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Terminal thiolate ligands on the synthetic Fe—S-based clusters [Fe4S4(SR)4>~ (R = Et or SPh) or [{ MoFe3S,-
(SPh)s} 2(u-SPh)s*~ are replaced by chloride in a reaction with PhCOCI to produce [Fe,S,Cls>~ and [{ MoFe;S,-
Cls} 2(u-SPh)sJ*~, respectively. Kinetic studies using stopped-flow spectrophotometry show that, in general, the
mechanisms of these reactions in MeCN occur by two pathways. One pathway is independent of the concentration
of PhCOCI and involves rate-limiting dissociation of the thiolate ligand. The free thiolate subsequently reacts with
PhCOCI to produce PhCOSR and the CI~ which binds to the vacant site on the cluster. The second pathway
exhibits a nonlinear dependence on the concentration of PhCOCI and involves initial, rapid binding of PhCOCI to
the cluster followed by intramolecular thiolate ligand attack on the coordinated acid chloride. The intermediate in
which PhCOCI is bound to the cluster has been detected spectrophotometrically. The ways in which the rates of
the reactions between PhCOCI and Fe—S-based clusters are affected by changes of the terminal thiolate, the
metal composition of the cluster core, and the protonation state of the cluster have been investigated and are
compared with the effect these same changes have on the rates of nucleophilic substitution.

Introduction Mechanistic chemistry of synthetic F&-based clusters
has, to date, included studies on the following types of
clusters™s are important since they establish how the reactions: nucleophilic substitution, acid-catalyzed substitu-
reactivity of clusters differs from that of mononuclear metal tion, _proton transfer, binding and transformation_of molecules
complexes and particularly how the metal composition of and ions, c!uster assembly and cluster disruption processes,
the cluster core modulates the reactivity of the entire cluster. 21d alkylation and electron transfef. However, one type
More specifically, mechanistic studies on synthetic-Be of reaction wh_lch is we_II recognlz_ed in mononuclgar com-
based clusters help define the intrinsic reactivity of this PI€x€S but which remains essentially unexplored ir-&e
particular class of cluster, which helps in understanding how Pased clusters is that in which the terminal ligands behave
natural Fe-S-based clusters may operate in certain metallo- @ nucleophile:*?In this paper, we describe, for the first

In general, mechanistic studies on the reactions of metal

enzymeg: 10 time, the kinetics and mechanism of reactions of Bebased
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Figure 1. Dependence okops ON the concentration of PhCOCI for the reaction between PhCOCI an@[S#h)]2~ (®) or [{ MoFeSsy(SPh)} o(u-
SPh}]3~ (a) in MeCN at 25.0°C. The lines are those defined by eq 2 and the parameters presented in the text.

clusters with acid chlorides which involve nucleophilic attack and [ MoFe&Ss(SPh)}2(«-SPh}]3~. The products of these

of thiolate ligands. reactions are [E&4Cly)?~ and [ MoFe;S,Cls} o(u-SPhy]*-,
Earlier work-1314has shown that the reaction of synthetic respectively. These chloro-substituted clusters have previ-

Fe—S-based clusters with acid chlorides, usually in MeCN ously been isolated as the tetraalkylammonium salts and

as solvent, is a general, high-yield, and convenient methodcharacterized by X-ray crystallography atidl NMR spec-

for replacing terminal thiolate ligands with chloride. One troscopy314

such reaction is shown in eq 1. It has been proposed that Kinetics of the Reactions with PhCOCI. The kinetics

the mechanism of these reactions involves nucleophilic attackof the reactions between [F&(SR)]?~ (R = Et or Ph) or

of the thiolate ligand on the acid chloriéd@However, there  [{ MoFe;Sy(SPh)} 2(u-SPh)]3~ and an excess of PhCOCI in

has been no mechanistic study on the reactions betweenvieCN were investigated using stopped-flow spectropho-

synthetic Fe-S-based clusters and acid chlorides to sub- tometry, monitoring the change in the absorbance of the

stantiate this proposal, and the potential nucleophilicity of cluster. For the reactions of [F&R(SPh)]2~ and [ MoFe;Sy-

ligands on Fe-S-based clusters remains unproven. Herein, (SPh)},(u-SPh}]3-, the absorbaneetime traces were good

we report kinetic studies on the reactions between PhCOClfits to a single-exponential curve, indicating a first-order

and [FaSy(SR)]*" (R = Ph or Et) and {MoFe&;Sy(SPh}} »- dependence on the concentration of cluster (Supporting

(u-SPh}]*~ and show that the kinetics indicate a mechanism |nformation, Figure S1). This conclusion was confirmed by

which is more complicated than has been proposed earlier.studies in which [PhCOCIE 100 mmol dm?3 but the

The mechanism of the reaction occurs by two pathways: oneconcentration of cluster was varied. Over the range

involving nucleophilic attack ofreethiolate onfree PhCOCI [FesSy(SPh)?"] = 0.02-0.10 mmol dm3, the observed rate

and the other involving nucleophilic attack obordinated constant does not changeds = 0.0294 0.005 s%).

thiolate oncoordinatedPhCOCI. In addition to describing The total change observed in the absorbaritee curves

the kinetics and mechanism of the reaction between syntheticio the reactions of [FS(SPh)]2~ or [{ MOF&:Sy(SPh)} »-
Fe—S-based clusters and PhCOCI, we also outline the eﬁeCtS(ﬂ_SthS— with PhCOCI correspond to the replacement of

that changing the thiolate ligand, the metal composition of foyr and six thiolates, respectively. That the curves can be

the cluster core, and the protonation state of the cluster havetteq to single exponentials indicates that replacement of
on the rates of the reactions with PhCOCI. Furthermore, We ipe first thiolate is the slowest step in this multistep

compare the characteristics of the reactions with acid repjacement reaction.
chlorides to the behavior observed in the substitution and 1 \ ariation ofkepe With the concentration of PhCOCI
S

agig-cat?lyzerglsubstitution reactions of the same clisters depends on the FeS-based cluster. The simplest behavior
with nucieophiles. is that observed in the reactions with JBgSPh)]>~ or
[{ MoF&S,(SPh}} »(1u-SPh)]®~ shown in Figure 1. The plots

2- _ 2- . .
[Fe,Sy(SR)® + 4RCOCI— [Fe,S,Cl,]” +4RCOSR (1) in Figure 1 show a linear dependence ks on the

Results and Discussion (13) Wong, G. B.; Bobrick, M. A.: Holm, R. Hinorg. Chem 1978 17,
In this paper, we report the kinetics of the reactions of (14) 5P7aslérmo, R. E.. Power, P. P.; Holm, R. Korg. Chem.1982 21,
PhCOCI with the cuboidal [R&(SR)]?>" (R = Ph or Et) 173.
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Figure 2. Dependence df,ns0n the concentration of PhCOCI for the reaction between PhCOCI an8y[B&t)]2~ in MeCN at 25.0C. The curve drawn
is that defined by eq 3. Insert: Stopped-flow absorbartitee curves for the reaction between JE€SEty]?~ (0.1 mmol dn13) and PhCOCI (4.0 mmol
dm=3), and PhCOCI (12.5 mmol dm) recorded att = 455 nm. The line with absorbance 0.19 is the absorbance of a 0.1 mmol thsolution of

[Fe:Su(SEtH]?.

concentration of PhCOCI. However, the graphs do not go the second coordinated thiolate of jBgSEt)]?") and that

through the origin but have a finite intercept. This behavior

the kinetics indicate [R&,CI(SEtg]?> reacts with PhCOCI

indicates that, for both clusters the reaction occurs by two by pathways analogous to those observed in the reactions
pathways, one pathway is independent of the concentrationof [Fe;S4(SPh)]>~ and [ MoFe&S,(SPh}} »(u-SPh}]3~. The

of PhCOCI (intercept) and the other exhibits a first-order

kinetics of the second phase of the reaction with,fre

dependence on the concentration of PhCOCI (gradient of the(SEty]?~ are consistent with the mechanism that we will
line). For both clusters, the experimental rate law has the present below (Figure 3).

form shown in eq 2. For [R&4(SPh)]?>~, a= (1.04+ 0.2) x
10251, b=0.20+ 0.02 dn¥ mol s™%; and for [ MoF&S,-
(SPh)}} 2(u-SPh)}]*~,a= (8.0+ 0.5) x 104s 1, b= (7.0

+ 0.5) x 102 dm* mol? st We will discuss the
interpretation of this rate law after presenting the kinetics
for the reaction of [Fg54(SEt)]?~ with PhCOCI.

—d[cluster]

o = {a+ b[PhCOCI}[cluster]

&)

The kinetics of the reaction between JBgSEt)]?~ and
PhCOCI is more complicated than those forf&€SPh)]%~
or [{MoFe&S,(SPh}}.(u-SPh}]®~. The absorbancetime
curves{ Figure 2 (inserf) for the reaction of [F£54(SEty]*~
with PhCOCI can be fitted to two exponentials. The
exponential nature of the curves is consistent with a first-
order dependence on the concentration of,f{SEty]? .
Biphasic absorbanegime curves have been observed in
other multistep reactions of F&-based clusters. It seems

The first phase of the reaction of PhCOCI with jBe
(SEty)? is associated with the replacement of the first
coordinated thiolate. In the reactions of PhCOCI with
[FesSy(SPh))?~ or [{ MoF&Ss(SPh)} 2(u-SPh})®~ (described
above), it is also the first coordinated thiolate that is being
replaced. Consequently, we will focus on the kinetics of the
first phase of the reaction of PhCOCI with [JS(SEt)]?~
which are described below.

The kinetics of the first phase of the reaction with
[FesSi(SEty]?>~ exhibits a nonlinear dependence on the
concentration of PhCOCI, as shown in Figure 2 (main). Thus,
at low concentrations of PhCOGCKy,s increases with the
concentration of acid chloride, but at higher concentrations
of PhCOClI kopsis independent of the concentration of acid
chloride.

Analysis of the kinetic data in Figure 2 (main) by the
normal plot® of 1/kqps versus 1/[PhCOCI] gives a straight
line from which the experimental rate law shown in eq 3
can be determined. The nonlinear dependence on the

likely that the biphasic behavior is because the replacementconcentration of PhCOCI makes it difficult to establish if

of the first and second terminal thiolates have larger
absorbance changes than the subsequent steps.

the curve goes through the origin or not. We have analyzed
the data assuming that there is no intercept. The justification

The kinetics of the second phase of the reaction betweenfor this assumption will be discussed later.

[FesSy(SEty]?> and PhCOCl is associated with a dependence
on the concentration of PhCOCI as described by eq 2, with

a=(4.3:0.2) x 102 s*andb = 0.12£0.01 dnf¥ mol*
s (Supporting Information, Figure S2). We tentatively

—d[Fe,S,(SEt)”] (47 + 5)[PhCOCI|[FgS,(SEt) ]
dt ~ 1+ (380 40)[PhCOCI]

propose that this second phase corresponds to the reaction The experimental rate laws (eqs 2 and 3) are consistent

of PhCOCI with [FeS,CI(SEt}]?™ (i.e., the replacement of

with the mechanism shown in Figure 3. The theoretical rate

Inorganic Chemistry, Vol. 45, No. 23, 2006 9425
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Figure 3. Mechanism for the reaction of [f&(SR)]>~ (R = Ph or Et) with PhCOCI in MeCN. Analogous pathways operate ftdFesSa(SPh}} o(u-

SPhyJ®-.

law associated with this mechanism is presented in eq 4.

This rate law is derived assuming that binding of PhCOCI
to the cluster is an equilibrium reaction which is established
rapidly; prior to ks?, eq 4 is consistent with the kinetic
behavior of all three FeS-based clusters studied herein. By
comparison of eqs 3 and 4, the following values can be
determined. For [F&4(SEt)])?, kiftis undetectably small,
K.Et = 380+ 40 dn? mol~! andks® = 0.12+ 0.01 s. For
both [FeS4(SPh)]?~ and [ MoFe;Sy(SPh)} 2(u-SPh)]3~, the
linear plots in Figure 1 are consistent with the mechanism
shown in Figure 3 and eq 4, except with these clustess,
[PhCOCI|< 1 and eq 4 simplifies to eq 5. Comparison of
eqs 2 and 5 gives the following values: for [BgSPh)]?",
k"= (1.0£ 0.2) x 10257, KPR = 0.204 0.02 dn¥
mol~ s, andK;”" < 0.5 dn? mol=%; for [{ MoF&Sy(SPh)} »-
(u-SPh}]®~, kM = (8.0+ 0.5) x 1074571, KMokgMo = (7.0

+ 0.5) x 102 dm? mol* st andK,;M° < 0.5 dn? mol™2.

—dlcluster]  {K," + K;“k;\[PhCOCI} [cluster]

dt 1+ K,[PhCOCI|
—d[cl
w]z (kR + KRk [PhCOCI} [cluster]  (5)

In the mechanism shown in Figure 3, the PhCOCI-
independent pathway (observed with JE£SPh)]?~ and

[{ MoFe&S,(SPh)} »(u-SPh}]®") is shown in the top line and

is proposed to involve initial rate-limiting dissociation of
thiolate. It seems likely that the free thiolate subsequently
reacts with free PhCOCI to produce PhCOSPh and &id

the CI rapidly binds to the vacant site on the cluster.
Effectively, this pathway is a nucleophilic substitution
reaction. Earlier studié3 have shown that the terminal
thiolate ligands on [F&4(SPh)]?~ undergo nucleophilic

(15) Henderson, R. A.; Oglieve, K. B. Chem. Soc., Dalton Tran993
1467.
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substitution exclusively by a pathway which is independent
of the concentration of nucleophile and involves rate-limiting
dissociation of the thiolaték; = (1.0 & 0.2) x 1072 s7%}.

This rate constant is identical to the rate constant associated
with the PhCOCI-independent pathway in the reaction with
[FesSy(SPh)]? {k""= (1.04 0.2) x 1072571}, consistent
with the proposal that thiolate dissociation is rate-limiting.
The rate of nucleophilic substitution of [F®(SEty]? is

very slow, and the rate constant has not been measured. This
is consistent with the absence of a detectable PhCOCI-
independent pathway in the studies with PhCOCI.

The PhCOCI-dependent pathways for the reactions ef Fe
S-based clusters is shown at the bottom of Figure 3. In this
pathway, initial rapid binding of the PhCOCI to the cluster,
presumably coordinating through the chloro grogRj or
the oxygen (not shown), is followed by a sequence of steps
which complete the reaction: nucleophilic attack of the
coordinated thiolate on the carbonyl group of the coordinated
acid chloride, dissociation of the thiolate, and transfer of the
chloride to the Fe. It is not clear whether the nucleophilic
attack of the coordinated thiolate precedes the chloride
transfer or whether the steps are synchronous. Consequently,
we cannot, at this time, unambiguously assigh to a
particular elementary process. However, the reactivity trends
which we observe (vide infra) indicate that the nucleophilic
attack of the coordinated thiolate on PhCOClI is involved in
the rate-limiting step.

Our interpretation of the kinetics exhibited for the reactions
of PhCOCI with [FeS4(SPh)]?~ or [{ MoFe&S,(SPh)} o(u-
SPh}]3~ is that these represent a limiting form of eq 4
corresponding to no appreciable accumulation of the inter-
mediate (eq 5). Consistent with this proposal, the stopped-
flow absorbancetime curves for these reactions have an
initial absorbance corresponding to that of the parent cluster
at all concentrations of PhCOCI (Supporting Information,
Figure S1). However, [R&4(SEt)]?>~ has a higher affinity
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Figure 4. Mechanism for the reaction of [F&(SR)]?~ with PhCOCI in MeCN involving binding of PhCOCI to the cluster as a “dead-end” intermediate.
For simplicity, thek;R pathway is not shown.

for binding PhCOCI than [R&(SPh)]?-, and this is Table 1. Spectrophotometric Data for the Intermediate Produced within

. . . . . the Dead-Time of the Stopped-Flow Apparatus (2 ms) in the Reaction of
consistent with some earlier observations. Studies of the jze,g,Sgn,2- with PhCOC in MeCN at 25.0C2

binding of small molecules and ions (e.g., CO, halides; CN

N3~)716°17 showed that the binding constants with these rmgodﬁlr]é Ar 1/(0.19— Av) 1!,%&391”’
species were larger with [ (SEty]?~ than [FaS«(SPh)]?". 050 0187 333 2000
The discussion so far has focused on the interpretation of 1.00 0.181 111 1000
the kinetics in terms of the mechanism shown in Figure 3. 2.50 0.175 66.7 400
However, it is important to appreciate that another mecha- % oz o0 250
nism (Figure 4) is also consistent with the kinetics presented 12.50 0.155 28.6 80

above. In the mechanism shown in Figure 4, PhCOCI also 2 Data were measured measured a 455 nm. wherac = 1900 dnf
binds to the cluster, but binding deactivates the acid chloride mot cm2, ¢ = 1550 dnf mol-* cmr2, and [FaSs(SEt)2-Jo = 0.1 mmol

so that this is a nonproductive pathway (“dead-end” mech- dm™. Ay is the measured initial absorbance of the stopped-flow absor-
anism)¢ The product-forming pathway is shown on the top Pance-time curve.

line of Figure 4 and involves nucleophilic attack of the
coordinated thiolate ofree PhCOCI. The rate law for this
“dead-end” mechanism is shown in eq 6.

Spectrophotometric Detection of the Intermediate.
Figure 2 (main) shows that, for the reaction of f&€SEt)]?",
at high concentrations of PhCOCI the rate becomes inde-

—d[cluster] {klR + kSR[PhCOCI]} [cluster] pendent of the concentration of PhCOCI. This corresponds
0 = = (6) to KF[PhCOCI]> 1 in eq 4 andkyps = ksF'. Under these
1+ K, PhCocCl] conditions, the intermediate proposed in Figure 3,3FER)-

E ion 6 is of th h ical f 4 th (CICOPh)f, attains appreciable concentrations and should
quatlo.n IZ'(f)f the Tamehmat gmauca (?rr;]"n asl eq4: the spectroscopically detectable. The spectroscopic changes
two ?guanons " etr gn ytlrr: tthe a;sggnme?rt]o t eeerPem""rydobserved in the absorbancgme curves for the reaction
(rjeac lons ?SSOC(':& ed wi tle errInT n ?hnurt;werg or? '?hn between PhCOCI and [F&(SEt)]? {Figure 2 (inserf) are
enominators. t.onsequently, Solely on the basis of e -, Gqont with the formation of [F84(SEt)(CICOPh)F~
kinetics and spectroscopic changes, we cannot distinguish_ . e i
; 2 within the dead-time (2 ms) of the stopped-flow apparatus.
between the mechanisms shown in Figures 3 and 4. However, In the reaction of PhCOC! with [RE&(SE]2, the initial

it seems unlikely that binding of PhCOCI to the cluster would k
result in a “dead-end” species. In contrast, binding of @Psorbance of the stopped-flow absorbariie curve

PhCOCI to the cluster might be expected to make the depends on the concentration of the acid chlofiBigure 2

carbonyl groupmoresusceptible to nucleophilic attack. On  (insert) and Table . Thus, at4 = 455 nm, when

this basis, we favor the mechanism shown in Figure 3.  [F&Sy(SEt)?] = 0.1 mmol dm?, the absorbance of
[FesSy(SEty]? is 0.19. However, increasing the concentra-

(16) Wilkins, R. G.Kinetics and Mechanisms of Reactions of Transition tion of PhCOCI results in a progressive decrease in the initial

Metal ComplexesVCH: Weinheim, 1991; pp 3337. : 3
(17) Henderson, R. A.; Oglieve, K. B. Chem. Soc., Dalton Tran$993 gpgorbance until, when [PhCOCH :!'O mmol d_nT , the
1473. initial absorbance of the absorbanrdéme curve is 0.155.

Inorganic Chemistry, Vol. 45, No. 23, 2006 9427
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Figure 5. Visible absorption spectrum of [F&(SEty]?~ and the time course for the reaction between§#SEty]?~ (0.1 mmol dnt3) and PhCOCI (20
mmol dm3) in MeCN at 25.0°C. Spectra were recorded tat= 0.625, 1.25, 2.50, 5.0, and 10.0 s. Data points collected every 5 nm. Insert: Graphical
analysis of the spectrophotometric changes observed in the reaction between PhCOCLS48EBg2~. The data points are those presented in Table 1,
and the line is that defined by eq 7 and the parameters presented in th&rtexthe measured initial absorbance of the stopped-flow absorbdinoe
curve.

The variation in the initial absorbance of the stopped-flow that K, = 350+£70 dn® mol™. This value is in excellent
trace is consistent with the rapid formation of an equilibrium agreement with,* = 3804 40 dn? mol~* determined from
mixture. By considering the equilibrium reaction forming the kinetics.

[FesSy(SEtK(CICOPh)}~ from [FeiSu(SEt)]*~ and PhCOCI Using the spectral scan facility of the stopped-flow
and using Beer's Law, it can be shown that, when PhCOCI apparatus, the change in the absorption spectrum in the range
is in a large excess, the variation of the initial absorbance of } = 350-700 nm during the reaction between JS€SEt)]>-
the stopped-flow tracfi.e., the absorbance of the equilibrium (0.1 mmol dnt3) and PhCOCI (20 mmol drf) has been
mixture comprising [FeS(SEt)]?" and [FaSy(SEt)y- measured Figure 5 (main). The top spectrum is that of
(CICOPh)f} is related to the concentration of PhCOCI as [Fe,Sy(SEt)]?~, while the next spectrum is that of the
shown in eq 7. The terms in eq 7 correspondde= molar  intermediate, [F£54(SEt)(CICOPh)F-, and the remaining
extinction coefficient for [FgS4(SEty]*~ = 1.9 x 10°dm®  gpectra show the subsequent formation of @12 It is
mol™ cm™; en = molar extinction coefficient for the  evident that there is only a small difference between the
intermediate= 1.55 x 10° dm® mol~! cm™%; Ar = initial spectra of [FeS:(SEt)]>~ and [FaSy(SEty(CICOPh)P- but
absorbance of stopped-flow absorbantime curve and  the spectrum of the intermediate is less intense (particularly
[FesSy(SEt)*Jo = concentration of [Fe5y(SEt)]*>” added  at lower wavelengths) than that of [Sa(SEt)]2-, with a
to solution= 0.1 mmol dm>. shoulder at ca. 420 nm. In common with the electronic
1 spectra of other FeS-based clusters, the spectrum of
— = [FesSy(SEt)(CICOPh)F is rather featureless.
(eclFesS(SED” Jo = An) . Influence of Thiolate and Cluster Composition on the

+ Rate of Reaction.The kinetic results presented above for
(ec — eim)KzEt[Fe484(SEt)427]O[PhCOCI] the reactions of PhCOCI with [F8(SPh)]?~, [FesSu(SEty]?,
1 or [{ MoF&Ss(SPh}} »(«-SPh}]®~ allow us to discuss how
— (1) ) . "
(ec — e)[FE,SASEDZ T, changes to the terminal thiolate and the metal composition
" of the cluster affect the reactions of these clusters with acid
Inspection of eq 7 indicates that a plot of &ffFe,Ss- chlorides. Furthermore, by comparison with earlier wérk,

(SEt)?>]o — Ar) versus 1/[PhCOCI] is expected to be a We can discuss the differences in the trends in the reactivities
straight line with gradient 1/ (ec — ein)KE[FesS«(SEL2 ]} of the three clusters with PhCOCI to that of the extensively
and intercept= 14 (ec — em)[FesS«(SEt)2]}. Graphical studied nucleophilic substitution reactions of the same
ana|ysis of the Spectrophotometric data presented in the Tabkz_ClUSterS. To facilitate the diSCUSSiOﬂ, the kinetics and mech-
is shown in Figure 5 (insert). The linearity of this plot shows anism of nucleophilic substitution at F&-based clusters
that the spectroscopically detected intermediate is formedWill be presented in an outline.

from one PhCOCI reversibly binding to [F&(SEty]?". In The general mechanism for substitution of terminal ligands
addition, sinceK,® = intercept/gradient we can calculate on Fe-S-based clusters by nucleophiles is shown in Figure

9428 Inorganic Chemistry, Vol. 45, No. 23, 2006
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Figure 6. General mechanism for the reaction of j§&X4]>~ (X = halide or thiolate) with nucleophiles in MeCN.

6. The top pathwaykq) occurs at a rate independent of the while the rates of the reactions with nucleophiles reflects
concentration of nucleophile and involves rate-limiting the labilities of the thiolate ligands.

dissociation of the coordinated thiolate followed by rapid |t s worth commenting on the relative rates of the reactions
attack of the nucleophile at the vacant site on the cluster. ot phcoc| with [FeSu(SPh)]2~ and [ MoFe;Sy(SPh)} »(u-
The bottom line shows the associative pathway which gppyjs- |n both clusters, the reactions of nucleophiles or
comprises rapid binding of the nucleophile to the clu&) ( pnhcocl occur at an FeSPh site. Comparison of the rates

followed by rate-limiting dissociation of thiolatd). The ¢ reactions of the two clusters indicates how Mo in the
rate law for the nucleophilic substitution mechanism is shown ¢,,ster core influences the nucleophilicity of the thiolate. It

ineq 8. Itis yvorth noting that eq 8 is similar to the rate law is evident from Figure 1 thaf MoFe;Sy(SPh)} »(u-SPhy]*
for the reaction between F&-based clusters and PhCOCI reacts with PhCOCI about 3 times slower thanS#SPh)J2".
(eq 4). This observation is in accord with earlier work comparing
_ the reactivities o{ Fe;S;} and{MoFe&;S;} clusters. For both
—d[cluster] _ [k + KgkzInucleophile} Cluster] (8)  {MOFeS(SPh}}o(u-SPhY*~ and [FaS(SPh))*", com-
dt 1+ Kg[nucleophile] * parison of the rates of acid-catalyzed nucleophilic substitution
reactiond’ and the binding affinities of small molecules and
As we have noted above, for [[R(SPh)]>, the value ions shc_)w that the Mo-containing _cl'uster behaves as though
of k; for the reaction with nucleophiles and the valuegt the Fe sites were more electron-deficient. Thus, {ibtdFe;Sy-
for the reaction with PhCOCI are identical and are proposed (SPh¥}2(u-SPh)]*", the associative acid-catalyzed pathway
to involve the same rate-limiting dissociation of thiolate S more prevelent and the affinities for binding molecules
ligand. While the PhCOCI-dependent and the nucleophile- and ions are higher than for [F&(SPh)]". If the Fe-SPh
dependent pathways have similar rate laws (eqs 4 and 8sites in [MoFe;sSy(SPh)}o(u-SPh}]*~ are more electron-

respectively), the reactions show quite different character- deficient than those in [R84(SPh)]*", it is reasonable that
istics. the terminal thiolate ligands on{WMoFe;Si(SPh}},(u-

Previous studies with [R8(SPh)]2~ and [FaSu(SEt)]>- SPh)]t_wouId pe less nucleo_philic than those in [Bg .
show that, in the nucleophilic substitution reactions, dis- (S.Ph)‘ » and this would result |.n.the slower rate of reaction
sociation of the alkylthiolate ligand is appreciably slower with PhCOCI for the Mo-containing cluster.
than dissociation of arylthiolate ligafdn contrast, in the Influence of Protonating the Cluster on the Rate of
reactions with PhCOCI, [R&(SEt)]?" reacts about 250  Reaction. One concern, when investigating the kinetics of
times faster than [R&(SPh)]2 . This observation strongly  the reaction between Fe&5-based clusters and PhCOCI, is
indicates that lability of the coordinated thiolate is not the that hydrolysis of PhCOCI by traces of adventitious water
important factor for the PhnCOCI-dependent pathway. Rather, results in the formation of HCI, which would protonate the
the more electron-rich the thiolate, the faster the reaction cluster. Consequently, the observed kinetics described would
with acid chloride, consistent with nucleophilic attack of correspond to the reaction of PhCOCI with the protonated
coordinated thiolate on PhCOCI. Simplistically, the rates of cluster. However, as we described above, for{SPh)]?",
the reactions of FeS-based clusters with acid chlorides the agreement in the values kf" from the studies with
reflect the expected nucleophilicity of the thiolate ligand PhCOCI andck; for nucleophile substitution (where adventi-
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Figure 7. Kinetic data for the reaction between PhCOCI aftd§Fe;Sy(SPh}} 2(u-SPh}]3~ in MeCN at 25.0°C. Main: Dependence ¢§pson [NHEG)/
[NEts], when [PhCOCI]= 100 mmol dnr3. The curve drawn is that defined by eq 9 and the rate and equilibrium constants described in the text. Insert:
Dependence okops on [PhCOCI] when [NHES]/[NEts] = O (a) or [NHEt:™])/[NEts] = 5.0 @). Lines drawn are those defined by eq 9 and the rate and
equilibrium constants presented in the text.

tious acid cannot be present) indicates that the kinetics protonation of the thiolate ligand produces a coordinated thiol
described above are those of the unprotonated clusterwhose lability is not appreciably different from that of the

Furthermore, the effect of deliberately adding acid to the thiolate. However, addition of a second proton to the cluster,
reaction between PhCOCI and F8-based clusters, de- this time at a bridged sulfur, results in a decrease of the Fe-

scribed below, substantiates this conclusion. to-S z-back-bonding to the coordinated thiol and thus
Previous studiés have shown that [NHE}" (pK, = 18.46 increases the lability of the thiol to dissociation.
in MeCNY'®is capable of protonating synthetic+8-based We have investigated how the protonation state of

clusters in MeCN. Characteristic features of the protonation [{ MoFe;S,(SPh}} »(u-SPh}]3~ affects the kinetics of the

of synthetic Fe-S-based clusters in the presence of mixtures reaction between this cluster and PhCOCI. The kinetics of
of [NHEt;™] and NE§ are as follows. (i) Protonation of Fe the reaction between{MoFe;S,(SPh)} (u-SPh}]?~ and
S-based clusters increases the rate of both the associativhCOCI have been studied in the presence of mixtures of
and dissociative nucleophilic substitution pathways. (ii) The [NHEt;]* and NE$. At a constant concentration of PhCOCI,
rate of substitution depends on the ratio [NEH{NEt3] (not over the range [NHEt]/[NEts] = 0—15, kopsincreases in a

on the absolute Concentl‘ations Of eithel’ aCid or base). (|||) non”near fashion, as Shown in Figure 7 (main)_ ThUS, at IOW
The [Kqs of all synthetic Fe-S-based clusters in MeCN  yajyes of [NHE§']/[NEt3], the rate increases with [NHE/

fall in the narrow range i = 17.9-18.9, irrespective of  [NEty], but at high values of the ratio, the rate is independent
the nuclearity, topology, overall charge, or terminal ligands f [NHEt;+]/[NEt3]. In complementary experiments, where
of the cluster, indicating that protonation occurs at a common the ratio [NHE§*]/[NEts] = 5.0 is kept constant, the rate
site on the clusters, presumed to be the bridging sulfur atoms.jncreases in a linear fashion as the concentration of PhCOCI
(iv) It seems likely that a coordinated thiolate sulfur is more ;g increased Figure 7 (inserf). An important point about
basic than a bridged sulfur, and so it is expected that initial {nese Kkinetics is that the rate depends only on the ratio
rapid protonation of a thiolate occurs prior to protonation of [NHEts*]/[NEtg], not the absolute concentrations of either
the bridged sulfur. The labilization of the coordinated thiolate the acid or base. An analogous dependence on the ratio
by protonation of both the thiolate and a bridged sulfur has (NHEt,*)/[NEt;] is observed in the nucleophilic substitution
been discussed in some detail befoFer the benefit of the | o5ctions of this clustér

subsequent discussion, we will briefly outline the electronic
origins of how protonation of the cluster labilizes the
coordinated thiolates to dissociation. Protonation of a thiolate
ligand to produce a thiol affects the +8 bonding in the
following ways. The coordinated thiol has weaker S-to-Fe
o-bond, but stronger Fe-to-8-back-bond than the corre-
sponding coordinated thiolate. The overall effect is that

The rate law for the reaction between PhCOCI and
[{ MoF&S4(SPh}} »(u-SPh}]®~ in the presence of mixtures
of [NHEts]" and NE§ is shown in eq 9, wher&™° and
K MoksMo are the rate constants for the reaction{dflpFesS,-
(SPh}} »(u-SPh}]®~ with PhCOCI in the absence of acid,
while kMo = (5.5+ 0.5) x 102 st andk,M° = (8.0 £ 0.5)

x 1072 dm?® mol~* st are the values for the corresponding
(18) lzutsu, K.Acid—Base Dissociation Constants in Dipolar Aprotic reagtllor.]s of the protonated Clust&) =0.35+£0.05is the
Sobents Blackwell Scientific, Oxford, 1990. equilibrium constant for protonation of the cluster.
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—d[MoFe]  { (k" + K,"ks"*[PhCOCI)) + (k5" + k"°[PhCOCIK[NHEt; J/[NEt,]} [MoFe,]
d 1+ K [NHEt, /[NEt]]

9)

Equation 9 is consistent with the mechanism shown in protonated cluster would be more favorable than to the parent
Figure 8. The initial steps in this mechanism are identical to cluster; (ii) protonation of the cluster would diminish the
those previously described in the acid-catalyzed nucleophilic nucleophilicity of the terminal ligand but (iii) facilitate the
substitution reactions of MoFe;Sy(SPh}} »(u-SPh)]*~ and transfer of the chloro-group from PhCOCI to iron and
involve rapid protonation of the thiolate ligand and a bridging dissociation of the thiol. Thus, in the reactions of the
sulfur>7prior to any interaction with PhCOCI. As has been protonated and parent cluster, there are conflicting effects
argued in the acid-catalyzed nucleophilic substitution reac- in the elementary steps for the PhCOCI-dependent pathway,
tions, it seems likely that the thiolate sulfur is the most basic and the overall effect is that protonation of the cluster has
site and initial protonation of the thiolate produces the little effect on the rate of this pathway.
corresponding thiol within the dead-time of the stopped-flow A detail of the reaction betweer MoFeSi(SPh)} »(u-
apparatus. Subsequent protonation of the cluster core is als@&Ph}]*~ and PhCOCI in the presence of acid which deserves
rapid but produces an equilibrium mixture of clusters in further comment concerns the identity of the nucleophile.
which a bridged sulfur is either protonated or not. The In Figure 8, we have indicated that the nucleophile is the
amount of cluster with a protonated bridged sulfur depends coordinated thiol, but of course, the PhCOCI could be
on the ratio [NHE{"J/[NEts]. Since both protonation of the  attacked by one of the coordinated thiolates on the cluster.
thiolate and bridged sulfur occur before the interaction with Nonetheless, protonation anywhere on the cluster would be
PhCOCI, the value oK, and hence the calculatedKp= expected to diminish the nucleophilicity even of the coor-
18.0 for the protonated cluster, determined from the studiesdinated thiolates. Even if a coordinated thiolate is the
with PhCOCI are in good agreement with the values nucleophile, the marginal effect that protonation of the cluster
established in the studies on the acid-catalyzed nucleophilichas on the rate of the PhCOCI-dependent pathway indicates

substitution reactiodsof [{ MoFeS,(SPh}}a(u-SPh)]3, that, for this pathway, each of the elementary steps in the
where protonation of the cluster precedes binding of the transformation of the acid chloride (binding of acid chloride,
nucleophile Ko = 0.26 + 0.03" and K, = 18.1}. nucleophilic attack, and chloride transfer) are affected

Protonation of { MoF&S,(SPh}} »(u-SPh}]3~ leads to an differently by protonation of the cluster.
increase in the overall rate of the reaction with PhCOCI.
However, inspection of the daf{digure 7 (inserf) shows
that this overall rate increase is attributable, almost exclu-  Herein we have presented, for the first time, the kinetics
sively, to the increase in the PhCOCI-independent pathway of the reaction between syntheticF8-based clusters and
(ke“°/kiM° = 6.9). The PhCOCI-dependent pathway is PhCOCI. Specifically, we have studied the reactions of the
essentially unaffected by protonation of the clusteMy cuboidal [FeSi(SR)]2~ (R = Et or Ph) and {MoFe;S;-

K MokMe = 1.1). The effect that protonation of the cluster (SPh)} 2(u-SPh}]3~. In general, the reaction occurs by two
has on the two pathways with PhCOCI stands in stark pathways. One pathway involves initial rate-limiting dis-
contrast to the effect protonation has on the two nucleophilic sociation of thiolate from the parent cluster followed by
substitution pathways. Kinetic studies on the acid-catalyzed attack of chloride (produced from the reaction of the free
nucleophilic substitution reactions dfifloFe;S«(SPh)} o(u- thiolate with acid chloride) at the vacant cluster site. The
SPh)]*~ shows that both the nucleophile-independent and other pathway involves nucleophilic attack of a thiolate
the nucleophile-dependent pathways are facilitated by pro-jigand on the coordinated acid chloride. Both the kinetics
tonation of the clustet? Clearly, the markedly different  and spectrophotometric analysis are consistent with the acid
effects that protonation of the cluster has on the rates of thechloride binding to the cluster with the concentration of the
substrate-dependent pathways in the reactions with PhCOClintermediate{ [Fe,Sy(SEth(CICOPh)E} accumulating suf-
or nucleophile further supports our conclusion that the ficiently that it is detectable at high concentrations of
intimate mechanism for the PhCOCI-dependent pathway is phcoOCl.

different than that of the associative pathway for nUCIeOphi“C The genera| trends in the reactions ofF2based clusters
substitution. with PhCOCI reflect (i) changes to the lability of the thiolate

We would expect that, for the PhCOCI-independent for the PhCOCI-independent pathway and (ii) changes to the
pathway, protonation of the thiolate and bridged sulfur would nucleophilicity of the terminal thiolates for the PhCOCI-
increase the rate of the reaction since this pathway is rate-dependent pathway. Thus, alkylthiolate ligands are better
limited by the dissociation of the terminal ligand. Protonation nucleophiles but are less labile than arylthiolate ligands, and
of the cluster labilizes the cluster toward dissociation. hence, the reaction of PhCOCI with [fSa(SEt)]?" is faster

That protonation of {MoFe&Si(SPh}},(u-SPh}]®>~ has than with [FQS4(SPh)]?>~ but occurs exclusively by the
little effect on the PhCOCI-dependent pathway is interesting. PhCOCI-dependent pathway.

Consideration of the elementary steps involved in the For all the clusters studied in this work, the reaction with
PhCOCI-dependent pathway indicate that the following PhCOCI occurs at the Fe sites. Comparison of the reactivities
factors could be important: (i) binding of PhCOCI to the of [{ MoF&S,(SPh}} »(u-SPh}]3~ and [FeS4«(SPh)]?>~ shows

Summary

Inorganic Chemistry, Vol. 45, No. 23, 2006 9431



Bates et al.

NEtsw [NHEt]* A\
2- 1- / 1-
SHPh

= M[cl.

i i
Ko
/IS [NHEt;]* -—.\Jo""ls "“-ML-"""IS /
— NHEt; =MoL KM = |-.....___hq7r
Pyl i

i s

NEt;y

SPh SPh SPh

‘_sMnI _PhSH J -PhCOSPh

2-

e N
) S ==
ﬂ( L$

|P|.c0c1 + Ph§' — PhCOSPh+CI" .

Figure 8. Mechanism for the reaction of MoFesSy(SPh}} 2(u-SPh}]3~ with PhCOCI in the presence of [NHEt in MeCN. For clarity, only one of the
{MoFesS«(SPh}} subclusters is shown.

that the Fe-SPh residues in thEMoFe&S,} cluster react coordinated to FeS-based clusters and that observed for
slower than those in thigFe,Ss} cluster. This observationis  reactions of free nucleophiles with acid chlorides (acyl
in accord with earlier conclusions that Mo within a cuboidal transfer reactions). In principle, there are three mechanisms
Fe—S-based cluster has an electron-withdrawing effect on for these reactions (Figure 9).

the Fe sites. We are unaware of any kinetic studies on the reaction of
The protonation state of the cluster influences the rate of phs- with PhCOCI. However, there have been some detailed
the reaction with PhCOCI. Earlier studies on the kinetics of studies on the hydrolysis of RB4COCI which indicate that
the acid-catalyzed nucleophilic substitution reactions of the mechanism involves the acylinium i&hAlthough there
synthetic Fe-S-based clusters indicate that protonation can s Jittle unambiguous evidence for the existence of the
occur at both the terminal thiolate ligands and a bridged acylinium ion (e.g., reactions involving PhCOCI show no
sulfur of the cluster core. For the PhCOCI-independent common ion chloride effect), there is much evidence that
pathway, protonation of the cluster facilitates the reaction the mechanism involves a transition state with dissociative
with PhCOCI since protonation labilizes the cluster to character (e.g., benzoyl chloride derivatives containing
dissociation. Intuitively, it might be anticipated that proto- electron-donating R substituents hydrolyze faster). Only in
nation of the cluster would diminish the nucleophilicity of ~benzoyl chloride derivatives where the R substituent is very

the coordinated thiolate. Intriguingly, the PhCOCI-dependent electron-withdrawing (e.g., nitro-group) is an associative
pathway is little affected by the protonation state of the mechanism indicated.

cluster. The intimate mechanism of the PhCOCI-dependent Clearly, the kinetics of the reactions of PhCOCI with the

pathway must involve not only the nucleophilic attack of Fe_g pased clusters described herein are not consistent with
the coordinated thiolate on the coordinated acid chloride he involvement of the acylinium ion, but rather indicate an

(expected to be inhibited by protonation of the cluster) but 555qciative mechanism. This is consistent with the observa-

also dissociation of the Fehiolate bond and transfer of o that benzoyl chloride derivatives containing electron-
chloride from acid chloride to Fe (both expected to be \yithdrawing substituents favor an associative mechanism.
facilitated by protonation). The overall effect on all these ¢ binding of PhCOCI to the cluster presumably withdraws
elementary processes is a negligible difference in the rateSgjectron density from the acid chloride and facilitates
of reactions of the protonated and unprotonated clusters Withnucleophilic attack by the coordinated thiolate.
PhCOCI.

It is instructive to compare the mechanisms we have (19) Song, B. D.: Jencks, W. B. Am. Chem. Sod989 111, 8470 and
proposed for the reactions of PhCOCI with nucleophiles references therein.
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Figure 9. Possible mechanisms for the reaction of PhCOCI with nucleophiles.

Finally, the studies reported herein indicate the ability of
terminal thiolate ligands on synthetic +8-based clusters
to be nucleophiles in reactions with coordinated acid

calcium chloride gave a clear solution. The THF was removed by
distillation at atmospheric pressure, and the benzoyl chloride was
fractionally distilled in vacuo.

chlorides. The question arises “What other substrates are Kinetic Studies. The kinetics were studied using an Applied

susceptible to attack by thiolates coordinated te- Sebased
clusters?”

It has been reportétthat the reactions of [R&4(SEt)y]?~
with RNC (R= Bu", Bu, or 4-CIGH;NC) in the presence
of an excess of EtSH produces RIC(H)SEt. There is
spectrophotometric evidence that™BIC coordinates to the
cluster, and a mechanism involving nucleophilic attack of
coordinated thiolate on coordinated BIC has been pro-

Photophysics SX.18MV stopped-flow spectrophotometer, modified
for use with air-sensitive solutions. The temperature was maintained
by recirculating water from a Grant LT D6G thermostat tank. All
kinetic studies were performed under pseudo-first-order condifions
with all reagents at least in a 10-fold excess over the concentration
of cluster. All kinetics were measured at 5. Absorbance changes
were monitored at = 455 nm. The absorbanedéme traces were
fitted to a single-exponential curve using the Applied Photophysics
kinetics software to determine the observed rate constat (The

posed. It remains to be seen what other substrates (e.g., estersalues ofkq,s presented in Figures land 3 are the average of three
alkenes, alkynes, etc.) undergo intramolecular nucleophilic experiments. The dependenceskgi on PhCOCI and [NHEt ]/

attack from thiolates coordinated to synthetict&based
clusters.

Experimental Section

All manipulations were performed under an atmosphere of
dinitrogen using Schlenk or syringe techniques as appropriate. All

solvents used where dried and distilled under an atmosphere o

dinitrogen immediately prior to use. The clusters [NBFe;Ss-
(SPh)],2° [NEts]o[FesSy(SEt)],** and [NBU]s[{ MOFe;Sy(SPh)} -
(u-SPh}]?2 were prepared by the methods described in the
literaturé! and characterized by comparison with the repoitéd
NMR spectra.

Purification of Benzoyl Chloride. Benzoyl chloride (100 mL)
in THF (65 mL) was washed with two portions of cold 5% NaHCO
in distilled water (50 mL) to give a cloudy solution. Addition of

(20) Christou, G.; Garner, C. D.; Balasubramaniam, A.; Ridge, B.; Rydon,
H. N. Inorg. Synth.1982 21, 33.

(21) Averill, B. A.; Herskovitz, T.; Holm, R. H.; Ibers, J. A. Am. Chem.
Soc.1973 95, 3523.

(22) Christou, G.; Garner, C. . Chem. Soc., Dalton Tran¥98Q 2354.

(23) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw-Hill: New York, 1981.

(24) Dilworth, J. R.; Henderson, R. A.; Dahlstrom, P.; Nicholson, T.;
Zubieta, J. AJ. Chem. Soc., Dalton Tran$987, 529.

(25) Schwartz, A.; E. E. van Tameleh,Am. Chem. S0d.977, 99, 3189.

[NEts] were determined by graphical methods, as described in the
Results and Discussion.

All solutions for the kinetic studies were prepared in MeCN under
a dinitrogen atmosphere and were used within 1 h. Transfer of the
solutions into the stopped-flow apparatus was by means of all-
glass, gastight syringes.

¢ The solutions used in the studies involving [NHEtand NE§

were prepared from separate stock solutions of [NHIE®Ph,] and
NEt;. [NHEt3][BPh,] was prepared by the method described in the
literature and characterized by comparison with the repotted
NMR spectrun?*
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