promotes phenyl
participation and the 9% retention results from a double-inversion
process rather than a simple racemization. Support for this idea comes
from cyclization reactions, where four-membered-ring closure did not
occur without geminal substituents: (a) Park, S.-U.; Varick, T. R.;
Newcomb, M. Tetrahedron Lett. 1990, 31, 2975-2978. (b) Jung, M.
E.; Trifunovich, I. D.; Lensen, N. Tetrahedron Lett. 1992, 33, 6719-
6722.

(22) (a) Heck, R.; Winstein, S. J. Am. Chem. Soc. 1957, 79, 3105-
3113. (b) Muneyuki, R.; Tanida, H. J. Am. Chem. Soc. 1968, 90, 656-
662. (c) Ouelette, R. J.; Papa, R.; Attea, M.; Levin, C. J. Am. Chem.
Soc. 1970, 92, 4893-4897. (d) Jackman, L. M.; Haddon, V. R. J. Am.
Chem. Soc. 1974, 96, 5130-5138. (e) Gates, M.; Frank, D. L.; von
Felten, W. C. J. Am. Chem. Soc. 1974, 96, 5138-5143.

(23) Jones, G. B.; Chapman, B. J.; Mathews, J. E. J. Org. Chem.
1998, 63, 2928-2938 and references therein.

(24) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

(25) (a) Henderson, R. A. Angew. Chem., Int. Ed. Engl. 1996, 35,
946-967. (b) Kristjánsdóttir, S. S.; Norton, J. R. In Transition Metal
Hydrides; Dedieu, A., Ed.; VCH: Weinheim, Germany, 1992; pp 309-
359.

(26) Badejo, I. T.; Choi, H.; Hockensmith, C. M.; Karaman, R.;
Pinkerton, A. A.; Fry, J. L. J. Org. Chem. 1991, 56, 4688-4695.

(27) (a) Gokel, G. W.; Marquarding, D.; Ugi, I. K. J. Org. Chem.
1972, 37, 3052-3058. (b) Dixneuf, P. Tetrahedron Lett. 1971, 1561-
1564.

(28) An alternative mechanism involving σ-π-type intermediates
with no metal-carbon interaction for a â-position substrate was
proposed: Traylor, T. G.; Ware, J. C. J. Am. Chem. Soc. 1967, 89,
2304-2316.
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