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Mechanism of [3 + 2] Cycloaddition of Alkynes to the
[Mo3S4(acac)3(py)3][PF6] Cluster**

Jose �ngel Pino-Chamorro,[a] Artem L. Gushchin,[b] M. Jesffls Fern�ndez-Trujillo,[a]

Rita Hern�ndez-Molina,[c] Cristian Vicent,[d] Andr�s G. Algarra,*[e] and Manuel G. Basallote*[a]

Abstract: A study, involving kinetic measurements on the
stopped-flow and conventional UV/Vis timescales, ESI-MS,
NMR spectroscopy and DFT calculations, has been carried
out to understand the mechanism of the reaction of
[Mo3S4(acac)3(py)3][PF6] ([1]PF6 ; acac = acetylacetonate, py =

pyridine) with two RC�CR alkynes (R = CH2OH (btd), COOH
(adc)) in CH3CN. Both reactions show polyphasic kinetics, but
experimental and computational data indicate that alkyne
activation occurs in a single kinetic step through a concerted
mechanism similar to that of organic [3 + 2] cycloaddition re-
actions, in this case through the interaction with one Mo(m-
S)2 moiety of [1]+ . The rate of this step is three orders of
magnitude faster for adc than that for btd, and the products
initially formed evolve in subsequent steps into compounds

that result from substitution of py ligands or from reorgani-
zation to give species with different structures. Activation
strain analysis of the [3 + 2] cycloaddition step reveals that
the deformation of the two reactants has a small contribu-
tion to the difference in the computed activation barriers,
which is mainly associated with the change in the extent of
their interaction at the transition-state structures. Subse-
quent frontier molecular orbital analysis shows that the car-
boxylic acid substituents on adc stabilize its HOMO and
LUMO orbitals with respect to those on btd due to better
electron-withdrawing properties. As a result, the frontier mo-
lecular orbitals of the cluster and alkyne become closer in
energy; this allows a stronger interaction.

Introduction

The scope and applications of organosulfur chemistry have in-
creased significantly in recent decades. Compounds with C�S
bonds are not only present in a large number of biological
molecules, some of them with pharmaceutical properties, but
are also nowadays used as auxiliary functions in synthetic se-
quences.[1] Thus, efforts from the synthetic chemistry commu-
nity have blossomed into the development of a number of cat-
alytic protocols, most of them involving transition-metal com-
plexes, to form C�S bonds.[2] Conversely, examples of carbon–
bridging-sulfur bond formation through the reaction of alkynes
with sulfur-bridged metal compounds are scarce. For many
years, these were limited to dinuclear complexes;[3] however, in
the last 20 years, several reports of trinuclear [M3(m3-Q)(m-Q)3]4 +

clusters (M = Mo, W; Q = O, S) that form C�S bonds by reacting
with alkynes have appeared.[4] In this way, [Mo3(m3-S)(m-X)(m-
S)2(H2O)9]4 + (X = O, S) clusters have been shown to react with
acetylene to yield [Mo3(m3-S)(m-X)(m-SCH=CHS)(H2O)9]4 + (X = O,
S) clusters with bridging alkenedithiolate ligands,[4a] but the re-
action is not limited to the aqua cluster and also occurs for
substituted clusters as [Mo3(m3-S)(m-S)3(Hnta)3]2� (Hnta = nitrilo-
triacetic acid),[5] [W3(m3-S)(m-X)(m-S)2(NCS)9]5� (X = O, S),[6] and
W3(m3-S)(m-S)3(m-OAc)(dtp)3(CH3CN) (dtp = diethyldithiophos-
phate).[6a] The reaction products have a variety of structures
that have been classified according to the three structural
types in Figure 1,[7] although type I compounds are the most
common and always appear to be the initial product of the re-
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action.[8] A recent kinetic and computational mechanistic study
on the reaction of the [Mo3(m3-S)(m-S)3(H2O)9]4+ cluster with the
alkynes 2-butyne-1,4-diol (btd) and acetylenedicarboxylic acid
(adc) in acidic aqueous solutions[7] confirmed previous mecha-
nistic proposals by Shibahara and Ide,[6a] in the sense that the
initial reaction led to the cycloaddition product labeled as
type I through a concerted mechanism in which two C�S
s bonds formed through a single five-membered-ring transi-
tion state. To obtain additional mechanistic information on this
process, we decided to explore the reaction of the same al-
kynes by using an aprotic solvent and selected the
[Mo3S4(acac)3(py)3][PF6] ([1]PF6 ; acac = aceylacetonate, py = pyri-
dine) cluster, which was previously shown to be soluble in ace-
tonitrile.[9] The use of this system presents two major advan-
tages from a mechanistic point of view: 1) it avoids some of
the complications found in previous work associated with the
existence of acid–base equilibria that involve both the cluster
and adc, as well as the possibility of the formation of chloro
complexes by substitution of coordinated water in
[Mo3S4(H2O)9]4 + ; and 2) unlike the [Mo3S4(H2O)9]4 + cation, com-
pound [1]PF6 is readily amenable to the ESI-MS technique to
yield cation [1]+ as the base signal in the ESI mass spec-
trum;[10] thus ESI-MS monitoring can yield crucial information
that may be used as experimental input for computational de-
scriptions of the reaction.

From a computational point of view, the reactivity of [1]PF6

cluster with alkynes in acetonitrile, and specifically the initial
[3 + 2] cycloaddition step, is of great interest due to the re-
duced number of cases in which one of the atoms of the gen-
erated five-membered ring is a metal center.[11] Herein, the pro-
cess has been thoroughly analyzed by combining DFT meth-
ods with the activation strain model (ASM)[12] and frontier mo-
lecular orbital (FMO) approaches. The results obtained provide
an explanation for the different rates of reaction observed for
different alkynes.

Results and Discussion

Kinetic studies on the reaction of [1]+ with alkynes

The reaction of [1]+ with btd occurs with spectral changes
that are slow enough to be monitored with a standard UV/Vis
spectrophotometer. The changes show the disappearance of
the band at l= 550 nm for the starting cluster and the appear-
ance of a new band at l= 880 nm, which disappears in the

second step (see Figure 2). The data can be satisfactorily fitted
to a model with two kinetic steps to provide values for k1obs

and k2obs and the corresponding calculated spectra for different
species. The near-IR band is typical for products of the reaction
of this kind of cluster and alkynes with the formation of two
C�S bonds;[4a, 8a] thus, kinetic experiments provide information
about the process of alkyne activation. Reproducible kinetic
data were obtained for both steps, in contrast with previous
observations for the reaction of btd with [Mo3(m3-S)(m-
S)3(H2O)9]4 + , for which precipitation hindered kinetic analysis of
the second step.[7] Nevertheless, in this case, there are also
slower absorbance changes that span over thousands of mi-
nutes that could not be analyzed because of irreproducibility.
With regard to the rate constants, the k1obs values show
a linear dependence on the alkyne concentration (Figure 3),
and fitting to Equation (1) leads to the second-order constant
k1 = (8.1�0.1) � 10�3

m
�1 s�1. In contrast, the disappearance of

the band at l= 880 nm is independent of the concentration of
alkyne, with k2 = (1.9�0.4) � 10�4 s�1.

k1obs ¼ k1½alkyne� ð1Þ

Figure 1. Different structural types reported in the literature for alkyne addi-
tion to M3Q4 clusters.

Figure 2. Typical spectral changes for the reaction of cluster [1]+ with btd in
acetonitrile (T = 25.0 8C, [1]+ = 1.5 � 10�4

m, [btd] = 0.12 m ; time base = 400
min). Inset : kinetic trace at l = 880 nm.

Figure 3. Plot of the dependence of [alkyne] on the rate constants for the
reaction of [1]+ with btd (triangles) and adc (circles) in acetonitrile. The solid
line corresponds to the fit of data with Equation (1). The data for the reac-
tion with btd have been multiplied by 100.
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The reaction of [1]+ with an excess of adc shows faster spec-
tral changes that make the use of stopped-flow necessary to
monitor the appearance of a band at l= 870 nm, although the
disappearance of this band is much slower and must be moni-
tored with a conventional spectrophotometer. Detailed analysis
of the stopped-flow data indicates that a kinetic model with
two consecutive steps is required for a satisfactory fit ; thus re-
vealing the sequential formation of two compounds with
a band in the near-IR. The spectra calculated for different spe-
cies (Figure 4) indicate that the first step converts the starting

compound into an intermediate with a band at l= 870 nm,
which is converted into a different product in the second step;
the latter process is signaled by a shift in the band to l=

855 nm. Although such a shift was not observed for the reac-
tion of adc with [Mo3(m3-S)(m-S)3(H2O)9]4 + ,[7] it has been previ-
ously reported for related systems.[6b] On the other hand, a sat-
isfactory fit of the spectral changes recorded for the disappear-
ance of the near-IR band also require a model with two steps
(rate constants k3obs and k4obs), and the calculated spectra (see
the Supporting Information) indicate the formation of an inter-
mediate with a band located at l�595 nm. The values of k1obs

show a linear dependence on the alkyne concentration, and
fitting with Equation (1) leads to k1 = 7.8�0.2 m

�1 s�1 (Figure 3).
On the other hand, the values of k2obs and k3obs can be fitted to
Equation (2) with a2 = (4.7�0.6) � 10�3 s�1 and b2 = (0.19�
0.02) m

�1 s�1 for the second step, and a3 = (2.4�0.2) � 10�4 s�1

and b3 = (3.4�0.2) � 10�3
m
�1 s�1 for the third step (see plots in

the Supporting Information). Finally, the values for the fourth
kinetic step are independent of the concentration of alkyne
with k4 = (1.7�0.3) � 10�4 s�1.

k2obs ¼ aþ b½1þ� ð2Þ

Notably, the amplitudes of the spectral changes obtained for
the reaction with both alkynes are independent of the concen-
tration of added alkyne, which indicates that the reactions
occur under conditions of irreversibility. The values of k1 for
the first step differ by three orders of magnitude for both al-
kynes; the reaction with adc is much faster. This difference be-

tween alkynes is more pronounced than that previously found
for an aqueous solution of [Mo3S4(H2O)9]4+ , for which the ratio
of rate constants was in the range of 20–60, depending on the
pH and supporting electrolyte (Hpts (p-toluenesulfonic acid) or
HCl). The initial step always leads to the formation of a species
with a band in the near-IR region, which is typical of clusters
containing two C�S bonds (type I in Figure 1), compatible with
the previously proposed mechanism in which the reaction
occurs in a single step with a transition state in which both C�
S bonds are formed as the C�C triple bond is weakened.[7]

However, the current results for the reaction of [1]+ with adc
reveal a more complex situation because now there is the for-
mation of two compounds with a near-IR band, and the first-
order dependence with respect to adc for the two first steps
suggests that both compounds correspond to the sequential
addition of two alkyne molecules. Nevertheless, the third step
also shows first-order dependence on the alkyne concentration
and it does not lead to the formation of any band between
l= 800 and 900 nm. Therefore, kinetic data indicate that the
entire process requires the participation of three alkyne mole-
cules. However, because the effect is only observed for acidic
adc and not for btd, and the formation of adducts with three
alkynes has not been reported for this kind of cluster, a tenta-
tive explanation is that one of the steps in the reaction with
adc actually corresponds to a process in which the alkyne par-
ticipates as an acid by providing a proton that leads to the for-
mation of type II or III species. The occurrence of this kind of
attack has been previously reported by Shibahara et al. ,[5, 8] al-
though for reactions in aqueous solution, in which the proton
is provided by the solvent. In the present case, the solvent is
aprotic and, although the available pKa data for different acids
in acetonitrile indicate that adc should behave as a weak
acid,[13] the only source of the protons required for the forma-
tion of type II or III adducts is the alkyne. In agreement with
this interpretation, the kinetics of the reaction with btd are
simpler because the protons necessary for the formation of
type II or III adducts cannot be provided and so the initial for-
mation of a type I adduct continues with a process similar to
that observed in the fourth step of the reaction with adc. Be-
cause the formation of a type III adduct requires two m2-S
bridges, and the product formed in the first step only has one,
the adc molecule acting as acid should be the one participat-
ing in the second kinetic step, which should lead to an inter-
mediate with a type II structure that would convert into a type
III structure in the third step. However, against this interpreta-
tion is the fact that in that case the spectrum of the intermedi-
ate formed in the second step should lack the band experi-
mentally observed in the near-infrared region. It is shown
below that ESI-MS and additional kinetic experiments favor an
alternative explanation that involves substitution of the ancil-
lary py ligand.

NMR spectroscopy and ESI-MS studies on the reaction of
[1]+ with alkynes

To obtain additional information on the products formed, ESI-
MS and NMR spectra were used to monitor the reactions. Both

Figure 4. Electronic spectra calculated for starting cluster [1]+ (c) and the
adducts formed in the first (g) and second (a) kinetic steps observed
in the reaction with adc in acetonitrile.
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techniques have previously been shown to provide very useful
information on other reactions of these clusters.[14] The ESI
mass spectrum of green solutions of [1]+ in CH3CN shows
a prominent signal centered at m/z 950 that can be attributed
to the [1]+ cation on the basis of the m/z value and its charac-
teristic isotope pattern (see Figure S6 in the Supporting Infor-
mation). A weaker signal appears at m/z 873 and it can be as-
signed to the product of the dissociation of one py ligand
[1�py]+ . Upon reaction of [1]+ with btd, a weak signal at m/z
1036, which can be assigned to the [1 + C4O2H6]+ adduct, is
observed in the ESI mass spectrum; this formally results from
the addition of a single alkyne molecule. The weakness of the
signal can be rationalized by invoking the kinetic results be-
cause the existence of biphasic kinetics with close values of
rate constants for both steps hinders the accumulation of the
intermediate formed in the first step. Unfortunately, attempts
to increase the intensity of this signal by adding larger
amounts of alkyne lead to overall reduced ion abundances for
all Mo3S4-based species due to strong ion suppression effects.
The absence of other signals assignable to the cluster suggests
that the second kinetic step corresponds to decomposition of
the addition product containing one alkyne.

The kinetic results indicate that the treatment of [1]+ with
adc leads to the rapid formation of the addition product con-
taining one alkyne molecule, and this reaction is manifested in
the ESI mass spectrum by the appearance of signals assigned
to the [1 + C4O4H2]+ cation (m/z 1066) and its corresponding
homologue formed by the release of py, namely, [1�py +

C4O4H2]+ (m/z 987; see Figure 5). Simulations of the isotopic

distribution of these signals perfectly match with those ob-
served experimentally. In addition, there are signals centered
at m/z 1026 and 1099 that can be assigned to addition prod-
ucts, [1�py + 2 C4O4H2]+ and [1�2 py + 2 C4O4H2]+ , containing
two alkyne molecules and two or one py ligands, respectively.
It is noteworthy that, whereas the intensity of the signal for
[1�py]+ is weaker than that corresponding to the starting
compound [1]+ (I[1]+ to I[1�py]+ ratio = 14.3, in which I stands for
the ion intensity of each species), the signal for [1�py +

C4O4H2]+ is stronger than that of [1 + C4O4H2]+ (I[1+ C4O4H2]+ to
I[1�py + C4O4H2]+ ratio = 0.4). This is even more pronounced for the
adduct with two alkyne molecules in which the [1�2 py +

2 C4O4H2]+ (m/z 1026) species is dominant and the putative
[1 + 2 C4O4H2]+ compound is not observed by ESI-MS. This sug-
gests that the py ligands are more prone to dissociation in the
gas phase (under identical ESI-MS conditions) as the number

of alkyne molecules increases. This experimental evidence is at-
tributed to the more congested chemical environment impart-
ed by the newly formed dithiolene functional group. Remark-
ably, this gas-phase observation parallels the solution behavior
for these systems, as evidenced by the appearance of new sig-
nals corresponding to py substitution by MeCN after allowing
the reaction mixtures to stand for 30 min.

1H NMR spectroscopy experiments were carried out on the
reaction of [1]+ with btd. No information could be derived for
the reaction with adc because a carbon spectrum of suitable
quality could not be recorded at the cluster concentrations
achievable, and the only alkyne signal in the proton spectrum
was that for the acidic groups, which always appeared as
broad signals. However, the proton signals of the methylene
groups of btd provide valuable information and confirm the
formation of the addition product. Thus, the 1H NMR spectrum
of a mixture of [1]+ and btd ([1]+ = 9 � 10�3

m, [btd] = 9 �
10�3

m, solvent = CD3CN, 25.0 8C) aged for 90 min shows, in ad-
dition to the py and acac protons in the cluster,[9] two pairs of
doublet signals at d= 3.88 and 4.24 ppm (2J(H,H) = 13.5 Hz),
and d= 3.99 and 4.35 ppm (2J(H,H) = 13.2 Hz; see Figure 6).

This pattern corresponds to inequivalent diastereotopic meth-
ylene groups and the coupling constants match well with
geminal coupling. These split signals contrast with the singlet
observed at d= 4.17 ppm for the methylene groups in the free
alkyne. Because of the coexistence of several species in solu-
tion, the NMR spectra were very complex, but a DOSY spec-
trum confirmed that those protons corresponded to an adduct
with the cluster (see the Supporting Information). The calibrat-
ed diffusion coefficients (D) obtained were 25 � 10�10 m2 s�1 for

Figure 5. ESI-MS spectrum of [1]+ at Uc = 5 V in acetonitrile in the presence
of adc.

Figure 6. g-COSY NMR spectrum of [1]+ with btd after 90 min in CD3CN.
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the free alkyne, 11 � 10�10 m2 s�1 for [1]+ , and 8.3 � 10�10 m2 s�1

for the addition product.

Kinetic studies in the presence of additional py

Motivated primarily by ESI-MS experiments revealing that py
dissociation may take place both in [1]+ and, to a larger
extent, in the alkyne addition products, some kinetic measure-
ments on alkyne addition were carried out in the presence of
excess py. Unfortunately, the reaction of [1]+ with adc could
not be studied under these conditions because precipitation
of a white solid, presumably a pyridinium salt, made all at-
tempts to measure the kinetics unsuccessful. However, satisfac-
tory kinetic results could be obtained for the reaction with btd.
In these experiments, the alkyne concentration was kept con-
stant (0.05 m) and the py concentration changed in the range
0.01–0.10 m. Under those conditions, the reaction shows char-
acteristic spectral changes for the addition reaction. Thus, the
spectrum of [1]+ in acetonitrile is initially unaffected by the ad-
dition of excess py (up to 0.10 m), but there are spectral
changes with time that lead to the disappearance of the band
at l= 550 nm and the appearance of the type I adduct band
at l= 880 nm. As occurs in the absence of py, kinetic traces at
l= 880 nm clearly indicated biphasic kinetics (Figure 7) and so

the spectral changes were fitted with two exponentials. The
observed rate constant for the first step was independent of
the py concentration with a value of k1obs = (4.3�1.1) � 10�4 s�1,
which led to a second-order constant of k1 = (8.6�0.5) �
10�3

m
�1 s�1 when the alkyne concentration used (0.05 m) was

considered. This value is in good agreement with that ob-
tained in the absence of excess py, k1 = (8.1�0.1) � 10�3

m
�1 s�1;

thus showing that the addition of py does not cause any
changes in the kinetics of formation of the addition product. In
contrast, the disappearance of the band occurs with slower ki-
netics in the presence of additional py and the values of k2obs

show an inverse dependence on the py concentration
(Figure 8). The fit of the experimental data to Equation (3)
leads to a = (4.9�0.2) � 10�7

m
�1 s�1. This finding is in agree-

ment with a process involving the initial dissociation of py
[Eq. (4)] followed by rate-determining decomposition of the in-
termediate formed in the previous step [Eq. (5)] . The rate law
for this mechanism is shown in Equation (6), which can be sim-
plified to give Equation (3) with a = K2ak2b if [py] @ K2a. This kind
of process would also provide an explanation for the first-
order dependence on the alkyne observed for the second step
in the reaction with adc, in which Equation (5) could consist of
attack by a second molecule of alkyne to the intermediate
formed in Equation (4); thus causing substitution of py by an
h2-alkyne and formation of a type I adduct that is different
from the one initially formed, with the consequent shift of the
near-IR band (Figure 4).

k2obs ¼
a
½py� ð3Þ

½Mo3S4ðacacÞ3ðpyÞ3 � btd�þ Ð ½Mo3S4ðacacÞ3ðpyÞ2 � btd�þ þ py; K 2a

ð4Þ

½Mo3S4ðacacÞ3ðpyÞ2 � btd�þ ! ½Mo3S4ðacacÞ3ðLÞðpyÞ2 � btd�þ; k2b

ð5Þ

k2obs ¼
K2ak2b

K2a þ ½py� ð6Þ

DFT studies on the formation of type I products

The experimental results shown above indicate that the reac-
tion between [1]+ and the alkynes adc and btd lead to the for-
mation of type I cycloaddition products in the first common ki-
netic step. In contrast, the subsequent reactivity of the species
thus formed remains less clear and involves dissociation of the
ancillary py ligand and the eventual degradation of the cluster
cores. Given the importance of cycloaddition reactions in
chemistry,[15] in this section we present the results of a thor-
ough computational study on the [3 + 2] cycloaddition reaction
that leads to the formation of type I products, followed by
a detailed analysis of the factors that control the differences in
reactivity between both alkynes. This has been carried out by
using the ASM[12] and FMO approaches, which have already

Figure 7. Kinetic trace at l = 880 nm for the reaction of [1]+ with btd in ace-
tonitrile with excess py. (T = 25.0 8C, [1+] = 1.5 � 10�4

m, [btd] = 0.05 m,
[py] = 0.05 m.)

Figure 8. Plot of the dependence of [py] on the rate constants for the reac-
tion of [1]+ with btd in acetonitrile. The solid lines correspond to the fit of
data by using Equation (3).
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been employed successfully for the study of cycloaddition re-
actions between organic substrates.[16]

The cycloaddition reaction between [1]+ and the alkynes
adc and btd was initially studied by using the methodology
previously employed for a similar reaction between
[Mo3S4(H2O)9]4 + and btd.[7] In agreement with the kinetic re-
sults, the calculations indicate that the formation of type I
products from [1]+ occurs in a single step via concerted transi-
tion states similar to that found for the reaction between the
aqua cluster and btd, and in which the formation of two C�S
bonds take place simultaneously. Nevertheless, an important
difference arose from changes to the Mo3S4 cluster core li-
gands, whereas the aqua cluster formed stable hydrogen-
bonded adducts with btd prior to cycloaddition, no outer-
sphere adducts were found with
[1]+ . Thus, Figure 9 includes the
structures of the concerted tran-
sition states and corresponding
type I cycloaddition products
with both alkynes; their energies
relative to the separated reac-
tants are included in Table 1. Im-
portantly, intermediate struc-
tures with one C�S bond, which

would be indicative of an alternative stepwise mechanism,
were only located in the triplet potential energy surface (PES)
and showed relative energies much higher (>40 kcal mol�1)
than those on the singlet PES. A comparison of the selected
bond lengths and angles of TS1_adc and TS1_btd in Figure 9
reveals only small differences associated with the nature of the
alkyne. In both cases the structures are close to the Cs symme-
try point group (d(S1�C1)ffid(S2�C2) and d(Mo1�S1)ffid(Mo1�
S2)) and show the C�C bond of the alkyne approaching the
cluster through the plane formed by the S1�Mo1�S2 moiety.
The preferential interaction between these moieties is also
characterized by shortening of Mo1�S1 and Mo1�S2 distances
in the transition states (2.31 � in both cases, cf. 2.33 � in
[Mo3S4(acac)3(py)3]+) and lengthening of the Mo2�S2 and

Figure 9. Computed structures for the transition states and type I products of the reaction between [1]+ and the alkynes adc and btd. See the Supporting In-
formation for a color version of this figure.

Table 1. Activation (DG#) and reaction (DGr) free energies, activation (DE#) and reaction (DEr) electronic ener-
gies, strain energies (DE#

strain alkyne, DE#
strain cluster, DE#

strain total =DE#
strain alkyne +DE#

strain cluster), and interaction energies
(DE#

int) for the formation of type I reaction products between [1]+ and the alkynes adc and btd. All values are
given in kcal mol�1.

Reaction DG# DGr DE# DEr DE#
strain alkyne DE#

strain cluster DE#
strain total DE#

int

[1]+ + adc 13.3 �0.7 17.2 3.6 20.9 2.8 23.8 �6.6
[1]+ + btd 21.9 6.0 25.0 9.6 23.0 3.1 26.1 �1.1
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Mo3�S1 distances by about 0.05 �. Similar trends are observed
when comparing metal–metal interactions; the Mo1�Mo2 and
Mo1�Mo3 distances are about 0.06 � longer than that of
Mo2�Mo3. It is noteworthy that, although this cluster features
three symmetry-equivalent Mo(m-S)2 moieties capable of un-
dergoing a [3 + 2] cycloaddition, none remain in the type I
products, and therefore, no subsequent [3 + 2] cycloaddition
reactions are possible.

From an energetic point of view, a comparison of the activa-
tion free energies for the reaction with adc and btd, 13.3 and
21.9 kcal mol�1, respectively (see Table 1), qualitatively agrees
with the much faster reaction observed for the former in the
kinetic experiments. In addition, the results also indicate that
the reaction with adc is thermodynamically more favored than
that with btd. The former is exergonic by 0.7 kcal mol�1, where-
as surprisingly the latter is computed to be endergonic by
6.0 kcal mol�1. Despite the fact that these DGr values do not
necessarily disagree with the observation of the cycloaddition
products, which could be explained by taking into account
that both the excess of alkyne used in the experiments and
the existence of subsequent exergonic transformations will
drive the processes towards product formation, it clearly poses
some doubts on the accuracy of the employed computational
method. Recent studies aiming to compute accurate thermo-
dynamic data for cycloaddition reactions between organic sub-
strates have shown that, although the B3LYP functional usually
gives good results, in some cases, it can generate large er-
rors.[16d] These reasons prompted us to carry out a number of
functional test calculations, the results of which are included in
the Supporting Information. In brief, these tests showed that,
although the absolute activation and reaction free energies
were largely dependent on the selected functional, the relative
differences for the reaction with the two alkynes were virtually
constant, with DG#(btd)�DG#(adc)�8 kcal mol�1 and
DGr(btd)�DGr(adc)�6 kcal mol�1.

Activation strain analysis and FMO results

Despite agreement between experimental and computational
results for the formation of prod1_adc and prod1_btd, these
also show that the factors that control such differences cannot
be clearly ascribed to geometrical differences in the corre-
sponding transition-state structures. Thus, to gain more insight
into the origins of such differences, they have been further an-
alyzed by using the ASM.[12] In brief, here the total electronic
energy (DE(x)) along a selected reaction coordinate, x, that
connects reactants and products is dissected into strain energy
(DEstrain(x)), which represent the energy required to deform the
reactants from their ground-state structures into those at each
point along the reaction coordinate, and the interaction
energy (DEint(x)) between those deformed fragments.

The activation strain diagrams obtained for the reaction be-
tween [Mo3S4(acac)3(py)3]+ and the alkynes adc and btd by
using the two carbon–sulfur distances as the reaction coordi-
nate (x = d(S1�C1) = d(S2�C2)) are included in Figure 10,
whereas the values of the strain (DEstrain) and interaction (DEint)
energies computed at the transition states are included in

Table 1. This reaction coordinate undergoes a well-defined
change in the course of the reaction, and it was computed
from 4.0 (close to noninteracting reactants) to 1.9 � (near the
cycloaddition products). In all cases, in the early stages of the
reaction (between 4.0 and ca. 2.8 �), the total energy (DE(x))
increases monotonically as the reactants approach each other,
indicating the absence of cluster···alkyne adducts. This gradual
destabilization results from the addition of two unfavorable
terms: the energy required to deform the reactants and the
unfavorable interaction between those deformed species. As
expected from the already-bent geometry of the Mo(m-S)2 frag-
ment of [Mo3S4(acac)3(py)3]+ (S-Mo-S angle of 97.18), the
energy required to deform the cluster fragment, DEstrain(cluster),
throughout the whole process is much smaller than that for
the alkyne, DEstrain(alkyne), and a comparison of the plots for
DEstrain(cluster) in its reaction with both alkynes indicates that
this term is practically independent. This is evidenced by the
similarity of the DE#

strain(cluster) values at the transition-state ge-
ometries (ca. 3 kcal mol�1, see Table 1). The majority of the

Figure 10. Activation strain diagrams for the reaction between [1]+ and the
alkynes adc (top) and btd (bottom). Total electronic energy (DE), alkyne
(DEstrain(alkyne)) and cluster (DEstrain(1+)) strain energies, and interaction
energy (DEint) along the reaction coordinate projected onto the two forming
C�S bonds. Energies are computed at the B3LYP/BS2/PCM//B3LYP/BS1/PCM
level and given in kcal mol�1, whereas distances are in �.
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strain energy arises from deformation of the alkynes, which
have to undergo significant R�C�C angle changes (R = COOH
or CH2OH) to reach product-like structures. The DE#

strain(alkyne)
values at the transition states are 20.9 and 23.0 kcal mol�1 for
adc and btd, respectively. Despite this difference being in
agreement with the lower reaction barrier for adc, to fully un-
derstand the pronounced changes in the computed barriers, it
is also necessary to pay attention to the evolution of the inter-
action energies, DEint, along the reaction coordinate, x. In both
cases, this term is negligible at the beginning of the reaction
and progressively increases as the reactants get closer due to
steric (Pauli) repulsion. At distances between 2.5 and 2.8 �
DEint reaches its maximum, and at this point significant differ-
ences are already observed between the plots for adc and btd;
DEint-max(btd) is about 5 kcal mol�1 larger than DEint-max(adc).
Such a difference remains approximately constant at shorter
distances; the DEint values for both reactions decrease in an
almost linear manner until the cycloaddition products are
reached. Interestingly, for the reaction with adc, the interaction
energy, DEint, becomes negative at a distance about 0.1 �
shorter than that for btd (values of 2.5 and 2.4 �, respectively),
and this seems to be the main factor that contributes to the
difference in the average C�S bond lengths found between
TS1_adc and TS1_btd. Similar behavior was previously report-
ed for ethylene addition to osmium tetroxide.[11b] The comput-
ed DE#

int values at the transition-state geometries are �6.6 and
�1.1 kcal mol�1, respectively (Table 1); thus indicating that the
cluster–alkyne interaction in TS1_adc is 5.5 kcal mol�1 more sta-
bilizing than that for TS1_btd.

Overall, analysis of the transition-state structures shows that,
despite the geometrical similarities between TS1_btd and TS1_
adc, both strain and (mostly) interaction factors contribute to
the lower activation barrier computed for the reaction with
adc, that is, the energetic cost to deform the cycloaddition
partners is 2.3 kcal mol�1 smaller with adc, and at the same
time they interact 5.5 kcal mol�1 more strongly. Interestingly,
these results differ, for instance, from those of Fern�ndez et al.
on the [3 + 2] cycloaddition reactions between Group 14 het-
eroallenes and acetylene.[11a] They found that the energy to
deform the reactants to the transition-state geometry repre-
sented the major factor in controlling the barrier heights; a dif-
ference probably associated with the already-bent geometry of
the fragment of [1]+ that interacted with the alkyne in the
present case.

To better understand the differences in DEint, the energies of
relevant FMOs of the ground-state species of [1]+ , adc, and
btd, as well as the transition states TS_adc and TS_btd, were
computed at the B3LYP/BS2/PCM//B3LYP/BS1/PCM level. In
Figure 11, the left and right columns of each diagram show
the energies of the HOMO and LUMO of [1]+ and the alkyne in
their ground-state geometries, whereas the central column
shows those deformed into the transition-state geometry. Plots
of these orbitals are included in Figure S7 in the Supporting In-
formation. As a general feature of cycloaddition reactions, the
deformation of the two partners into their transition-state ge-
ometries leads to an increase in the energy of their respective
HOMOs and a decrease in that of their LUMOs. Thus, the

HOMO–LUMO gaps of the two interacting species in the transi-
tion states shrink relative to those in the ground-state geome-
tries, and this facilitates the interaction between their molecu-
lar orbitals. In agreement with the negligible differences in the
strain energy values discussed above for cluster [1]+

(DE#
strain cluster ; Table 1), the results in the central column of both

diagrams in Figure 11 indicate that the HOMO and LUMO ener-
gies of [1]+ at the structures of the transition states TS_adc
and TS_btd are very similar. Conversely, significant differences
are observed between the two alkynes studied; the HOMOs
and LUMOs of adc are about 1 and 2 eV more stable, respec-
tively, than those of btd in both their ground and correspond-
ing transition-state geometries.

Analysis of these orbitals (Figure S7 in the Supporting Infor-
mation) shows that the extra stabilization is due to the larger
extent of delocalization over the substituents in adc; an effect
associated with the greater electron-withdrawing character of
the �COOH group versus that of �CH2OH. As a result, the
smallest HOMO–LUMO gap between [1]+ and alkyne is 2.5 eV
for TS_adc (on going from the HOMO of [1]+ to the LUMO of
adc) and 4.1 eV for TS_btd (on going from the HOMO of btd
to the LUMO of [1]+). It is worth noting that the effect is simi-
lar to that observed in Diels–Alder reactions, in which the pres-
ence of electron-withdrawing groups in the dienophile lowers
the energy of its LUMO and is conducive to normal electron
demand reactions, whereas electron-donating groups have the
opposite effect and favor inverse electron demand conditions.
Qualitatively, these results agree with the trend observed for
the interaction energies, DE#

int, in TS_adc and TS_btd, which
can then be explained in terms of more favorable FMO interac-
tions in the former due to extra orbital stabilization generated
by the �COOH substituents of adc. Importantly, a similar ex-
planation could be used to rationalize analogous behavior ob-
served for the reaction of these alkynes with the cluster
[Mo3(m3-S)(m-S)3(H2O)9]4 + in water.[7] Nevertheless, it is important
to highlight that in such cases the cycloaddition reactions are

Figure 11. HOMO and LUMO energies at the B3LYP/BS2/PCM//B3LYP/BS1/
PCM level of [1]+ and alkyne (adc (a) and btd (b)) fragments in their
ground-state geometries, and the corresponding transition states for the for-
mation of type I cycloaddition products. The arrows represent the smallest
HOMO–LUMO gap for each transition-state geometry, and energies are
given in eV.
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preceded by the formation of hydrogen-bonded adducts be-
tween the substituents of the alkynes and water molecules co-
ordinated to the cluster, and their different stabilities will also
be a factor to consider when comparing their reactivity in
water.

Conclusion

We reported further experimental and computational evidence
for alkyne activation in the presence of M3S4 clusters. Alkynes,
such as adc and btd, initially react with [1]+ to form cycloaddi-
tion products with a type I structure through a concerted
mechanism in which the alkyne approaches the cluster at the
proximities of two m-S units in such a way that the carbon�
carbon bond is weakened at the same time as both C�S
bonds are formed. However, the products initially formed
evolve in subsequent steps to form different compounds, re-
sulting from substitution of ancillary ligands (py in the present
case) or reorganization to give compounds with type II or III
structures. The initial step leading to the formation of two C�S
bonds can be considered as a [3 + 2] cycloaddition between
the alkyne and a Mo(m-S)2 moiety of the cluster, and it occurs
with a rate that is strongly dependent on the nature of the
alkyne, despite the fact that the structures calculated for the
transition states are similar. Application of the ASM[12] to this
step reveals that the differences in the interaction energy be-
tween the two reacting species at the transition-state geome-
tries represent the major contribution to the change in the ac-
tivation barrier for the reactions with adc and btd, and further
FMO calculations allow the rationalization of such differences
based on the effect of the alkyne substituents. The reaction is
faster for adc because the FMOs of the two cycloaddition part-
ners at the transition-state geometries are closer in energy,
and this allows for a stronger interaction.

Experimental Section

General

The [1]PF6 cluster was prepared by following a literature proce-
dure.[9] The UV/Vis spectrum of these solutions had bands at l=
348 and 550 nm with molar absorptivities of e= 4230 and
572 m

�1 cm�1, respectively.

Kinetic experiments

The kinetic experiments were carried out with an Applied Photo-
physics SX-17MV stopped-flow spectrometer provided with a PDA1
photodiode array detector, and with a Cary 50 Bio UV/Vis spectro-
photometer. All experiments were carried out at (25.0�0.1) 8C by
mixing a solution of [1]PF6 with another solution containing an
excess of the alkyne (btd or adc) under a nitrogen atmosphere.
The alkyne concentration range was 0.01–0.05 m in the stopped-
flow experiments and 0.02–0.15 m in the conventional spectropho-
tometer experiments; this was enough to ensure pseudo-first-
order conditions in all experiments. The solutions of the complexes
were prepared at concentrations of about 1.5–3 � 10�4

m in acetoni-
trile and preliminary experiments at two different complex concen-
trations were carried out to confirm the first-order dependence of

the observed rate constants on the complex concentration. In all
cases, the spectral changes were measured over a wide wave-
length range and analyzed with the program Specfit.[17] Satisfactory
fits required the use of kinetic models with more than one consec-
utive kinetic steps, as indicated for each reaction in the Results
and Discussion section.

Physical measurements

ESI mass spectra were recorded with a Q-TOF I (quadrupole-hexa-
pole-time-of-flight) mass spectrometer with an orthogonal Z-spray
electrospray interface (Micromass, Manchester, UK) operating at
a resolution of approximately 5000 (full-width at half-maximum
(FWHM)). The instrument was calibrated by using a solution of NaI
in isopropanol/water from m/z 100 to 1900. Sample solutions (1 �
10�5

m) in acetonitrile were introduced through a fused-silica capil-
lary to the ESI source by means of a syringe pump at a flow rate of
10 mL min�1. The cone voltage was set at 5 V, unless otherwise
stated, to control the extent of fragmentation. Nitrogen was em-
ployed as the drying and nebulizing gas. Isotope experimental pat-
terns were compared with theoretical patterns obtained by using
the MassLynx 4.0 program. NMR spectra of a mixture of [1]+ and
btd aged for 90 min were recorded on Agilent 500 MHz or
600 MHz instruments at 25.0 8C. All samples were prepared by
using CD3CN as the solvent and were referenced to the residual
solvent signal (referenced to tetramethylsilane (TMS)). A stoichio-
metric amount of alkyne was added to the cluster solution ([1+] =
9 � 10�3

m). To characterize the addition product (type I), a combina-
tion of standard high-resolution NMR spectroscopy experiments,
such as 1D 1H NMR, 2D g-COSY, and high-resolution 2D-DOSY were
recorded.

DFT calculations

The DFT calculations were performed by using Gaussian 09.[18] Ge-
ometry optimizations were carried out at the B3LYP/BS1 level of
theory[19] without any symmetry constraints (C1 point group), and
included the effects of the solvent (CH3CN, e= 35.688) self-consis-
tently through the polarizable continuum model (PCM) method.[20]

The basis set system BS1 employed the SDD relativistic ECP and as-
sociated basis set for Mo and S atoms,[21] with added polarization
functions for the latter (z= 0.503),[22] and the 6-31G** basis set for
C, O, and H atoms.[23] The computed geometry of
[Mo3S4(acac)3(py)3]+ was in good agreement with its X-ray structure
at this level of theory (see Table S1 in the Supporting Information).
All stationary points were characterized by analytical frequency cal-
culations as either minima (all positive eigenvalues) or transition
states (one negative eigenvalue), and intrinsic reaction coordinate
(IRC) calculations and subsequent geometry optimizations were
used to confirm the minima linked by each transition state.

To obtain improved energetic values, all energies were recomputed
by single-point calculations with a larger basis set system, BS2,
which also included solvent effects (PCM).[20] BS2 differed from BS1
in the employment of 6-311 + G(2d,2p) for C, O, and H atoms.
Thus, unless stated otherwise, energies shown herein refer to
Gibbs free energies in solution, and were obtained by adding zero-
point and thermal effects at 298.15 K, as well as D3(BJ) dispersion
effects,[24] to the electronic energies computed by single-point cal-
culations on the previously optimized structures with the basis set
system BS2 and also by including solvent effects (PCM).[20]

The ASM[12] was employed to obtain more insight into the different
contributions to the PES associated with the formation of different
type I reaction products. This model constituted a systematic ex-
tension of the fragment approach from equilibrium structures to
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transition states and nonstationary points along a reaction coordi-
nate. At each computed point along a selected reaction coordi-
nate, x, the energy of each fragment was compared with that of its
original structure (reactant), and this allowed its dissection into
two main components [Eq. (7)]: the strain energy (DEstrain), which in-
volved the geometric and electronic changes to deform reactants
into their current structures, and the interaction energy (DEint) be-
tween those deformed fragments. Importantly, it was the interplay
between these two terms that determined the energy of each
point along the reaction coordinate, x.

DEðxÞ ¼ DEstrainðxÞ þ DE intðxÞ ð7Þ
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