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ABSTRACT: The free energies interconnecting nine tungsten complexes MS2* == MS* e MS*

have been determined from chemical equilibria and electrochemical data in & : :g:
MeCN solution (T = 22 °C). Homolytic W—H bond dissociation free N °°"‘IVT ﬁ M* —= M =—= M- -G’
energies are 59.3(3) kcal mol ' for CpW(CO),(IMes)H and 59(1) LA l X I P aG*,
kcal mol " for the dihydride [CpW(CO),(IMes)(H),]" (where IMes = 1,3- 44 il g - —aG";H_
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene), indicating that the bonds s = MeCN I / — pK,
are the same within experimental uncertainty for the neutral hydride and MH,* —F

the cationic dihydride. For the radical cation, [CpW(CO),(IMes)H]™,
W—H bond homolysis to generate the 16-electron cation [CpW(CO),(IMes)]" is followed by MeCN uptake, with free energies for
these steps being 51(1) and —16.9(5) kcal mol ', respectively. Based on these two steps, the free energy change for the net conversion
of [CpW(CO),(IMes)H]"" to [CpW(CO),(IMes)(MeCN)]" in MeCN is 34(1) kcal mol ™, indicating a much lower bond strength
for the 17-electron radical cation of the metal hydride compared to the 18-electron hydride or dihydride. The pK, of CpW(CO),-
(IMes)H in MeCN was determined to be 31.9(1), significantly higher than the 26.6 reported for the related phosphine complex,
CpW(CO),(PMe;)H. This difference is attributed to the electron donor strength of IMes greatly exceeding that of PMe;. The pK,
values for [CpW(CO),(IMes)H]"" and [CpW(CO),(IMes) (H),]" were determined to be 6.3(S) and 6.3(8), much closer to the pK,
values reported for the PMe; analogues. The free energy of hydride abstraction from CpW(CO),(IMes)H is 74(1) kcal mol ", and the
resultant [CpW(CO),(IMes)]" cation is significantly stabilized by binding MeCN to form [CpW(CO),(IMes)(MeCN)]", giving an
effective hydride donor ability of 57(1) kcal mol " in MeCN. Electrochemical oxidation of [CpW(CO),(IMes)] ™ is fully reversible at
all observed scan rates in cyclic voltammetry experiments (E° = —1.65 V vs Cp,Fe*’® in MeCN), whereas CpW(CO),(IMes)H is
reversibly oxidized (E° = —0.13(3) V) only at high scan rates (800 V s ). For [CpW(CO),(IMes)(MeCN)]*, high-pressure NMR
experiments provide an estimate of AG® = 10.3(4) kcal mol " for the displacement of MeCN by H, to give [CpW(CO),-
(IMes) (H),]".

B INTRODUCTION

Transition metal hydrides play a pivotal role in organometallic
chemistry and catalysis, mediating the formation of bonds to
hydrogen, including C—H, O—H, and H—H bonds. The versa-
tility of reactions exhibited by metal hydrides is documented by
the cleavage of the M—H bond in stoichiometric and catalytic
reactions as a proton,' a hydrogen atom,” or a hydride®
(Scheme 1). A better understanding of the factors that influence
the thermodynamics of cleavage of M—H bonds can help in the
design and discovery of new stoichiometric, catalytic, and
electrocataly‘cic4 reactions. Based on M—H acidities, homolytic
M—H bond dissociation free energies (BDFEs), and hydride
donor abilities, comprehensive free energy analyses have been
conducted for a variety of late transition metal hydride systems
based on Co,” Rh,° Ni,”® Pd,'*! and Pt,” and for S—H bonding
in systems containing a Cp*,Mo,S, core.'>"* Homolytic and
heterolytic M—H bond dissociation enthalpy values have been
reported for some Cr, Mo, and W hydrides bearing single Cp- or
Tp-derived (Tp = hydridotris(pyrazolyl)borate) ligands."*~>°
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The electronic and steric influences of phosphine ligands have
been studied in detail for decades, following landmark studies by
Tolman.”' Extensive studies have determined how phosphine ligands
influence the key thermochemical properties of metal hydrides,
including pK, values,"**~>* homolytic bond dissociation energies
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(BDEs),"”**?°%5~%7 and hydride donor abilities.”*'"'****° In con-
trast, quantitative data revealing how N-heterocyclic carbene (NHC)
ligands™ influence these same properties of metal hydride complexes
are comparatively sparse. Nolan and co-workers reported systematic
studies that evaluated the steric and electronic properties of NHC
ligands.>" In general, it was found that NHC ligands are more strongly
donating than tertiary phosphines®" and that, compared to phosphine
substituent electronic effects, there is not a large difference in
electronic properties among NHC ligands having different N,N'
substituents. Recent calculations by Gusev have provided compar-
isons of the electronic and steric properties of NHC ligands.* Burgess
and co-workers reported calculations showing that Ir(V) hydrides
with NHC ligands can be significantly less acidic than related metal
hydrides with phosphine ligands.**

We report here a comprehensive study of the thermochem-
istry of the W—H bond of the metal hydride CpW(CO),-
(IMes)H,>*** the radical cation [CpW(CO),(IMes)H]™", and
the dihydride [CpW(CO),(IMes)(H),]" (where IMes = 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, a prototypical
NHC ligand). The thermochemical cycles employed here map
the free energy changes for transformations among CpW(CO),-
(IMes)H and species related to it by transfer of electrons, H", H",
H™, H,, and MeCN. Our results reveal a system having a
substantial range of homolytic and heterolytic BDFEs, with
acidities spanning 25.6 pK, units (~35 kcal mol ') and with
homolytic BDFEs spanning 25 kcal mol™'. These values are
significantly influenced by the exergonic solvation of the 16-
electron cation [CpW(CO),(IMes)]” by MeCN to give
[CpW(CO),(IMes)(MeCN)]". We first present the results of
chemical equilibrium determinations, including proton transfer
from CpW(CO),(IMes)H and the displacement of MeCN by
H, at [CpW(CO),(IMes)(MeCN)]'B(C4Fs), , and give a
brief discussion of the oxidation electrochemistry of both CpW-
(CO),(IMes)H and [CpW(CO),(IMes)] ™ [K(18-crown-6)]".
We then use these results to develop the free energy diagram, drawing
comparisons with related systems CpW(CO), LH (L = CO, PMe;).

B RESULTS

Determination of the Acidity (pK,) of CoW(CO),(IMes)H.
The pK, of CpW(CO),(IMes)H in MeCN was determined
using "H NMR to measure the equilibrium constant for depro-
tonation of the hydride by the trimethyl variant of Verkade’s
superbase® (abbreviated as VSB; see eq 1; pK,"*“N = 32.90 for
[(VsB)H]").””
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To verify that equilibrium had been established, both the forward
and reverse reactions were carried out. For the reverse reaction,
the conjugate base of CpW(CO),(IMes)H was prepared by
deprotonation with KH in the presence of 18-crown-6 to afford
the metal anion [CpW(CO),(IMes)] [K(18-crown-6)]*, which
has been characterized by spectroscopic data as well as by
crystallography.®® These measurements gave Koq=0.10(2), lead-
ing to a value of pKaMeCN = 31.9(1) for CpW(CO),(IMes)H
(uncertainty is given at the 20 confidence level).

High-Pressure NMR Spectroscopic Studies: Formation of
[CPW(CO),(IMes)(H),1"B(CgFs)4~ in THF-dg under Hydrogen
and Determination of Kryg,. The equilibrium for displace-
ment of THF-dg by H, in [CpW(CO),(IMes)(THF-dg)]"
(eq 2) was observed using THF-dg as solvent at elevated H,
pressures, allowing determination of KTHF,HZ.S’S
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This equilibrium was studied by NMR spectroscopy using heavy-
walled polyether ether ketone (PEEK) NMR tubes.* Using this
method, solution H, concentrations may be varied systematically
using a single sample and may be raised and lowered as needed in
order to approach equilibrium from the product or reactant
side. H, concentrations exceeding 300 mM were achieved at
Py, = 170 atm (20 °C), compared to concentrations of about
9 mM obtained with Py = 4 atm at room temperature.>*>>
Distinct Cp resonances were observed for the THF-dg adduct
and the dihydride, indicating slow chemical exchange on the
NMR time scale. These resonances were partially overlapping
and were integrated using digital line shape analysis. Measure-
ments taken with Py, = 3.4 atm, 6.8 atm, and again at 3.4 atm
(in that order), established Ky 1, = 0.5(3) atm™ ' in neat THEF-
dg, in good agreement with an earlier measurement at a single
pressure.

Determination of Kyecn,n,. For [CpW(CO),(IMes)(CD;-
CN)]", displacement of CD;CN by H, was not observed in
CD;CN, even at H, pressures exceeding 200 atm. However,
using THF-dg as solvent, displacement of the coordinated
MeCN by H, was observed, allowing determination of Kyjecn 1,

(eq3).

[CPW(CO), (IMes)(MeCN)|* + H,

Kyecn, 1,

—— [CpW(CO),(IMes)(H),]" + MeCN  (3)
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When [CpW(CO),(IMes)(MeCN)]"B(CsFs),  was dissolved
in THF-dg without added H,, both [CpW(CO),(IMes)-
(MeCN)]" and trace amounts (<1%) of [CpW(CO),(IMes)-
(THF-dg)]" were observed, along with free MeCN. With Py, =
34, 170, and 136 atm, [CpW(CO),(IMes)(H),]" was also
observed along with free Hy. In these spectra, [CpW(CO),-
(IMes)(H),]" was observed as 3—15% of the total catlomc
tungsten material, correspondmg to Kyecnm, = 3(2) % 1078
atm ' (AG® = 10.3(3) kcal mol ~'; eq 3) with neat MeCN taken
as its standard state (equivalent to Kyeenym, = 5(2) x 10 *when
[H,] =1 Mand [MeCN] = 1 M are taken as their standard states;
see the Supporting Information.) The equilibrium constant
Kyrecnyn, for displacement of MeCN by H, at [CpW(CO),-
(IMes)(MeCN)]" (eq 3) is used in the determination of the
homolytic W—H BDFE and pK,MN of [CpW(CO),-
(IMes)(H),]", as discussed below.

Electrochemistry of [CpW(CO),(IMes)]” [K(18-crown-6)]".
The anion [CpW(CO),(IMes)]  exhibits a reversible one-
electron oxidation, producing the 17-electron metal radical
CpW(CO),(IMes)". Subsequent irreversible oxidation of CpW-
(CO),(IMes)"* affords the cationic solvent adduct [CpW(CO),-
(IMes)(MeCN)]™. The cyclic voltammogram of [CpW(CO),-
(IMes)] ™ [K(18-crown-6)]" recorded in MeCN (02 M
"Bu,N"PFs ;0.1 Vs ') is shown in Figure 1. Redox potentials
are presented in Table 1. Cyclic voltammograms collected at a range
of different scan rates and analyte concentrations have been
dlgltally simulated using a model that includes this solvent bindin ng
reaction,” affording estimates of E° for the [CpW(CO),(IMes)]*
and [CpW(CO),(IMes)(MeCN)] 1/ couples (Table 1) and for
the equilibrium constant Ky.cn (eq 4) for MeCN dissociation

1 05 0 05 -1 15 -2 -25 -3
V vs Cp,Fe*®
Figure 1. Cyclic voltammogram of [CpW(CO),(IMes)] [K(18-
crown-6)]* in MeCN (0.2 M "BuyN*PF¢ ) at 0.1 Vs~ '. M = CpW-

(CO),(IMes); S = MeCN. Multiple arrows indicate combined chemical
and electrochemical steps.

Table 1. E° Values (V vs Cp,Fe™’°) for Redox Processes
Observed in the Electrochemical Oxidation of CpW(CO),-
(IMes)H and [CpW(CO),(IMes)] [K(18-crown-6)]" in
MeCN (0.2 M "Bu,N'PF, )

entry redox couple E°
1 [CPW(CO),(IMes)]”~ —1.65(1)"
2 [CPW(CO),(IMes)]** —0.49(4)"
3 [CpW(CO),(IMes)(MeCN)]*'* —1.92(8)"
4 [CpW(CO),(IMes)(MeCN)]"/* 0.34(1)"
5 CpW(CO)Z(IMes)H]'+/ 0 —0.13(3)"

Reversﬂale couple, recorded at 0.1 Vs~ ' using a 1-mm glassy carbon
electrode. ” Estimated using digital simulation of experimental cyclic
voltammograms 40 <Reversible at higher scan rates, recorded at
800 Vs~ ' using a 10-um Pt electrode.

1 0.5 0 05 -1 15 -2
V vs Cp,Fe*®
A.01Vs', 1 mm glassy carbon electrode.

MH-* <—MH

1 0.5 0 -0.5 -1 -1.5 -2
V vs Cp,Fe*?
B.800Vs ', 10 um Pt electrode. Average of four scans.

Figure 2. Cyclic voltammograms of CpW(CO),(IMes)H (MeCN, 0.2
M "BuyN*PF ") at the indicated scan rates. M = CpW(CO),(IMes);
S = MeCN. Multiple arrows indicate coupled chemical and electroche-
mical steps.

from [CpW(CO),(IMes)(MeCN)]* (5(4) x 10~ M).
[CPW(CO), (IMes) (MeCN)]*

MeCN

— [CpW(CO), (IMes)] " + MeCN (4)

These values are employed as inputs to thermochemical cycles for
reactions of the neutral hydride, its radical cation, and the cationic
dihydride [CpW(CO),(IMes)(H),]" as presented below. A
detailed treatment of the experimental electrochemistry of
[CpW(CO),(IMes)]~, CpW(CO),(IMes)", and [CpW(CO),-
(IMes)(MeCN)]* and the digital simulations mentioned above is
reported separately.*’

Electrochemical Studies of CpW(CO),(IMes)H. Cyclic vol-
tammograms of the neutral hydride CpW(CO),(IMes)H show
an oxidation wave (Figure 2A) that is 1rrever51ble atlow scan rates
but quasi-reversible at scan rates of 2 Vs~ ' and higher. At a scan
rate of 800 Vs~ (using a 10-4m Pt electrode; Figure 2B), the ratio
ired/iox is 0.75, and therefore the average potential of the observed
anodic and cathodic peaks is a good estimate of E° for the
[CpW(CO),(IMes)H] *+/0 couple in the absence of following
reactions. To minimize the effect of noise, the measurement was
repeated four times, producing E° = —0.13 V with a standard devia-
tion of 10 mV. Since the couple is not fully reversible (i,eq/iox < 1),
we assign an uncertainty of 30 mV to this value (20 + 10 mV),
reflecting a possible difference in resistance losses (iR drop)
for the dissimilar reduction and oxidation waves. The mode of
cleavage (homolytic or heterolytic) of the M—H bond in the
highly acidic radical cation [CpW(CO),(IMes)H]"* formed
by oxidation of CpW(CO),(IMes)H is discussed in the Support-
ing Information.

Oxidation of CpW(CO),(IMes)H ultimately leads to formation
of the solvent adduct [CpW(CO),(IMes)(MeCN)]", as illustrated
in Figure 2A. The fully reversible wave at 0.34 V corresponds to the
reversible oxidation of [CpW(CO),(IMes)(MeCN)]*, producing
the 17-electron radical dication [CpW(CO),(IMes) (MeCN) 1,
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which is also observed in voltammograms of [CpW(CO),-
(IMes)(MeCN)]'PFs~  and  [CpW(CO),(IMes)] [K(18-
crown-6)]". The complex wave observed between —1.6 and
—1.7 V (Figure 2A) corresponds to the ECE reduction converting
[CpW(CO),(IMes)(MeCN)] " to [CpW(CO),(IMes)] ", as dis-
cussed in detail in a separate paper.*

Thermochemical Properties of CBW(CO)z(IMes)H and Its
Derivatives. Thermochemical cycles””*' giving bond strengths
for CpW(CO),(IMes)H, the transient radical cation [CpW-

Scheme 2. Thermochemical Data for MH (M = CpW-
(CO),(IMes); S = MeCN) and Its Derivatives in MeCN,
Showing the Relationships between E° (V vs Cp,Fe’°), AG°
(kcal mol "), and pK,M*N Values.

0.34(1)3 -1.92(8)®
MS2* s MS s MS
& = [} )
b (3] @ "]
=] =] © ©
-0.49(4) '1_ -1.65(1)2
= = = M* = == M-
o N PR
o RS
| = 3G, (17
‘ \ 2] r)/"c I?'!
V' D13p)s
| MH"* MH
. @
e [z ©° @
© &
| \ MH = oS\ Nﬂ
[ | — (0] 5
= AG%,. H' release
= AG",. H- release S =MeCN
= =AG°\ecy MeCN binding
= AG*y, H, release === E°(redox potential)
— _AG® Substitution of —= pK MeCN
MeCNH2 " H, by MeCN K

“Obtained by direct measurement of reversible redox couples or
chemical equilibria. * Determined by digital simulation of experimental
cyclic voltammograms. ‘Derived using the thermochemical cycles
presented in the text. 4 Measured for S = MeCN in THF-ds.

(CO),(IMes)H]™", and the cationic dihydride [CpW(CO),-
(IMes)(H),]" complexes in MeCN solution (T = 22 °C) have
been constructed using the electrochemical and solution equi-
librium data presented above. The derived AG® values constitute
a comprehensive description of the thermochemistry of CpW-
(CO),(IMes)H and species derived from it by formation or
cleavage of W—H and W—NCMe bonds. Scheme 2 presents the
free energy relationships between CpW(CO),(IMes)H and its
derivatives. As this format illustrates, when the values for two
sides of a triangle are known, the value for the third side can be
calculated. Detailed thermochemical schemes for the cycles shown
in Scheme 2 appear in the Supporting Information. All potentials
and equilibrium constants have been determined in MeCN as
solvent, with the exception of Ky 11, and Kyjecn, (€gs 2 and 3),
obtained in THF-dg as described above. All uncertainties are
presented at the 20 confidence level where 0 has been determined;
in cases where it has not, estimates of uncertainty have been
assigned. A discussion of our selection of standard states and
uncertainties is included in the Supporting Information.

Our notation is illustrated using the following examples:
E°(M” ") is the redox potential for the M*/M ™ couple, and
pK.(MH) is the acidity of MH in MeCN. AG°.(MH) is the free
energy for the loss of H® from MH, i.e., the dissociation reaction
MH = M’ + H". AG°y s(MH) is the free energy for the
displacement of H™ by S, i.e,, the substitution reaction MH + S ==
MS'+H .

Homolytic Cleavage of H® from CpW(CO),(IMes)H. The
homolytic M—H BDFE of a metal hydride can be determined
using a thermochemical cycle that includes deprotonation of MH
and oxidation of the M~ anion.'”'******7 Scheme 3A presents
this thermochemical cycle for CpW(CO),(IMes)H (MH),
showing the experimentally determined inputs pK,(MH) and
E°(M”") and the output homolytic W—H BDFE, AG°y.(MH).
Scheme 3 also shows how the output of cycle A (shown in bold)
is used as an input into cycles B and C for the determination of
other free energies, as discussed below.

The redox couple CpW(CO),(IMes)*~ is electrochemically
reversible at all scan rates employed—an unusual observation since
most 17-electron metal-centered radicals rapidly dimerize***—and
thus the E° value (—1.65 V) and the experimentally determined pK,
value for CpW(CO),(IMes)H provide a reliable estimate of the
homolytic W—H BDFE (AG°4.(MH) = 59.3(3) kcal mol ).

Many prior studies of metal hydride thermochemistry'”'¥2%*>%’
reporting bond dissociation enthalpies (BDE values) have been

Scheme 3. Equations for Determination of Thermodynamic Values: (A) AG°y.(MH), (B) AG°y-(MH), and (C) AG°y- s(MH);

M = CpW(CO),(IMes); S = MeCN

AG® (keal mol )

MH — M+H AG°w+(MH) = 137pK,(MH) = 43.7(1)
A M - M+e —AGPM™) = 23.06 E°M™) = -38.0(2)
H+e — H AG°H™)*? = 536
MH — M+H AG°-(MH) ® = 593(3) 5)
B M - M+e ~AGM™Y = 23.06 E{MY) = —11.3(9)
H+e — H AGPH)® = 260
c MH —> M+H  AGm(MH)® = 74Q1) (6)
M+S — MS" —AG°s(MS") = -1.37pKs(MS") = -16.9(5)
MH+S — MS'+H  AG°y_s(MH)*® = 571 Q)

“ Determination of AG°(H"'*) and AG°(H"/™) has been described in detail"**! * AG®;.(MH) = 1.37pK,(MH) + 23.06E°(M"' ™) + 53.6. See the
Supporting Information in ref 14 for a justification of the use of this constant of 53.6 kcal mol ' rather than similar values used by others. * AG°y-(MH) =
1.37pK,(MH) + 23.06[E°(M” ") + E°(M*/*)] + 79.6. ¢ AG°4-s(MH) = 1.37[pK,(MH) — pKs(MS")] + 23.06[E°(M” ") + E°(M"/*)] + 79.6.
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Table 2. Thermochemical Quantities for CpW(CO),(L)H
(L = IMes, PMe;, CO) in MeCN

L pK,(MH) E°(M”7) (V vs Cp,Fe*’?) AG®.(MH)
IMes 319 —1.65 59.3
PMe, 26.6° —112° 642
co 16.1° —0.38° 66.9

“See ref 23. " See ref 22. “Irreversible oxidations, corrected for potential
shifts due to radical dimerization. See ref 20.

determined using eq 8.”° Comparison of egs 8 and 9 indicates that
BDE values exceed BDFEs, as shown by Wayner and Parker.*' In
cases where BDE values have been reported®*® BDFEs
(AG°y.(MH)) in Table 2 have been calculated from published
pK, and E° values using the thermochemical cycle shown in
Scheme 3A, for comparison with the present results.

BDE(MH) = 1.37pK,(MH) + 23.06E°(M*/")
+ 59.5 (8)

BDFE(MH) = AG°y(MH)
= AG°y+ (MH) — AG°(M”™) + AG(H'/*)
= 1.37pK,(MH) + 23.06E°(M"/~) + 53.6

)

Thermodynamics of H™ Transfer from CpW(CO),(IMes)H.
Determination of the thermodynamic hydride donor ability of
CpW(CO),(IMes)H using pK, and electrochemical data requires
the formal potential for oxidation of CpW(CO),(IMes)". However,
this oxidation is irreversible (Figure 1) due to the rapid and highly
exergonic binding of MeCN to [CpW(CO),(IMes)]", so the
required formal potential cannot be determined directly from
experimental cyclic voltammograms. This apparent obstacle moti-
vated the digital simulation of voltammograms for the oxidation of
[CpW(CO),(IMes)] ™~ and CpW(CO),(IMes)" across a series of
different scan rates and analyte concentrations,”” ultimately provid-
ing estimates for E°(M**) (—0.49(4) V) and Kyecn, the equilib-
rium constant for dissociation of MeCN from [CpW(CO),-
(IMes)(MeCN)]* (5(4) x 107" M ; eq 4). This value has
been converted from the previously reported value*” to reflect the
different standard state definitions used here; see the Supporting
Information for a discussion of standard states and uncertainties.

These estimates permit the calculation of the hydride do-
nor ability of CpW(CO),(IMes)H in MeCN, both without
(Scheme 3B) and with (Scheme 3C) subsequent coordination
of MeCN to [CpW(CO),(IMes)]". The 16-electron cation
[CpW(CO),(IMes)]" is not directly observed experimentally
since it rapidly binds MeCN.

Thermodynamics of Proton, Hydrogen Atom, and Hydride
Transfer from the Radical Cation [CpW(CO),(IMes)H]"".
The observed reversibility of oxidation of CpW(CO),(IMes)H
(E° = —0.13(3) V; Figure 2B) permits the estimation of thermo-
chemical properties of the acidic radical cation [CpW(CO),-
(IMes)H]™, including its acidity (pK,(MH"") = 6.3(5); Scheme
S2, Supporting Information) and the homolytic W—H BDFE, both
without and with subsequent MeCN binding ((AG°x.(MH™) =
51(1) keal mol ™, AG°.s(MH™) = 34(1) keal mol™'; Schemes
S3A and S3B, Supporting Information).

The homolytic M—H BDFE of [CpW(CO),(IMes)H]"" may
be determined as shown in Scheme S3. As with Scheme 3 above,

formation of solvate MS™ following release of H® from MH"" has
a substantial effect on hydrogen atom transfer energetics (A and
B in Scheme S3).

Reactivity patterns observed in electrochemical and NMR
experiments point to the radical cation [CpW(CO),(IMes)H]""
as a reactive intermediate. Dropwise addition of a CD;CN
solution of CpW(CO),(IMes)H to a solution of Cp,Fe PF4
results in the clean conversion of the hydride to the solvent adduct
[CpW(CO),(IMes)(CDsCN)]* as determined by 'H NMR.
According to the Nernst equation, K.q &~ 150 (AE® = 130 mV)
for electron transfer from CpW(CO),(IMes)H to Cp,Fe". Elec-
trochemical oxidation of CpW(CO),(IMes)H results in the ap-
pearance (Figure 1) of a reversible couple at 0.34 V, characteristic of
the [CpW(CO),(IMes)(MeCN)]***'* redox couple. The chemi-
cal or electrochemical oxidation of CpW(CO),(IMes)H is thus
followed by formal abstraction of H', but the precise mechanism of
cleavage of the W—H bond remains unknown. Various possibilities
are considered in the Supporting Information.

Electrochemical oxidation of [CpW(CO),(IMes)(MeCN)]" to
give the unusual 17-electron radical dication, [CpW(CO),(IMes)-
(MeCN)]"*", is cleanly reversible (Figure 2A), allowing the construc-
tion of a thermochemical cycle (Scheme S4, Supporting Information)
for determination of the hydride donor ability of [CpW(CO),-
(IMes)H]"" in MeCN. The determined hydride donor ability of
[CpW(CO),(IMes)H]*" includes the solvation of the dicationic
product; in this case, unlike CpW(CO),(IMes)H, the free energy
for this solvation is not known, and so the hydride donor ability in the
absence of solvent binding cannot be determined. The hydride donor
ability of [CpW(CO),(IMes)H]™" determined here (AG°y- s
(MH™) = 68(2) keal mol ') shows that it is a considerably weaker
hydride donor than the neutral hydride (AG°y- s(MH) = 57(1)
kcal mol "). This is not surprising, since hydride transfer from
[CpW(CO),(IMes)H]"*" gives a dication. The decrease in hydride
donor ability of [CpW(CO),(IMes)H]*" compared to the neutral
hydride CpW(CO),(IMes)H accompanies a substantial increase in
acidity resulting from oxidation of CpW(CO),(IMes)H to [CpW-
(CO),(IMes)H]"™.

Thermochemistry of the Dihydride [CpW(CO),(IMes)(H),]*:
Addition/Elimination of H, and Release of H" or H". High-
pressure NMR methods allowed the direct determination of
Kgpi,(MS") for S = MeCN in THF-dg (eq 3). In neat MeCN,
the cationic metal complex binds MeCN, and no displacement of
MeCN by H, is observed. Equilibrium displacement values of THF-
dg and MeCN by H,, measured in THF-dj, are taken as estimates for
their values in MeCN—these equilibria are between species with
charges that do not change, and therefore the difference in solvation
energies between M(H)," and M(MeCN)" is assumed here to be
only weakly dependent on whether THF or MeCN is the solvent.
This assumption permits estimation of the free energy of H, re-
lease from [CpW(CO),(IMes)(H),]" (AG°y (MH,") = 6.6(6)
kcal mol ™ '; Scheme S, Supporting Informations and the pK, value
for this species (pK,(MH,") = 6.3(8); Scheme S6, Supporting
Information). This pK, value is essentially the same as that reported
for [CpW(CO),(PMe;)(H),]" (pK, = 5.6)."> As with the radical
cations, ligand electronic effects appear weaker for deprotonation of
these relatively strong acids than for the weak acids CpW(CO),-
(IMes)H and CpW(CO),(PMe;)H.

B DISCUSSION

Homolytic Cleavage of M—H Bonds. The thermodynamics
of homolytic cleavage of metal hydrides are central to the
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understanding of hydrogen atom transfer reactions involving
metal hydrides.” It is difficult to directly observe equilibria where
an H' transfer from a metal hydride occurs, because of the very
high reactivity of most metal-centered radicals. Consequently,
much of the information on homolytic BDEs has come from the
use of thermochemical cycles. Breslow showed in 1973 how this
could be applied to the determination of the C—H bonds of
hydrocarbons,” and Bordwell and co-workers used this tech-
nique extensively for many organic compounds.** Tilset and
Parker have used pK, values for CpW(CO),(L)H (L = PMes,
CO) and measured electrochemical potentials for oxidation of
the corresponding anions, correcting for kinetic potential shifts
associated with the dimerizations of the resultant radicals, to
estimate homolytic W—H bond dissociation enthalpies for these
species.”® Their results, along with our own, provide an evalua-
tion of the effects of ligand substitution on W—H homolysis.

The relative contributions of acidity and redox potential to the
corresponding homolytic M—H BDFE values for CpW(CO),-
(L)H (L = IMes, PMe;, CO) are shown in Table 2. The value of
E°(M" ") shifts toward more reducing potentials with increasing
ligand donor ability (IMes > PMe; > CO), which results in a
decrease in the contribution to AG°.(MH). At the same time,
stronger donor ligands lead to increased pK, values, countering
the effect of the trend in E°(M” ). These large but opposing
effects result in a moderate decrease in AG®.(MH) across this
series, with CpW(CO),(IMes)H having the weakest W—H
bond. Extensive studies of M—H BDEFEs for late transition metal
bis(diphosphine) hydrides®”*""'*?%2° have shown that electro-
nic effects have a much greater influence on heterolytic M—H
BDFEs than on homolytic BDFEs. This is expected, because
heterolysis results in a change in the charge of the metal species
and thus a substantial charge redistribution.®

Hydride Transfer from Metal Hydrides. Thermodynamic
hydride donor abilities for a variety of transition metal hydrides
have been determined calorimetrically,'* by observation of
hydride transfer equilibria,"* and by using thermochemical cycles
based on equilibrium heterolysis of H,>”*'"*** or proton
transfer from MH followed by two-electron oxidation of M ™
(Scheme 3B,C)."* This last approach is reliable for systems for
which the required oxidation potentials can be measured or
estimated.

Dissociation of H™ from an 18-electron metal hydride to give a
16-electron metal cation is frequently followed by binding of a
two-electron donor (e.g., a solvent molecule such as MeCN) to
give an 18-electron product. Methods for determining hydride
donor ability inherently include contributions from this coordi-
nation step, but the magnitude of the contribution can vary
substantially. Hydride transfer from CpW(CO),(IMes)H to
Ph;C" in MeCN leads to the clean formation of [CpW(CO),-
(IMes)(MeCN)]".*® Solvated complexes [CpW(CO),(L)(S)]*
(L = CO, PRy, NHC; S = MeCN, THF, ketones, alcohols, etc.)
are ubiquitous in the reaction chemistry of CpW(CO),(L)H
complexes and are known to play an important role as catalytic
intermediates.*® Solvent binding free energies for this class of
compounds have thus far been examined by measuring compe-
titive displacement equilibria (e.g., ketones vs alcohols)*® and
thus are relative rather than absolute quantities.

The hydride donor ability of CpW(CO),(IMes)H is substan-
tially affected by the binding of MeCN to the 16-electron cation,
[CPW(CO),(IMes)]", stabilizing this product by 16.9(5) keal
mol ' through the formation of [CpW(CO),(IMes)(MeCN)]*
(Scheme 3C). This indicates that thermodynamic hydricity is

tunable by selection of solvent in any complex where the 16-
electron metal cation binds solvent. McQueen and Hembre have
documented that the hydride donor ability of Cp*(dppm)RuH
(dppm = 1,2-bis(diphenylphosphino)methane) does indeed
vary with solvent, owing to the differences in the strength of
MeCN vs THF binding to the metal cation.*’

For comparison, reversible electrochemical waves have been
reported for the oxidation of bis(diphosphine) hydrides of Co, Ir,
and Pt and for the first and second oxidations of their conjugate
bases.’>*****> This reversibility suggests that solvent binding
and release do not perturb electron transfer equilibria, and
solvent effects on AG°y- for these systems are expected to be
lower than for the tungsten complexes studied here. Crystal-
lographic data® for [Co(dppe),(MeCN)](PFs), (dppe =
1,2-bis(diphenylphosphino)ethane) indicate a weak Co—N
interaction.

Reactivity of Radical Cations of Metal Hydrides. One-
electron oxidation of metal hydrides often has a profound effect
on reactivity, activating the M-H bond toward proton transfer
and hydrogen atom transfer. The value of ApK, upon one-
electron oxidation of CpW(CO),(IMes)H is 25.6, similar to
those for CpCr(CO),(L)H (L = PPhs, PEt;, P(OMe);), where
ApK, values of 23.5—25.5 were found."” Oxidation of CpM-
(CO);H (M = Cr, Mo, W) or CpW(CO),(PMe;)H decreases
the pK, by a relatively constant 20.6 & 1.5 units,” and a similar
change was found for tris(pyrazolyl)borate complexes Tp-
(CO);MH (M = Cr, Mo, W)."” Thermochemical studies of
bis(diphosphine) metal hydride complexes afforded ApK, = 14.5
for HCo(dppe),” and ApK, = 18 for HRh(depx),® (depx = o, o'~
bis(diethylphosphino)xylene); the pK, difference between MH"
vs MH™" is 20.5 for [HPt(EtXantphos),]* (EtXantphos = 9,9-
dimethyl-4,5-bis(diethylphosphino )xanthene).>

Comparing the electrochemical data for CpW(CO),(L)H and
[CpW(CO),(L)]™ (L =IMes or PMe;) reveals that E°(M* ™) is
more sensitive than E°(MH""°) to the nature of L (AE = 530 vs
290 mV), possibly reflecting differences in [CpW(CO),(L)]~
stabilization due to 7t backbonding, which should be stronger for
L = PMe; than IMes.** This effect may be less significant for the
hydrides than for the anions, as the redox potentials for the
anions are more negative.

Thermochemical studies on chromium carbonyl hydrides
CpCr(CO),(PR3)H by Tilset' found that the homolytic BDE
values of these MH"" species are 8—10 kcal mol ™' lower than
those of the corresponding MH complexes, a significant bond
weakening resulting from one-electron oxidation, though one
that is much smaller than the degree of activation toward proton
transfer in these cases. Several [HM(diphosphine),]™ systems
(M =Pt, Co, Rh)*>%*° show a decrease in homolytic M—H BDFE
values due to one-electron oxidation, with known examples
ranging from 9 to 24 kcal mol . Oxidation of closed-shell
[HCo(dppe),]* to open-shell [HCo(dppe),]** lowers the
homolytic Co—H BDFE by 9 kcal mol ', while further oxidation
of open-shell [HCo(dppe)z]zJr to closed-shell [HCo(dppe)ZPJr
raises the homolytic Co—H BDFE by 3 kcal mol . Similarly,
data from Cp*,Mo0,S5(SH), Cp*,M0,5,(SH),, and Cp*,Mo,S,-
(SMe)(SH) complexes uniformly show a weakening of the S—H
bonds of 9—24 kcal mol " as a result of oxidation or reduction
reactions converting closed-shell species to open-shell species.'*
In contrast, Poli reported an example in which one-electron
oxidation of Cp*(dppe)WHj; led to a W—H bond that was
stronger in the radical cation than in the neutral hydride,*
according to infrared spectroscopy and DFT computations.
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Reactivity of the Dihydride Complex. Dihydrides [CpM-
(CO),(L)(H),]* (M = Mo, W; L = IMes, PR;) are invoked as
reactive intermediates in the catalytic ionic hydrogenation of
ketones, with proton transfer from the cationic dihydride to the
ketone producing the neutral hydride, followed by hydride
transfer from the neutral hydricle.46’50 The pK, of protonated
acetone in MeCN is about —0.1,"%! so it is clear that the proton
transfer from either [CpW(CO),(IMes)(H),]" or [CpW-
(CO),(PMe;)(H),]" to a ketone is substantially endergonic.
This helps explain why they are not very active catalysts for
ketone hydrogenation, even though subsequent hydride transfer
from the neutral hydride to the protonated ketone is exergonic.

The value of pK,**“™ for [CpW(CO),(IMes)(H),]" (6.3(8))
is essentially the same as that obtained above for the radical cation
[CpW(CO),(IMes)H]"™" (6.3(S)). The similarity of these two pK,
values points to an interesting feature of metal hydride systems: in
cases where the pK, values of a cationic dihydride and the corre-
sponding cationic radical monohydride are similar, the homolytic
BDEFE values of the cationic dihydride and the neutral hydride must
also be similar. This is illustrated in Scheme 2, in the parallelogram
defined by MH,", MH"", MH, and M": the two routes connecting
MH," and M’ both consist of a proton transfer and a hydrogen
atom transfer; [CpW(CO),(IMes)(H),]" and [CpW(CO),-
(IMes)H]*" have similar pK, values, and the homolytic W—H
BDFE values of [CpW(CO),(IMes)(H),]" and CpW(CO),-
(IMes)H are also similar: AG°y+(MH,") = 59(1) keal mol *
(Scheme S7, Supporting Information) and AG°y(MH) =
59.3(5) kcal mol ' (Scheme 3A). Literature data may be used to
estimate the homolytic W—H BDFE of the cationic dihydride
CpW(CO),(PMes)(H)," at ~65 kcal mol ™ ,">** again essentially
the same as the value of 64.2 kcal mol ™" for CpW(CO),(PMe;)H
(determined using Scheme 3A with reported data and Scheme S7) 2

This relationship appears to hold for a variety of different
transition metal hydride systems, with homolytic M—H BDFEs
of dihydrides being about 1 kcal mol ™' lower than those of their
corresponding monohydrides. The homolytic M—H BDFEs are
nearly equal for HCo(dppe), (59.1 keal mol™") and the corre-
sponding dihydride [(H),Co(dppe),]* (58.0 kcal mol ');®
related Pt complexes™ also show very similar BDFEs for the
hydride [HPt(EtXantphos),]* (69 kcal mol™') and the dihy-
dride [(H),Pt(EtXantphos),]** (68 kcal mol '); the neutral
Rh complex HRh(depx), (70 kcal mol ') and the cationic
dihydride [(H),Rh(depx),]" (67 kcal mol ') show the same
trend. In these cases, due to the “parallelogram” relation described
above, the pK,, values of these dihydrides will be similar to the pK,
values of the corresponding monohydrides having the same

charge.

Bl CONCLUSIONS

Systematic determination of the free energy changes asso-
ciated with binding or release of H", H", H, and H, in metal
hydride systems has provided a quantitative basis for under-
standing the factors influencing their bond dissociation energies
for homolytic and heterolytic processes. This study of the metal
hydride CpW(CO),(IMes)H, the radical cation [CpW(CO),-
(IMes)H]"", and the dihydride [CpW(CO),(IMes)(H),]" pro-
vides insights into the substantial effects of N-heterocyclic
carbene ligands on homolytic and heterolytic bond free energies.
The large difference in acidity of CpW(CO),(IMes)H (pK, =
31.9) vs CpW(CO),(PMe3)H (pK, = 26.6) shows that IMes
is a very powerful electron-donating ligand, greatly exceeding

the donor strength of PMe;. Additionally, this study provides
a quantitative understanding of solvent effect upon hydride
donor ability: binding of MeCN to the 16-electron cationic
product, [CpW(CO),(IMes)]" (—16.9 kcal mol ), has a large
effect on the hydride donor ability of CpW(CO),(IMes)H.
Thermodynamic hydricity is thus tunable by choice of solvent
in any metal hydride that binds solvent after hydride transfer.

These results provide evidence that, in both CpW(CO),-
(IMes)H and CpW(CO),(PMe;)H, the homolytic M—H
BDFE:s for the neutral hydrides are essentially identical to those
of the corresponding cationic dihydrides. This finding is tantaliz-
ing evidence that the trend may be general, since it has also been
observed for late transition metal carbonyls and bis-
(diphosphine) adducts.”®* These studies underscore the value
of thermochemical characterization in the development of a
better understanding of the reactivity of metal hydrides in
stoichiometric and catalytic reactions.

B EXPERIMENTAL SECTION

General. All manipulations were carried out under N, using
standard vacuum line, Schlenk, and inert-atmosphere glovebox techni-
ques. MeCN (Alfa-Aesar, anhydrous amine-free), hexanes (Fisher GC
Resolv), and diethyl ether (Burdick and Jackson, anhydrous, non-
stabilized) were purified by passage through neutral alumina, and
methanol (J. T. Baker, anhydrous) was purified by passage through
calcium sulfate, using an Innovative Technology, Inc. PureSolv solvent
purification system. Deuterated solvents (Cambridge Isotope Labora-
tories, 99.5% D or greater) were dried as follows: tetrahydrofuran-dg was
vacuum transferred from sodium—potassium alloy; CD3CN was stirred
for 1 week over P,Os and then vacuum distilled through a glass wool
plug. "BuyN*PFs~ (Aldrich) was recrystallized from methanol—ether
and dried in vacuo at 150 °C for 16 h prior to use. Bibenzyl (Aldrich) was
recrystallized from cold hexanes. p-Anisidine (Aldrich), tetrafluoroboric
acid (Alfa-Aesar, S0—54% w/v in ether), 2,8,9-trimethyl-2,5,8,9-tetra-
aza-1-phosphabicyclo[3.3.3]Jundecane (methyl version of Verkade’s
superbase (VSB), Aldrich), ferrocene (Aldrich), decamethylferrocene
(Aldrich), and Cp,Co"PFs~ (Cole-Parmer) were used as received.
p-Anisidinium tetrafluoroborate was isolated by adding excess HBF, - OEt,
to an ether solution of p-anisidine, isolating the precipitate by filtration,
and rinsing with ether. The protonated form of VSB, [(VSB)H]'BF,~,
was isolated by reacting p-anisidinium tetrafluoroborate with excess VSB
in MeCN, evaporating the solvent, and extracting with diethyl ether to
afford a white, crystalline precipitate that had "H NMR chemical shifts
matching literature values.>> CpW(CO),(IMes)H,**** [CpW(CO),-
(IMes)]"B(CeFs),~,***°  [CpW(CO),(IMes)] ™ [K(18-crown-6)]",*®
and [CpW(CO),(IMes)]"B(CgFs), ** were prepared as reported.

Electrochemical Measurements. Electrochemical measure-
ments were performed using a CH Instruments 660C potentiostat
equipped with a standard three-electrode cell, which was assembled
and used within a glovebox. The working electrode was either a 1 mm
glassy carbon disk encased in PEEK (Cypress Systems EE040) or a
10 ym platinum disk encased in glass (Cypress Systems EE016) and was
polished before each run using alumina (BAS CF-1050, dried at 150 °C
under vacuum) suspended in MeCN, and then rinsed with neat MeCN.
A glassy carbon rod (Structure Probe, Inc.) was used as the counter
electrode, and a silver wire suspended in a solution of "Bu,N"PFs~
(0.2 mM) in MeCN and separated from the analyte solution by a Vycor
frit (CH Instruments 112) was used a pseudoreference electrode. All
potentials are reported vs the Cp,Fe*’® couple and were determined relative
to an internal reference: szFe+/ 0. (CsMes),Fe*’® E° = —0.50 V;
or Cp2C0+/ O, E° = —1.33 V. Unless otherwise noted, measurements were
carried out in MeCN (0.2 M "Bu,N*PF, ") at a scan rate of 0.1 Vs~ .
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Estimated standard deviation (0) values for E° of reversible couples are
assumed to be 0.01 V, the same as the standard deviation of four
measurements of E° for the internal reference measured under under
the same experimental conditions.

Determination of the pK,"'*“N of CpW(CO),(IMes)H. All
spectra were acquired by a single transient without preacquisition pulses.
Relative integral values were observed to stabilize within 6 h, and each
sample was allowed to stand for 24 h before data used for pK,
determination were collected. Two independent samples of CpW-
(CO),(IMes)H in MeCN-d; (with bibenzyl as an internal standard)
along with VSB, and one sample containing [CpW(CO),(IMes)] ™
[K(18-crown-6)]" together with [(VSB)H]*BF,, were prepared. Equi-
librium concentrations were determined by integrating the Cp reso-
nances of CpW(CO),(IMes)H and [CpW(CO),(IMes)] [K(18-
crown-6)]", the methylene proton signals from the base and its
conjugate acid, and the bibenzyl methylene resonance. Results from
each sample all gave a pK, value for CpW(CO),(IMes)H in MeCN of
31.9, using a pK, value of 32.90 for [(VSB)H]".>’

High-Pressure NMR Measurements. Caution! These experi-
ments must be conducted using appropriate safety measures, including
but not limited to blast shields, burst discs, and appropriately rated high-
pressure equipment. For a series of H, displacement equilibrium
measurements, sample solutions were exposed to H, gas pressures from
4.5 to 134 atm throughout equilibration and acquisition phases. These
experiments employed a custom-fabricated polyether ether ketone
(PEEK) sample cell assembly®”** interfaced with a high-pressure gas
manifold. Sample cell designs and a configuration for the high-pressure
manifold, along with important safety considerations, have been pre-
viously reported.*”* The entire sample cell assembly was charged with
sample solution under anhydrous, anaerobic conditions. For experiments
wherein THE-dg was used as solvent, a 2.5-mm OD spectrophotometric
grade glass tube (Wilmad) sealed at one end was introduced into the
PEEK NMR tube to serve as a liner, mitigating solvent-induced weakening
of the PEEK polymer and improving line shapes.

Equilibrium constants Ky, (eq 2) and Kyreen, (eq 3) were
determined as follows: In a glovebox, the PEEK NMR sample tube was
charged with a solution containing 10—20 mg of analyte, [CpW(CO),-
(IMes)]"B(CgFs),~ or [CpW(CO),(IMes)(MeCN)]"B(CsFs),, in
the desired solvent (containing 11.5 mM bibenzyl as an internal standard
for integration). The cell was assembled and connected to a high-pressure
manifold. Before the sample solution was exposed to manifold gases, the
manifold was pressurized to 70 atm H, and depressurized to 3 atm three
times. The NMR probe was tuned, and an initial spectrum was acquired.
The tube was removed from the probe and mounted into a mechanical
vortex mixer to facilitate equilibration between the gas and liquid phases at
the desired H, pressure. The sample was equilibrated for at least 1 h while
vortexing, and spectra were periodically acquired until integral values for
selected peaks were observed to stabilize. Once stable chemical equilibria
were apparent, data were collected using 128 transients with a delay of I s.
After data acquisition, the sample was re-equilibrated at the next H, pressure
with vortex mixing. Measurements were collected at three different H,
pressures, approaching equilibrium from both reactant and product sides
of the equation, for determination of Ky, 1y, (eq2). The sample tube was
carefully vented under vortexing after the experiments were complete.

Determination of Kyyg,n,. [CpW(CO),(IMes)]"B(CeFs), was
converted quantitatively to [CpW(CO),(IMes)(THF-dg)] "B(CcFs),~
when dissolved in THF-dg. Introduction of H, to this solution resulted in
the formation of [CpW(CO),(IMes)(H),]"B(C4Fs), >° Integrals for
the partially overlapping Cp resonances of [ CpW(CO),(IMes) (THF-ds) ]
and [CpW(CO),(IMes)(H),]" (6 5.31, fwhm = 3.5 and 9 5.34, fwhm =
3.8 Hz, respectively) were estimated by simulation using gNMR.>*
Integrals for the free H, resonance were corrected for a 25% abundance
of NMR-silent para-H,. Data collected with Py, = 3.4, 6.8, and 3.4 atm, in
that order, gave Kryp y, = 0.5(3) atm™*. Our previously reported value®®

of K'rya, = 3 X 10, expressed with [H,] = 1 M and [THF-dg] = 1 M
taken as the standard states, is equivalent to K’ tHEH, = 0.5 atm™! using the
present standard state definitions (1 atm H,, neat solvent), in agreement
with the results reported here. Interconversion between different standard
state definitions is presented in the Supporting Information.

Determination of Kyecn,+, in THF-ds. For the measurement of
solvent displacement by H, the B(C4Fs),  salt was used rather than the
PF¢ salt of the [CpW(CO),(IMes)(MeCN)]" cation in order to avoid
complications arising from ion-pairing.*® When [CpW(CO),(IMes)-
(MeCN)]"B(CgFs),~ was dissolved in THF-dg, both [CpW(CO),-
(IMes)(MeCN)]* and trace amounts (less than 1%) of [CpW(CO),-
(IMes)(THF-dg)]" were observed along with free MeCN. At elevated
H, pressures, measurable amounts of [CpW(CO),(IMes)(H),]" were
also observed: at Py, = 170 atm ([Hy] = 340 mM), 11% of the
[CpW(CO),(IMes)(MeCN)]" was converted to [CpW(CO),(IMes)-
(H),]". Integration of spectra collected at Py; = 34, 170, and 136 atm
(in that order) establishes Kyecn 1, = 3(2) X 10 %atm ™ (AG°=10.3(3)
keal mol '; eq 3). The diagnostic dihydride resonance of [CpW(CO),-
(IMes)(H),]" at —0.74 ppm is also evident in these spectra. Line shape
analysis failed to converge in this case, likely due to the fact that the
Cp integrals of [CpW(CO),(IMes)(H),]" and [CpW(CO),(IMes)-
(THF-dg)]" were small compared to the Cp integral of [CpW(CO),-
(IMes)(MeCN)]". The analysis instead used directly measured integrals,
including one integral spanning the partially overlapping Cp resonances of
[CpW(CO),(IMes)(H),]" and [CpW(CO),(IMes)(THF-dg)]*. The
absolute concentrations of these minor constituents were determined
using this combined integral, along with the H, integral, the bibenzyl
integration standard, and the value of Ky, determined as described
above. The concentration of free MeCN was then determined, and the
value of Kyjecn p, Was calculated from these concentrations according to
eq 3 above.

B ASSOCIATED CONTENT

(s ) Supporting Information. Cyclic voltammogram show-
ing the oxidation of our selection of standard states; interconver-
sion between different standard state definitions; mechanisms for
the oxidation of CpW(CO),(IMes)H to produce [CpW(CO),-
(IMes)(MeCN)]"; thermochemical cycles for the determination
of all free energy changes shown in Scheme 2. This material is
available free of charge via the Internet at http://pubs.acs.org.
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