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Abstract: The mechanism of nucleophilic substitu-
tion reaction at an sp2 carbon center of a thioester or
an acid chloride with a lithium organocuprate re-
agent has been investigated. Density functional cal-
culations indicated that the thioester undergoes oxi-
dative addition of the C�S bond to the copper(I)
atom through a three-centered transition state to
afford an organocopper ACHTUNGTRENNUNG(III) intermediate, which
gives the product through reductive elimination of
the alkyl and the acyl groups. On the other hand, the
acid chloride loses a chloride anion very easily when
it interacts with the cuprate, because the chloride

anion is captured by a lithium(I) cation rather than a
copper(I) atom. 13C kinetic isotope effect (KIE) ex-
periments showed excellent agreement with compu-
tational predictions for the thioester reaction, but
suggested that the nucleophilic displacement transi-
tion state of the acid chloride occurs much more ad-
vanced than the calculations predict.

Keywords: cuprates; density functional calculations;
isotope effects; nucleophilic substitution; reaction
mechanisms

Introduction

Nucleophilic substitution of a carboxylic acid chloride,
or its equivalent, with an organometallic reagent is
one of the most basic methods used to synthesize ke-
tones.[1,2] While organozinc reagents were the first or-
ganometallic reagents employed in such transforma-
tions, they quickly fell out of favor because of their
extremely limited scope.[3] On the other hand, since
the first report by Gilman in 1936[4] followed more re-
cently by Whitesides in 1967,[5] organocopper re-
agents, and organocuprate reagents (R2CuLi) in par-
ticular, have shown a much wider scope in the substi-
tution of acid chlorides.[6] The mild, yet sufficient, nu-
cleophilicity of organocuprates allows a high compati-
bility with functional groups such as ketones, nitriles,
and esters, and they can be used in the synthesis of a
variety of natural products.[7] Shortly after the reports
on the acid chloride reaction, Rosenblum et al. re-
ported on the substitution of a thioester with an orga-
nocuprate.[8] This reaction further expanded the utility
of organocopper reagents in ketone synthesis, since
classical organozinc reagents do not undergo a dis-

placement of the C�S bond. While the catalytic var-
iants developed later have overridden stoichiometric
cuprate acylation,[9,10] it still finds applications as a
highly reliable transformation.[11]

Despite its synthetic utility, the mechanism of orga-
nocuprate reactions with acyl electrophiles has not
been studied, while other organocopper transforma-
tions, such as conjugate additions and alkylation reac-
tions, have been extensively studied by both our[12,13]

and other research groups.[12,14] These studies suggest
that the mechanism of the acylation of R2CuLi is not
merely a simple “addition-elimination” sequence of
the R� anion, but involves a Cu(I)/Cu ACHTUNGTRENNUNG(III) redox pro-
cess.

An organocuprate transformation related to these
acylation reactions would be the substitution of an al-
kenyl halide.[15] Our recent study on this reaction sug-
gested two mechanisms of the halide displacement on
the sp2 carbon atom (Scheme 1).[16] One mechanism
involves an insertion of the copper(I) atom into the
carbon-halogen bond followed by the reductive elimi-
nation of the resulting organocopper ACHTUNGTRENNUNG(III) intermedi-
ate (a three-centered mechanism, path a). In the
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other mechanism, the halide anion eliminates by itself
without an interaction with the copper atom, and is
trapped by the lithium cation (an eliminative mecha-
nism, path b). Experimental measurements and theo-
retical predictions of the 12C/13C kinetic isotope effect
indicate that the latter mechanism occurs in the
actual reaction.

We envisioned that such a mechanistic dichotomy
(i.e., a three-centered versus eliminative mechanism)
could also exist in the substitution reaction on the sp2

carbon atom of acyl electrophiles. In this paper, we
report on theoretical and experimental studies on the
nucleophilic substitution reactions of a thioester and
an acid chloride with a lithium organocuprate. The re-
action pathways of these electrophiles turned out to

be entirely different from each other. Thus, the reac-
tion of the thioester involves a three-centered oxida-
tive addition/reductive elimination sequence, while
the acid chloride follows the eliminative reaction
pathway. The origin of the contrasting reaction path-
ways will be discussed in more detail.

Results and Discussion

Reaction of [Me2CuLi]2 and S-Methyl Thioacetate

First, we examined the reaction pathway for the sub-
stitution of S-methyl thioacetate (2a) with [Me2CuLi]2
(1) (Scheme 2, Figure 1). The dimeric organocuprate

Scheme 1. The two pathways for the substitution of vinyl bromide with lithium organocuprate.

Scheme 2. Reaction pathway for the substitution of S-methyl thioacetate with [Me2CuLi]2. Values in parentheses refer to the
potential energy (in kcalmol�1) relative to (1 + 2a). The change in energy is shown above the reaction arrows.
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1 and 2a initially form the complex 4a by an interac-
tion between the lithium and the oxygen atoms (DE=
13.8 kcalmol�1). Complex 4a then undergoes oxida-
tive addition of the C�S bond to the copper atom
through a three-centered transition state (TS) (DE� =
24.7 kcalmol�1 for TS4a-5a) to give the square-planar
acyldimethylcopper ACHTUNGTRENNUNG(III) intermediate 5a. The subse-
quent reductive elimination of the methyl and the
acyl groups (TS5a-PD) occurs smoothly with an activa-
tion energy of 2.4 kcalmol�1. The overall process is
expectedly highly exothermic (�30.6 kcalmol�1). Note
that an eliminative TS for the C�S bond cleavage
(such as path b in Scheme 1) was not found. The
strong affinity of the sulfur atom for the copper atom
should make the eliminative mode of the C�S cleav-
age much more unfavorable than the three-centered
mode (i.e., TS4a-5a).

The structures of the complexes and the TS are
shown in Figure 2. The C�S bond substantially elon-
gates on passing from complex 4a to TS4a-5a (a 20% in-
crease from 1.77 to 2.13 N), and the forming Cu�C
(acyl) (1.97 N) and the Cu�S (2.37 N) bond distances
in TS4a-5a are very close to those in the oxidative addi-
tion product 5a (Cu�C=1.93 N and Cu�S=2.32 N).
Natural population analysis indicates a formal oxida-
tion of the Cu atom (+0.44 in 4a and +0.86 in 5a)
and the displacement of the SMe group as a thiolate
anion (+0.26 in 4a and �0.50 in 5a). The structures of
the Cu ACHTUNGTRENNUNG(III) intermediate 5a and its reductive elimina-
tion TS (TS5a-PD) are similar to the related cases.[12–14]

Based on the above reaction pathway, we examined
the effect of solvent coordination to the lithium atom
using the model complex 1·2S (S=Me2O). As shown
in Scheme 3, the reaction pathway is essentially the
same as the reaction pathway without any coordinat-
ing solvent molecules (Scheme 2) except for the pres-
ence of a p-complex 4a’·2S. First, the complex 4a·2S
forms through a lithium-oxygen interaction with a sta-

bilization of 5.1 kcalmol�1. Then, the Cu atom ap-
proaches the C=O bond to form the p-complex 4a’·2S
through TS4a-4a’·2S (DE� =15.6 kcalmol�1). This pro-
cess is endothermic by 14.8 kcalmol�1. The p-complex
4a’·2S undergoes three-centered oxidative addition of
the C�S bond to the Cu atom (TS4a’-5a·2S, DE� =
3.2 kcalmol�1) to form a square-planar Cu ACHTUNGTRENNUNG(III) inter-
mediate 5a·2S. The triorganocopper ACHTUNGTRENNUNG(III) intermediate
5a·2S smoothly undergoes reductive elimination
(TS5a-PD·2S, DE� =5.6 kcalmol�1) to give the final
products. The energy profile of the overall pathway
(Figure 3) indicates that the C�S bond cleavage is the
rate-determining step of the reaction.

The structure of the intermediates and the TS are
shown in Figure 4. Upon p-complexation, both the
C�S and the C�O bonds elongate (C�S bond=
1.77 N in 4a·2S and 1.86 N in 4a’·2S, and the C�O
bond=1.22 N in 4a·2S and 1.33 N in 4a’·2S). In a par-
allel manner, the Li�O (acyl) bond distance becomes
considerably shorter (2.01 N in 4a·2S and 1.82 N in
4a’·2S). These structural changes should reflect the
back-donation from the Cu atom to the C=O p*/C�S
s* mixed orbital. In fact, the positive charge on the
Cu atom increases (+0.42 to +0.92), while the nega-
tive charges increase on the carbonyl oxygen (�0.65
to �0.87), the carbonyl carbon (+0.41 to 0.00) and
the SMe group (+0.26 to +0.02). The oxidative addi-
tion TS (TS4a’-5a·2S) takes a similar structure to the TS
without any Me2O molecules (see TS4a-5a in Figure 2)

Figure 1. Potential energy profile (in kcalmol�1) for the sub-
stitution of S-methyl thioacetate with [Me2CuLi]2. Values in
italic refer to the Gibbs free energies (kcalmol�1) at 298 K.

Figure 2. Structure of the complexes and the TS in the reac-
tion of [Me2CuLi]2 and S-methyl thioacetate. The values
refer to the bond lengths in N (plain text) and natural
charges (underlined).
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except for the small difference in the Cu�S and Li�S
bond distances (Cu�S=2.46 N versus 2.37 N, and Li�
S=2.75 N versus 3.07 N). The structures of the result-
ing Cu ACHTUNGTRENNUNG(III) intermediate, 5a·2S, and the following re-
ductive elimination TS (TS5a’-PD·2S) are very close to
those without any coordinating solvents (Figure 2).

Reaction of [Me2CuLi]2 and Acetyl Chloride

Next, we examined the reaction pathway for the sub-
stitution of acetyl chloride (3a) with [Me2CuLi]2 (1)
(Scheme 4, Figure 5). First, the dimeric organocuprate
1 and 3a form a complex 8a through the lithium-
oxygen interaction having a stabilization energy of
9.4 kcalmol�1. Complexation between the Cu atom

Scheme 3. Reaction pathway for the substitution of S-methyl thioacetate with [Me2CuLi]2·2S (S=Me2O). Values in parenthe-
ses refer to the potential energy (in kcalmol�1) relative to (1·2S + 2a). The change in energy is shown above the reaction
arrows.

Figure 3. Potential energy profile (in kcalmol�1) for the substitution of S-methyl thioacetate with [Me2CuLi]2·2S (S=Me2O).
Values in italic refer to the Gibbs free energies (kcalmol�1) at 298 K.
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and the C=O bond takes place through TS8a-9a with an
activation energy of 16.8 kcalmol�1 to give the p-com-
plex 9a. The formation of 9a from 8a is endothermic
by 15.9 kcalmol�1. The p-complex 9a undergoes a
practically spontaneous C�Cl bond cleavage through
an eliminative TS (TS9a-10a). The potential surface
around the C�Cl bond cleavage is extremely flat, and
the calculated activation barrier is low at 0.006 kcal
mol�1. The eliminative C�Cl bond cleavage leads to
the formation of the triorganocopper ACHTUNGTRENNUNG(III) intermedi-
ate 10a. Rearrangement of the complex 10a gives a
more stable copperACHTUNGTRENNUNG(III) complex 11a, which under-
goes facile reductive elimination through TS11a-PD

(DE� =4.2 kcalmol�1) to give the final products. The
overall transformation is expectedly highly exother-
mic (�46.7 kcalmol�1). Note that all attempts to
locate a three-centered insertion TS (such as TS4a-5a in
Scheme 2) were unsuccessful.

The structure of the intermediates and TS are
shown in Figure 6. The C�Cl bond elongates consider-
ably on p-complex formation (an increase of 20%,
1.79 N in 8a and 2.15 N in 9a). Accordingly, both the
negative charge on the Cl atom (�0.03 in 8a and
�0.42 in 9a) and the positive charge on the Cu atom
(+0.44 in 8a and +0.84 in 9a) increase. In accordance
with the extremely low activation barrier for the C�
Cl bond cleavage, the structural changes on passing
from 9a to TS9a-10a are very small. For example, the
C�Cl bond length increases by only 2% (2.15 N to
2.20 N). The acyldimethylcopper complex 10a has a
highly distorted square-planar structure, where the
carbonyl oxygen acts as an internal ligand to the Cu-
ACHTUNGTRENNUNG(III) center. The coordination of the carbonyl oxygen
is indicated by the short Cu�O bond distance
(2.29 N) and the small Cu�C�O bond angle (92.68).
On the other hand, in the other acyldimethylcopper
intermediate, 11a, the chloride anion serves as a

Figure 4. Structure of complexes and TS in the reaction of [Me2CuLi]2·2S and S-methyl thioacetate. The values refer to the
bond lengths in N (plain text) and natural charges (underlined).
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ligand to Cu ACHTUNGTRENNUNG(III) (Cu�Cl=2.35 N) to form the
square-planar structure, and the oxygen atom lies out
of the plane. This structural arrangement is suitable
for the reductive elimination (TS11a-PD), where the C=
O p orbital can participate in the formation of a C�C
bond.[13]

Based on the above reaction pathway, we examined
the effect of solvent coordination to the lithium
atoms using the model complex 1·2S. However, all at-
tempts to locate a p-complex or a transition state for

C�Cl bond cleavage failed. Thus, approaches of the
Cu atom to the C=O bond and the Li atom to the Cl
atom result in a spontaneous cleavage of the C�Cl
bond. A theoretical study on an extremely fast organ-
ic reaction tends to result in a very flat potential
energy surface, and sometimes even in the absence of
a saddle point.[17] Considering that the reaction of the
acid chloride is almost instantaneous, the absence of
the potential energy barrier for the present case is not
very surprising. As discussed in more detail later, we

Scheme 4. Reaction pathway for the substitution of acetyl chloride with [Me2CuLi]2. Values in parentheses refer to the po-
tential energy (in kcalmol�1) relative to (1 + 3a). The change in energy is shown above the reaction arrows.

Figure 5. Potential energy profile (in kcalmol�1) for the substitution of acetyl chloride with [Me2CuLi]2. Values in italic refer
to the Gibbs free energy (kcalmol�1) at 298 K.
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speculate that the spontaneous collapse of the acid
chloride is a sign of a late nature of the actual C�Cl
bond cleavage TS.

Kinetic Isotope Effect Studies

To obtain further information on the C�X bond
cleavage (oxidative addition) step in the above substi-

tution reactions, we carried out measurements of the
12C/13C kinetic isotope effect (KIE) using quantitative
13C NMR analysis (see Supporting Information for ex-
perimental details).[16,18] Thus, the reaction of the thio-
ester 2b and the acid chloride 3b with Me2CuLi was
performed to a 93% and 86% conversion, respectively
[Eq. (1)], and the unreacted starting material was re-
covered from the reaction mixture. The 12C/13C KIE
data were calculated from a comparison of the 13C in-

Figure 6. Structure of intermediates and TS in the reaction of [Me2CuLi]2 and acetyl chloride. The values refer to the bond
lengths in N (plain text) and natural charges (underlined).
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tegrations of the starting and the recovered materials.
Note that, in the case of the acid chloride 3b, the re-
action was quenched by the addition of MeOH, and
the unreacted material was recovered as the corre-
sponding methyl ester. The para-methyl carbon atom
was taken as the internal standard for the 13C NMR
integration.

The experimental KIE values are shown in
Figure 7. In both cases, a significant KIE value was
found on the carbonyl carbon atom (1.034 for 2b and
1.024 for 3b), while the KIE values on the other
carbon atoms were either negligible or very small
(1.001–1.005). Thus, these KIE profiles should reflect
the C�X bond cleavage step as the rate-determining
step of the reaction.

To evaluate the reaction pathways obtained by the
above theoretical studies, the 12C/13C KIE values in
the C�X bond cleavage TS were calculated for both
the model and the real substrates (i.e., 2a/2b and 3a/
3b). Figure 8 shows the calculated KIE values in the
C�S bond cleavage step for the model substrate 2a
and the real substrate 2b. The KIE value on the car-
bonyl carbon atom of 2a was ca. 1.050 for both the
non-solvated (TS4a-5a in Figure 8a) and the solvated
(TS4a’-5a·2S, Figure 8b) models, and much larger than
the experimental value (1.034). Note that the similar
KIE values for TS4a-5a and TS4a’-5a·2S would come
from their similar three-centered structure (especially
the C�S bond length, see Figure 2 and Figure 4). On
the other hand, the corresponding KIE value for the
real substrate 2b (1.034, Figure 8c) was in excellent
agreement with the experimental value (1.034,
Figure 7). The significant difference in the KIE values
for the model and the real substrates reflects the
structural difference in the C�S bond cleavage TSs
(TS4a-5a vs. TS4b-5b : see Figure 2 and Figure 8d). Thus,
TS4b-5b can be regarded as being a much later TS than
TS4a-5a as seen from the much more advanced C�S
bond cleavage (C�S bond length=2.13 N in TS4a-5a

and 2.52 N in TS4b-5b, and the natural charge on the
SR group is �0.07 in TS4a-5a and �0.28 in TS4b-5b).

Figure 9 shows the calculated KIE values of the C�
Cl bond cleavage step for the model substrate 3a
(TS9a-10a) and the real substrate 3b (TS9b-10b). The KIE
values on the carbonyl carbon were 1.053 and 1.051
for TS9a-10a and TS9b-10b, respectively. The similar mag-
nitude of the KIE values for TS9a-10a and TS9b-10b is in
accordance with their similar structures and charge
distributions (see Figure 6 and Figure 9c). These
values are much larger than the experimental value
(1.024, Figure 7).

Figure 7. Experimental 12C/13C KIE values for: (a) the sub-
stitution of thioester 2b and (b) acid chloride 3b with
Me2CuLi. The values in the parentheses indicate experimen-
tal errors in the last digit.

Figure 8. (a)–(c) Calculated 12C/13C KIE values for the C�S
bond cleavage TS (a=TS4a-5a, b=TS4a’-5a·2S, and c=TS4b-5b)
and (d) structure of TS4b-5b.

Figure 9. (a) and (b) Calculated 12C/13C KIE values for the
C�Cl bond cleavage TS (a=TS9a-10a and b=TS9b-10b) and (c)
the structure of TS9b-10b.
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The considerable discrepancy between the experi-
mental and the calculated KIE values should be the
problem of the computational side, that is, the insuffi-
cient model and method (e.g., the absence of ethereal
solvent molecule), which should have led to the inap-
propriate estimation of the degree of the C�Cl bond
cleavage. The smaller experimental KIE value than
the calculated one suggests two mechanistic possibili-
ties.[19] Thus, the C�Cl bond cleavage in the actual
transition state is much less advanced (i.e., early TS)
or much more advanced (i.e., late TS) than predicted
by the calculation. We think that the latter possibility
is more likely in light of the following points: (1) The
reaction of the acid chloride with the organocuprate
takes place almost instantaneously, (2) The unsolvat-
ed organocuprate model (1) gives the extremely flat
potential surface of the C�Cl bond cleavage
(Figure 5) and the solvated model (1·2 S) effects the
spontaneous collapse of the acid chloride, and (3) the
potential surface analysis of an extremely fast reac-
tion often underestimates the degree of the bond re-
organization in the actual transition state.[17]

Conclusions

In summary, we have addressed the mechanisms of nu-
cleophilic substitution reactions to acyl electrophiles,
such as thioesters and acid chlorides, using a lithium
organocuprate. Computations and experimental studies
indicate that the reaction of a thioester takes place
through a three-centered oxidative addition of the C�S
bond to the Cu atom, while an acid chloride undergoes
eliminative C�Cl bond cleavage through Lewis acid ac-
tivation of the Cl atom with the Li atom (Scheme 5).
Such mechanistic differences originate from the nature
of the leaving group. The thioester favors a three-cen-
tered pathway due to the strong affinity of the “soft”
thiolate anion to the “soft” copper atom. On the other
hand, the “hard” chloride anion prefers to interact
with the “hard” lithium cation, and making the elimi-
native pathway more feasible. Finally, this study shows
that the dichotomy of the “three-centered” and “elimi-
native” pathways is a critical issue in explorations into
the mechanism of the oxidative addition of a CACHTUNGTRENNUNG(sp2)�X
bond to a d10 or related transition metal complex,[16]

and in the design of a catalytic cycle involving such an
elementary process.[20]

Experimental Section

Computational Methods and Models

All the calculations were performed using the Gaussian 03
program package.[21] Density functional theory (DFT) was
employed using the B3LYP hybrid functional.[22] The struc-
tures were optimized using a basis set (denoted as 631SDD)
consisting of the SDD basis set consisting of a double-z va-
lence basis set and the Stuttgart–Dresden effective core po-
tential (ECP) for Cu,[23] and the 6–31G(d) basis set[24] for
the remaining atoms. The method and the basis sets used
here are known to give reliable results for the structure and
reactivity of organocopper reagents.[25] Stationary points
were adequately characterized using normal coordinate
analysis. Intrinsic reaction coordinate (IRC) analysis[26] was
carried out for the major reaction pathway to confirm that
all the stationary points were smoothly connected to each
other. The kinetic isotope effect (KIE) was calculated using
Bigeleisen-MayerQs equation[27] with the Wigner tunnel cor-
rection using frequencies scaled by a factor of 0.9614.[28] Nat-
ural population analysis was performed at the same level as
that used for the geometry optimization.[29]

We employed dimeric lithium dimethyl cuprate
[Me2CuLi]2 (1) as the model organocuprate, and S-methyl
thioacetate (2a) and acetyl chloride (3a) as model substrates
(Figure 10). The effect of the coordination of the ethereal
solvent was modeled by a single Me2O molecule on the lithi-
um atom (1·2S). The critical step (i.e. , the displacement of
the leaving group) of the reaction of S-ethyl p-methylbenzo-
thioate (2b) or p-toluoyl chloride (3b) was also studied to
evaluate the experimental KIE data.
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