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Abstract: The thermodynamic hydride donor abilities of 1-benzyl-1,4-dihydronicotinamide (BzZNADH, 59
+ 2 kcal/mol), CsHsMo(PMe3)(CO).H (55 + 3 kcal/mol), and CsMesMo(PMe3)(CO),H (58 + 2 kcal/mol)
have been measured in acetonitrile by calorimetric and/or equilibrium methods. The hydride donor abilities
of BzZNADH and CsHsMo(PMe3)(CO).H differ by 13 and 24 kcal/mol, respectively, from those reported
previously for these compounds in acetonitrile. These results require significant revisions of the hydricities
reported for related NADH analogues and metal hydrides. These compounds are moderate hydride donors

as compared to previously determined compounds.

Introduction

The formal transfer of a hydride ion, Hlis a fundamental
reaction in biological and chemical catalysis. In many biological

hydride transfer reactions, organic cofactors such as NADH/

NAD*, NADPH/NADP*, and FADH/FAD' are involved. These
reactions involve the heterolytic cleavage and formation-eHC
bonds. Fe-only and FeNi hydrogenases contain inorganic/

organometallic complexes that act as hydride acceptors/donor

during heterolytic bond cleavage reactidns.In reactions
involving discrete transition-metal complexes, metal hydride

bonds are frequently cleaved and formed in a heterolytic fashion.

Reductions of ketonésaldehyded, alkenes alkyl halides?
imines!® and hydrogen oxidatidf are examples of reactions

that have been proposed to occur via hydride transfer reactions.
Because hydride transfer reactions are involved in a broad range

of chemical transformations, the development of a common
hydricity scale for the different classes of hydride donors is
important.

The objective of this study is to establish a common hydricity
scale for three different classes of compounds, [HM(diphos-
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phine}] ™ complexes (where M= Pt or Ni), NADH analogues,
and CpMo(CO)L)H complexes. The thermodynamic hydricity
of a compound is defined as the free energy associated with
the cleavage of MH or C—H bonds to form the solvated
hydride ion, H, and the corresponding metal or organic species
in solution (e.g., reaction 1). In reaction 1, a standard state is
chosen in which the activity of the pure solvent, acetonitrile in
this study, is unity. This choice permits a comparison of the

Snydride donor abilities regardless of whether the Mfragment

interacts with the solvent to form a solvent bond or not,
and it is the same standard state usedKp geterminations
and measurements of redox potentials where solvation effects
also occur.

HML,— ML, +H™ 1)

The absolute hydride donor abilities of a series of [HM-
(diphosphine] ™ complexes in acetonitrile have been determined
using two independent methods. One method uses a thermo-
dynamic cycle that requires an equilibrium measurement of the
heterolytic cleavage of hydrogen to form the metal hydride of
interest?~14 A second method uses a cycle based on measure-
ments of the K of the hydride and the two-electron oxidation
potential of the conjugate base of the metal hydHd&:16These
two methods agree within 1 kcal/mBland both provide free-
energy values that do not require a reference hydride donor.
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As a result, these hydride complexes provide a reliable set of kcal/mol for reducing Fto H™ using ferrocene as a reference.
reference compounds for determining the hydricities of other In addition, the free energy associated with the dissociation of
classes of compounds. hydrogen gas to form solvated hydrogen atoms in acetonitrile
The relative thermodynamic hydricities of NADH model has been estimated to be 103.6 kcal/AfdThese values are
compounds have been studied using equilibrium studies of the basis of calculations of free energies for homolytic and
hydride transfer reactiori$.1° Efforts to determine the hydride  heterolytic bond cleavage reactions. Bruno and co-workers have
donor abilities of these compounds on an absolute scale haveused these same values for establishing the reference scale for
also been described. Such absolute values would allow com-their work?® The current work and previous work from our
parisons with other classes of hydride donors. However, laboratory use the same values with one minor exception. A
significantly different estimates have been presented. For value of—2.32 V is used for the HH* couple versus ferrocene
example, 1-benzyl-1,4-dihydronicotinamide (BzZNADH®, has (or 53.6 kcal/mol for the reduction of Ho H¢).12-16 This slight
reportedAGy- values of 72 kcal/mol in acetonitri@and 59 modification was suggested by our previous wérkvhich
kcal/mol in dimethyl sulfoxide (DMSOJ! The estimated value  provides an experimental basis for determining tiaéiH couple
of 72 kcal/mol was based on structural correlations betw&en versus ferrocene in acetonitrile, as discussed in the Supporting
and3 and the relative hydricities of BZNADH and the conjugate Infromation. This 0.6 kcal/mol difference for the"HH* couple
hydride donor o2.2° The value of 59 kcal/mol in DMSO was  does not account for the values Afsy- previously reported
based on a more rigorous thermodynamic treatment thatfor BZNADH2® and CpMo(PMeg)(CO)H,2 which differ by 13
involved an enthalpy measurement and f&yg values for its and 24 kcal/mol, respectively, from the values reported in the
calculation?' A more direct determination of the hydride donor current work.

ability of BZNADH in acetonitrile is therefore desirable.
Results

HH i i As discussed in the Introduction, [HM(diphophigle) com-
m plexes provide a good set of reference compounds for determin-
N N u ing the hydricities of other classes of compounds. Unfortunately,

Bz CH, cross reactions between [HM(diphosphifieomplexes (where

la X = C(O)NH, 2 3 M = Pt or Ni) and NADH model compounds are very slow,
1b X = C(O)CH, and they are accompanied by side reactions. However, reactions
Ie X = CN of [HM(diphosphine)] ™ complexes with [CpRe(NO)(L)(CO}]

(where L= CO or an alkyl- or arylphosphine ligand) proceed
more rapidly to produce CpRe(NO)(L)C(O)H complexes. These

: ) reversible reactions have been used to establish a hydride donor
Mes, M = Mo or W, and L is CO or a monodentate phosphine gcie for a series of formyl complex&sThe rhenium formyl

ligand) have been studied in detail by Bullock and co-workers. . hjeves undergo clean hydride transfer reactions with NAD
Some of these studies have led to the development of interesting., 14 compounds over convenient time periods.
ionic hydrogenation reactior§$:22 Thermodynamic hydride Studies of BzZNADH. CpRe(NO)(CO)(CHO) and BzNAD

Sonor ab(']ll',t'(ejs fora numbler oftt]h(ejsg 'samfe colinp:;exels r?avf) alsOrgact cleanly at room temperature (ZL, 294 K) with formation
een studied. For example, a hydricity of 79 kcal/mol has been q¢ 5, equilibrium mixture over the coursé 4 h (reaction 2).

i itrile23

reported for CpMo(CO[PMey)H in acetonitrile?* The ther- e overse reaction is slower, but equilibrium is also observed
modynamic measurements reported herein give a value of 55,01 181 An equilibrium constant of 840100 was calculated
+3 kcal{mgl. ) ... for reaction 2 by integration of thtH NMR spectra. The free

Establishing an absolute scale of hydride donor abilities energy of this reaction is-3.9 + 0.2 kcal/mol in deuterio-
requires extrathermodynamic assumptions. These assumption%cetonitrile. The free energyAGy-) associated with the
have been discussed in detail in the literature by Wayner and heterolytic cleavage of the-€H bond of CpRe(NO)(CO)(CHO)
F_’arker?4 These authors suggested using standard redox poteny, acetonitrile has been previously determined to bet52
tials of _,1'77 V for the H/H* rgdox couple and-0.60 V for kcal/mol26 The resulting value oAGy-(zeax) for BZNADH is
the H/H™ redox couple (potentials versus NHE(aq)). Using the y,orefore 501 2 kcal/mol. This calculation involves no entropy

ferrocene/ferrocenium couple as a referené®.628 V in corrections or other approximations, but depends on two
acetonitrile versus NHE (a¢fy)gives values of-2.30 and—1.13 sequential hydride transfer equilibria to peg it to the [HM-

Vv for the H'/H* and H/H™ redox couples, respectively. (jipnosphine)* scale. The same value was reported for
Converting these potentials into kcal/mol for one-electron p_\aApH in DMSO by Cheng et &t

processes gives 53.0 kcal/mol for reducing td H*, and 26.0

The kinetic hydricities of a series of CpM(C&))H and
Cp*M(CO),(L)H complexes (where Cp= CsHs, Cp* = Cs-
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OGCsH4)sCH, in acetonitrile was studied by titration calorimetry  molybdenum-containing products are not those expected for
(reaction 3). The enthalpy of this reaction was determined to simple hydride transfer reactions.

be —30.7 + 0.5 kcal/mol at 25.6C (298.6 K). The hydricity In contrast, the reaction of Cp*Mo(PM¢CO)H (which

of (p-CHsOCsH4)3sCH has been reported to be 86 kcal/mol at exists as a 1:1 mixture of cis and trans isomers) with BzZNAD
room temperaturé’ A free-energy change of27 kcal/mol is proceeds slowly, but very cleanly (2C), in deuterioacetonitrile
expected for reaction 3 on the basis oA&y- of 59 kcal/mol to form trans[Cp*Mo(PMes)(CO)(CDsCN)]*, as shown in

for BzZNADH. This is in good agreement with the measured reaction 5. This reaction reaches equilibrium in about 70 days,
enthalpy for this reaction, and it indicates a modest negative with an equilibrium constant of 9 as determined by integration
entropy associated with reaction 3-6f.2 cal/deg mol TAS= of the™H NMR spectrum. This corresponds to a free energy of
—3.7 kcal/mol). A decrease in entropy is reasonable, because—1.3 kcal/mol for reaction 5, and the addition of this value to
BzNAD™ is expected to have a smaller effective radius than AGy- for BZNADH gives aAGy- of 58 kcal/mol for Cp*Mo-
(p-CH3OGCeH4)sC*. This should result in a more ordered (PMes)(CO)H in acetonitrile. Although only a single determi-
solvation sphere for BZNAD and a decrease in entropy for nation of the equilibrium constant was made, studies of this
reaction 3. Using the previously estimated hydride donor ability reaction in the reverse direction over a period of 2 weeks resulted
of 72 kcal/mot© leads to an expected free energy for reaction in formation of Cp*Mo(PMg)(CO)H. This demonstrates the

3 of —14 kcal/mol, which is not in good agreement with the reversibility of reaction 5, but the reaction was not followed to

experimentally observed enthalpy change—#0.7 kcal/mol. equilibrium in the reverse direction.
BzNADH + (p-CH,0C;H,),C" — HH @ Eé *
(P-CH;O0CH )4 . NNHZ KCF} DN fj/lNHz : .
- + o + )
BzNAD" + (p-CH,OCH,);CH (3) Sy oo o K9 X oc /hd‘z.,\co
“ o PMe z DN PMe

Studies of CpMo(COR(PMez)H and Cp*Mo(CO) (PMez)H
Complexes Reactions of CpM(CQJL)H and Cp*M(CO)(L)H
complexes (where M= Mo and W, L= CO or a phosphine ion in deuterioacetonitrile is clean (B NMR) and results in

ligand) with triarylcarbenium ions in acetonitrile, for example, . ¢ -vion of triphenylmethane atins [Cp*Mo(PMes)-
reaction 4, have been used to calculate hydricities for this ClaSS(CO)Z(CD3CN)]+ as shown in reaction 4 for CpMo(PN)e
of complexeg3 It was assumed that these reactions were at (COYH. Although the time required for reactions 4 and 5 is

equilibrium. On closer examination, the reverse reactions do . ... *
) quite different, the same produtans[Cp*Mo(PMes)(CO)(CDs-
not occur. For example, no reaction of [CpMo(G@HCN)I* CN)]*, is formed. Calorimetric studies were performed by

with (p-Me;NCeHa)sCH is observed after 2 weeks Bt NMR 54 4ition of an acetonitrile solution of Cp*Mo(PM¥¢CO)H to
spectroscopy in deuterioacetonitrile. The hydride donor abilities an excess of triphenylcarbenium ion in acetonitrile and by
of CpMo(CO)(H) and O-MexNCeHa)sCH have reported values g oiion of triphenylcarbenium ion into an excess of Cp*Mo-

i 27
of 88.6 and 7422 "C?"m"" respectivéfi?’ Therefore, the (PMe3)(COXH in acetonitrile. The average of three determina-
reverse of reaction 4 is expected to be favored by nearly 15 tions gave a\H value of—39.5-+ 1.0 kcal/mol. Based on the

kcal/mol, and the rates are reported to be fast enough to ObtainliteratureAGHf value of 99 kcal/mol for triphenylmethaffeand
equilibrium in a “matter of minutes®® The assumption of the a AGy- value of 58 kcal/mol for Cp*Mo(PMg(CO)H, the
existence of equilibrium reactions, when the reactions are Not e energy associated with this reaction should-dd i<call
in equilibrium, has led to large errors in the repori&@- mol. The observed enthalpy change-689.5 kcal/mol would
values for this class of complexes. indicate that the entropy contribution for the reaction of Cp*Mo-
CH.CN (PMe3)(CO),H with triphenylcarbenium ion is smalfTAS= 1
CPM(COL(L)H + Ar,C" —— kcal/mol).
+ Reaction of CopMo(PMg(CO)H (for which theAG for the
AraCH + CpM(COL(L)(CH,CN)™ (4) trans-to-cis conversion is-0.1 kcal/mol in toluené} with
triphenylcarbenium ion in acetonitrile also results in the
Reactions of CpMo(CQH and Cp*Mo(CO}H with [M- formation of triphenylmethane aricans-[CpMo(PMes)(CO),-
(diphoshinejl(BF4). complexes in acetonitrile are complicated  (CH,CN)]*, as shown in reaction 4. Calorimetric studies of this
by the well-known instability of the molybdenum complexes reaction were performed as described above for Cp*Mo@Me
arising from the loss of the cyclopentadienyl rirf§s®® As a (CO)H. The average of four determinations gavald value
result of this elimination reaction and subsequent side reactions,of —42.6+ 3.0 kcal/mol. Adding this value to 99 kcal/mol for
it was not possible to obtain meaningful hydricity data from the hydride donor ability of triphenylmethafegives 56 kcall
reactions of CpMo(CQH and Cp*Mo(CO} with [M- mol. Assuming the sam€&AS correction as used for Cp*Mo-
(diphoshinej](BF4). complexes. Substitution of one of the CO  (PMe3)(CO)H (1 kcal/mol) gives aAGy- value of 55+ 3 kcal/
ligands with a phosphine ligand can retard the elimination of mol for CpoMo(PMe)(CO)H.
the cyclopentadienyl rings, but the hydride transfer reactions  The reaction of CpMo(PM(CO)H with the carbenium ion
with [M(diphoshine)](BF.). are still not clean and the major  (Me,NCgH4)Ph,C* in acetonitrile to form (MeNCgH4)Ph,CH
and [CpMo(PMg)(CO)(CDsCN)]* was also studied by iso-

Reaction of Cp*Mo(PMg(CO)H with triphenylcarbenium

(27) Zhang, X.-M.; Bruno, J. W.; Enyinnaya, & Org. Chem1998 63, 4671 thermal titration calorimetry. A heat of reaction 6f29.3 +
(28) Jordan, R. F.; Norton, J. R. Am. Chem. S0d.982 104, 1255-1263.

(29) Keppie, S. A.; Lappert, M. RI. Chem. Soc. A971, 3216. (31) Kalck, P.; Pince, R.; Poilblanc, R. Organomet. Chenl97Q 24, 445—
(30) Kubas, G. J.; Kiss, G.; Hoff, C. MrganometallicsL991, 10, 2870-2876. 452.
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Table 1. Hydricities of Selected Compounds in Acetonitrile assumed that the differences in the free energies associated with
compound AGy- (kcallmol) ref Ei/2(H/H™) and El/z(NADH+/NADH) were equal to the dif-

[HRh(dppb)]* 3442 14 ferences in the enthalpies. This is equivalent to assuming that
[HW(CO)4(PPR)]~ 36+2 35 the entropy changes associated with electron transfer for these
Cp*Re(PMg)(NO)(CHO) 4242 26 two redox couplesAS., are the same. It is not clear how
g-'pi\lgg(rgg?gﬂlg)(CHO) 5;;3 ;g accurate these approximations are, but if they ar&AS
CpMo(PMe)(COYH 554 3 this work correction of approan_at_ely_s kcal/mol is _requlred _to convert
CpMo(PMe)(CO)H 584 2 this work from AGy- to AHy-. This indicates a small increase in entropy
la 50+2 this work upon hydride dissociation. The formation of two particles from
1b 604 22 this work one should lead to an increase in entropy, whereas the formation
[HNi(dmpp)] 6042 15 of charged species and an increased ordering of the solvent about
1c 63+ 22 this work g . P g ofthe so Yen abou
[HNi(depp)] * 67+ 2 16 these species should decrease the entropy. The combined result
2 70+ 22 this work appears to be a small increase in the entropy upon hydride
p-(Me2NCsHz)sCH 74 27 dissociation from BzNADH.
PhCH 99 27 The enthalpy of hydride dissociation from NADH in aqueous

avalue calculated from theAGy- value for BZNADH and from solution of 53.6 kcal/mét is significantly lower than the value

equilibrium data given in refs 17 and 18 for hydride transfer reactions Of 64.2 kcal/mol reported for BZNADH in acetonitrité.The
between BzZNADH and the respective NADnodel compounds. difference in values reported for NADH and BzZNADH may be

) ) caused in part by the different substituents on the nitrogen of
2.0 keal/mol was determined. UsingGy- values of 83 keall  the nicotinamide, but a major contribution to this difference
mol for (Me;NCsHa)Ph,CH?” and 55 kcal/mol for CoMo(PMg- likely arises from the much greater stabilization expected for
(CO)H gives aAG for this reaction of—28 kcal/mol. This is the hydride ion in aqueous solutions caused by hydrogen
in good agreement with the observed heat of reaction and thebonding between the hydride ion and the protons of witer.
expectation of a small entropy contribution. The observed heat g ;¢ hydrogen bonding is not possible for acetonitrile. This

of reaction is not in good agreement with th& value of=3.4 = \yoyld lead to a more positivaGy- value in agueous solutions

kcal/mol reported previously for this reactiéh. as compared to acetonitrile. The free energy for hydride loss
from [HNi(dmpp)] " in acetonitrile AGy- = 60 kcal/mol) has

Discussion also been compared to the enthalpy of hydride loss from NADH

in water, and it was concluded the NADH is a significantly

The objective of this study was to determine the agreement petter hydride donor than [HNi(dmpg}.3* However, a better
of reported absolute hydricity values of three different classes comparison is that of BzZNADH and [HNi(dmp#}, whose
of compounds, [HM(diphosphing)” complexes (where M= AGy- values in acetonitrile differ by only 1 kcal/mol (Table
Pt or Ni), NADH analogues, and CpMo(C@))H complexes. 1), The latter comparison has the advantages that both measure-
The observation of an equilibrium between BzZNADH and CpRe- ments were made in the same solvent and both measurements
(NO)(CO)(CHO), whose hydricity was determined previously are free-energy measurements. Based on the data shown in Table
with respect to [HPt(dmpg))*, allows the hydride donor ability, 1, the NADH derivatives appear to be moderate hydride donors
AGy-, of BZNADH to be calculated (5% 2 kcal/mol) and  with a hydricity range that overlaps some of the less hydridic
linked directly to those of [HM(diphosphing) complexes. The  transition-metal hydrides.
heat of reaction{30.7+ 0.5 kcal/mol) observed by calorimetry Cp*Mo(PMes)(CO)H reacts slowly with BzZNAD at room
for the reaction between BzZNADH and the carbenium ign, ( temperature to reach an equilibrium after 70 days. From this
CH3OGsHa)sC", is in reasonable agreement with the expected equilibrium measurement\Gy- for Cp*Mo(PMes)(CO)H can
free-energy change of27 kcal/mol based on hydricities of  pe calculated to be 5& 2 kcal/mol. The reaction of Cp*Mo-
these compounds. Our hydricity value of 392 kcal/mol in (PMe3)(CO)H with PRC* (AGH- = 99 kcal/mol) is therefore
acetonitl’ile |S the same as that determ|ned by Cheng and CO'expected to have a free_energy Change_dﬂ_ kcal/mol. The
workers in DMSC?! but it is not consistent with the previous heat of this reaction was measured to 689.5 + 1.0 kcal/
estimates by Parker and co-workers of 72 kcal/mol for aceto- mol. This indicates a small entropy change WIthS close to
nitrile.29 Our results lead to a revision of the hydr|C|ty values Zero, which is consistent with previous studies of hydnde
of a series of NADH model compouridsby 13 kcal/mol, as  transfer reaction335 The heat of reaction of CpMo(PMe
shown in Table 1 for compoundka—c and 2. The revised (COXH with PhC* is —43 & 3 kcal/mol. AssumingTAS is
values indicate that NADH derivatives are significantly better z1so 1 kcal/mol for this reaction, as it was for Cp*Mo(Pijte
hydride donors than was previously thought. Although the new (CO)H, leads to aAGy- value of 55+ 3 kcal/mol for CpMo-
AGy- values do not affect calculated relative homolytic bond  (pMey)(CO)H. This value is much different than the 79.4 kcal/
dissociation energies for these NADH analogtfetiey will mol reported previously, which was based on the assumption
affect absolute homolytic values by 13 kcal/mol. of an equilibrium between CpMo(PMgECO)H and p-Me,-

An enthalpy valueAHy-, of 64.2 kcal/mol has been reported  NPh)PhC™.23 The heat of reaction for CpMo(PM§CO),H and
for hydride dissociation of BZNADH in acetonitrifé. The (p-Me;NPh)PRCt is —29 kcal/mol from our calorimetry
calculations used to determine this enthalpy value for BZNADH studies. This value compares well with the expected free-energy

(32) Klippenstein, J.; Arya, P.; Wayner, D. D. N..Org. Chem1991, 56, 6736~ (34) Zhu, X.-Q.; Yang, Y.; Zhang, M.; Cheng, J.-R.Am. Chem. So2003
6737. 125 15298-15299.

(33) zhu, X.-Q.; Li, H.-R.; Li, Q.; Ai, T.; Lu, J.-Y.; Yang, Y.; Cheng, J.-P. (35) Ellis,W. W.; Ciancanelli, R.; Miller, S. M.; DuBois, M. R.; DuBois, D. L.
Chem.-Eur. J2003 9, 871-880. J. Am. Chem. So@003 125, 12230-12236.
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change of—28 kcal/mol using our revised value afGy- for
CpMo(PMe)(CO)H. The previousAG value of —3.5 kcal/
mol would require an extremely largeé\S correction, 25 kcal/
mol. These results lead to the conclusion thatAl@,- values
reported previously for Mo, W, Nb, and Ta hydride% are
significantly in error. The origin of the error can be traced to
the presumption of an equilibrium for reactions that are far from
equilibrium.

Within experimental error, the hydride donor ability of CpMo-
(PMe;)(CO)XH is the same or greater than that of Cp*Mo-
(PMe3)(COXH. This is not what one might expect based on
electronic effects, becauseNles is more electron-donating than
CsHs. However, if the stabilities of the products of hydride
transfer, [CpMo(PMg(CO)(CH3:CN)]™ and [Cp*Mo(PMe)-
(COX(CHsCN)]*", are considered, it is reasonable that the
product containing the §Mes ring may be less stable than that
of the GHs ring because of steric interactions between tge C
Mes ring and coordinated C¥N. This would tend to offset
the electronic effects. In the hydride transfer reactions of CpM-
(CO)(L)H and Cp*M(CO)(L)H studied by Bullock, it was
found that the kinetic hydricity of these compounds follows the

(COR(PMe&)H, and Cp*Mo(CO)}(PMe;)H have been cross
referenced and can now be placed on a common absolute scale.

Experimental Section

General Procedures and Materials.NMR spectra were recorded
on a Varian 400 MHz spectrometer. Proton chemical shifts were
recorded relative to residual protons in €IN (1.93 ppm) 3P NMR
chemical shifts are reported relative to an external sample;BfOH
(0.00 ppm). Isothermal titration calorimetry was performed on a
Calorimetry Sciences Corporation ITC 4200 calorimeter. Solvents were
reagent grade and were purchased from Aldrich. Acetonitrile was
vacuum transferred from Catdnd stored in a glovebox. Reagents were
purchased from Aldrich. [CpRe(NO)(C&(BF.) and CpRe(NO)-
(CO)(CHO) were prepared using literature meth&d®, as were
BzNADH,'"4041 CsRsMo(PMe;)(CO)H,?24243 [(p-MeNCeH,4)PhCl-
(PFo),**“*and [(GHs)sC](PF).*

Equilibration of BZNADH and [CpRe(NO)(CO) 2](BF4) in Ac-
etonitrile. BZNADH (0.009 g, 0.045 mmol) and [CpRe(NO)(CP)
(BF4) (0.017 g, 0.040 mmol) were dissolved in §IN (0.60 mL) in
an NMR tube. Over the course of 18 h, this reaction came to equilibrium
with the formation of BZNAD and CpRe(NO)(CO)(CHO), as deter-
mined by comparison of thtH NMR spectra with authentic samples
prepared using literature method$ 4! Integrations of these spectra

order expected on the basis of the electron-donating ability of yyere used to calculate an equilibrium constant of 830G &

the cyclopentadienyl ringsand not the order observed in this
study for the thermodynamic hydricity. This is likely due to

([BzZNADH]/[BzNAD]) x ([Re(CO)')/[ReCHQY])) for reaction 2. The
reaction of BzZNAD with CpRe(NO)(CO)(CHO) was studied in a

the fact that solvation of the Mo center occurs after the hydride similar manner, and an equilibrium constant of 850 was obtained after

transfer reaction and the kinetic barrier arises from formation
of unsolvated [GRsMo(PMe;)(CO)]" and not [GRsMo-
(PMe3)(CO)(CHCN)]* (where R= H or Me). These results
illustrate the important role that solvation can play in hydride

transfer reactions. However, the fact that solvation plays a role

does not decrease the utility &Gy~ values. Two compounds
having the samAGy- value in any given solvent will have the

4 h.

Equilibration of Cp*Mo(PMe 3)(CO).H with BzZNAD * in Aceto-
nitrile. [BzNAD](PFs) (0.0155 g, 0.043 mmol) and Cp*Mo(Plje
(CO)H (0.019 g, 0.052 mmol) were dissolved in gIN (0.7 mL) in
an NMR tube. The course of the slow reaction was followed by
recording®H NMR spectra weekly. The NMR tube was stored in the
glovebox, except for the time required to collect spectra, to protect the
sample from oxygen. The reaction came to equilibrium after 72 days,

same tendency to donate a hydride ion regardless of whetheryng the equilibrium constantk¢ = ([BzNADH)/[BzNAD*]) x

they form M—solvent bonds or not.

As seen from Table 1, the revised value\@y- for CpMo-
(PMe3)(CO)H and Cp*Mo(PMe)(CO)H indicate that these
compounds are slightly better hydride donors than NADH model

compounds. They are also moderate hydride donors as compare
to other transition-metal hydrides studied to date, and they are

somewhat less hydridic than the formyl complexes shown in
Table 1. They are much better hydride donors than triaryl-

([Mo(CD3sCN)*)/[MoH]))) was evaluated using concentrations obtained
from integration of the finalH NMR spectrum. An equilibrium constant
of 9 was obtained in this way. A similar reaction in the reverse direction
was not followed to equilibrium, but the formation of Cp*Mo(Pjle

O)H was observed.

Calorimetry. All solutions for calorimetry were prepared in a
glovebox. In a typical experiment, the reaction cell of the calorimeter
was purged with a stream ofXbr 15 min. Subsequently, it was loaded
by syringe with a 30 mM solution of ftMe;NCeH,)Ph.C](PFs) in dry

methane compounds as shown by comparison with the last twoacetonitrile (cell volume= 1.3 mL), and stirring was commenced at
entries of Table 1, and hydride transfer equilibria between these3o0 rpm. The reference cell of the calorimeter was loaded with neat

two classes of compounds are not expected.

Summary

The hydride donor abilities of BZNADH and CpMo(CR)

acetonitrile. Next, a 25@L syringe containing a 10.3 mM solution of
CpMo(PMe)(CO)H in acetonitrile was inserted into the cell. After

90 min of equilibration at 25.8C, 20 10#L injections of the hydride
solution were added into the cell, with an 8-min delay between
injections. The first data point was discarded, and the average enthalpy/

(PMes)H have been reevaluated. Both of these compounds weremg| for the subsequent 19 injections was 22.8.2 kcal/mol. At least

found to be significantly better hydride donors than previously three independent experiments were performed in this manner for each
reported. For NADH analogues, this leads to a simple correction

of previously reported hydride donor abilities 1.3 kcal/mol2°
For the Mo, W, Ta, and Nb hydrides, the situation is more
complex, as our results for CpMo(PKJECO)H and Cp*Mo-
(PMe3)(COY), indicate that the relative ordering of the com-
pounds studied previously may also be incorféééAs a result
of the studies described in this paper, the hydricities of [HM-
(diphosphingj ™ complexes}~16 [HW(L)(CO),4~ complexes?
transition-metal formyl complexé§ NADH derivatives, CpMo-
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of the hydrides studied. For CpMo(PMECO)H, an average value of Supporting Information Available: Experimental determi-
—29.3 + 2.0 keal/mol was obtained, which reflects a larger scatter nation of the potential of the #H* couple in acetonitrile versus
between experiments than between injections as expected. ferrocene and extrathermodynamic assumptions (PDF). This
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