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Reactions of [S2M(ì-S)2FeCl2]22 (M = Mo or W) with arenethiolate
ions: influence of neighbouring metal sites on the rates and
mechanisms of substitution at iron
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The kinetics of substitution of the chloro-groups in [S2Mo(µ-S)2FeCl2]
22 by 4-RC6H4S

2 (R = Cl, H, Me or MeO)
to form [S2Mo(µ-S)2Fe(SC6H4R-4)2)

22 has been studied in MeCN using stopped-flow spectrophotometry. The
mechanism involves initial binding of thiolate to Mo to generate [S2(4-RC6H4S)Mo(µ-S)2FeCl2]

32, which has been
detected by spectrophotometry and 1H NMR spectroscopy. Subsequently, this species undergoes substitution of
the chloro-groups on the neighbouring Fe by associative and dissociative pathways. The Mo]SC6H4R-4 residue
affects these mechanisms in two ways: electron-withdrawing substituents facilitate the associative pathway
(Hammett ρ = 10.63) whilst electron-releasing substituents facilitate the dissociative pathway (ρ = 21.4).
Studies on the analogous clusters [S2W(µ-S)2FeCl2]

22 and [O2Mo(µ-S)2FeCl2]
22 indicated similar mechanisms.

Defining the mechanisms of substitution of iron–sulfur-based
clusters contributes to our understanding of how the various
components of a cluster affect their reactivity as a whole.1 Pre-
viously we have shown that in cubane clusters containing the
{MFe3S4} (M = Mo or W) core the reactivity of the iron sites is
affected by the heterometal.2 The Fe atoms in these clusters
behave as though they are more electron deficient than those
in the analogous {Fe4S4}

21 clusters. This is indicated by a
change from a dissociative to an associative substitution
mechanism.

The work reported in this paper concentrates on how the
reactivity of iron sites is affected by changing the ligands bound
to a neighbouring heterometal, M = Mo or W. This effect has
been probed through studies on the substitution reactions of
the binuclear species [S2M(µ-S)2FeCl2]

22 (M = Mo or W) and
[O2Mo(µ-S)2FeCl2]

22 with 4-RC6H4S
2 (R = Cl, H, Me or MeO).

These systems have the advantage that they contain only one Fe
which can undergo substitution (Scheme 1). The work reported
herein shows that thiolates bind initially to the Mo or W atom
and thus the species which undergoes substitution is [S2(4-
RC6H4S)M(µ-S)2FeCl2]

32. By varying the thiolate the influence
that ligands on M have on the reactivity of Fe can be investi-
gated systematically.

Experimental
All manipulations were routinely performed under an atmos-
phere of dinitrogen using Schlenk or syringe techniques as
appropriate. Acetonitrile was distilled from CaH2 immediately
prior to use.

The complexes [PPh4]2[S2M(µ-S)2FeCl2] (M = Mo or W) 3,4

were prepared by the literature methods, and [PPh4]2[O2Mo-
(µ-S)2FeCl2] was prepared in an analogous fashion using
[NH4][MoO2S2].

5 The salts [NEt4][SC6H4R-4] (R = Cl, H, Me
or MeO) were prepared by a method analogous to that used
for R = H and recrystallised from acetonitrile–diethyl ether
mixtures.6

The 1H NMR spectra were recorded on a JEOL GSX 270
spectrometer using CD3CN as solvent. All chemical shifts
are versus SiMe4. The UV/VIS spectra were recorded on a
Shimadzu PC 2101 spectrophotometer.

Kinetic studies

The kinetics were studied on a Hi-Tech SF-51 stopped-flow
spectrophotometer, modified to handle air-sensitive materials.7

The temperature was maintained at 25.0 8C using a Grant LE8
thermostat tank. The apparatus was interfaced to a Viglen 486
computer via an analogue to digital converter. Solutions were
prepared under an atmosphere of dinitrogen and used within
1 h. All were transferred to the stopped-flow apparatus using
gas-tight, all-glass syringes.

The kinetics were studied over the wavelength range λ = 350–
570 nm, with most data collected at 500 nm. The rate constants
calculated from the absorbance vs. time curves did not vary
with the wavelength. At all wavelengths the reaction of [S2Mo(µ-
S)2FeCl2]

22 with 4-RC6H4S
2 shows a complicated absorbance

vs. time curve. Fig. 1 shows the reaction with PhS2: an initial
absorbance decrease followed by an absorbance increase. These
curves were fitted (using a computer program) to three expo-
nentials: the first exponential corresponding to the absorbance
decrease and the second and third to the absorbance increase.

Scheme 1 d, Mo or W; O, Fe
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The dependence of the reaction rate on the concentration of
4-RC6H4S

2 was established by the usual graphical methods 8

(Fig. 2).

Product analysis

The products of the reaction were identified as [S2M(µ-
S)2Fe(SC6H4R-4)2]

22 by 1H NMR spectroscopy and subsequent
comparison with the literature spectra (see Results and Discus-
sion). Although the reactions were all complete within 20 s, it
was observed that, over protracted times (ca. 20 min) and in the
presence of an excess of thiolate, additional peaks attributable
to [Fe(SC6H4R-4)4]

22 were observed. This is presumably due
to some decomposition of [S2M(µ-S)2Fe(SC6H4R-4)2]

22. For
example, in the reaction of [S2M(µ-S)2FeCl2]

22 with 4-MeC6H4-
S2, [Fe(SC6H4Me-4)4]

22 was identified by 1H NMR spectro-
scopy (see Fig. 5). An authentic sample of [Fe(SC6H4Me-4)4]

22

was generated in situ by the reaction of FeCl2 (anhydrous) and
an excess of [NEt4][SC6H4Me-4] in MeCN.

Results and Discussion
The reaction of [S2Mo(µ-S)2FeCl2]

22 with an excess of 4-
RC6H4S

2 (R = Cl, H, Me or MeO) in MeCN gives [S2Mo-
(µ-S)2Fe(SC6H4R-4)2]

22 according to the stoichiometry in
Scheme 1. Stopped-flow spectrophotometry reveals that this
reaction is complicated; a typical absorbance vs. time curve is
shown in Fig. 1. The reaction occurs in two distinct stages.
Upon mixing 4-RC6H4S

2 and [S2Mo(µ-S)2FeCl2]
22 there is an

initial absorbance decrease which is followed by an absorbance
increase. Analysis of the trace shows that it cannot be fitted by
less than three exponentials: the initial absorbance decrease
corresponds to one exponential and the increase to the follow-
ing two. In addition, the latter two exponentials have approxi-
mately the same absorbance change. The rates of all three reac-
tions increase linearly with the concentration of 4-RC6H4S

2, as
illustrated in Fig. 2 for R = H.

Fig. 1 (a) Stopped-flow absorbance vs. time curve for the reaction
between [S2Mo(µ-S)2FeCl2]

22 (1 × 1024 mol dm23) and PhS2 (1.0 mmol
dm23) in MeCN at 25.0 8C (λ = 500 nm). The entire trace was fit excel-
lently by three exponentials: At = 0.383 1 0.06exp(2145t) 2 0.093exp-
(23.5t) 2 0.090exp(20.85t). (b) Expansion of the curve over 0–0.2 s,
showing the initial absorbance decrease attributable to binding of PhS2

to Mo

This behaviour can be rationalised by a mechanism in which
binding of 4-RC6H4S

2 to Mo (initial stage) is followed by sub-
stitution of the two chloro-groups on Fe (biphasic second
stage). Scheme 2 shows the detailed pathways for the substitu-
tion of the first chloride. Substitution of the second chloride
follows analogous pathways. We will now present the evidence
for each step of this mechanism.

Initial stage: formation of [S2(4-RC6H4S)Mo(ì-S)2FeCl2]32

The initial absorbance decrease is attributable to the binding of
4-RC6H4S

2 to Mo. The kinetics observed shown in Fig. 2 and
described by equation (1) is consistent with an equilibrium

Fig. 2 (a) Dependence of kobs on the concentration of PhS2 for the
binding of PhS2 to [S2Mo(µ-S)2FeCl2]

22 in MeCN at 25.0 8C (λ = 500
nm) corresponding to the initial absorbance decrease shown in Fig. 1.
(b) Dependence of kobs on the concentration of PhS2 for substitution of
the two chloride ligands from [S2(PhS)Mo(µ-S)2FeCl2]

32 (1 × 1024 mol
dm23): d, first Cl; m, second Cl
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Scheme 2 Mechanism for substitution of the first chloro-group in [S2Mo(µ-S)2FeCl2]
22 by 4-RC6H4S

2 in MeCN

2d[S2Mo(µ-S)2FeCl2
22]/dt =

(k1
R[4-RC6H4S

2] 1 k21
R)[S2Mo(µ-S)2FeCl2

22] (1)

reaction.9 Here and for the remainder of this paper the super-
script R refers to the substituent on 4-RC6H4S

2. Analysis of the
data gives k1

H = (2.0 ± 0.1) × 105 dm3 mol21 s21, k21
H = 70 ± 10

s21 and the equilibrium constant K1
H = k1

H/k21
H = (2.9 ± 0.3) ×

103 dm3 mol21; k1
Cl = (8.0 ± 0.2) × 104 dm3 mol21 s21, k21

Cl =
40 ± 6 s21 and K1

Cl = (2.0 ± 0.3) × 103 dm3 mol21.
For 4-MeC6H4S

2 and 4-MeOC6H4S
2 the binding to Mo is

too fast to be measured by the stopped-flow technique even at
the lowest concentration of thiolate used (0.5 mmol dm23).
With these thiolates the half-life for the binding of 4-RC6H4S

2

to Mo must be shorter than the dead-time of the apparatus (2
ms) and hence k1

R > 7 × 105 dm3 mol21 s21. With these thiolates
the absorbance vs. time traces consist of an initial absorbance
decrease, complete within the dead-time of the apparatus, fol-
lowed by a biphasic absorbance increase associated with substi-
tution at Fe (see below). Similar behaviour is observed at high
concentrations of PhS2 or 4-ClC6H4S

2, where the rate of bind-
ing of the thiolate to Mo exceeds that detectable by the
stopped-flow apparatus.

Other anions such as Cl2 and CN2 apparently bind to Mo in
an equilibrium reaction associated with an exponential absorb-
ance decrease (Fig. 3). The kinetics exhibits the same two-term

Fig. 3 Stopped-flow absorbance vs. time curve for the equilibrium
binding of Cl2 (2.0 mmol dm23) to [S2Mo(µ-S)2FeCl2]

22 (0.05 mmol
dm23) in MeCN at 25.0 8C (λ = 500 nm). Trace fitted by the equation
At = 0.26 1 0.092 exp(2120t)

rate law as shown in equation (1), characteristic of an equi-
librium reaction. For studies with Cl2: k1Cl = (4.4 ± 0.3) × 104

dm3 mol21 s21, k21Cl = 30 ± 5 s21. For studies with CN2:
k1CN = (7.7 ± 0.6) × 104 dm3 mol21 s21, k21CN = 30 ± 5 s21.

It can be shown that Cl2 and PhS2 bind to the same site. In
experiments where the concentration of PhS2 is kept constant
and the concentration of Cl2 varied, the initial absorbance of
the stopped-flow trace becomes progressively smaller until at
high concentrations of Cl2 a relatively small absorbance change
is observed, as indicated by the data in Table 1. If  Cl2 and PhS2

competitively bind to Mo (Scheme 3) then in the absence of Cl2

the dominant species is [S2(PhS)MoS2FeCl2]
32, whilst at high

concentrations of Cl2 the equilibria lie in favour of [S2(Cl)-
MoS2FeCl2]

32.. For the reactions shown in Scheme 3 the overall

Scheme 3 Competitive binding of Cl2 and PhS2 to [S2Mo(µ-S)2-
FeCl2]

22 in MeCN

Table 1 Spectrophotometric determination of K0 for the equilibrium
between [S2(PhS)Mo(µ-S)2FeCl2]

32 and [S2ClMo(µ-S)2FeCl2]
32

[Cl2]/mmol dm23 Absorbance 105 x/mol dm23 K0

0.0 0.60
2.5 0.55 0.96 2.1
5.0 0.51 1.73 1.9

10.0 0.48 2.31 2.3
20.0 0.42 3.46 1.8
30.0 0.38 4.23 1.5
40.0 0.36 4.80 1.1

mean 1.92

[PhS2] = 5.0, [S2Mo(µ-S)2FeCl2]
22 = 0.5 mmol dm23; x = [S2ClMo(µ-

S)2FeCl2
32]eq, K0 = [S2(PhS)Mo(µ-S)2FeCl2

32]eq[Cl2]/[S2ClMo(µ-S)2-
FeCl2

32]eq[PhS2]. Molar absorption coefficients used: εPhS = 1.2 × 104,
εCl = 0.68 × 104 dm3 mol21 cm21.
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equilibrium constant, K0 = [S2(PhS)MoS2FeCl2
32][Cl2]/[S2Cl-

MoS2FeCl2
32][PhS2] = 1.92 ± 0.3 can be calculated from analy-

sis of the spectrophotometric changes (shown in Table 1). In
addition, since K0 = k21Clk1

H/k1Clk21
H, the values of the elem-

entary rate constants determined from the kinetic analyses can
be used to give K0 = 1.95 ± 0.3, in excellent agreement with the
value determined spectrophotometrically.

Since both Cl2 and PhS2 bind to [S2Mo(µ-S)2FeCl2]
22 more

rapidly than the Fe undergoes substitution, it seems likely that
these ions bind to Mo initially. In addition the observation that
substitution at Fe by the associative mechanism requires the
addition of a further thiolate (see below) is difficult to rational-
ise if  the initial PhS2 binds to Fe.

Two observations indicate that binding thiolate to Mo does
not result in a ‘dead-end’ species but rather that substitution at
Fe occurs via [S2(4-RC6H4S)Mo(µ-S)2FeCl2]

32. First, at high
concentrations of Cl2 ([Cl2]/[PhS2] > 8) where the cluster is
predominantly [S2ClMo(µ-S)2FeCl2]

32, substitution at Fe is
faster than in the absence of Cl2. Secondly, the rate of substitu-
tion at Fe by the dissociative pathway depends on the nature
of the thiolate (see below).

The visible absorption spectrum of [S2(PhS)Mo(µ-S)2FeCl2]
32

was determined in the range λ = 360–550 nm (Fig. 4) using
stopped-flow spectrophotometry at the end of the first phase.
This spectrum was recorded using [S2Mo(µ-S)2FeCl2

22] =
1 × 1024 mol dm23 and [PhS2] = 5.0 mmol dm23. Under these
conditions 94% of the cluster is present as [S2(PhS)Mo(µ-
S)2FeCl2]

32 within the dead-time of the apparatus. This spec-
trum is very similar to that of [S2Mo(µ-S)2FeCl2]

22 with a peak
maximum at 472 nm, and shoulders at 425 and 520 nm. Such
spectral characteristics are consistent with the visible absorp-
tion spectrum being dominated by S to Mo charge-transfer
transitions associated with a ‘MoS4’ chromophore.10 The bind-
ing of PhS2 to Mo apparently does not cause a major perturb-
ation to the energies of the electronic transitions.

Further evidence that thiolate binds initially to Mo comes
from 1H NMR spectroscopic studies (Fig. 5) on the reaction
with 4-MeC6H4S

2. The choice of this thiolate is particularly
advantageous because resonances at δ ≈ 50 (MeC6H4S]M;
M = Fe or Mo) and ≈38 (m-H of MeC6H4S]M) are sufficiently
paramagnetically shifted to not interfere with the signals of
[NEt4]

1 or free 4-MeC6H4S
2. In studies at low concentrations

of 4-MeC6H4S
2, when [4-MeC6H4S

2]/[S2Mo(µ-S)2FeCl2
22] = 2.0,

Fig. 4 Visible absorption spectra of [S2Mo(µ-S)2FeCl2]
22, [S2Mo-

(µ-S)2Fe(SPh)2]
22 and the intermediate [S2(PhS)Mo(µ-S)2FeCl2]

32 (]d]),
detected in the substitution reaction (see text)

three sets of paramagnetically shifted resonances in the region
associated with Fe]SC6H4Me-4 are observed at δ 51.1, 50.5,
49.7 (Me) and 38.3, 37.4, 36.8 (m-H) respectively. In addition, a
further resonances at δ 55.0, 52.9 and 29.8 are evident. Increas-
ing the proportion of 4-MeC6H4S

2 to [4-MeC6H4S
2]/[S2Mo-

(µ-S)2FeCl2
22] = 4.0 results in only two sets of signals attribut-

able to Fe]SC6H4Me-4: δ 51.1, 50.1 (Me) and 37.7, 35.1 (m-H).
The resonances at δ 55.0 and 29.8 are no longer evident. At
still higher concentrations when [4-MeC6H4S

2]/[S2Mo(µ-S)2-
FeCl2

22] > 6.0 the spectrum simplifies to that of authentic
[S2Mo(µ-S)2Fe(SC6H4Me-4)2]

22, consisting of resonances at δ
50.5 and 37.4.11

Although all the species observed in these experiments can-
not be identified unambiguously, it seems likely that when [4-
MeC6H4S

2]/[S2Mo(µ-S)2FeCl2
22] = 2.0 the predominant solu-

tion species are [S2(4-MeC6H4S)Mo(µ-S)2FeCl2]
32, [S2(4-Me-

C6H4S)Mo(µ-S)2FeCl(SC6H4Me-4)]32, [S2Mo(µ-S)2FeCl(SC6-
H4Me-4)]22 and [S2Mo(µ-S)2Fe(SC6H4Me-4)2]

22. The last three
account for the three sets of resonances attributable to Fe]
SC6H4Me-4. Indeed, the resonances attributable to [S2Mo-
(µ-S)2Fe(SC6H4Me-4)2]

22 (the one species for which we know the
1H NMR spectrum) at δ 50.5 and 37.4 are clearly identifiable.
Those at δ 55, 52.9 and 29.8 are assigned tentatively to the
Mo]SC6H4Me-4 ligand in the first two of the solution species
[S2(4-MeC6H4S)Mo(µ-S)2FeCl2]

32 and [S2(4-MeC6H4S)Mo(µ-
S)2FeCl(SC6H4Me-4)]32

Formation of [S2(4-RC6H4S)Mo(ì-S)2Fe(SC6H4R-4)Cl]32

After binding 4-RC6H4S
2 to Mo, the chloro-groups of Fe

undergo substitution in a reaction associated with an absorb-
ance increase where the final absorbance is that of [S2Mo-
(µ-S)2Fe(SC6H4R-4)2]

22. Consistent with the sequential substitu-
tion of both chloro-groups this portion of the trace can only be
simulated adequately by two exponentials. Both exponentials
exhibit a dependence on the concentration of thiolate as
defined by equation (2). In the first instance the discussion will

2d[S2Mo(µ-S)2FeCl2
22]/dt =

(k2
R 1 k3

R[4-RC6H4S
2])[S2Mo(µ-S)2FeCl2

22] (2)

focus on the substitution of the first chloro-group. The values
of k2

R and k3
R are listed in Table 2. The kinetics of the second

substitution will be discussed in a later section.
The two-term rate law (2) is consistent with the substitution

being either an equilibrium reaction or occurring by a mixture
of dissociative and associative mechanisms. These substitutions
are not equilibrium reactions since the magnitude of the
absorbance change for this stage does not vary with the concen-
tration of 4-RC6H4S

2. Thus the k2
R term in this rate law corres-

ponds to a dissociative pathway involving rate-limiting dissoci-
ation of chloride from Fe, followed by rapid attack of 4-
RC6H4S

2 at the, thus generated, vacant site. The k3
R term

corresponds to the associative pathway in which binding of 4-
RC6H4S

2 to Fe occurs before, or concomitant with, dissociation
of the chloro-group. Both associative and dissociative mechan-
isms for substitution are commonly observed with a variety of
iron–sulfur-based clusters,2,12 and with [S2Mo(µ-S)2FeCl2]

22 both
pathways operate in the reactions with a variety of thiolates.

By varying 4-RC6H4S
2 the electronic effect of the R substitu-

ent on the rate of substitution can be investigated. This is
shown in the Hammett plot 13 in Fig. 6. There are three features
of this Figure worthy of note: (1) log10(k2

R) and log10(k3
R) show

reasonable linear correlations with Hammett σp constants; (2)
the rate of the associative and dissociative pathways are
affected differently by R (for the dissociative pathway, Ham-
mett ρ = 21.4 and for the associative pathway, Hammett
ρ = 0.63); (3) the dissociative pathway, k2

R, exhibits a depend-
ence on R. Feature (3) is mechanistically significant. In a dis-
sociative mechanism attack of 4-RC6H4S

2 occurs after the rate-
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Table 2 Summary of elementary rate constants for the substitution of [Y2(4-RC6H4S)M(µ-S)2FeCl2]
32 (R = Cl, H, Me or MeO; Y = O, M = Mo;

Y = S, M = Mo or W) at 25.0 8C in MeCN

First substitution Second substitution

Cluster R k2
R/s21 k3

R/dm3 mol21 s21 (k2
R)9/s21 (k3

R)9/dm3 mol21 s21

[S2Mo(µ-S)2FeCl2]
22 Cl 4.0 ± 0.3 (1.1 ± 0.1) × 103 1.9 ± 0.2 (1.9 ± 0.2) × 102

H 3.0 ± 0.3 (6.4 ± 0.3) × 102 0.8 ± 0.1 84 ± 7
Me 12.3 ± 1.0 (6.1 ± 0.3) × 102 1.7 ± 0.2 72 ± 7
MeO 15.0 ± 1.0 (4.9 ± 0.3) × 102 1.5 ± 0.2 54 ± 6

[O2Mo(µ-S)2FeCl2]
22 Cl (4.3 ± 0.8) × 102 (1.6 ± 0.2) × 102

H (2.8 ± 0.3) × 102 66 ± 5
Me (3.4 ± 0.3) × 102 60 ± 5
MeO (3.0 ± 0.3) × 102 64 ± 5

[S2W(µ-S)2FeCl2]
22 Cl 2.1 ± 0.2 (1.1 ± 0.1) × 103 0.29 ± 0.06 (7.1 ± 0.5) × 102

H 0.35 ± 0.1 (1.7 ± 0.2) × 103 0.08 ± 0.006 (2.7 ± 0.3) × 102

Me 2.2 ± 0.2 (7.0 ± 0.5) × 102 0.23 ± 0.05 (1.9 ± 0.3) × 102

MeO 1.7 ± 0.2 (1.1 ± 0.1) × 103 0.07 ± 0.006 (3.1 ± 0.3) × 102

Fig. 5 Proton NMR spectra in the region δ 120 to 160 of mixtures of
[S2Mo(µ-S)2FeCl2]

22 and 4-MeC6H4S
2 in MeCN showing the resonances

attributable to the Fe]SC6H4Me-4 residue and additional peaks at δ
55.0, 52.9 and 29.8 assigned to Mo]SC6H4Me-4. Peaks marked * in
the bottom spectrum are those of [Fe(SC6H4Me-4)4]

22 produced by
some decomposition (see Experimental section)

limiting dissociation of chloride. Hence, the dependence of
k2

R on the nature of R must be a consequence of 4-RC6H4S
2

being bound to Mo. Electron-releasing ligands on Mo effect-
ively increase the electron density at Fe, thus facilitating the
dissociation of chloride. In contrast, electron-withdrawing lig-
ands on Mo facilitate the associative mechanism by making the
iron site more susceptible to nucleophilic attack. The associ-
ative mechanism will be discussed in more detail in a later
section.

These studies show that for [S2Mo(µ-S)2FeCl2]
22 the rate and

mechanism of the substitution reaction at the neighbouring Fe
depends on the ligands bound to Mo. Since the 4 substituent on
Mo]SC6H4R-4 affects the dissociative and associative mechan-
isms differently the Hammett lines must cross. Fig. 6 shows that
with a very electron-releasing ligand on Mo the reaction at Fe
would occur exclusively by the dissociative mechanism, whilst
a strongly electron-withdrawing substituent would effectively
‘switch off ’ the dissociative, and facilitate the associative,
mechanism.

A point which deserves further comment concerns the stage

Fig. 6 Hammett plot of log10(k2
R) (dissociative mechanism, d) or

log10(k3
R) (associative mechanism, s) against Hammett σp constant

for the substitution of the first chloro-group in [S2Mo(µ-S)2FeCl2]
22 with

4-RC6H4S
2 (R = Cl, H, Me or MeO)
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at which the thiolate dissociates from Mo. Proton NMR spec-
troscopy shows that ultimately the product of the reaction is
[S2Mo(µ-S)2Fe(SC6H4R-4)2]

22. Clearly, upon substitution of the
chloro-groups for thiolates the affinity of Mo for the thiolate
must change sufficiently that this thiolate ligand is released. As
discussed in this section, the thiolate bound to Mo affects the
rate of substitution of the first chloride on Fe and thus we
conclude that the thiolate remains bound to Mo until the first
chloride has been substituted but, depending on the thiolate,
may dissociate before the second substitution occurs (see next
section).

Formation of [S2Mo(ì-S)2Fe(SC6H4R-4)2]22

The kinetics of substitution of the second chloro-group also
occurs by the rate law (3), consistent with a mixture of associ-

2d[S2Mo(µ-S)2FeCl2
22]/dt = {(k2

R)9 1

(k3
R)9[4-RC6H4S

2]}[S2Mo(µ-S)2FeCl(SC6H4R-4)22] (3)

ative and dissociative mechanisms. The values of (k2
R)9 and

(k3
R)9 for the dissociative and associative substitution pathways

(respectively) of the chloro-group in [S2(4-RC6H4S)Mo(µ-S)2-
Fe(SC6H4R-4)Cl]32 are shown in Table 2.

The dissociative pathway (Hammett ρ = 10.06) is only
slightly affected by the nature of the 4 substituent, whereas the
associative pathway (Hammett ρ = 11.0) is facilitated by
electron-withdrawing substituents. The small value of Ham-
mett ρ for the dissociative pathway may indicate that, at least
with most 4-RC6H4S

2, dissociation of thiolate from Mo occurs
after the first substitution step and hence the only perturbing
influence is the thiolate bound to Fe.

Fig. 7 Hammett plot for substitution of the first chloro-group by 4-
RC6H4S

2 (R = Cl, H, Me or MeO) in: [O2Mo(µ-S)2FeCl2]
22, associative

mechanism (m); [S2W(µ-S)2FeCl2]
22, associative mechanism (g), dis-

sociative mechanism (o). For comparison the data for the associative
mechanism with [S2Mo(µ-S)2FeCl2]

22 are shown (s)

The associative mechanism

Thiolate plays two roles in the substitution of the first chloride
by the associative mechanism (Scheme 2): as ligand to Mo and
nucleophile to Fe. Electron-withdrawing R groups in the
Mo]SC6H4R-4 residue decrease the electron density at Fe,
making it more electrophilic and thus facilitating associative
substitution. However, this same R group on free 4-RC6H4S

2

will diminish the nucleophilicity of this molecule. The net,
observed effect on the associative mechanism is a combination
of these two effects. The data presented in Fig. 6 indicate that
the effect of the Mo]SC6H4R-4 residue dominates the reactivity
of [S2Mo(µ-S)2FeCl2]

22.
Two analogous systems have been studied: [O2Mo(µ-S)2-

FeCl2]
22 and [S2W(µ-S)2FeCl2]

22. Both show features similar
to those of [S2Mo(µ-S)2FeCl2]

22, indicating that analogous
mechanisms operate.

Stopped-flow spectrophotometric studies on the reactions of
[O2Mo(µ-S)2FeCl2]

22 with 4-RC6H4S
2 show an initial absorbance

decrease, complete within the dead-time of the apparatus, fol-
lowed by a biphasic absorbance increase. This is consistent with
the mechanism in which binding of 4-RC6H4S

2 to Mo is com-
plete within 2 ms, followed by consecutive substitution of the
two chloro-groups in [O2(4-RC6H4S)Mo(µ-S)2FeCl2]

32. Analysis
of the biphasic absorbance increase shows that the substitution
of both chloro-groups exhibits a first order dependence on the
concentration of 4-RC6H4S

2 and no thiolate-independent
pathway, demonstrating an exclusively associative mechanism.
Analysis of the data gives the values k3

R and (k3
R)9 for substitu-

tion of the first and second chloride respectively (Table 2).
The effect of the 4 substituent on the rate of the first substitu-

tion of [O2(4-RC6H4S)Mo(µ-S)2FeCl2]
32 is illustrated in Fig. 7.

The substituents have little effect on the rate of substitution by
the associative pathway. However, since the stopped-flow
absorbance vs. time trace is consistent with initial binding of
4-RC6H4S

2 to Mo, it seems likely that the electronic effects of
the thiolate on Mo and as a nucleophile annul one another.

The substitution reactions of [S2W(µ-S)2FeCl2]
22 exhibit simi-

lar stopped-flow absorbance vs. time traces. The rate laws for
the substitution of the first and second chloro-groups are given
by equations (2) and (3) respectively and the values of k2

R,
(k2

R)9, k3
R and (k3

R)9 for substitution of both chloro-groups are
shown in Table 2.

Analysis of the influence substituent R has on the rate of
the first substitution of [S2W(µ-S)2FeCl2]

22 (Fig. 7) shows that
neither k2

R nor k3
R correlates well with Hammett σp. How-

ever, substituents which accelerate the associative mechanism
inhibit the dissociative mechanism and vice versa. This
behaviour is clearly related to that observed with the molyb-
denum analogue. It is not entirely clear why in this case the
correlation over the entire range of thiolates is not linear. It
would appear that the tungsten system is more sensitive to
changes in the nature of the substituent R and whether the
effect of the W-bound thiolate or the nucleophilic thiolate
dominates the reactivity of the cluster varies through the ser-
ies R = MeO, Me, H or Cl.

Conclusion
This study has shown how the rates of substitution of chloride
ligands bound to an ion site are affected by changes to the co-
ordination sphere of the neighbouring metal. Both the associ-
ative and dissociative mechanisms are affected by the ligands
bound to Mo or W. A general feature that emerges is that
electron-withdrawing ligands facilitate the associative mechan-
ism but inhibit the dissociative pathway. This is most simply
viewed as a consequence of the electron distribution at the iron
site and the sensitivity of the dissociation of chloro-group to
this feature. Further studies on similar systems to those
described herein are essential to quantify the effects of a
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variety of metal sites transmitting electron-density changes to
neighbouring metals.
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