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Abstract: An extensive family of thermochemical data is presented for a series of complexes derived from
Cp*Mo(u-S)»(u-SMe)(u-SH)MoCp* and Cp*Mo(u-S)2(u-SH).MoCp*. These data include electrochemical
potentials, pK, values, homolytic solution bond dissociation free energies (SBDFEs), and hydride donor
abilities in acetonitrile. Thermochemical data ranged from +0.6 to —2.0 V vs FeCp, ™ for electrochemical
potentials, 5 to 31 for pK, values, 43 to 68 kcal/mol for homolytic SBDFEs, and 44 to 84 kcal/mol for
hydride donor abilities. The observed values for these thermodynamic parameters are comparable to those
of many transition metal hydrides, which is consistent with the many parallels in the chemistry of these two
classes of compounds. The extensive set of thermochemical data is presented in free energy landscapes
as a useful approach to visualizing and understanding the relative stabilities of all of the species under
varying conditions of pH and H, overpressure. In addition to the previously studied homogeneous reactivity
and catalysis, Mo,S, complexes are also models for heterogeneous molybdenum sulfide catalysts, and
therefore, the present results demonstrate the dramatic range of S—H bond strengths available in both

homogeneous and heterogeneous reaction pathways.

Introduction

Homogeneous Mo,S, complexes have been widely studied
as a result of the prevalence of molybdenum sulfides in both
hydrogenation and hydrodesulfurization (HDS)' catalysts and
enzymes.” > Investigations of these homogeneous Mo,S, com-
plexes cover a broad range of topics, including catalysis and
electrocatalysis,” '" a wide variety of bond forming reactions,'* "
free radical reactivity,”® >* photolytic reactions,”” and the
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preparation of heterometallic sulfide clusters.”*"3! In spite of
the importance of molybdenum sulfide chemistry and the
extensive research into Mo,S, complexes, very few S—H bond
energies have been determined for MoS—H bonds,®?? even
though they are key to a fundamental understanding of
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Chart 1. Structural Representations and Abbreviations of Cp*,Mo,S, Complexes in This Work (Cp* = 75-CsMes)

/\\\\\S/,, _|+/ol-
Sa Cp*Mo@’ MoCp*
s(s\\
S4+/ol—
H\ RS Me\ -
SaaS, SadS,
S4MenH1-n . !\““\\4“ " . A\‘“\/", "
m=0,1) Cp MOV,,/;MOCP Cp MOVW/MOCD
S¥S s¥4g
S4H+/-I- S4M e+/-I-
H T Hol- Me T Hol- Me T #ol-
\ \ \
SaS SaaS, \S,
SqMe,H S S S d
( n4= 0" 1 22") Cp*Mo{,” >_Mon* Cp*Mo{ /Mon* Cp*Mo< MoCp*
s Ly > 48 L < &
S ”s\ S ”s\ S ”s\
H H Me
S4H2+/ol- S, MeH ™" S4Me2+/°"
oo ve g e po P
SaaS, SaS, SaS,
SMe,Hj._, L ANE CANRE AN
n=0,1,2) Cp MOV”/‘MOCP Cp MOVI,/:MOCP Cp Mo,,\‘w’/\Mon
S %§ S ”§ ) ”§
H H Me
S4H3+ S4MCH2+ S4M€2H
SH, SsMeH S,Me,H,
x=0,1,2,3) x=0,1,2) x=0,1)

homogeneous and heterogeneous catalysis of hydrogen transfer
pathways.

In 2005 we reported the low overpotential of (CpMoS),
(S,CH,) as a proton reduction catalyst and therein the first
experimentally determined S—H homolytic solution bond dis-
sociation free energy (SBDFE) in a homogeneous Mo,S,
complex.® More recently, we reported homolytic SBDFEs for
structurally related monoprotonated molybdenum sulfide com-
plexes [(Cp*Mo)a(u-SMe),(u-SH)(u-S)17, [(Cp*Mo)a(u-SMe)(u-
SH),(u-S)]*, and [(Cp*Mo)»(u-SH)3(u-S)]™ (S4Me,Hs_," where
n =0, 1, and 2; see Chart 1 for structures and abbreviations).*?

In these Mo0,S, systems all of the reported homolytic SBDFE
values were determined for the dissociation of SyMe,H;_,," to
form SyMe,H,_," and a hydrogen atom. However, additional
S—H bonds are present for SyMeH," and S4H;3™, and therefore,
substantially more extensive thermochemical information can
be obtained. The increase in the obtainable data in moving from
SiMe,H to S4MeH," and S4H;" is similar to the increase in
the number of possible bond energies in moving from metal
hydrides to metal dihydrides.**~

In this paper we present the determination of additional
homolytic SBDFE values, pK, values, and free energies for
hydride transfer for S—H bonds in these soluble molybdenum
sulfide complexes. The complexity of this extensively inter-
related data presents a challenge for understanding and utilizing
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the derived thermochemical information. In order to simplify
the presentation of these comprehensive data sets, free energy
landscapes are introduced in a new approach to illustrate the
relative free energies for all the species present under specific
conditions.

Results

Determination of Thermochemical Data. The new thermo-
chemical data presented in this work and in previous work on
these Mo,S, systems require the measurement of selected pK,
values and a variety of redox potentials. The pK, values of
SsMeH and S;H, complexes were determined using 'H NMR
spectroscopy by measuring the equilibria shown in eq 1 when
the base (B) was fert-butylimino-tri(pyrrolidino)phosphorane
(BTPP, pK, of conjugate acid = 28.4)*® or 2,8,9-trimethyl-
2,5,8,9-tetraaza- 1-phosphabicyclo[3.3.3]Jundecane (Verkade su-
perbase, pK,, of conjugate acid = 32.9).*” Each determined value
is the average of four or more measurements and includes
verification of reversibility. For example, an equilibrium was
measured between BTPP and S4H,, and then protonated BTPP
was added, shifting the equilibrium away from S4H™ and back
toward S4H,. The equilibrium was then remeasured in order to
verify that S4H, deprotonated reversibly. The equilibrium
constants for eq 1 and the known pK, values*®*’ of the reference
acids (BH™) were used to calculate the pK, values of S4MeH
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Figure 1. Cyclic voltammograms of 2 mM S;Me* at 0.5 (top) and 50 V/s
(bottom), both in 0.3 M NEBF, in acetonitrile (the redox couple for the
internal reference is not shown). Note the decrease in the cathodic wave at
—1.31 V relative to the other waves at 50 V/s.

(31.0 £ 0.6) and S4H, (29.8 £ 0.4) using eq 2 (where B is
the base form of the reference, BH" is the acid form of the
reference, and K., is the equilibrium constant for eq 1). The
estimated errors include contributions from experimental irre-
producibility and uncertainties in the pK, values of the reference
acids. The higher pK, value for the methylated analogue is
expected given that a methyl group is a better electron donor
than a hydrogen atom, consistent with the results from the
previously studied S4Me,H;_," complexes.3 ZA pK, value of
10.4 £ 0.3 was determined for S4qH* using a similar approach,
and details are given in the Experimental Procedures. Note that
in all reported equilibrium studies where multiple structural
isomers are possible,”*** that the observable isomers typically
occur in a ratio of ~2:1, corresponding to 0.3 kcal/mol. In the
cases where isomers are observed, they have been averaged,
and the differences in energies between the isomers are well
within the reported experimental errors.

KE -
S,MeH + B ==S,Me +BH" (1a)
R
S,H, + B==S,H +BH (1b)
pKa_analyle = pKa_ref_log(Keq) (2)

Cyclic voltammetry experiments were used in previous studies
of S4Me,, S4MeH, and S4H, to determine the potentials of the
SMe,H, " and S;Me,H,_,”"~ couples.’> All potentials are
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referenced to the ferrocenium/ferrocene couple using ferrocene
or decamethylferrocene as an internal standard. Additional cyclic
voltammetry experiments have now given potentials for the
SiMe? = S, H~, and S4 "~ couples. For S4Me™, three
apparently reversible electron transfer reactions are observable,
corresponding to the SgMe*"’ ™/~ species. Although the S;Me ™™
and S4Me”~ couples appear to be simple reversible waves at
slow scan rates (<0.5 V/s, as shown in the top of Figure 1), at
scan rates of 5 V/s or higher, the current for the cathodic wave
at —1.30 V decreases (bottom of Figure 1). A similar decrease
is observed for the anodic wave at —0.93 V when starting from
S4Me~ (formed in situ by deprotonation of S4MeH). Scan-rate-
dependent changes in the shape of the voltammogram typically
suggests a chemical step that occurs before or after an electron
transfer. In this case, the S4Me’ radical is known to reversibly
dimerize (eq 3) with a rate constant of 6.3 x 10’ M~ s™! and
dissociate with a rate constant of 1.1 x 10° s™! at 25 °C.*
Because the dimerization of S4Me’ that follows either reduction
of S4Me" or oxidation of S4Me™ is fast, the oxidation or
reduction of the radical monomer, S4Me’, must await dissocia-
tion of the dimer. This slow dissociation decreases the current
observed for either the reduction or oxidation of S4Me7" at scan
rates of 5 V/s or higher.

Me\
Sas,
Me —| . Cp*™Mo, MoCp*
5\ N
/\\‘ 3> ST7S
2 cpmdl MoCp* —~———> (3)
\"'/ S \S/' S,

Y < 1,
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SMe" G s

Me
(S4Me),

Simulations of the effects of this dimerization upon the
potentials for the SyMe™”* and SyMe”" couples show that the
shift of the observed potentials from the true potentials is
expected to be small (=80 mV), even at a relatively slow scan
rate of 0.5 V/s and a high concentration of 6.6 mM (see
Supporting Information for details of the simulations). A number
of thermodynamic values discussed below depend on the
potentials of both the S4Me*” and SyMe”~ couples, which are
—0.99 + 0.02 and —1.24 + 0.03 V, respectively, after correcting
for dimerization. It is important to emphasize that any errors in
the redox potentials arising from the formation and cleavage of
the dimer will not affect thermochemical data that require both
potentials. The errors introduced in the individual redox
potentials by the following reactions will be equal and opposite
and therefore cancel out when both of the couples are used.
One example is the hydride donor ability for SyMeH to form
SiMe" and H™, specifically that the pK, for S4MeH and both
the S;Me*” and S4Me”~ couples are used. If the potential for
the S4Me”~ couple is overcorrected, and thereby too posi-
tive, the potential for the SyMe™ couple will correspondingly
be too negative, resulting in no net change to the hydride donor
ability for S4MeH.

The replacement of a methyl group with a hydrogen results
in an irreversible oxidation for the S4HY™ couple and an
irreversible reduction for the S4H'" couple, at all observed scan
rates (0.05—50 V/s). The irreversible S4H™~ couples are the
result of disproportionation of S4H' to form Sy and S4H,, as
shown in eq 4. Protonation of S4 and reduction of the generated
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Table 1. Cyclic Voltammetry Data for the Mo,S, Complexes in
Acetonitrile with 0.3 M NEt,BF,4

couple Eyp or B2 (V vs FeCp,™®)  AE, or E,

— Ey® (mV)  scan rate (V/s)

Syt —0.17 63 0.05
S0 —1.65 71 0.05
SyMe?**+ 0.64 113 5
S.H*" —0.86¢ 544 0.5
SMe*" —0.93" 51 0.05
SH" —1.30¢ 594 0.5
SiMe"~ —1.30° 56 0.05
SH, e 0.07¢ 194 200

S ;MeH" 0.04¢ 122 50
SsMe, —0.02¢ 67 0.5
SH,*"~ —1.87¢ 63 0.5
S;MeH**~ —1.96¢ 62 0.5
SsMe,**~ —2.04¢ 67 0.5

“E, is the peak potential, and E, is the potential at half-height. E;;
and AE, for all reversible waves, and E, and E, — E,, for irreversible
waves, specifically the S4H™ couples. " Ej, uncorrected for

dimerization of S4Me". ¢ Data for S4H,"*~, SyMeH ™~ and S;Me, "'~
1 32

from Appel, et al.
S{H" results in the appearance of a wave at —1.87 V,
corresponding to formation of S4H,. Similarly, deprotonation
of S4H, and oxidation of the resulting S4H™ produces an
oxidation wave at —0.17 V, expected for the formation of Sy,
as shown in eq 4.

S,H +SH =S, + S,H, )

In order to estimate E;, values from these irreversible peak
potentials, simulations of the cyclic voltammograms where
performed using DigiSim.*® The irreversible peak potentials
were corrected to Ej, values by assuming that the dispropor-
tionation in eq 4 has a similar rate constant to the dimerization
observed for S4Me’ (see Supporting Information for more
details). Correcting the observed irreversible peak potentials at
each scan rate and concentration results in average E}, values
of —0.91 £ 0.05 and —1.24 + 0.05 V for the S;H™ and S,H”~
couples, respectively. As is true for the SqMet” and S;Me”~
couples discussed in the preceding paragraph, any errors in the
estimation of the true potentials of the individual S4gH™ and
SH"~ couples will not affect thermochemical data that require
both values, as the errors will be equal and opposite and
therefore cancel out when both of the potentials are used.

Finally, electrochemical studies of S4 indicate that this
complex undergoes a reversible oxidation at —0.17 £ 0.02 V
and a reversible reduction at —1.65 = 0.02 V. These couples
are reversible over a large range of scan rates (0.05—5 V/s).
The electrochemical data described in this section, as well as
data determined previously for related complexes, are sum-
marized in Table 1.

Construction of Thermodynamic Schemes. The pK, values
and redox potentials described in the preceding section can be
used in thermodynamic cycles to calculate a number of
additional thermodynamic parameters. These parameters can
then be used to construct thermodynamic schemes such as the
one shown in Scheme 1 for the S4MeH system. As discussed
above, knowledge of the pK, value measured for SyMeH, ", the
potential of the S4MeH" couple, and a common thermody-
namic cycle®**° can be used to determine the homolytic SBDFE

(38) Rudolph, M.; Feldberg, S. W. DigiSim, 3.03b (CV); Bioanalytical
Systems: West Lafayette, IN, 2004.

(39) Wayner, D. D. M.; Parker, V. D. Acc. Chem. Res. 1993, 26, 287—
294.

Scheme 1. Experimental Thermochemical Data for S;MeH, in
Acetonitrile, Showing the Relationships between E;,, pK,
Homolytic SBDFE, and AGy. Values?®
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“ Bold values are directly measured (all £y, and two pK, values), whereas
values in italics are determined using the measured values and thermody-
namic cycles.

of 61.8 kcal/mol for SMeH, " (see eqs 5—9, below, for a similar
cycle). In Scheme 1 these three reactions, deprotonation of
SsMeH," (red diagonal arrows), oxidation of the resulting
SsMeH complex (horizontal black arrows), and the homolytic
cleavage of the S—H bond of SyMeH," (blue arrows) form three
sides of a triangle. If the values of any two sides are known,
then the third can be calculated. This simple idea can be used
to build up more extensive themodynamic diagrams such as
the one shown in Scheme 1.

Scheme 1 is a matrix of three rows and four columns of
related chemical species. Upon moving from the top row to the
bottom row, the number of hydrogen atoms bound to different
sulfur ligands increases from zero to two. That is, all the species
in a row have the same number of hydrogen atoms. Similarly,
each column contains species with the same charge, decreasing
from +2 in the first column to —1 in the last column. As a
result, horizontal (black) arrows represent reductions on moving
from left to right, vertical arrows (blue) represent homolytic
bond cleavage reactions moving from bottom to top, diagonal
arrows moving up and to the right (red) are proton transfer
reactions, and diagonal arrows moving up and to the left (green)
are hydride transfer reactions. Redox potentials are expressed
in volts versus FeCp, ™, acidities in pK, units, and homolytic
SBDFEs and hydride donor abilities in kcal/mol.

The pK, value and reduction potential of SyMeH form two
sides of a triangle on the right side of Scheme 1. By combining
the pK, value for SyMeH (eq 5), the SyqMeH”" reduction
potential (written as an oxidation in eq 6),*> and the free energy
for the reduction of a proton in acetonitrile (eq 7),***° the
homolytic SBDFE values in kcal/mol for SyMeH"™ dissociating

(40) Ellis, W. W.; Raebiger, J. W.; Curtis, C. J.; Bruno, J. W.; DuBois,
D. L. J. Am. Chem. Soc. 2004, 126, 2738-2743, see Supporting
Information.
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to S4Me™ and a hydrogen atom (eq 8) can be calculated using
eq 9 (the sum of the free energies for eqs 5—7). For SyMeH" ",
eq 9 gives a homolytic SBDFE value of 50.9 £ 1.3 kcal/mol.
Using a similar thermodynamic cycle, the pK, value of SyMeH
and the potential of the S4Me”~ couple can be used to determine
the homolytic SBDFE of S4MeH (67.5 + 1.5 kcal/mol) and
complete another triangle in the overall thermodynamic scheme.
By repeating this process using various thermodynamic cycles,
all of the remaining thermodynamic values shown in Scheme 1
can be determined (see Supporting Information for details of
the other cycles used). Due to error propagation, the SBDFEs
on the left side of Scheme 1 have larger uncertainties than those
on the right.

S,MeH = S,Me™ + H' pK, ®)
SMeH = SMeH + ¢ —E,, (6)
H'+e  =H E,, (7

S,MeH™ = SMe + H’ homolytic SBDFE

3)
SBDFE = (1.37 x pK,) + (23.06 XE,,) + 53.6  (9)

A similar approach was used to determine the thermodynamic
values shown in Scheme 2 for S4H;". Because S4H3" contains
three S—H bonds, there are now four rows in this scheme
corresponding to species containing 0—3 hydrogen atoms.

Combining all of the determined thermochemical data for
S4H, ™~ (n = 0—3) results in a total of seven homolytic SBDFE
values, five pK, values, and four free energies for hydride
transfer in addition to the electrochemical potentials. The overall
similarity of the data in Schemes 1 and 2 provides additional
confidence that the thermodynamic values are reasonable and
internally consistent.

Discussion

Free Energy Landscapes for S—H Bonds. Due to the wealth
of thermochemical data, the relative free energies of the species
in Schemes 1 and 2 can be difficult to envision. One approach
to simplifying the visualization of the thermochemical data is
to convert Schemes 1 and 2 into a format in which the relative
energies of the species are presented using three-dimensional
free energy landscapes (also called free energy maps) as shown
in Figures 2 and 3. The primary advantage that free energy
landscapes have is the ease of comparison of the relative free
energies for multiple species under varying conditions of pH
and H, pressure. For example, a catalytic cycle for the reduction
of protons to H, will involve a minimum of three species, but
more likely four or five. Understanding the relative energetics
of the catalytic intermediates can help to both optimize the
conditions for a specific catalyst and lead to the development
of improved catalysts by understanding which intermediates are
high in energy in a catalytic cycle.

Free energy landscapes can be constructed by calculating the
relative free energies of the species in the thermochemical
schemes, as described below. The layout for the base of each
graph (x and y axes) is the same as for Schemes 1 and 2, wherein
the number of S—H bonds decreases from front to back
(S4MeH, to S4Me or S4H; to S4) and the charge decreases from
left to right (S4MeH,*" to S;MeH,~ or S4H,* to S4H, ™). The
vertical axis, or z axis, has been added, and the height of each
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Scheme 2. Experimental Thermochemical Data for S4H, in
Acetonitrile, Showing the Relationships between E;,, pK,
Homolytic SBDFE, and AGy. Values?®
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“ Bold values are directly measured (all E;,, and three pK, values) and
values in italics are determined using thermochemical cycles.

bar represents the free energies of the species relative to the
most stable species under the conditions specified (i.e., pH 5
and 1.0 atm of H, in acetonitrile, under which conditions
S:MeH," is the most stable and therefore set to 0 kcal/mol).
All of the reactions shown in Schemes 1 and 2 involve two

SsMe.H, species, which differ by either an electron or H', H,
3
£
£
8
2
w
L ¥
é SMe
& S,MeH

+1 0
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Charge

Figure 2. Free energy landscape for S4MeH,, at pH 5 and 1.0 atm of H,
in acetonitrile, showing the relative free energies of SyMeH,, SyMeH, and
S4Me species from front to back and the dicationic, cationic, neutral, and
anionic species from left to right.
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Figure 3. Free energy landscape for S4H, at 1.0 atm of H, and pH 5 (in blue on the left) or 15 (in red on the right) in acetonitrile, showing the relative free
energies of S4H3, S4H,, S4H, and Sy species from front to back and the cationic, neutral, and anionic species from left to right.

or H™. In order to determine the relative free energies of the
two S;Me.H, species, the free energy for transferring H*, H,
or H™ or an electron to or from protons or H, in solution has to
be defined. This can be done by expressing the free energy for
transferring H*, H", or H™ or an electron in terms of the solution
pH and pressure of hydrogen. In the case of electron transfer,
the free energy can be expressed relative to the potential of the
hydrogen electrode in acetonitrile, which is defined by the
solution pH and pressure of hydrogen. While the hydrogen
electrode in acetonitrile has a specific potential under standard
conditions (—0.07 V vs FeCp,*°),** most reactions and catalysis
are not performed at pH 0 and 1.0 atm of H,. Therefore, free
energy landscapes may have greater utility under nonstandard
conditions. In order to convert Schemes 1 and 2 to nonstandard
conditions, the effects of changing the solution pH and pressure
of H, must be considered.

The simplest relative free energies to determine are those for
species separated by a proton transfer, such as S;Hs" to S4H,.
The relative free energy between the two species is defined by
eq 10.

SH; = S,H, + Hicn 1.37 x (pK, — pH)
(10)

At pH 0, the relative free energies of the two species simplifies
to 1.37 x pK,, or 6.7 kcal/mol for this example, given the pK,
of 4.9 for S4Hs". However, moving to pH 5 will result in a
much smaller free energy difference between the two species,
as the pH and the pK, are essentially the same, as illustrated on
the left side (blue graph) in Figure 3.

The pressure of hydrogen will affect hydrogen atom transfer
reactions. The extent of the effect can be quantified using eqs
11—13, where S4H' and S4H, are used as the example:

S,H" + Hyony = S;H, —SBDFE
(1)
U Hyq == Hiyeeny  51.8— 1.37 x log(Py3)  (12)
SH + 'Hy, = SH, ~SBDFE + 51.8
—1.37 x log(Py;)  (13)

Equation 12 includes both the SBDFE for dissociation of H,
at standard state (51.8 kcal/mol)*® and the effect of changing
the pressure of hydrogen. Similar expressions can be developed
to account for the effects of pH and hydrogen pressure on the
relative stabilities of additional species, as discussed in more

detail in the Supporting Information. Combining changes in pH
and pressure of hydrogen, the free energy landscapes are capable
of providing extensive insight into the relative free energies of
all relevant species, as demonstrated in the interactive spread-
sheet in the Supporting Information.

Once constructed, the free energy landscapes can help to
explain many of the reactions that occur for these complexes.
For example, addition of H; to S4 to form S4H, is predicted to
be 9 kcal/mol downbhill using Figure 3 (at either pH), consistent
with the experimental observation that H, addition occurs at
1.0 atm, quantitatively converting S4 to S4H,. Species that are
expected to disproportionate can be identified using the free
energy landscape merely by checking the relative heights of
the bars surrounding the species of interest. One example is
S4H" in Figure 3, where disproportionation to S4 and S4H, is
expected (eq 4, above), and has been observed for the analogous
complex, CpMo(u-S3)(u-SH)MoCp.?* The sum of the relative
free energies of S4 and S4H, is less than twice that for S4H",
thereby indicating that two S4H" are less stable than one Sy and
one S4H,. Similarly, while cyclic voltammograms of the
oxidation of SyMe, to form S;Me,"* are completely reversible
at all scan rates,>> the oxidation of S;MeH or S4H, to form
either S4MeH"" or S4H,'" are found to be irreversible at slow
scan rates, consistent with disproportionation to form either
SiMe* and S;MeH," or S4qH* and S4H; ™. Changing from SyMe;
to SyMeH or S,4H, allows for the disproportionation of S;MeH""
or S4H,"" to form two more stable species, as shown in Figures
2 and 3.

While the free energy landscapes are useful for visualizing
the relative free energies of the many species shown under one
set of conditions, they are also helpful for comparing the relative
free energies of the same species under different conditions.
One example is shown in Figure 3, where the pH is changed
from 5 to 15, significantly altering the relative stabilities of the
species. At pH 5, S¢H3" and S4H, have nearly the same energy
and are also close in energy to S4H™, whereas at pH 15, S4H,
is still the lowest in energy, but free energies of S4H3™ and S;H™
have increased by about 14 kcal/mol. Figure 3 is just one
example showing the effects of a change in pH upon the relative
free energies.

In addition to the above examples of relatively simple
reactions involving two or three species, possible catalytic cycles
can also be considered. Figure 4 contains a free energy landscape
at pH 5.3 for five of the S4yMeH,, species which could comprise
a catalytic cycle for hydrogen oxidation. This would start with
the addition of hydrogen to S4Me™ to form S;MeH,™ (—1.7
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the neutral complex S4H, (eq 15) lead to two distinct cationic
20 products; the data permit a quantitative comparison on how each
'E-" | of these reactions affects the expected decrease in pK,.
3 16
g | H H _]+
B 12, 5S . 5SS
w " 5 N Cp*Mo.,‘w /\_MOCp* Cp Mo,,‘lw \_MOCp
E SMe 'iﬂ. S Me- X ,/Sz\ s
§ 4 S 4 H H H
P S MeH +H/ S,MeH"*—2— S,MeH S,H, SH,* (14)
S,MeH, H _ _
1 p—— pK,=29.8 pK,=4.9
Charge e =
; H H e
Figure 4. On the left, free energy landscape for S4Me, at 1.0 atm of H, \S R \S
and pH 5.3 in acetonitrile, showing the relative free energies of S;MeH,", . LSNE X -e /\\ %
SiMeH ", and S;Me ™" species. On the right, possible cycle for hydrogen Cp M°V,,,/ MoCp* ——————  Cp*Ma, ~_MoCp*
oxidation. S S S S\
. . . H H (15)
Table 2. Solution Homolytic and Heterolytic S—H Bond S.H SH,
Dissociation Free Energies for S,Me,H, Complexes in Acetonitrile® 2 4Hz
complex pKa SBDFE (kcal/mol) AGy- (kcal/mol) pK,=29.8 PR, =77
+ . .
S4H_ 10.4+£0.3 63.9 £ 0.9 In the conversion of S4H™ to S4H3™ (eq 16), a formal addition
SH 229+ 1.5 469 + 1.6 68.9 +2.0 £ dihvd to a disulfide bond d neither th Il
S.H- 563 132 443407 of dihydrogen to a disulfide bond occurs, and neither the overa
SH, " 77433 432+ 45 charge on the complex nor the formal oxidation states of the
SsMeH"" 84+21 4374+3.6 84.5+4.5 molybdenum ions change. Nevertheless, the conversion results
S.H, 298 +£0.4 658 + 1.7 708 £2.9 in a significant decrease in the pK, value of the respective S—H
242‘?_}1 31.0+06 g? é i }(7) 47&2? i %2 ligands. A similar consequence might be expected to occur when
S:MzeH" 509 413 469 £ 20 hydrogen is added to molybdenum sulfide surfaces.
S,H;3" 4.9 +0.3" 61.9 £2.0”
SMeH," 53403 61.8 4 1.6° H I H I
SsMe,H" 5.6 4 0.4° 60.8 & 1.0° /SN\S/ +H, SN,
Cp*Mo‘,‘,/q MoCp* Cp*Mo MoCp*
“ Directly measured values are in bold. ® Data for S4H;*, SyMeH,", S/‘——’I/S\\ ey
and S;Me,H" from Appel, et al.* d 4 (1 6)
SH* S;H;3
kcal/mol), followed by deprotonation to S4qMeH (0.0 kcal/mol), pK, = 10.4 pK, =49

oxidation to form S4MeH™ (+10.0 kcal/mol), deprotonation to
S4Me’" (+5.7 kcal/mol), and finally oxidation to reform SyMe™
(—14.0 kcal/mol). While some of the steps are nearly thermo-
neutral, the oxidation of S4MeH to SyMeH ™ and the subsequent
deprotonation to form S4Me" are not. The oxidation of S4MeH
to SyMeH ™ alone would result in an overpotential of more than
400 mV. One approach to decreasing this energy mismatch is
to couple a following downhill reaction to the uphill steps, as
has been previously described.*' The use of free energy diagrams
to study catalytic cycles allows the energies of all involved
intermediates to be visualized and therefore can focus efforts
to improve catalytic activity by pinpointing energy mismatches,
such as the ones shown in Figure 4.

Comparison of the MS—H Bond Thermochemistry. The
thermochemical data for the S—H bonds in the dinuclear
molybdenum sulfide complexes, summarized in Table 2, cover
a much broader range of values than those of the S—H bonds
in organic thiols. In addition, the data show remarkable breadth
for an isostructural series of metal complexes in which no
alteration of metal ion or ligating atoms is involved. In general,
the pK, and AG°y- values follow trends that one would expect
on the basis of electronic contributions from substituents and
charge effects. For example the pK, values increase and the
AG°y- values decrease as the overall charge on the complex
becomes more negative. However, within this general frame-
work, some interesting comparisons can be made. The ligand
protonation reaction (eq 14) and the one-electron oxidation of

(41) DuBois, M. R.; DuBois, D. L. Chem. Soc. Rev. 2009, 38, 62-72.
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The hydride donor abilities of S—H ligands have not been
determined previously for any metal complexes. As expected,
the anionic complexes (S4H ™, S4H,'~, and S4MeH" ") are the
best hydride donors of the series with AG°y- values of 44—48
kcal/mol. It is somewhat surprising that these values are
comparable to those of relatively strong hydride donors within
other classes of compounds. For example the hydridic reducing
agent NaBH;3(CN) is estimated to have a AG°y- value of ca. 45
kcal/mol,**** while in the metal hydride series of the formula
HM(diphosphine),, AG°y- values for HCo(dppe), = 49 kcal/
mol, for [HPt(dmpp),]* = 51 kcal/mol, and for [HPt(depe),]"
= 44 kcal/mol.**** These complexes have been used as hydride
donors to a variety of metal carbonyl complexes to form the
corresponding formyl complexes.*>**® At the other extreme, the
hydride acceptor ability of SyMe?** (—84 kcal/mol) is compa-
rable to that of the [p-(CH30CgH,4);C]" carbenium ion (—86
kcal/mol).*’

Unlike the other thermodynamic data, the solution S—H bond
dissociation free energies do not vary in a systematic way with

(42) Arnett, E. M.; Flowers, R. A.; Ludwig, R. T.; Meekhof, A. E.; Walek,
S. A. J. Phys. Org. Chem. 1997, 10, 499-513.

(43) Price, A. J.; Ciancanelli, R.; Noll, B. C.; Curtis, C. J.; DuBois, D. L.;
DuBois, M. R. Organometallics 2002, 21, 4833-4839.

(44) Curtis, C. J.; Miedaner, A.; Ellis, W. W.; DuBois, D. L. J. Am. Chem.
Soc. 2002, 124, 1918-1925.

(45) Miedaner, A.; DuBois, D. L.; Curtis, C. J.; Haltiwanger, R. C.
Organometallics 1993, 12, 299-303.

(46) Ellis, W. W.; Miedaner, A.; Curtis, C. J.; Gibson, D. H.; DuBois,
D. L. J. Am. Chem. Soc. 2002, 124, 1926-1932.
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the charge of the complexes. The entire range of values, which
varies from ca. 66 to 43 kcal/mol, is lower than the range
observed for organic thiols (reported AH® = 79—92 keal/mol,*8#
which corresponds to a AG® of 74—87 kcal/mol),* reflecting
the electronic influence of the metal ions on the S—H bond
strengths. The lower S—H bond energies of these molybdenum
dimers compared to organic thiols undoubtedly contribute to
the facile hydrogen atom transfer reactions observed for certain
hydrosulfido complexes of molybdenum dimers which have
been found to be useful in synthetic and catalytic applications.®>'
Additionally, the decrease in S—H bond strengths resulting from
metal coordination to the sulfides and hydrosulfides produces
S—H bonds that are similar to M—H bonds.**>>

In this series of molybdenum sulfide complexes, the S—H
bond dissociation free energies are >56 kcal/mol for diamag-
netic, or closed shell, complexes which become paramagnetic
upon loss of a hydrogen atom, while conversions from open to
closed shell species, e.g., S4H, ™ — S4HT and SgH,"™ — S,H ™,
involve significantly lower energies in the range of 43—51 kcal/
mol. This trend in bond strengths is similar to closed and open
shell transition metal hydride complexes.®® In general, the
homolytic and heterolytic SBDFEs of these molydenum sulfide
complexes are comparable to those of transition metal hydrides,
revealing the underlying thermodynamic basis that results in
the ability of these molybdenum sulfur dimers to undergo many
of the same transformations that have been traditionally associ-
ated with transition metal hydrides, including electrocatalytic
hydrogen production® and hydrogen activation for hydrogenation
and hydrogenolysis reactions.” "'

The similarities between S—H and M—H bonds are remark-
able, even though the H, H', and H™ based reactivity in
molybdenum sulfides complexes does not appear to involve
M—H bonds. The homolytic and heterolytic S—H bond strengths
obtained give prototypical guidance to the reactivity observed
for heterogeneous molybdenum sulfide catalysts and suggest
that the reactions observed for heterogeneous metal sulfide
catalysts occur at sulfur rather than directly at the metal centers.
The determined S—H bond strengths provide the first models
of hydrogen atom reactivity (surface to substrate H transfer,
free H atom production, proton transfer, hydride transfer) on
heterogeneous MoS catalysts for important categories of reactive
intermediates: highly acidic centers, highly basic centers, highly
destabilized and reactive S—H functional groups, radical anion,
radical cation and neutral S—H donors. The current bond
strengths allow prediction of expected half-lives for bimolecular
transfer of hydrogen to aromatic and olefinic organic acceptors
(e.g., molecular disproportionation pathway).

Conclusions

An extensive and complete thermochemical understanding
of S—H bonds in homogeneoues molybdenum sulfide complexes
has been developed. The range of determined homolytic and
heterolytic bond strengths are similar to those observed for
transition metal hydride complexes, consistent with the similari-

(47) Zhang, X. M.; Bruno, J. W.; Enyinnaya, E. J. Org. Chem. 1998, 63,
4671-4678.

(48) Bordwell, F. G.; Zhang, X.-M.; Satish, A. V.; Cheng, J. P. J. Am.
Chem. Soc. 1994, 116, 6605-6610.

(49) Benson, S. W. Chem. Rev. 1978, 78, 23-35.

(50) Simoes, J. A. M.; Beauchamp, J. L. Chem. Rev. 1990, 90, 629-688.

(51) Sherry, A. E.; Wayland, B. B. J. Am. Chem. Soc. 1990, 112, 1259—
1261.

(52) Wayland, B. B.; Ba, S.; Sherry, A. E. J. Am. Chem. Soc. 1991, 113,
5305-5311.

ties in reactivities between metal hydrides and metal hydrosul-
fides. The current thermochemical data can serve as a basis for
the validation of subsequent computational efforts and as a
model for heterogeneous molybdenum sulfide catalysts, for
which analogous data cannot be obtained.

Free energy landscapes have been developed, and these
landscapes have been shown to help identify and visualize the
relative free energies of multiple species under varying condi-
tions of pH and H, pressure. Understanding the relative free
energies of complexes in multiple oxidation states and with
different numbers of bonds to hydrogen will help not only for
the prediction of equilibria in simple reactions, but also for the
identification of high energy intermediates in catalytic cycles.
As shown in the present work, homolytic and heterolytic bond
strengths vary substantially with the redox state of the complex.
Thermochemical information such as in this work exemplifies
the control over bond strengths that can be achieved using
electrochemistry, and how solution conditions can be optimized
for specific reactions of interest. This control is essential for
the development of highly effective and energy efficient catalysts
and electrocatalysts that will be needed as the demand for energy
production, storage, and utilization continues to increase.

Experimental Procedures

Instrumentation. 'H NMR spectra were acquired using a Varian
Inova 500 or VXR-300 spectrometer, and the chemical shifts were
referenced to the residual solvent peak at (1.94 ppm for acetonitrile-
ds). Electrochemical data were collected using a CH Instruments
model 660C computer-aided three-electrode potentiostat in aceto-
nitrile with 0.3 M tetraethylammonium tetrafluoroborate. For cyclic
voltammetry the working electrode was a glassy carbon disk, the
counter electrode was a glassy carbon rod, and a silver chloride-
coated silver wire was used as a pseudo-reference electrode and
was separated from the main compartment by a Vycor disk (1/8
in. diameter) obtained from Bioanalytical Systems, Inc. Ferrocene
or decamethylferrocene was used as an internal reference with all
potentials reported versus the FeCp,™ couple. CV simulations were
run using DigiSim.*®

Materials. Reagents were purchased commercially and used
without further purification unless otherwise specified. All reactions,
syntheses, and manipulations of M0,S, complexes were carried out
under nitrogen using standard Schlenk techniques or in a glovebox.
Acetonitrile and THF were dried by activated alumina column in
an Innovative Technology, Inc., PureSolv system or by distillation
from calcium hydride (acetonitrile) or sodium and benzophenone
(THF). CDsCN was dried over activated sieves, degassed, and stored
in a glovebox. Potassium #-butoxide, p-bromoaniline, and p-
anisidine were purified by vacuum sublimation and stored in a
glovebox. Molybdenum complexes S4H,,'* Sy S,Me",>*
S4MeH,** and SyMe,** were prepared as previously reported.

Isolation of Protonated Bases. Tetrafluoroboric acid (54% in
diethyl ether, 1.0 mL, 7.3 mmol) was added to fert-butylimino-
tri(pyrrolidino)phosphorane (BTPP, 1.5 g, 4.9 mmol) in 120 mL
of diethyl ether. The resulting precipitate was collected by filtration,
washed with 100 mL of diethyl ether, and dried under vacuum to
give 1.8 g of solid (93% yield). The tetrafluoroborate salts of
p-bromoaniline and p-anisidine were isolated by similar procedures.

Equilibrium Measurements. All measurements were made at
22 + 3 °C. The pK, values were determined by NMR and were
measured for three or more independent samples. The electrochemi-
cal potentials are the average of the measured E,, values for
reversible couples over scan rates of 0.05—50 V/s where applicable.
The reported errors in the acid/base equilibria included two standard
deviations for the reproducibility plus an additional 0.2 pK, units

(53) Brunner, H.; Meier, W.; Wachter, J.; Guggolz, E.; Zahn, T.; Ziegler,
M. L. Organometallics 1982, 1, 1107-1113.

J. AM. CHEM. SOC. = VOL. 131, NO. 14, 2009 5231



ARTICLES

Appel et al.

to allow for uncertainty in the pK, values of the reference bases.
Similarly, the reported errors in electrochemical potentials are two
standard deviations for the reproducibility plus an additional 10
mV to account for any errors in the potentials of the references.

pK, Determinations. The pK, values for SyMe,Ht, S;MeH,",
and S4H3™ have been previously reported,*? and the values for the
protonated aniline derivatives and BTPP were taken from the self-
consistent scale published by Kaljurand, et al.*® The pK, values
for the Mo,S,; complexes were determined against known bases
using 'H NMR at analyte and reference concentrations <25 mM.
The observed acid—base equilibria using the aniline derivatives,
BTPP, and the Mo,S, complexes gave average peaks resulting from
rapid exchange of protons between the base and acid forms of each
species. The weighted averages of the shifts were used to determine
the ratio of acid to base forms of each species. These ratios were
then used to determine the equilibrium constant for eq 1, and
thereafter the pK, of the analyte in eq 2. The determined pK, values
for the Mo,S, complexes are listed in Table 2. Each value is the
average of four or more measurements and include verifications of
reversibility. For example, an equilibrium was measured between
BTPP and S4H,, and then protonated BTPP was added, shifting
the equilibrium away from S4H™ and back toward S4H,, and the
equilibrium was remeasured in order to verify that S4H, deproto-
nated reversibly.

The pK, for S4H" was determined starting from Sy and either
p-bromoaniline or p-anisidine and the corresponding tetrafluorobo-
rate salt. The pK, of S4H, and S;MeH were each determined by
this procedure using BTPP and its tetrafluoroborate salt. The two
pK. values were checked against each other by making solutions
of approximately 1:1:1 S4MeH, S4H,, and potassium r-butoxide to
partially deprotonate the Mo,S, complexes. Additionally, the pK,
of S4MeH was measured with 2,8,9-trimethyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3]Jundecane (Verkade superbase, pK, =

5232 J. AM. CHEM. SOC. = VOL. 131, NO. 14, 2009

32.90);*” however, in this case the reference base and its conjugate
acid did not interconvert rapidly on the NMR time scale, and so
the relative integrated areas were used to determine the ratio of
base and protonated base for the reference.

Cyclic Voltammetry. Data for the S;Me, "~ S;MeH ™~ and
S4H, ™"~ couples have been previously reported.*? Data for the
SMe*™ = S HY~, and Sy~ couples are shown in Table 1
and Schemes 1 and 2. The S,H™~ waves were completely
irreversible; thus, the data were corrected for the second-order
disproportionation assuming the same rate constant determined
previously for the dimerization of S;Me’ (6.3 x 107 M~ s71).**
Corrections for each scan rate and concentration were determined
using DigiSim,*® and details of these corrections are included in
the Supporting Information. Uncorrected peak potentials are shown
in Table 1, and the corresponding estimates of Ej,, are in Scheme
2.
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