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ABSTRACT: Treatment of the tetrahedral cluster HoRus(CO)o(p3-S) (1) with 2-(diphenylphosphino)thioanisole (PS) furnishes the
cluster H2Ru3(CO)7(>-PS)(us-S) (2). Cluster 2, which exhibits a chelated thiophosphine ligand (1<>-PS), exists as a pair of diastere-
omers with Keq = 1.55 at 298 K that differ in their disposition of ligands at the Ru(CO)(1>-PS) center. The PS ligand occupies the
equatorial sites (Peq, Seq) in the kinetic isomer and axial and equatorial sites (Pax, Seq) in the thermodynamically favored species. The
solid-state structure of the kinetic isomer of 2 has been established by X-ray diffraction analysis, and the reversible first-order kinetics
to equilibrium have been measured experimentally by NMR spectroscopy and HPLC over the temperature range 293-323 K. The
substitution reaction involving 1 and the isomerization of the PS ligand in 2 were investigated by DFT calculations. The computational
results support a phosphine-induced expansion of the cluster polyhedron that is triggered by the associative addition of the PS donor
to 1. The vertex opening in 1 is selective and leads to the cleavage of a hydride-bridged Ru-Ru bond to give the phosphine-substituted
cluster H2Ru3(CO)o(k!'-PS)(us-S) as the initial adduct. Chelation of the pendant MeS moiety follows with a loss of CO to give the
kinetic substitution product HoRus(CO)7(c?-Peq, Seq)(u3-S) (2). The observed isomerization of the PS ligand in 2 is best explained by
a tripodal rotation of the CO and PS groups at the Ru(CO)(1*>-PS) center that is preceded by a regiospecific migration of one of the
edge-bridging hydrides to the non-hydride-bridged Ru-Ru bond in 2.

Introduction Scheme 1. Isomerization of the PS’ ligand in

The coordination chemistry and reactivity of hemilabile lig- Os3(CO)10[ (MeSCH2CH2)PPh]

ands at mononuclear metal compounds have been studied for a
longer time and more extensively compared to polynuclear
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clusters. The reactivity of cluster-bound hemilabile ligands re- Os'
mains a relatively unexplored area of chemistry, and before any |
reactivity generalizations and predictions can be made with a I, | | w B
trusted degree of certainty, answers on the preferred binding s S 0‘5\
mode, stereochemical preferences, and dynamical properties of / , , \ ,
such ligands at different metal clusters are required. thp/\/SMe

Typically, heterobidentate hemilabile donors react with metal
clusters to give chelated or bridged products depending on the We recently published a report on the catalytic hydrogenation
nature of the ligapd and the energe.tics associated with the dif- of tiglic acid using the diphosphine-substituted clusters
ferent. product isomers, and this phepomenon was first H2Ru3(CO)7(Walphos)(us-S) [where Walphos = chiral 2'-(di-
described by Nordlander and co-workers in 2001 for the reac- phenylphosphino)phenyl]ferrocenyl} ethyldi[3,5-bis(trifluoro-

tion .Of the triosmium cluster_ 1,2-053(-C0)10(M6CN)-2 with Ehel methyl)phenyl]phosphine].4 The HzRus(CO)7(Walphos)(p3-S)
hemilabile donor (2-methylthioethyl)diphenylphosphine (PS”). cluster exists as a pair of Walphos-bridged diastereomers where

The bridged cluster Os3(CO)1o(u-PS’) is formed as a kinetic the phosphine ligand bridges one of the hydride-bridged Ru-Ru

producf[ of. substitution that undergpes a slow, non-dissociative bonds through the axial and equatorial sites. Earlier Bruce and
isomerization to the thermodynamically favore_d chelated c!us— co-workers reported the synthesis of several diphosphine-sub-
ter OS3(CO)10(.K2'PS’) (Scheme 1.2 Here the thiomethyl moiety stituted Ha2Rus(CO)7(u-PP)(us-S) clusters using reagent-as-
promotes an 1p-plane migration of ligands about the Os-Os sisted activation of 1.5 The products contain a bridging PP lig-
bf)nd.by changmg from a 2e to 4e donor that enables the coor- and that occupies equatorial sites at the hydride-bridged Ru-Ru
dination of adjacent metal centers. Other reports on the reaction bond. Apart from these two studies,** the direct reaction of 1
of PS, PSP, and PSSP donors with metal clusters have since ap- with bidentate donors is silent; although we note that both che-
peared,’ but the total number of examples is small compared to lated and  bridged  diphosphine-substituted  clusters

the mononuclear studies published to date. H2Rus(CO)7(PP)(u3-S) have been indirectly synthesized from



the precursors Rus(CO)io(u-PP) and HRus(CO)s(PP)(u-SR) in
the presence of H»S and Ha, respectively.S Apart from common
diphosphine donors, a chemical void exists concerning the
study of 1 with asymmetric bidentate donors, of which, the
hemilabile variety is long overdue for investigation. Herein we
present our results on the synthesis of HaRus(CO)7(1c>-PS)(ps-
S), which is produced in high yield from the reaction of the
hemilabile donor 2-(diphenylphosphino)thioanisole (PS) with
the sulfido-capped cluster HoRu3(CO)o(ps-S). Cluster 2 is the
first hemilabile-substituted cluster based on 1 and it is also the
first cluster whose PS ligand exhibits a reversible tripodal rota-
tion that serves to equilibrate the PS moiety at the chelated ru-
thenium center from the kinetic stereoisomer with a Peq, Seq dis-
position to the thermodynamically favored stereoisomer with
Pax, Seq Orientation.

Results and Discussion

1. Syntheses and Characterization of H:Ru3(CO)7(x’-
PS)(us-S). Treatment of an equimolar mixture of
H2Ruz(CO)o(ps-S) (1) and 2-(diphenylphosphino)thioanisole
(PS) with MesNO (2 equivs.) in CH2Cl2 at room temperature
gives a pair of diastereomers that possess a chelated PS ligand
and exhibit the formula H2Rusz(CO)7(x*-PS)(us-S) (2). NMR
analysis after 1 hr confirms the presence of an 8:1 mixture of
products. This ratio decreased to 1:1 for those reactions that
were stirred overnight and yielded a limiting Keq value of 1.55
for samples that were heated in a thermostated bath at 298 K for
2 weeks. These data support the existence of a dynamic equilib-
rium between the two diastereomers that involves the formation
of a kinetic isomer that undergoes a slow conversion to its ther-
modynamic counterpart.

Our attempts to separate the two products by traditional col-
umn chromatography were unsuccessful, so we next examined
preparative HPLC using a commercially available reverse-
phase Cis column. The two products could be separated using a
binary eluent composed of MeCN/H20 (9:1), after which the
isolated products equilibrated consistent with our premise of a
dynamic equilibrium between the two products. These data are
illustrated in Figure S1.

We were able to grow single crystals of one of the products
for X-ray diffraction analysis from an equilibrated mixture con-
taining cluster 2. Figure 1 shows the solid-state structure of the
PS-chelated cluster where the PS ligand occupies the equatorial
sites at the Ru(1) center that is flanked by both hydrides.” To
our knowledge this is the first structure based on cluster 1 that
contains an ancillary PS ligand. No examples of a cluster with
a bridging PS ligand are known, and this may reflect the rela-
tively small bite angle of the ligand that prefers to bind one
metal as opposed to bridging two metal centers.® The cluster
core in HaRu3(CO)7(i2-Peg,Seq)(113-S) (2-Peq, Seq) consists of an isos-
celes triangle of ruthenium atoms whose metallic face is capped
by the S(1) group. Chelation of the PS ligand in 2-Peq,Seq does
not adversely perturb the cluster polyhedron as the mean Ru-Ru
and Ru-S(1) distances of 2.8321 and 2.3704 A parallel the mean
Ru-Ru and Ru-S distances of 2.840 and 2.364 A reported by
Adams and Katahira for the parent cluster 1.° The two hydrides
lie below the metallic plane opposite the sulfido cap, and the
P(1) atom lies trans to the hydride that spans the Ru(1)-Ru(2)
vector [P(1)-Ru(1)-H(a) = 173(2)°] and cis to the hydride asso-
ciated with the Ru(1)-Ru(3) bond [P(1)-Ru(1)-H =93(1)°]. The

Ru(1)-S(2) bond distance of 2.3293(8) is comparable to the
mean Ru-S(1) distance, and the sum of the angles about the S(2)
atom is ca. 319°, confirming the pyramidal geometry at the thi-
oether moiety. Fast sulfur inversion has been reported for a se-
ries of mononuclear ruthenium compounds with coordinated
thioethers.!® Out of the two possible orientations available to the
C(26) methyl group in 2-Peq,Seq, the one that places the C(26)
group distal to the capping sulfido ligand and proximal to the
bridging hydride H(a) is experimentally found based on the
S(1)-Ru(1)-S(2)-C(26) torsion angle of 149.3(3)°.

Figure 1. Molecular structure of H2Ruz(CO)7(ic>-Peg, Seq)(u3-S).
Thermal ellipsoids are drawn at the 50% probability level. Selected
bond distances (A) and angles (deg): Ru(1)-Ru(2) = 2.8785(3);
Ru(1)-Ru(3) = 2.8733(3); Ru(2)-Ru(3) = 2.7445(4); Ru(1)-S(2) =
2.3293(8); Ru(1)-P(1) = 2.2874(8); P(1)-Ru(1)-S(2) = 86.49(3);
P(1)-Ru(1)-H(A) = 173(2); P(1)-Ru(1)-H = 93(1).

The identity of the products in the reaction mixture was
ascertained by 'H NMR spectroscopy. Both species exhibit a
distinct pair of bridging hydrides that comprise the AB portion
of an ABX spin system and whose geminal coupling to the an-
cillary phosphine facilitates the stereochemical assignment of
the phosphine moiety relative to the hydrides. The kinetic prod-
uct displays a pair of doublet of doublets (dd) centered at
6 -20.11 and -17.26 where the small 1.8 Hz splitting observed
derives from hydride-hydride coupling, as verified by 'H
COSY.!"! The resonance at & -17.26 exhibits a large 2Jpu cou-
pling of 34.0 Hz in full support for a trans orientation of the
phosphine to one of the hydrides.'? Of the four different equa-
torial sites that are trans to a hydride in the cluster polyhedron,
the locus for the phosphine must also be situated cis to the sec-
ond hydride in order to account for the 2Jpu coupling of 9.5 Hz.
The site of phosphine substitution consistent with these stereo-
chemical requirements is at one of the two equatorial sites at the
ruthenium atom that is flanked by both bridging hydrides. Since
the site of MeS substitution (equatorial versus axial) could not
be unequivocally established by NMR, we investigated the site
preference by DFT. The chelated isomer with a Peg, Seq ligand
disposition was determined to be 2.0 kcal/mol more stable than



the alternative stereoisomer possessing a Peq, Sax orientation.
The NMR and DFT data, taken collectively, are consistent with
the solid-state structure that may be confidently assigned as the
kinetic product of ligand substitution. The thermodynamics for
the formation of the two chelated products were evaluated by
DFT according to the stoichiometry: cluster 1 + PS — cluster 2
+2CO. The reaction is endergonic by >12 kcal/mol and entrop-
ically driven by the release of CO (two equivs).

The thermodynamically favored isomer exhibits an axial
phosphine based on the recorded 2Jpu values of 8.3 and 11.3 Hz.
The magnitude of these couplings requires the proximal loca-
tion of the phosphine relative to the two hydrides, a condition
that mandates an axial disposition of the phosphine moiety. The
magnitude of the 2Jpu values in the thermodynamic isomer
H2Ru3(CO)7(i3-Pax, Seq)(13-S) is similar to the 10 Hz value re-
ported by Stone et al. for the monophosphine-substituted cluster
H2Ru3(CO)s(PPhs)(us-S) that reveals a hydride doublet at
8 -18.31 (YJeu = 10.0 Hz) in the '"H NMR spectrum.'> The ob-
served hydride splitting in H2Ru3(CO)s(PPhs)(us-S) is con-
sistent with an axial PPhs group and a product having Cs sym-
metry. Accordingly, the 'H NMR spectrum of H2Rus(CO)7(i?-
Pax, Seq)(113-S) supports the axial coordination of the phosphine
at the ruthenium atom bound by both edge-bridging hydrides.
A Pux orientation, in turn, requires the equatorial disposition of
the MeS ligand and allows us to posit with confidence
H2Rus(CO)7(1c?-Pax, Seq)(113-S) as the thermodynamic isomer in
the reaction of 1 with PS. Scheme 2 shows the course of the
reaction as a function of the two products and their geminal cou-
pling constants.

Scheme 2. Diastereomers 2-(Peg, Seq) and 2-(Pax, Seq) produced
from the reaction of 1 with PS.
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We have also examined other synthetic methods for the reac-
tion of 1 with PS in order to study the effect different conditions
have, if any, on the ligand regiochemistry in the substituted
product. We prepared the MeCN-substituted cluster
HoRus(CO)s(MeCN)(u3-S) in situ from 1 and MesNO (1 equiv)
in MeCN and studied the substitution reaction with PS. The re-
placement of a CO ligand in a binary metal carbonyl by an
MeCN group gives, as a rule of thumb, activated precursors that
exhibit enhanced chemical reactivity in ligand substitution re-
actions vis-4-vis the parent carbonyl.'* The IR spectrum of
H2Rus(CO)s(MeCN)(u3-S) reveals v(CO) bands at 2085m,

2053v, 2047s, and 2003s cm™' similar in nature to the osmium
derivative H20s3(CO)s(MeCN)(u3-S) prepared by Deeming and
Hogarth."> H2Ru3(CO)s(MeCN)(us-S) reacts with PS (1 equiv)
at room temperature to give an intermediate monophosphine-
substituted cluster consistent with the formula HoRus(CO)s(x’-
PS)(us-S). The observation of the phosphine-substituted cluster
as the initial product from the addition of the PS donor to cluster
1 establishes the phosphine moiety, as opposed to the sulfur
moiety, as the kinetically preferred donor. The 'H NMR spec-
trum reveals a hydride doublet at 8 -18.28 (3Jpu = 9.5 Hz) akin
to that reported for HoRus(CO)s(PPhs)(us-S)."* Our Rus inter-
mediate is not stable and loses CO over several hours to furnish
cluster 2 as a mixture of diastereomers whose composition de-
pends on the resident time in solution. Treatment of
H2Rus(CO)s("-PS)(ua-S) with added MesNO promotes the
rapid chelation of the MeS group and formation of cluster 2. We
also attempted to prepare the bis(acetonitrile) cluster
HoRuz(CO)7(MeCN)2(pus-S) from 1 using two equivalents of
MesNO. This experiment was conducted in a mixture of
CD3;CN/CDCls and was monitored by 'H NMR spectroscopy.
We observed HaRu3(CO)s(CD3CN)(p3-S) after 1 hr, along with
a small amount of cluster 3, leading us to conclude that the for-
mation of the bis(acetonitrile) cluster is sluggish under these
conditions; no further effort was expended in the preparation of
this derivative.

The lability of the coordinated MeCN ligand in
H2Ru3(CO)s(MeCN)(us-S) was confirmed by the crystals ob-
tained from a stock solution of the cluster in CH2Cl. that was
allowed to sit for several days under argon in a storage vessel.
Dark orange crystals were deposited after one week and whose
identity was subsequently established by single-crystal X-ray
diffraction analysis. The solved structure corresponds to the cy-
clic trimer [H2Ru3(CO)s(psa-S)]3*CH2Cl2 (3) that is a
pseudopolymorph of the trimeric cluster reported by Adams and
co-workers.'® Figure 2 shows the thermal ellipsoid plot of the
molecular structure of 3. The bond distances and angles in 3 are
reported in the SI document. The isolation of 3 provides strong
support for a weakly bound, labile MeCN ligand in
H2Rus(CO)s(MeCN)(us-S). Dissociation of MeCN generates
the unsaturated cluster H2Ru3(CO)s(u3-S) which trimerizes in a
head-to-tail coupling of the individual Rus units. The cluster ag-
gregation is driven by the capture of the unsaturated ruthenium
atom using the capping sulfido moiety of a second cluster. The
linking of three Rus units in this process is accompanied by a p3
— w4 change in the sulfido groups as each sulfido ligand trans-
forms from a 4e to 6e donor.



Figure 2. Molecular structure of [H2Ruz(CO)s(p4-S)]3-CH2Cl2 (3).
Thermal ellipsoids are drawn at the 50% probability level

We also conducted a control experiment involving 1 and PS
(1 equiv), and this reaction was performed at room temperature
in the absence of external activation. Surprisingly, the PS donor
adds to 1 to furnish H2Rus(CO)s(kP-PS)(us-S), the same inter-
mediate recorded in the reaction between
HoRuz(CO)s(MeCN)(us-S) and PS. The concentration of the
monosubstituted ¥ product remained low (<20%) in those re-
actions monitored by NMR; this same species functions as an
indispensable precursor in the ensuing MeS chelation/decar-
bonylation steps that ultimately give H2Rus(CO)7(*-PS)(u3-S)
(2) along with liberated CO. Stirring an equimolar samples of 1
and PS at room temperature overnight revealed a 1:6 mixture of
H2Rus(CO)s(P-PS)(ua-S):  H2Rus(CO)7(1>-PS)(us-S) by 'H
NMR, with the ratio of the diastereomer products 2-(Peq, Seq):2-
(Pax, Seq) determined to be 1:1 at this point. Complete conver-
sion to products and equilibrium (Keq = 1.55) was achieved after
1 week at room temperature. Scheme 3 illustrates the course of
this reaction in terms of the species that have been observed
spectroscopically.

Scheme 3. Stereochemistry in the phosphine-substituted inter-
mediate and chelated products from the reaction of 1 and PS.
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I1. DFT Evaluation of the Isomeric H:Ru3(CO)7(PS)(us-S)
Clusters. Electronic structure calculations were performed on
2 to determine if we could accurately reproduce the energy dif-
ference between the two products with respect to the experi-
mental value, as assessed through the value of Keq measured at
equilibrium. The second area of interest was the computational
evaluation of the relative energies of alternative isomers as a

function of coordination mode exhibited by the PS ligand (Fig-
ure 3). Here we used the model ligand o-Me:PCsHsSMe to
economize on computational time. The energy ordering for dif-
ferent PS-chelated and PS-bridged isomers is unknown, and
these data could be useful to individuals with an interest in us-
ing PS and related donors as ligand auxiliaries. Bidentate coor-
dination of the PS donor by H2Ru3(CO)o(p3-S) furnishes a chiral
product with Rus(us-S) and sulfur (MeS moiety) stereogenic
centers.!” The latter chiral center can exhibit two distinct con-
figurations for the Me group and the sulfur lone pair relative to
the cluster polyhedron, and the resulting products are epimers. '
The presence of two hydride-bridged Ru-Ru bonds adds addi-
tional complexity and serves to increase the potential number
of chelated and bridged isomers. Two different sites for PS lig-
and chelation exist in HoRu3(CO)7(PS)(us-S): one which in-
volves the unique ruthenium atom that is bridged by both hy-
drides and second by coordination of one of the two remaining
ruthenium centers, each of which contains a single edge-bridg-
ing hydride. The bridging of adjacent ruthenium centers by the
PS ligand can take place across a hydride-bridged or as non-
hydride-bridged Ru-Ru bond via (Pax, Sax), (Peq, Seq), (Pax, Seq),
and (Peq, Sax) ligand arrangements. '’

We have examined a total of thirty isomers for
H2Ruz(CO)7(PS)(us-S) as a function of the distribution of the
PS ligand and the edge-bridging hydrides about the cluster pol-
yhedron. The hydrides in each isomer have been confined to
separate Ru-Ru bonds as found in the parent cluster. There are
sixteen PS-chelated and fourteen PS-bridged isomers that are
grouped as pairs of epimers in Figure 3 and whose individual
energies are reported in Table S1. The depicted structures show
the most stable configuration about the MeS stereocenter in
each isomer.?’ The relative energies (AG) computed for the spe-
cies C1-C30 range from -0.2 kcal/mol for C2 to slightly over
23 kcal/mol for C30. C2 is confirmed as the thermodynamically
favored species of the group and is consistent with the solution
structure formulated as HaRu3(CO)7(1>-Pax, Seq)(113-S), the dom-
inant product at equilibrium from the reaction of 1 and PS. We
have chosen species Cl1 as the point of reference (0.0 kcal/mol)
for the energetic ordering of these isomers because its structure
matches that of the kinetic product of substitution
H2Rus(CO)7(1?-Peq, Seq)(u3-S). The computed AG of -0.2
kcal/mol between C1 and C2 gives a Keq value of 1.40 that
closely matches the value of 1.55 found experimentally and pro-
vides strong support for use of these two species in the DFT
modeling studies conducted on the ligand isomerization involv-
ing cluster 2.

The PS ligand in HaRu3(CO)7(PS)(ps-S) prefers to chelate a
single ruthenium center as evidenced by the six lowest energy
structures (C1-C6) shown in Figure 4. The relative energies of
the different species are included alongside the designated label
for each species. These six structures, which bind the ruthenium
center that is flanked by both hydride ligands, are more stable
than the alternative chelated structures whose PS-chelated ru-
thenium atom supports a single edge-bridging hydride. The en-
ergy difference between C1-C6 is small (<2.3 kcal/mol) and
there exists a stereochemical preference for an axial Me:P group
versus the MeS group. The energy difference between the
C1/C3, C2/C4, and C5/C6 epimers is also small in these iso-
mers but larger in others.
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Figure 3. Computed isomers C1-C30 for the chelated and bridged forms of H2Ru3(CO)7(PS)(u3-S). The species are grouped as epimeric
pairs that are related by a configurational change of the MeS moiety with the first label representing the more stable epimer.

The lowest energy PS-bridged clusters correspond to the epi-
meric pairs C7/C8 and C13/C14 and the bridged isomers C21
and C22 that lie >6.5 kcal/mol above C1. The DFT data confirm
the preference for a chelated PS ligand in this particular cluster
as confirmed experimentally (vide supra) and computationally
for species C1-C6. Figure S2 shows the optimized structures of
the thermodynamically favored PS-bridged clusters in
HaoRuz(CO)7(PS)(us-S). A few trends exist that are worth noting
in terms of the ligand distribution in these bridged species. The
coordination of the PS ligand at the adjacent equatorial sites in
C7 is favored by 7 kcal/mol over the corresponding axial orien-
tation displayed by the PS ligand in C22. For those isomers with
an equatorial PS ligand, a regiochemical preference exists for
the coordination of the PMe: group by the ruthenium center that
supports both bridging hydrides with C7 and C13 being more
stable than their MeS counterparts C8 and C14, respectively.
Within each pair of PS-bridged epimers, the stereoisomer
whose sulfur-bound Me group is proximally situated to the axial
Me group of the PMe: moiety is sterically destabilized relative
to the epimer with a distal Me-S moiety. The energy difference

(AG) between the epimers C7/C13 and C8/C14 is comparable
in magnitude (ca. 3.7 kcal/mol). Finally, the least stable isomers
in this family involve an axially disposed PS ligand that shares
a Ru-Ru bond with an edge-bridged hydride. The ancillary hy-
drides in all of the computed species lie below the metallic plane
and opposite the capping sulfido group. The locus adopted by
such a hydride places it unfavorably close to the axially bridged
PS ligand and within the van der Waals contact with the syn
equatorial CO group at each ruthenium center that is tethered
by the two bridging groups.

III. Computational Study on the Formation of
H2Ru3(CO)7(12-Peq, Seq)(p3-S) (C1) from Cluster 1 and PS.
The formation of the kinetic substitution product C1 from
cluster 1 and PS donor was investigated by electronic structure
calculations. The transformation of 1 (A) + PS (B) — C1 pro-
ceeds by a sequence of eleven steps, and Figure 5 shows the
participating clusters en route to C1.
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Figure 6. Free-energy profile for the conversion of A + B — C1 + 2CO.

The addition of the PS donor (species B) to cluster 1 (species
A) exhibits twofold regiospecificity that involves the exclusive
addition of the phosphine moiety of B to one of the monohy-
dride-bridged ruthenium centers in A. Phosphine addition to A
occurs below the metallic plane trans to the capping sulfido lig-
and. The formation of the P-Ru bond (k!-PS) is accompanied
by the polyhedral expansion of the adjacent hydride-bridged
Ru-Ru bond to yield to the opened cluster D in a process that
underscores the coordinative flexibility in metal clusters where
metal-metal and metal-ligand vertex bonds serve as latent coor-
dination sites for ligand addition and substrate activation reac-
tions.?'"2* D lies 25.5 kcal/mol above the reactants (Figure 6)
and is tangentially related to the expanded clusters found by
Planalp and Vahrenkamp in the ligand-induced openings of the
phosphinidene-capped tetrahedral clusters FeCo2(CO)o(ps-
PMe) and FeCoWCp’(CO)s(us-PMe) (where Cp’ = Cp,
Cp*).>*® In that study, several PMes- and PPhMe»-substituted
products were characterized by spectroscopic and
crystallographic methods, and phosphine addition (two equivs)
was shown to occur with the scission of two metal-metal bonds
through an associative addition process. Scheme 4 illustrates
the sequence for the FeCoa cluster. No evidence for ligand slip-
page of the phosphinidene vertex (s — L2) was observed in
these reactions, but such an intermediate could have escaped
detection if it were short-lived.

Scheme 4. Cluster opening in FeCo2(CO)s(us-PMe) by PMe;
addition.

',‘:"e\ MeR———Co(CO)y(PMes)
/ _>Co(CO /
PM
(OC)3F9<\ — (MesF’)(GC)zFe\
o(CO Co(CO);

TSC3C1

TSC12C3
27.9 26.4

] J 23.1 aai
20.8 19.9 \ / \
C3
13.7 1%?6
C1+2CO

Energy values are AG in kcal/mol with respect to A and B.

Our data represent the first computational study, to our
knowledge, that documents the ligand-induced opening of a hy-
dride-bridged metal-metal bond in a tetrahedral cluster. Ligand-
induced scission of unsupported metal-metal bonds and metal-
capping ligand bonds is known, but the conversion of a hydride-
bridged Ru-Ru bond to a terminal hydride group in a metal clus-
ter following ligand addition is unprecedented. Hydride mobil-
ity in metal clusters is well-documented, and fluxionality in-
volving hydride transit across intact metal-metal bonds via
bridge-terminal-bridge exchange sequences while common,?
does not result in the formation of a terminal metal-hydride (M-
H) at the expense of the original metal-metal bond.

Figure 7 shows the optimized ground-state structures for the
reaction leading to C1. Isomerization of D — E follows the for-
mation of the addition adduct, and this furnishes the more stable
rotational isomer that lies 8.9 kcal/mol lower in energy. The to-
tal electron count and the six-coordinate environment at the P-
substituted ruthenium atom remain unchanged in this transfor-
mation. The formation of E is driven by the unfavorable van der
Waals interactions that exist between the Ru-H ligand and the
methyl groups of the Me2P ligand in D. These close contacts are
eliminated on the isomerization of the PS ligand to the exo site
in E. The Ru-Ru bond in E is over 4.00 A in length and this
distance precludes any bonding interaction between the P-

substituted ruthenium center and the adjacent Ru-H centers in
E. 2728

The chelation of the pendant MeS moiety in E occurs next,
and the coordination of the sulfur donor is coupled with the
synchronous migration of the axial CO (red, trans to the
phosphine) to the adjacent ruthenium center to give F. The
formation of a bridging CO (red) group at the expense of the old
Ru-Ru bond allows the Ru(x?-PS) center to maintain an
octahedral geometry. Transit of the bridging CO (red) to the



Figure 7. Optimized structures for the intermediates D-K.

adjacent ruthenium gives G whose formation is accompanied
by the release of the equatorial CO (blue) and regeneration of
the original Ru-Ru bond. The «2-PS ligand in G exhibits a Peq,
Sax disposition with the P donor situated pseudo trans to the Ru-
Ru bond based on the P-Ru-Ru bond angle of ca. 147°, while
the MeS moiety lies above the metallic plane capped by the p3-
sulfido group. Tripodal rotation of the PMez and CO groups at
the PS-chelated ruthenium center reorients and places the larger
PMe: group at a less crowded equatorial site in H.?’ The Rus(us-
S) tetrahedron is regenerated upon bond-pair donation from the
terminal Ru-H moiety to the PS-substituted ruthenium center
which occurs with the release of the coordinated MeS group to
give L. This latter species likely serves as the precursor to the
resting state isomer observed by NMR spectroscopy.*

The three ligands at the PS-substituted ruthenium in I are
properly aligned with respect to the non-hydride-bridged Ru-
Ru bond to support the conrotation of the two CO groups that is
triggered by the chelation of the MeS moiety. Here the migra-
tion of the axial CO (green) to the adjacent ruthenium center is
promoted by the addition of the MeS moiety to the ruthenium
center and this affords J in a process reminiscent of that de-
scribed for the formation of F. Dissociative loss of the CO in J
furnishes K which still maintains the original bridging CO
(green) moiety. The in-plane migration of the CO (green) group
to the axial site at the adjacent ruthenium completes the process
and gives the PS-chelated product C12, whose structure was ad-
dressed earlier in our study on the stability of the different iso-
mers based on HaRu3(CO)7(PS)(us-S).

While C12 possesses the same molecular formula as the ki-
netic substitution product C1, the locus of one hydride and the
Me/lone pair disposition at the stereogenic MeS center are both
wrong, making this isomer 10.1 kcal/mol less stable than C1.

Migration of the remote hydride to the metallic edge cis to the
PMe: group furnishes C3, which in turn epimerizes via a py-
ramidalization'7*3! that involves TSC3C1 with a forward bar-

rier height of 12.7 kcal/mol to complete the sequence and give
the kinetic product C1.

IV. Kinetic modeling of the PS ligand isomerization in
H2Ru3(CO)7(k?-PS)(us-S): Conversion of 2-(Peg, Seq) —> 2-
(Pax, Seq). The isomerization reaction was investigated kinet-
ically by following the evolution of 2-(Peq, Seq) and 2-(Pax, Seq)
to equilibrium over the temperature range 298-323 K, and the
data were successfully fit to a model based on a reversible first-
order reaction involving 2-(Peq, Seq) = 2-(Pax, Seq).**** The rate
to equilibrium is best measured by starting with 2-(Peg, Seq) at a
point of maximum displacement from equilibrium. The reaction
of 1 with PS in the presence of Me;NO reliably furnished an
85:15 mixture of 2-(Peq, Seq) and 2-(Pax, Seq). The boundary con-
ditions employed in our modeling studies reflect the initial ratio
of the two products. The course of the isomerization was
conveniently monitored by either 'H NMR spectroscopy or
HPLC. Figure S3 shows the NMR spectral changes as a func-
tion of time for the reaction investigated at 303.0 K. These data
were successfully modeled, and the '"H NMR data for the con-
version versus time profiles for 2-(Peq, Seq) and 2-(Pax, Seq) are
depicted in Figure 8. Excellent agreement is confirmed for the
nonlinear regression treatment of the data according to the re-
versible first-order equilibrium (Eq 1).
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Figure 8. "H NMR measured conversion () versus time profile for
the isomerization of 2-(Peq, Seq) = 2-(Pax, Seq) at 303.0 K. The
solid lines represent the non-linear regression fit for a reversible
first-order reaction.

The forward (ki) and reverse (ko) rate constants for the isom-
erization are reported in Table 1, along with the equilibrium
constant as a function of temperature. Figure S4 shows the plots
of In(k/T) versus T! from which the Eyring activation parame-

ters were computed for the forward [AH* = 21.2(6) kcal/mol
and AS* = -10(2) eu] and the reverse [AH* = 19.5(7) kcal/mol
and AS* = -17(2) eu] steps. Both reaction steps exhibit a nega-

tive AS* value that is consistent with an ordered transition state
for the tripodal rotation.

Table 1. Forward (ki) and Reverse (kz) Rate Constants and
Equilibrium Constants (Keq) for the Isomerization of 2-
(Peq,Seq) = 2-(Pax,Seq)

Temp (K) ki k> Keg®
293.0 4.60(34)e-6 | 3.17(11)e-6 1.45(4)
298.0° 7.41(47)e-6 | 4.78(13)e-6 1.55(5)
303.0 1.54(5)e-5 | 9.30(20)e-6 1.66(5)
303.0° 1.11(12)e-5 | 6.76(30)e-6 1.65(5)
313.0 4.70(3)e-5 | 2.71(1)e-5 1.73(5)
323.0 1.35(1)e-4 | 6.98(3)e-5 1.91(6)

aRate constants are in s and are from 'H NMR measurements
unless otherwise noted. "HPLC collected data. “Ratio of 2-
(Pax,Seq)/z-(Peq,Seq).

The van’t Hoff plot for the isomerization is depicted in Figure
S5. The computed values for AH [1.69(7) kcal/mol] and AS
[6.5(2) eu] reveal that the isomerization, while enthalpically
unfavorable, is entropically driven to product above 262 K. This
suggests that the cluster is better able to accommodate the
ancillary ligands in the product [2-(Pax, Seq)] relative to the

kinetically formed product that has a slightly more restricted
ligand sphere based on a Peq, Seq ligand orientation.

V. Computational Study on the Isomerization of C1 = C2.
With the mechanism for the formation of C1 (kinetic isomer)
mapped out and the isomerization between the chelated prod-
ucts of 2 kinetically modeled, we now address the isomerization
mechanism for 2-(Peq, Seq) = 2-(Pax, Seq). We investigated sev-
eral reaction paths by DFT and were able to rule out a dissocia-
tive manifold involving the release of either the Me2P or MeS
moiety to furnish an unsaturated intermediate with the general
formula H2Ru3(CO)7(x!-PS). The transition-state energies for
these alternative intermediates lie >12 kcal/mol above the rate-
limiting barrier in the preferred mechanism whose details are
discussed in the next section.

The concerted tripodal rotation of the three ligands at the
Ru(CO)(k2-PS) center was next investigated because it would
allow C1 to transform directly to C2 and fulfill the kinetic mod-
eling based on a reversible first-order process. Figures 9 and 10
show the energy profile and the optimized structures for two of
the isomerization reactions we will discuss in detail. Starting
with C1 (Figure 4), a clockwise rotation of the three rotor lig-
ands at Ru(CO)(k2-PS) affords TSC1C2 with a barrier of 29.1
kcal/mol. This rotation leads to three eclipsing interactions in
TSC1C2, two of which involve a bridging hydride that is
proximally situated to the CO and Me:P rotor groups, with the
third eclipsing interaction involving the MeS and capping sul-
fido groups. All three interactions are well within the van der
Waals radii of the H/CO, H/PMe:, and S/SMe groups and serve
as significant contributors to the overall barrier.

TSC1C2
291

TSC11C10
223

TSC10C2
TSC1C11
13.3 14.0

Cc1 Cc2
0.0 -0.2

Figure 9. Potential energy profile for the isomerization of C1 &
C2. Energy values are AG in kcal/mol with respect to C1.

The computed barrier for TSC1C2, while not unreasonable,

lies 4.9 kcal/mol above the AG* measured in the kinetics exper-
iments for the forward step of the isomerization reaction. Ac-
cordingly, we examined the effect of hydride migration as a pre-
requisite step in the conversion of C1 = C2 due to the reported
exchange broadening of the bridging hydrides in related Rus
and Os; systems.>%!%16 Migration of the hydride syn to the



Cc10 TSC10C2
Figure 10. Optimized structures for the intermediates C10 and
C11, and transition-state structures TSC1C2, TSCI1Cl11,

TSC11C10, and TSC10C2

MeS moiety in C1 to the adjacent non-hydride bridged Ru-Ru
bond proceeds by TSC1C11 and yields the hydride isomer C11.
Hydride transit occurs across the polyhedral face of the cluster
opposite the capping sulfido moiety. Clockwise tripodal rota-
tion of the three ligands at the Ru(CO)(x?-PS) center follows
through TSC11C10 whose barrier is more closely aligned with
the experimental value of 24.2 kcal/mol (forward step).
TSC11C10 lies 6.8 kcal/mol lower in energy than TSC1C2,
and the principal origin for the energy difference between the

DFT-computed transition states (AAG¥) is attributed to the ini-
tial hydride migration in C1 to C11. The latter isomer, while
less stable, provides an increased measure of freedom for the
subsequent tripodal rotation by eliminating the eclipsing inter-
action extant between the bridging hydride and the migrating
CO in TSCI1C2. Progressing from TSC11C10 affords C10
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whose 2-PS ligand has the proper Pax, Seq orientation as that
displayed in thermodynamic product C2, which, in turn, is pro-
duced by a final migration of the original hydride (TSC10C2)
back to its initial locus and now syn to the axial MezP group in
C2.34 This particular sequence is illustrated in Figure S6.

We wish to point out that the multistep mechanism depicted
in Figure 9 vis-a-vis the kinetic modeling data presented for the
2-(Peq, Seq) = 2-(Pax, Seq)/(C1 = C2) isomerization will exhibit
reversible first-order kinetics within the steady-state approxi-
mation given the extremely low concentrations predicted for the
intermediates C11 and C10. The amount of these intermediates
relative to C1 and C2 are estimated at <10 based on the Boltz-
mann distribution of the participating ground-state species in
the isomerization. Since the kinetics alone provide no insight
into the existence/nature of these intermediates, we must rely
on the DFT data to provide added insight for a more accurate
picture on the identity of such intermediates and their energies
relative to the phenomenologically observed components in this
equilibrium.

The final isomerization mechanism evaluated by us is
depicted in Figure 11. Here we evaluated the kinetic lability of
the epimer produced from C1 on pyramidalization of the MeS
group and its participation in the isomerization. The pyramidali-
zation of the MeS group in C1 to give epimer C3 proceeds via
TSC1C2 with a relatively low barrier of 13.8 kcal/mol. Tripo-
dal rotation of the CO/PS ligands follows and transition state
TSC3C4 lies 30.4 kcal/mol above C1, making this the slowest
step of the three processes computed for tripodal rotation. The
resulting product C4 transforms into C2 through one last low-
energy pyramidalization. While TSC3C4 is not the preferred
isomerization pathway, the data do support non-dissociative
epimerization as energetically competitive paths for ligand epi-
merization (rearrangement) in this family of metal clusters.

TSC1C3

13.8

Figure 11. Potential energy profile for the isomerization of C1 =
C2 initiated by MeS epimerization and optimized transition-state
structures TSC1C3, TSC3C4, and TSC4C2. Energy values are AG
in kcal/mol with respect to C1.



Conclusions

The reaction of 2-(diphenylphosphino)thioanisole (PS) with
HoRus(CO)o(us-S) (1) has been investigated and found to give
the chelated cluster HaRus(CO)7(k>-PS)(u3-S) (2) in high yield,
making this the first reported example of a cluster based on 1
with an ancillary PS ligand. The formation of 2 is kinetically
controlled, and the chelated PS ligand is shown to occupy equa-
torial sites (Peq, Seq) in the kinetic isomer, which is unstable and
rearranges to the thermodynamically more stable diastereomer
where the PS ligand is bound at the axial and equatorial sites
(Pax, Seq). The fluxional exchange between these diastereomers
occurs via a tripodal rotation of the three ligands at the PS-
chelated Ru(CO)(k%-PS) center. The kinetics to equilibrium
have been measured by NMR and HPLC methods, and the con-
centration versus time profiles of the diastereomers have been
successfully reproduced using a kinetic model based on reversi-
ble first-order equilibrium.

The results of DFT calculations indicate that the addition of
the PS donor to 1 proceeds in a regiospecific fashion via an endo
addition of the phosphine to a ruthenium center that is bridged
by a single hydride ligand. The ligand addition step is
accompanied by an expansion of the cluster polyhedron which
proceeds at the expense of a hydride-bridged Ru-Ru bond. Che-
lation of the MeS moiety proceeds via CO loss and ultimately
affords the kinetic diastereomer. The reversible isomerization
involving 2-(Peq, Seq) = 2-(Pax, Seq) has been evaluated compu-
tationally and shown to proceed by an initial transfer of one the
bridging hydrides to the non-hydride bridged Ru-Ru bond, free-
ing up the environment at the Ru(CO)(k>-PS) site for the ensu-
ing tripodal rotation. Return of the hydride to the original Ru-
Ru vector completes the process and furnishes the diastereomer
with a Pax, Seq disposition.

Experimental Section

General procedures. The RuCl;-xH20, which was used in
the synthesis of Ru3(CO)i12,* was purchased from Pressure
Chemical Co. and used as received. The starting cluster
H2Ru3(CO)o(p3-S) was prepared from Ruz(CO)12 and HaS (Spe-
cialty Gases of America Inc.) according to the published proce-
dure3® The chemicals 2-bromothioanisole, Ph,PCl, and
MesNO-xH20 were purchased from Aldrich Chemical Co., and
the latter was dehydrated by azeotropic distillation from ben-
zene. The 2-(diphenylphosphino)thioanisole (PS) employed as
aligand in this study was prepared by the procedure outlined by
Reinius et al.’” The reaction solvents used in the synthetic por-
tion of this work were obtained from an Innovative Technology
(IT) solvent purification system. HPLC grade acetonitrile and
water were purchased from Fisher Chemical and J.T.Baker, re-
spectively, and used as received. The deuterated NMR solvents
CDsCN, CDCls, and CD2Cl2 were purchased from Cambridge
Isotope Laboratories, Inc. and dried over an appropriate drying
agent before use. All synthetic reactions were conducted under
argon employing standard Schlenk-line techniques. The
combustion analysis was performed by Atlantic Microlab,
Norcross, GA.

The 'H NMR spectroscopic data were recorded on Varian
VXR-400 or VXR-500 spectrometers at 400 MHz or 500 MHz,
respectively, while the *'P{'H} NMR spectroscopic data were
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recorded at 161 MHz or 202 MHz on the aforementioned
spectrometers, respectively. The routine NMR spectra were
recorded at room temperature. The HPLC separations were per-
formed using a Shimadzu LC-20AT preparative liquid chro-
matograph equipped with a Shimadzu FRC-10A fraction col-
lector and a Premier Cis column with a 5p particle size and 250
x 10 mm dimensions. All IR spectra were recorded on a Nicolet
6700 FT-IR spectrometer in amalgamated NaCl cells with a 0.1
mm path length.

Preparation of H:Ru3(CO)7(k*-Peq, Seq)(-S) and
H2Ru3(CO)7(k2-Pax, Seq)(13-S). To a room temperature solution
of H2Ru3(CO)o(us-S) (50 mg, 0.085 mmol) in 25 mL of di-
chloromethane under argon was added Me;NO (14 mg, 0.19
mmol). The solution was stirred for 2 mins, after which PS (26
mg, 0.085 mmol) was added, and the solution was stirred for an
additional 1 h. The solvent was then removed under vacuum
and analyzed by TLC, which revealed the presence of a single
spot for the isomeric products (Rf = 0.43; 1:1 dichloro-
methane/hexanes). The products were purified by column chro-
matography over silica gel using a 1:1 mixture of dichloro-
methane/hexanes as the mobile phase. The isomeric products
were eluted from the column as one fraction as a red solid in
94% vyield. The isomers consisting of HzRu3(CO)7(i?Pe,
Seq)(uz-S) and HaRus(CO)7(3-Pax, Seq)(u3-S) were subsequently
separated by preparative HPLC at 35 °C using an eluent com-
posed of an 9:1 mixture of acetonitrile/water at a flow rate of 2
mL/min. The kinetic product of substitution [H2Rus(CO)7(i?-
Peq,Seq)(113-S)] eluted first and this was immediately followed by
the thermodynamic isomer [H2Ru3(CO)7(i>-Pax,Seq)(113-S)]. The
initial ratio of the separated isomers was ca. 9:1 in favor of the
faster isomer. The slower moving product was confirmed as the
thermodynamically favored species. The concentration of the
separated products changed accordingly over time as each dia-
stereomer eventually reached equilibrium. IR (CH2Clz, initial
isomeric mixture): v(CO) 1994 (br), 2039 (s), 2071 (s) cm™.
H2Ru3(CO)7(1*Peq, Seq)(u3-S) (kinetic product): 'H NMR (500
MHz, CDCls): 8 -20.11 (1H, broad dd, 2Jue 9.54, 2Juu 1.79 Hz,
hydride), -17.26 (1H, dd, 2Jue 34.00, 2Jun 1.79 Hz, hydride),
2.75 (3H, s, SCH3), 7.30-7.65 (13H, m, aryl), 7.85 (1H, dd, Juu
7.75, 1.79 Hz, aryl). *'P NMR (202 MHz, CDClz): & 67.46.
HaRus(CO)7(1?-Pax, Seq)(u3-S) (thermodynamic product): 'H
NMR (500 MHz, CDCl3): 6 -18.94 (1H, dd, *Jur 8.34, 2Jun 2.38
Hz, hydride), -18.78 (1H, dd, 2Jup 11.33, Jun 2.38 Hz, hydride),
2.80 (3H, s, SCH3), 7.30-7.60 (13H, m, aryl), 7.82 (1H, dd, Jun
8.34, 1.79 Hz, aryl). 3'P NMR (202 MHz, CDCl3): § 65.91.
Anal. Caled (found) for CasH10O7PRusS Y2benzene: C, 39.51
(39.93); H, 2.50 (2.89).

X-ray Crystallography. Single crystals of H2Ru3(CO)7(k2-Peq,
Seq)(13-S) suitable for X-ray diffraction analysis were grown
from an equilibrium mixture of cluster 2 dissolved in CH2Cl:
that was layered with heptane. X-ray quality crystals of
[H2aRu3(CO)s(pa-S)]s-CH2Cla were grown similarly from a
CH:ClL; solution containing the trimer that was layered with
heptane. Both crystallizations were conducted at 0 °C under ar-
gon.

The X-ray data for HaRus(CO)7(k?-Peq, Seq)(u3-S) and
[H2Ru3(CO)s(psa-S)Js-CH2Cl> were collected using a Rigaku



XtaLAB Synergy-S diffractometer equipped with a HyPix-
6000HE Hybrid Photon Counting (HPC) detector and dual Mo
and Cu microfocus sealed X-ray source. Both datasets were col-
lected at 100(2) K using a low-temperature Oxford Cryostream
800 liquid nitrogen cooling system. The data were collected and
processed using the commercial program CrysAlisPro
(1.171.40.12b; Rigaku Oxford Diffraction, 2018) to ensure de-
sired data redundancy and percent completeness. Absorption
correction was performed using the SCALE3 ABSPACK scal-
ing algorithm present in the CrysAlisPro software. The struc-
tures were solved using ShelXT,?® and all non-hydrogen atoms
were refined anisotropically using ShelXL.*® The space group
for each structure was unambiguously verified by PLATON.%
Bridging hydrogen atoms in both compounds were localized in
the difference Fourier map and refined freely with an isotropic
displacement parameter. The remaining hydrogen atoms in both
structures were attached via the riding model at calculated po-
sitions. Olex24*' was used for the preparation of the different
materials reported in this publication.

Computational Methodology. All DFT calculations were car-
ried out with the Gaussian 09 suite of programs*? using TPSS
as the functional with auto density fitting sets enabled.** Our
choice of this particular functional was dictated by the accurate
calculation of the ground-state energy difference between the
isomeric cluster H2Ruz(CO)7(x>-PS)(u3-S) products. Several
different functionals were initially screened and found to give
grossly incorrect product energies that favored the kinetic iso-
mer over the thermodynamic isomer. The ruthenium atoms
were described with a Stuttgart-Dresden effective core potential
and SDD basis set,* while the 6-31G(d’) basis set* was
employed for the remaining atoms.

To facilitate the computations the phenyl groups of the PS
ligand were replaced with methyl groups. All reported geome-
tries were fully optimized with no restraints, and the analytical
second derivatives were evaluated at each stationary point and
verified as an energy minimum (positive eigenvalues) or a tran-
sition structure (one negative eigenvalue). The enthalpic and
entropic corrections were made from the unscaled vibrational
frequencies, and the resulting free energies are reported in
kcal/mol relative to the specified standard. Standard state cor-
rections were applied to all species to convert concentrations
from 1 atm to 1 M following the treatment outlined by Cramer.*
Intrinsic reaction coordinate (IRC) calculations were performed
on all transition states to establish the reactant and product spe-
cies associated with the different transition-state structures. The
geometry-optimized structures reported here were reproduced
with the JIMP2 molecular visualization and manipulation pro-
gram.¥’

Isomerization Kinetics. The kinetics to equilibrium for 2-
(Peq,Seq) = 2-(Pax,Seq) Were investigated by '"H NMR spectros-
copy and HPLC over the temperature range 293-323 K, with the
former studies carried out in CDCI; solvent in NMR tubes
equipped with a J-Young valve that allowed the sample to be
freeze-pump-thaw-degassed prior to active measurement. The
NMR experiments were conducted in the NMR probe, and the
progress of the reaction was followed as a function of the inten-
sity of the hydride resonances until the ratio of the two isomers
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reached equilibrium. Clean interconversion between the iso-
mers was confirmed under these conditions, and no observable
decomposition was found over the course of the reaction. The
reported temperature is assumed to be accurate to within +0.5
K. The HPLC kinetics were performed in CH2Clz solvent, and
the samples were sealed in a Schlenk tube under argon. The re-
action vessel contained a screw-top Teflon cap, allowing ali-
quots to be withdrawn by syringe as needed. The temperature
of the samples was maintained by a Thermo-Scientific
NESLAB RTET7 circulating bath with an accuracy of 0.5 K.
The reaction was sampled as a function of time and the aliquots
were analyzed by HPLC, and the relative concentration of each
isomer was determined from the area associated with each peak.
The integration procedure employed the peak fitting software
available with the HPLC instrument, and the peak integrals
were obtained by fitting the experimental data with a Gaussian
function. The individual rate constants (ki and k2) to equilib-
rium were extracted from keq by nonlinear regression analysis
using the below expressions (Eqs 2 and 3) that were derived
from the reaction of 2-(Peq, Seq) (A) = 2-(Pax, Seq) (B) (Eq 1).
The rate constants (ki and k2) were treated as free variables in
the regression analysis that minimized the sum of the squares of
the residuals for the amount of each species as a function of
time. The activation parameters for the approach to equilibrium
for each species were calculated from the plots of In(k/T) versus
T-! while the parameters AH and AS values at equilibrium were
obtained from a van’t Hoff plot of In(Kcq) versus T-'.48

ka
ki + ks,

A; = Age(atka)t 4 ( ) (Ao + By)[1 — e~Uatka)t] (2)

ky

1tk

B, = Bye~(kitka)t 4 (k ) (Ao + By)[1 — e~Carka)t] (3)
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