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Kinetic Reactivity of ªHigher Order Cupratesº
in SN2 Alkylation Reactions**
Eiichi Nakamura,* Masahiro Yamanaka,
Naohiko Yoshikai, and Seiji Mori

Among a variety of organocopper reagents,[1] ªhigher
orderº cyanocuprates have attracted much interest in the
past years.[2] Lipshutz originally offered this reagent to the
synthetic society as a highly reactive substitute for the
classical Gilman reagent, 1 a (denoted hereafter as series a
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(R�Me) throughout the text).[3] The high reactivity was
ascribed to a dianionic tricoordinated copper(i) structure,[4]

but this structure was soon challenged by Bertz.[5] The
structural debate ended recently and it was concluded that
the Lipshutz reagent is not the tricoordinated species, but 1 b
(denoted hereafter as series b throughout the text).[6±8] The
latter structure is essentially the same as that of the classical
Gilman reagent 1 a except that the bridging group (X) in the
Lipshutz reagent is a cyanide group instead of the [RCuR]ÿ

group, with which the Gilman reagent forms a dimeric copper
structure.[9] The Lipshutz reagent is therefore no more than a
ªlower orderº cuprate, yet the fact still remains that it is often
a more powerful nucleophile than a normal Gilman reagent.
For instance, the Lipshutz reagent is the reagent of choice for
SN2 reactions, in which the Gilman and other lower order
cuprates are far less reactive.[10] Furthermore, the Lipshutz
reagent shows some unusual reactivity, which suggests that a
minute amount of alkyllithium is generated in equilibrium
with the major [R2Cu]ÿ species.[11] Thus the kinetic reactivity
of the Lipshutz reagent is still an
open question. We report herein
density-functional studies on the
SN2 reaction of MeBr with the
Lipshutz reagent 1 b, which suggest
that 1 b could indeed be much more reactive than the Gilman
reagent 1 a. The higher reactivity of 1 b has been ascribed both
to the higher Lewis acidity of the [LiCNLi]� group, and to the
energetically favorable structural change of the [LiCNLi]�

moiety in the transition state (TS) of the reaction of 1 b. The
studies also suggest that minor structural isomers of the
Lipshutz reagent, 1 c and 1 d, might play a role in solution
chemistry despite their low equilibrium concentration.[8]

Previous studies have shown that the rate-determining step
of the SN2 reaction of the lithium organocuprate with MeBr is
the CÿBr bond cleavage stage (3 a, b, Scheme 1), from which

Scheme 1. Substitution reaction between R2CuLi ´ LiX (R�Me, series a :
X�RCuR, series b : X�CN) and R1Br (R1�Me).

the potential surface goes steeply downhill to the alkylation
product.[12, 13] The energy profile of the bromide displacement
in series a and b, and the 3D structures of the stationary points
are shown in Figures 1 and 2.[14a] As shown in Figure 1, the
activation energy from the initial coordination complex (CP,
2 b) to the displacement TS (3 b) for the major species of the
Lipshutz reagent 1 b is 3.8 kcal molÿ1 smaller than that for the
Gilman dimer 1 a.[15, 16]

Where is the origin of this small but finite difference in the
activation energies between series a and b? The answer to this
question was probed by fragment energy analysis[17]

(Scheme 1 and Table 1) through the dissection of the CPs

(R,S)-BPPFA. See also: S. Tanimori, M. Kirihata, Tetrahedron Lett.
2000, 41, 6785.

[8] The formation of an olefin ± LnPd0 complex after the reaction between
an allylpalladium complex and sodium malonate has been demon-
strated; see ref. [4b].

[9] Taking advantage of the different reactivity, selective monosubstitu-
tion of 1 has been reported when using [Pd(PPh3)4]: a) Y. Tanigawa, K.
Nishimura, A. Kawasaki, S.-i. Murahashi, Tetrahedron Lett. 1982, 23,
5549; b) J. P. GeneÃt, M. Balabane, J. E. Bäckvall, J. E. Nyström,
Tetrahedron Lett. 1983, 24, 2745; c) the slow oxidative addition of 5a
to LnPd0 was also utilized to introduce two kinds of nucleophiles onto
1 in a one-pot synthesis; see ref. [9a].

[10] P. Manaresi, A. Munari in Comprehensive Polymer Science, Vol. 5
(Eds.: Sir G. Allen, J. C. Bevington), Pergamon, Oxford, 1989, p. 21;
average degree of polymerization using two monomers, A and B,
(DP)� (1� r)/(1ÿ r); r� [A]0/[B]0, r< 1.

[11] Based on our mechanism, stoichiometric ratios should not affect DPs.
The decreasing DPs might be caused by the lower selectivity in the
presence of excess 1, which accelerates the olefin ± ligand exchange of 7.

[12] a) W. Koch, W. Risse, W. Heitz, Makromol. Chem. Suppl. 1985, 12,
105; b) N. Kihara, S.-i. Komatsu, T. Takata, T. Endo, Macromolecules
1999, 32, 4776.

[13] For reviews on heterogeneous carbonÿheteroatom bond-forming
polycondensation out of stoichiometric control, see: a) V. Percec,
ACS Symp. Ser. 1987, 326, 96; b) S. Boileau in New Methods for
Polymer Synthesis (Ed.: W. J. Mijs), Plenum, New York, 1992, p. 179.
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Figure 1. Energy profile of the SN2 reaction of MeBr with the Gilman
reagent (series a) or the Lipshutz reagent (series b). The potential energies
of 1�MeBr in series a and b are set to zero. The italicized numbers are the
activation energies, in parentheses are the results of single point energy
calculations with the self-consistent reaction field (SCRF) method based on
the polarized continuum model (PCM, e� 4.335 for Et2O) at the gas-phase
geometries, and in brackets are the energies for the model species 1b
bearing a Me2O molecule on each lithium atom.

and the TSs into two fragments (with a fixed geometry at the
original stationary points), F1 (lithium cuprate cluster) and F2
(MeBr). The origin of the smaller activation energy in series b

than in series a has been traced back to the higher Lewis
acidity of the Li1 atom and the preference of the [LiCNLi]�

moiety to be linear as is the case in 3 b.
Thus, in the initial coordination complexes (2 a and 2 b), the

cuprate cluster fragment (F1) and the MeBr fragment (F2)
interact more strongly in series b (INTCP�ÿ9.2 kcal molÿ1)
than in series a (ÿ6.9 kcal molÿ1), which is corroborated by
the shorter Li1ÿBr distance (2.73 vs 2.77 �, Figure 2). The
stronger interaction of F1 and F2 in 2 b can be attributed to
the larger positive charge of Li1 atom (�0.80) than that in 2 a
(�0.76). Similarly, the interaction energy between F1 and F2
(INTTS) is larger in 3 b (ÿ37.6 kcal molÿ1) than in 3 a

(ÿ34.2 kcal molÿ1) owing to larger
electrostatic interactions between
the Li1 atom (�0.86) and the Br atom
(ÿ0.41) in 3 b. The natural charges of
these atoms[18] in 3 a are much smaller
(�0.81 and ÿ0.38, respectively). The
positive charges of the lithium atom
in series b are larger than those in
series a both for the CP and the TS
because of the attachment of the Li1

atom to the electronegative CNÿ

group instead of the [MeCuMe]ÿ

group.
The propensity of the [LiCNLi]�

moiety for the near-linear geometry
in 3 b rather than for the bent geom-
etry in 2 b is another factor that
contributes to the lower activation
energy in series b. The deformation
of F1 upon going from 2 b to 3 b
(DEFF1� 34.2 kcal molÿ1) is much
easier than that from 2 a to 3 a
(DEFF1� 38.4 kcal molÿ1). Further
dissection of F1 into [MeCuMe]ÿ

and [LiXLi]� fragments (data not
shown) revealed that this difference
is mainly a result of the energy gained
from stretching the bent [LiCNLi]�

moiety in 2 b to the near linear
geometry in 3 b (14.3 kcal molÿ1 gain;
the [MeCuMe]ÿ fragments in series a
and b are essentially identical to each
other, and hence do not contribute

Figure 2. The 3D structures of CP and TS in series a and b, optimized at the B3LYP/631A level, with the
bond lengths in �, bond angles (italics) in degrees, and natural charges (underlined and bold). The
imaginary frequencies of 3 a and 3 b are 224.0i cmÿ1 and 220.6i cmÿ1, respectively.

Table 1. Deformation (DEF) and interaction energies (INT) which
compose the activation energy (DE=). See Scheme 1 for definition of F1
and F2.

Series a Series b

INTCP ÿ 6.9 ÿ 9.2
INTTS ÿ 34.2 ÿ 37.6
DEFF1 38.4 34.2
DEFF2 13.9 15.5
INTtotal

[a] ÿ 27.3 ÿ 28.4
DEFtotal

[b] 52.3 49.7
DE=[c] 25.1 21.3

[a] INTtotal� INTTSÿ INTCP. [b] DEFtotal�DEFF1�DEFF2. [c] DE=�
INTtotal�DEFtotal .
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much to DEFF1).[19] Thus, the overall sum of the deformation
energies (DEFtotal) becomes 2.6 kcal molÿ1 smaller in series b
(49.7 kcal molÿ1) than in series a (52.3 kcal molÿ1), contribut-
ing to the smaller activation energy in series b.

The minor isomers of the Lipshutz reagent seem to play a
role in synthetic reactions (see above).[11] Although isomer 1 c
has been calculated to be much less stable than 1 b (hence not
experimentally observable),[8] a model study of SN2 reaction
(Figure 3) suggests that there is a possibility that 1 c may take

Figure 3. a) The SN2 reaction energy profile of the minor Lipshutz reagent
1c. The energy of 1b�MeBr is taken as the reference. The italicized
numbers are the activation energies, and results of single point energy
calculations (in parentheses) were obtained by using the same method as
noted in Figure 1. b) 3D structure of 3c optimized at the B3LYP/631A
level. The imaginary frequency of 3c is 238.3i cmÿ1.

part in the CÿC bond forming reactions of the Lipshutz
reagent. The activation energy of 1 c (14.6 kcal molÿ1) is far
smaller than that of 1 b (21.3 kcal molÿ1),[14b, 20] and thus 3 c is
quite close in energy to 3 b.

The positive Gilman test of the Lipshutz reagent strongly
suggests that RLi species are generated in solution.[11] Where-
as the species that reacts with Michler�s ketone could be 1 c, it
would more likely be 1 d,[21] which would easily form from 1 c
through the reorganization of the ionic bonds around the
lithium atoms. Isomer 1 d is ideally disposed to undergo
addition to a ketone through a six-centered TS typical for an
alkyllithium reagent.[22] Scheme 2 summarizes possible path-

Cu RCN
Li

R
Li

Cu RCN

Li

Li
O

R

Cu RCN
Li

O
Li

R

O

1d

3d4d

1c1b

SN2 reaction,
conjugate addition etc.

Scheme 2. Alkylcopper(i)-like and alkyllithium-like reaction pathways of
the Lipshutz reagent (solvent molecules on the lithium atoms are omitted).

ways for the major and the minor reactions that the Lipshutz
reagents undergo in synthetic applications.

In summary, the higher reactivity of the Lipshutz reagent
than the Gilman reagent in the SN2 alkylation has been
ascribed to the structural and electronic effects of the bridging
cyanide moiety coordinated to the two lithium cations. The
present study provides an additional example of the important
role of the [LiXLi]� bridging moiety in the chemistry of
lithium organocuprates. This bridging moiety has recently
identified in various reactions of such cuprates.[23] Further-
more, the studies provide a heuristic example of the kinetic
importance of minor species in the reactions of organo-
metallic clusters.[2b, 7a, 24]
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Ionization of O3 in Excess N2: A New Route
to N2O via Intermediate N2O3

� Complexes**
Fulvio Cacace, Giulia de Petris,* Marzio Rosi, and
Anna Troiani

The environmental impact of N2O, the major source of
stratospheric NOx oxides responsible for ozone depletion, and
a harmful greenhouse gas,[1±3] accounts for the active search of
formation processes[4, 5] other than microbiological soil deni-
trification.[6] Inspired by the increasing recognition of the role
played by ionic processes in the atmosphere[7] and by the
ability of O3

� to transfer oxygen atoms to simple mole-
cules,[8±10] we focused this study on the ionization of O3 diluted
in N2 as a new route to atmospheric N2O. Experiments based
on Fourier-transform ion cyclotron resonance (FT-ICR) mass
spectrometry were performed, utilizing an instrument equip-
ped with an external chemical ionization (CI) ion source, fed
with an O3/O2 mixture. The ions formed were driven into the
resonance cell, maintained at 300 K, where the 16O3

� ions,
m/z 47.9847, were isolated by removing all other ions by ªsoftº
RF pulses, and allowed to react with N2, continuously
admitted into the cell to reach stationary pressures ranging
from 10ÿ8 to 10ÿ7 Torr. The results positively demonstrated
the formation of N2O� and O2

� as the primary reaction
products [Eqs. (1) and (2)], through processes exothermic by
4.2 and 22.9 kcal molÿ1, respectively.[11]

O3
��N2 ! N2O��O2 (1)

O3
��N2 ! N2O�O2

� (2)

Although the nature of the experiments prevented accurate
kinetic measurements,[12] we could roughly estimate k1� 1.4�
10ÿ11 and k2� 1.6� 10ÿ10 cm3 sÿ1. In any case, accurate kinetic
measurements were outside the scope of the experiments,
whose primary goal was to exploit the unique ability of FT-
ICR spectrometry to establish a parent ± daughter relation-
ship between charged species, and hence to ascertain the
reaction(s) responsible for the formation of the product of
interest, N2O�. Next, CI experiments of N2/O3 mixtures, of
composition adjusted to obtain the maximum reaction extent
(roughly 5 mol % O3), were performed at 373 K, 0.01 ±
0.1 Torr. All experiments were carried out in duplicate,
utilizing either 14N2 or 15N2 as a convenient way to simplify

[9] Cf. R. M. Gschwind, P. R. Rajamohanan, M. John, G. Boche, Organo-
metallics 2000, 19, 2868 ± 2873.

[10] Cf. C. M. P. Kronenburg, J. T. B. H. Jastrzebski, G. van Koten, Poly-
hedron 2000, 19, 553 ± 555.
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addition (results by Breit and co-workers). We thank Prof. Alexakis
and Prof. Breit for the unpublished data.

[12] a) E. Nakamura, S. Mori, K. Morokuma, J. Am. Chem. Soc. 1998, 120,
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