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Abstract: The free energies for hydride donatiohGy+) have been determined in acetonitrile solution for a
series of seven molybdenum and tungsten compouheg)(of general formula (6Rs)M(CO),(L)H, which

yield the salts [(GRs)M(CO),(L)(NCMe)][BF4] in these reactions. These data constitute the first thermodynamic
data for hydride transfer by transition metal hydrides, and were gathered from equilibrium studies with carbenium
ion salts of known hydride ion affinities in acetonitrile. The metal hydedey+ values range from ca. 79 to

89 kcal/mol, and these values may be compared wiis ffor related compounds to demonstrate that proton-
transfer processes are somewhat more sensitive to changes in co-ligands than are hydride transfer processes.
Additionally, kinetic studies of hydride transfer reactions with hydride accegteVgOPh}CPh][BF] exhibit
second-order rate constants ranging from ca. 200 to 7500 $v. These rates show a correlation with
thermodynamic driving force, and a Brsted plot yields a slope of 0.20. The thermodynamic data may be
used in conjuction with the appropriate thermodynamic cycles to calculate energies for various processes in
which compounds such ds-7 are known to function as hydride donors.

Introduction has recently reported a series of kinetic studies for hydride
Transition metal hydrides are key components of a variety transfer in methylene c_:hlo_riofeanq the_se stu_di_e_s constitut_e the
of synthetic transformations and catalytic schemes, during which most complete determination of kinetic hydridicity yet available.
they serve to insert unsaturated spec@sdonate a hydride to Thermodynamic information on hydride transfer reactions is
an appropriate electrophifeAs such, a quantitative understand- considerably more rare, and a recent review points out the
ing of the kinetics and thermodynamics of hydride transfer complete lack of quantitative dataThe fundamental quantity
reactions is of obvious significance. In fact, however, relatively needed here is the free energy for hydride donatio@y+), as
little information is available on the energetics of hydride defined in eq 1. Clearly any such reaction of an 18 electron
transfer. In an early study, efforts were made to establish a
relative scale based on rates of acetone insertion; this led to the AGy+
conclusion that kinetic hydridicity decreased in the order L.M—H
CpZrH, > CpoNbHz > CpNb(CO)H > CpMoH,.3 Years
later, Bursten calculated the HOMO-LUMO gaps for species
such as CpCr(CQ@J and CpCr(NOy~ and showed that this
approach could be used to predict relative tendencies for hydride
and proton donation by the parent metal hydfid&ound-state

L,M(NCMe)" + H™ (1)

MeCN

metal hydride would yield a 16 electron cation; in a reaction of
L,MH with a hydride acceptor, the metal-containing product
would bind a solvent molecule so as to relieve the electron

effects have also been studied with the calculation of deuterium deﬁcpncy. As such, the thermodynamic determlnathn WOUId
quadrupole coupling constants, which were used to assign ionicP€ Unique for the solvent chosen, but, of course, this is also
character (M H-) to transition metal hydridésFinally, Bullock ~ rue With proton-transfer studies. Solvent effects K pleter-

. - - - . minations are usually dominated by proton solvation tefims;
Orégng%ggmf’ch;en'i%‘fyh{h'g'é;l Ewag‘ggr‘fgkl'g. '\(/'3 'A?ovn\}m:ﬁg%':f% the case of hydride transfer it is clear that hydride solvation is
Eds.; Pergamon: Exeter, ,1995;,\/0'. 1'2, Cha{pter 2. (b) cOllman', 7 p.. less significan and solvation of the 16 electron metal cation
Hegedus, L. S.; Norton, J. R.; Finke, R. Rxinciples and Applications of  will dominate. It is, in principle, possible to deriveGy+ from

Organotransition Metal Chemistriniversity Science Books: Mill Valley, idi i i i
CA 1087: Chapter 10. the acidity (fK,) of the metal hydride by using the appropriate

(2) (a) Bullock, R. M.; Song, J.-S. Am Chem Soc 1994 116, 8602 thermodynamic cycle. In this approach it would prove necessary
8612. (b) Luan, L.; Song, J.-S.; Bullock, R. M. Org. Chem 1995 60, to determine the redox potential of the*h1* couple; this

7170-7176. (c) Gaus, P. L.; Kao, S. C.; Youngdahl, K.; Darensbourg, M. At ; inati
v.'3 Am Chem Soc 1985 107, 2428-2434. (d) Collman, J. P. determination may be complicated by the kinetics of solvent

Wagenknecht, P. S.; Lewis, N. 3. Am Chem Soc 1992 114, 5665~

5673. (e) Hembre, R. T.; McQueen,5Am Chem Soc 1994 116, 2141~ (6) (a) Cheng, T.-Y.; Bullock, R. MOrganometallicsL995 14, 4031~

2142. 4033. (b) Cheng, T. Y.; Brunschwig, B. S.; Bullock, R. MI.Am. Chem.
(3) (a) Labhinger, J. A.; Komadina, K. Hl. Organomet Chem 1978 So0c.1998 120, 13121-13137.

155 C25-C28. (b) Labinger, J. A. ITransition Metal HydridesDedieu, (7) (a) Kolthoff, I. M.; Chantooni, M. K., JrJ. Phys Chem 1972 76,

A., Ed.; VCH: New York, 1992; Chapter 10. 2024-2034. (b) Fermin, M. C.; Thiyagarajan, B.; Bruno, J. WAmM Chem
(4) (a) Bursten, B. E.; Gatter, M. @. Am Chem Soc 1984 106, 2554~ Soc 1993 115 974-979

2558. (b) Bursten, B. E.; Gatter, M. @rganometallics1984 3, 895— (8) (a) Griller, D.; Martinho-Simoes, J. A.; Mulder, P.; Sim, B. A,;

899. Wayner, D. D. MJ. Am Chem Soc 1989 111, 7872-7876. (b) Kanabus-
(5) Nietlispach, D.; Bakhmutov, V. I.; Berke, . Am Chem Soc 1993 Kaminska, J. M.; Gilbert, B. C.; Griller, DJ. Am Chem Soc 1989 111,
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Table 1.
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Infrared Data for Hydrides and Cationic Acetonitrile Adducts in Acetonitrile Solution

metal hydride

hydrideco (¢€)?

cationvco (€)P

CpMo(CO}H (1)
Cp*Mo(CO)H (2)
(CsH4CO,Me)W(COXH (3)
CpW(CO}H (4)
Cp*W(CO)H (5)
CpMo(CO}(PPh)H (6)
CpMo(CO}(PMey)H (7)

2010 's, 1925 Vs
2009 (2086), 1918 (3167)
2026 (1262), 1932 (2606)
2008 (1780), 1915 (3420)
2005 (1935), 1910 (2796)
1934 (1482), 1854 (1693)
1927 (1838), 1842 (2429)

2074 (610), 1986 (1551)

2060 (1257), 1975 (2236)
2075 (1112), 2059 (1685)

2068 (1269), 1974 (2831)
2052 (639), 1974 (1781)
2001 (1708), 1917 (2271)
1992 (694), 1904 (2060)

2 Metal hydride CO stretching frequencies (ciy extinction coefficientsd) in M~ cmL. ® CO stretching frequencies (extinction coefficients)
for cations in salts [IM(NCMe)][BF,]. ¢ Data from ref 14dd Data from ref 14a.

loss from M and is often precluded by the rapidity with which
metal radicals dimerizek(= 10° M1 s71).9

smooth hydride transfer reactiolsIn methylene chloride
solution it has been shown that the products of such a reaction

In the current work we have chosen to measure thermody- are the fluoroborate complexessf&)(CO)(L)M —F—BF3.6:15

namic hydridicities directly. Park&rand Arnett! have recently
described studies designed to determit®g+ for a series of
organic molecules RH (eq 2).

AGg+

R—H RY+H

)

MeCN

+ —_
We have subsequently used a related approach to expand th&nM—H + Ar,C" BF,
list of known organic hydride acceptors, and we now have

available a series of isolable carbenium ion salts for whiGx+
spans the range 6®9 kcal/mol*2 Herein we describe the use

of this indicator series to gather both thermodynamic and kinetic

information on hydride transfers involving a series of molyb-

This reaction has been used for the kinetic studies mentioned
above’ but these ion-paired products are not suitable for the
thermodynamic studies contemplated here. The thermodynamic
methodology involves establishing an equilibrium between the
metal hydride of interest and an appropriate carbenium ion. This

Keq

MeCN
L,M—NCMe" BF,” + Ar,C—H (3)

requires a carbenium ion whose equilibrium partnersCki)
is comparable to the unknown metal hydride in hydride donor

denum and tungsten compounds. This allows for (a) a com- power. Once the appropriate indicator is identified, equilibrium

parison of the energetics of proton and hydride transfer for a
series of metal hydrides and (b) the correlation of thermody-

namic and kinetic hydridicities by way of a Bisted analysis;

while this has been done for organic hydride transfers using

NADH analogue¥ and for proton transfer involving metal
hydrides!* this is the first such study of hydride transfer by
transition metal hydrides.

Results and Discussion

The molybdenum and tungsten hydride compoung@dR£{t/-
(COR(L)H (L = CO, PR; R = H, Me) are known to react
with triphenylcarbenium tetrafluoroborate @@BF,) to give

(9) () Hughey, J. L., IV; Anderson, C. P.; Meyer, T.JJOrganomet
Chem 1977, 125 C49-C52. (b) Hughey, J. L., IV; Bock, C. R.; Meyer,
T. J.J. Am Chem Soc 1975 97, 4440-4441. (c) Meckstroth, W. K.;
Walters, R. T.; Waltz, W. L.; Wojcicki, A.; Dorfman, L. Ml. Am Chem
Soc 1982 104, 1842-1846. (d) Wegman, R. W.; Olsen, R. J.; Gard, D.
R.; Faulkner, L. R.; Brown, T. LJ. Am Chem Soc 1981, 103 6089~
6092. (e) Walker, H. W.; Herrick, R. S.; Olsen, R. J.; Brown, Tlnorg.
Chem 1984 23, 3748-3752. (f) Laine, R. M.; Ford, P. dnorg. Chem
1977, 16, 388-391. (g) Scott, S. L.; Espenson, J. H.; ZhuJZAm Chem
Soc 1993 115 1789-1797. (h) Yao, Q.; Bakac, A.; Espenson, J. H.
Organometallicsl993 12, 2010-2012. (i) Zhang, S.; Brown, T. L1. Am
Chem Soc 1993 115 1779-1789. (j) Meyer, T. J.; Caspar, J. Chem
Rev. 1985 85, 187—-218.

(10) (a) Cheng, J.-P.; Handoo, K. L.; Parker, V.DAm Chem Soc
1993 115 2655-2660. See also: (b) Handoo, K. L.; Cheng, J.-P.; Parker,
V. D. J. Am Chem Soc 1993 115 5067-5072.

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

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

(13) (a) Kreevoy, M. M.; Lee, I.-S. HJ. Am Chem Soc 1984 106,
2550-2553. (b) Kreevoy, M. M.; Ostovic, D.; Lee, I.-S. H.; Binder, D. A;;
King, G. W.J. Am Chem Soc 1988 110 524-530. (c) Lee, I.-S. H.;
Jeoung, E. H.; Kreevoy, M. Ml. Am Chem Soc 1997, 119, 2722-2728.

(14) (a) Moore, E. J.; Sullivan, J. M.; Norton, J. R.Am Chem Soc
1986 108 2257-2263. (b) Krisjansdottir, S. S.; Moody, A. E.; Weberg,
R. T.; Norton, J. ROrganometallics1988 7, 1983-1987. (c) Krisjansdottir,
S. S.; Norton, J. R. Iransition Metal HydridesDedieu, A., Ed.; VCH:
New York, 1992; Chapter 9. (d) Jordan, R. F.; Norton, JJRAm Chem
Soc 1982 104, 1255-1263.

is established (eq 3) amiGx, is determined fronKeq Since
AGn = AGy+ — AGr*+ and AGg+ is known for the indictors,
AGy+ may be calculated. The search for the appropriate
indicator also confirms that a weaker acceptors@f is
ineffective, and that a stronger acceptor drives the equilibrium
competely to the product side. Thus, these bracketing studies

serve as a secondary confirmation of the equilibrium results.

Thermodynamic Studies.The determination oKeq (€ 3)
involves monitoring the metal hydride and cationic acetonitrile
complex concentrations by infrared spectroscopy. The equilib-
rium constant Keg is determined from the intensities of the
metal-carbonyl stretches in the infrared spectrum. These are
strong bands, and serve as convenient probes of solution
concentrations; the intensities were observed to obey Beers law,
and band positions and extinction coefficients are presented in
Table 1. All of the resultingAGy+ values are the result of at
least three equilibrium determinations, and they are presented
in Table 2 along with the indicator used and &A&gr+ value;
the relative uncertainties in the measurements are small (less
than 0.5 kcal/mol), but the absolute errors depend on the
accuracy of the thermodynamic cycles used to deteri@gr
for the indicator. These uncertainties are probably on the order
of ca. 1-2 kcal/mol. In two of the compound§,and7, there
exists the possibility for cistrans isomerism in the metal
hydride and the cationic product. Bullock has established that
the trans isomers react more rapidly withs€BF, than do the
cis isomers (in CkCl,),6 and his kinetic data are reported for
the trans isomers. In the present thermodynamic studies, it is
necessary to consider the consequences of thetreiss
equilibrium. Fortunately, this process is well-characterized; for
CpMo(CO)(PMe)H (7) the trans-to-cis conversion exhibits a
AG° value of —0.11 kcal/molté and for CpMo(COY)PPhR)H

(15) Beck, W.; Schloter, KZ. Naturforsch Teil B 1978 33, 1214~
1222.

(16) Kalck, P.; Pince, R.; Pailblanc, R.; Roussell.DrganometChem
197Q 24, 445-452.
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Table 2. Thermodynamic Data for Hydride Transfer Reactions

metal hydride indicatorAGg+)? AGyr? AGy+©
CpMo(CO}H (1) (p-MeOPh)PhC' (89.3) -0.7+0.3 88.6
Cp*Mo(CO)H (2) (p-MeOPh)C* (86.1) -1.4+0.1 84.7
(CsH4COMe)W(COXH (3) (p-MeOPh)C* (86.1) -1.1+01 85.0
CpW(CO}H (4) (p-MeOPh)C* (86.1) —-29+05 83.2
Cp*W(CO)H (5) (p-Me;NPh)PRC™ (82.9) -15+0.2 81.4
CpMo(CO}(PPh)H (6) (p-Me;NPh)PRC* (82.9) -1.2+05 81.7
CpMo(CO}(PMey)H (7) (p-Me;NPh)PhC+ (82.9) —35+01 79.4

2 As the BR, salts.AGg* values (in kcal/mol) are from ref 12.In kcal/mol, with uncertainties reflecting the spread in three or more determinations.
¢In kcal/mol.

(6) the corresponding value is0.3 kcal/mol'” These energy  hydride transfer. These ligand effects on proton transfer have
differences are smaller than the estimated uncertainties in thealso been seen in the protonation enthalpies for iridium
AGr* data, and may be neglected. In addition, Tilset has studied compounds; here the enthalpy difference for protonation of
the product complexes and shown ttrahs[CpMo(CO)(PRs)- Cp*Ir(CO), and Cp*Ir(CO)(PMe) is 16.6 kcal/mol, and the
(NCMe)]" is the kinetic product of hydride transfer; this trans difference for Cp*- and Cplr(CO)(PMganalogues is 4.8 kcal/
isomer subsequently isomerizes to the thermodynamic cis isomemol.1°
(in acetonitrile solution) over a period of several houis & Why is proton transfer more sensitive to variations in co-
44 h at 25°C); the overall process is summarized in e 4.  ligands than is hydride transfer? Our interpretation of this
consistent pattern is based on metal electron count and the nature

& o ® <Y . < of the ion transfer reactions. Proton transfer gives rise to an 18

e == AC c) . Me® @ electron conjugate base; this would undoubtedly exhibit some

oc” l".L\co e l‘:c o MeCN o [‘\Ncﬁo MeCN” [‘?‘C\Oco adjustment in the general solvation sphere, but this is expected
H H L e L

to make a reasonably small contribution to the overall solvation
. . . . energy. Indeed, solvation of the proton is liable to dominate
Since the hydride transfer reactions (eq 3) come to equilibrium e energetics of solvation in this cds€onversely, hydride
in a matter of minutes (or less, vide infra) at 26, we are  ansfer generates a 16 electron species that must be captured
observing only production of the trans cation isomer. In py 5 solvent molecule; the ligated solvent molecule provides
summary, then, since the starting material isomerization is rapid, gjectron density to stabilize the cationic metal center, and serves

thedC|s/t_rans energ?/ differences a_rltlehsmall, and onlyb? S'fnfgleto moderate the effect resulting from changes in co-ligands.
product isomer results, isomerism will have no measurable effect ~ 5 o1 “opvious. comparison involves the two metals. For

on the equilibrium studies; it is thus impossible to attribute the both Cp*M(COYH (2 and5) and CpM(CO3 (1 and4), the
resultingAGy - value to a particular _metal hydnple isomer (in tungsten center functions as a better hydride donor; energy
6 and7), even though we are observing production of the trans differences AAGy+) are 5.4 (Cp) and 3.3 kcal/mol (Cp*). This
prc_)rc:]uch + dat lting f the af tioned studi is consistent with the general pattern of metal basicities, which
'de I“l" 'tﬁ'atrhesu Ing r?m di eta oremqlrl t|)one +S udies typically increase down a transition block coludfzor acidity
reside well within the range of indicators availablsGs" ca. studies in MeCN, the corresponding differences (Mo vs W) are

60—99 kcal/mol), spanning a range of ca. 10 kcal/mol (Table 3.0(C :

. . h . . . pM(CO3}H pK,) and 1.8 kcal/mol (enthalpy of protonation
2). A series of comparisons establishes a number of points. First, - 19 S
a consideration of substituent effects shows, as expected, thagaadlng to [M(CO)(dppm}H]™). ™ The energetic differences

" . i h etween molybdenum and tungsten appear comparable for
addmo_n of donor co-ligands facilitates hydride Ios‘_s,. Hence, for hydride and proton transfer, but more studies are needed to test
the series of molybdenum compourid$, and7, hydride donor

. . this suggestion.
energy decreases across a seriesCO > PPh > PMe;. This . —_ S
is consistent with the ability of the donor co-ligand to aid in The overall comparison of hydridicity and acidity is illustrated

stabilizing the electron-deficient metal center. These differences, in Figure 1, which shows the free energies for hydride loss and
which range over 9 kcal/mol, may be compared with the proton loss for compounds, 4, and7. In the latter case, the

energetic differences f@rotontransfer reactions. In this latter p:(f[‘ris T(Ot avaltlable,t SO we lhave ecs:tlvvated It fro|_r|n th; a_c|d|ty
case, a related series of tungsten analogues (with identical ligan e known tungsten analogue CpW(GEMex)H (pKa =

spheres) exhibitsias ranging from 16.1 (1= CO) to 26.6 (L 6'_6 in MeCN); the qomparison df and4 and their radical
= PMey). 14 This corresponds to an energy differende\G = cations suggests a difference of ca. 3 ipso we assume a

- Ka value of ca. 24 fof7. The (K, data were converted to free
1.37ApK) of ca. 14 kcal/mol, indicating that the proton transfer PRa va ar s ;
equilibria are roughly 1.5 times as sensitive to changes in co- energies £ 1.37 [Kg), and theAG® values for hydride and

ligand donor power. Similarly, both molybdenum and tungsten p_roton transfer are drawn to scale in Figure 1. The energy
9 pow imrary y p ung .difference for the two processes drops from 70 @rto 47

compounds exhibit the expected differences in Cp analogues,k mol (for 7 thi .
hydridicities increase in the ordersE,CO,Me < Cp < Cp*. calmo (for7) across this series.
Notably, the Cp* co-ligands favor hydride transfer by ca42 Kinetics of Hydride Transfer. The molybdenumtungsten
kcal/mol relative to the Cp derivatives. This may again be comparison is an interesting one, particularly when one considers
compared to the acidity difference (Cp* vs Cp), which varies kinetic data for hydride transfer. Bullock’s studies of the reaction
by 4.4 kcal/mol for (§Rs)Mo(CO)H.14c Once again, the proton between metal hydrides. and &BF, jn methyleng chloride
transfer reaction is slightly more sensitive to co-ligands than is Show that tungsten hydride transfer is slow relative to molyb-

(17) Faller, J. W.; Anderson, A. S. Am Chem Soc 197Q 92, 5852~ (19) Wang, D.; Angelici, R. JJ. Am Chem Soc 1996 118 935-942.
5860. (20) (a) Shriver, D. FAcc Chem Res 197Q 3, 231-238. (b) Lokshin,

(18) (a) Ryan, O. B.; Tilset, M.; Parker, V. D. Am Chem Soc 1990 B. V.; Pasinski, A. A.; Kolobova, N. E.; Anisimov, K. N.; Makarov, Y. V.
112 2618-2626. (b) Smith, K.-T.; Tilset, MJ. OrganometChem 1992 J. OrganometChem 1973 55, 315-319. (c) Pearson, R. R\dv. Chem

431, 55-64. Ser 1987 215 233-244.
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886 ® o becomes apparent that the molybdenum and tungsten hydrides
332 294 M+ H fit the same linear Biosted plo# (Figure 3,r2 = 0.94). Thea
- value is commonly used to characterize the position of the
transition state along the reaction coordinate. This analysis can
AG® fail, and transition state imbalan@éand solvent reorganization
(kcal/mol) effectg® have been observed to complicate these interpretations.
However, the hydride transfer reactions studied here are
significantly exothermicAG, ranges from-0.7 to—9.9 kcal/
~32 mol, Table 3), so the calculatedvalue of 0.20 seems entirely
- o @ reasonable. Finally, we note that the good correlation of rate
19.0 220 and driving force suggests that steric factors do not play a
significant role in the reactions ol—7, since phosphine
drivatives6 and7 show no tendency to deviate from the linear
- _ _ trend (Figure 2); this is probably the result of a kinetic preference
1 4 7 M-H for reaction of the trans isomers, as has been suggested for

Figure 1. Free energy differences for proton loss and hydride loss studies in methyler_le chloride. . .
from 1, 4, and7. The energy of proton loss frofwas estimated from There are two differences apparent in the kinetic data sets

the tungsten analogue; see text (the energies of the parent hydridefrom the two solvents. First, the reactions run in acetonitrile
were arbitrarily assumed to be equal so as to establish a baseline forare faster, when allowance is made for driving force. The
comparison of relative energies). hydride transfer reaction between CpMo(G®Y1) and PRC*

is exothermic by 10.5 kcal/mol and exhibits a rate constant of
denum hydride transférThis kinetic trend does not appear to 380 M1 571 in CH,Cl,.6 The reaction between CpMo(C£)
reflect thermodynamic hydride donor strength (Table 2), so we (PMey)H (7) and pMeOGCsH4)PhC* exhibits a similar driving
compared hydride-transfer rate constants (Tafl@)l driving force, and is exothermic by 9.9 kcal/mol; however, the rate of
forces to look for any apparent correlation. This was done by this latter process in acetonitrile is 7500 Ms™1 (Table 3). An
plotting In(k) vs AGy+, and the resulting plot is shown in Figure  obvious explanation for this solvent difference is based on ion-
2. Note that acetonitrile thermodynamic data are used as anpairing effects, since the starting materials&FBF,~ is ion
approximateindicator of driving force for these methylene paired in CHCl,. This should translate into a diminished
chloride reactions; previous work has shown that hydride reactivity for the carbenium ion center, which must accom-
transfer thermodynamics are relatively insensitive to sol¥ent. modate interactions with both the counterion and the metal
Nonetheless, the two processes under consideration here are veryydride during hydride transfer. The second obvious difference
different; although both equilibria involve loss of hydride, they concerns the relative rates of the molybdenum and tungsten
differ in that one involves addition of an acetonitrile ligand and systems. As noted above, the tungsten compounds exhibit slow
the other involves addition of BFanion. Tilset has estimated  (relative to molybdenum) hydride transfer in methylene chloride
that the acetonitrile bond to CpM(C®)is worth ca. 32 kcal/  solution® However, the data obtained herein suggest that this
mol 2! so this makes a significant contribution to the thermo- is not the case in acetonitrile; the comparison of rate and driving
dynamics we measure in that solvent. As such, our acetonitrile force (Figure 2) shows no evidence for an inherent reactivity
data are not a reasonable measureA@y+ in methylene difference for the two metals. Nor is there evidence in favor of
chloride. However, we have carried out a few bracketing studies an electron-transfer mechanism:; it has been determined that such
in this solvent, and these suggest that the trendlative AGy+ a process would be highly endothermic for the reactioris-of
for 1—7 is similar to that in acetonitrile. Hence, we have used with PhsC* .6 and the reactions wittpeOGsH4)Ph.Ct would
the relative thermodynamic data to look for a correlation with be ca. 0.2 V more endothermig.It is well-established that
kinetic data in methylene chloride. The resulting plot (Figure second-row transition metals undergo dissociative reactions more
2) shows that good, but separate, correlations exist for the tworapidly than do the first or third row congenéfdn the case of
metal series. We do not attribute any theoretical significance group VI, conversion of M(CQ)to M(CO)(PPh) exhibits first-
to the slopes, but the correlation within the two metal series is order rate constants (13@) 1.4x 1074 (Cr), 2.0x 10-3 (Mo),
quite clear. In an effort to gather kinetic data for direct and 4.0x 1076 s71 (W).2527 The hydride transfer reactions in
comparison, we initiated a study of hydride transfer reactions methylene chloride would generate a 16 electron cation, a
(eq 3) in MeCN solution; the acceptor in these studies yas ( process that should, by analogy with other dissociative reactions,
MeOGsH4)2(Ph)CBR. We chose this acceptor because it is proceed only slowly for tungsten. Tilset has suggested that
known to be considerably more stable in acetonitrile than is hydride transfer froni and derivatives involves production of
PhCBF,,2? and in an effort to diminish the thermodynamic  the 16 electron cation, which is stereochemically rigid and is
driving force and (perhaps) slow the kinetics. Nonetheless, mostsubsequently trapped by acetonitrile solV&rithe kinetic results
reactions were sufficiently rapid as to require stopped-flow described here suggest a more aggressive role for acetonitrile;
methods. The reactions were studied by monitoring the loss of in view of the greater extent to which tungsten hydride transfer
(P-MeOCeH.)o(Ph)CBR, (4 496 nm), and pseudo-first-order  — e s q 5N pegersen, & Phys Chim 1924 108, 185~

conditions were employed ([Ml]> 10[(p-MeOGCsHa)2(Ph)- 235. (b) Amaut, L. G.; Formosinho, S. J. Phys Org. Chem 199Q 3,
CBF4]o). All reactions exhibited good first-order decays through 95-109.

3—4 half-lives. The resulting second-order rate constants were _ (24) (&) Bernasconi, C. FAcc Chem Res 1987 20, 301-308. (b)

. - Bernasconi, C. F.; Wenzel, P. J. Am Chem Soc 1996 118 11446~
derived from at least three determinations, and the tabulated s>’ (¢) Nevy, J. B.. Hawkinson, D. C.; Blotny, G.. Yao, X.; Pollack, R.

values (Table 3) are given with uncertainties reflecting the m. 3. Am Chem Soc 1997 119, 12722-12726.
relative variations in these multiple runs. From these data it _(25) (&) Bordwell, F. G.; Hughes, D. . Am Chem Soc 1985 107,
4737-4733. (b) Agnon, NJ. Am Chem Soc 198Q 102 2164-2167.
(21) Tilset, M.Inorg. Chem 1994 33, 3121-3126. (26) Atwood, J. DInorganic and Organometallic Reaction Mechanisms
(22) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken, Brooks/Cole: Belmont, CA, 1985; pp 16811.
S.J. Am Chem Soc 1989 111, 3966-3972. (27) Graham, J. R.; Angelici, R. Ihorg. Chem 1967, 6, 2082-2085.
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Table 3. Thermodynamic and Kinetic Data for Reactions with Carbenium lons in Methylene Chloride or Acetonitrile
[(p-MeOPh)CPh][BR]/CH;CN

[PheC][BF4)/CH:Cl,

metal hydride k(M-1s 13 AG? k(M~1st)e
CpMo(CO}H (1) 380 -0.7 210(20)
Cp*Mo(CO)H (2) 6500 ~4.6 810(20)
(CsH4COMe)W(COXH (3) 0.77 -4.3 1300(200)
CpW(COXH (4) 76 -6.1 1200(200)
Cp*W(CO)H (5) 1900 -7.9 1450(150)
CpMo(COX(PPh)H (6) 5.7 x 10° -7.6 2450(250)
CpMo(COYPMey)H (7) 4.6x 10° -9.9 7500(400)

a Second-order rate constants for reaction withe{FJ[BF4] in methylene chloride; data from ref 8In kcal/mol, calculated from the values for
AGpn+ and a value of 89.3 kcal/mol for theGg+ for (p-MeOPh)PhC' ion (ref 12).¢ Second-order rate constants for reaction in MeCN. Uncertainties
given in parentheses reflect the spread in three experimental determinations.

20 T T —
I 1 -
L I
L I
15 | - 9} "m ]
I ] i 1
X ; L .
1 o 1
—~ 10 F 7 ~ 8 F -
i~ - 4 ™ L 1
~ N—"
= [ l = i T
3 - — L L
- 1 o -
5k - 7k .
3 3 L L. L
of : s | -
-5 -...i;..l...l...l...lL.L. S-JJLL|LL‘lLlL..|....
-90 -88 -86 -84 -82 -80 -78 0 5 10 15 20
-AG,,, 1H(Keq)
Figure 2. Plot of Ink vs AGy+ for reactions of1—7 with [PhC]- Figure 3. Bronsted plot (Ink vs In Keg) for reactions of1—7 with

[BF4]. Kinetic data are from ref 6 and were determined in methylene [, MeOGH,),PhC][BF] in acetonitrile (Table 1)
chloride solution. Equilbrium data are from acetonitrile studies (see

text). Scheme 1

) . . . AG® (kcal/mol)

is affected by the change in solvents, we infer that hydride HOTE — P. ey

transfer and acetonitrile binding occur simultaneously, or before

separation of the activated complex. O N Ph/®\ +122
Applications of Thermodynamic Data. The quantities

determlnec_i hgreln allow us to perform_athermodynamlcanaIyS|s o /®\ + CPWICOMH === o+ CPW(CO)B)(NCM(:)@ 288

of some ionic process known to involve molybdenum or 4

tungsten hydrides. In one such case, compounasd4 have
been reported to induce ionic hydrogenation of alkenes in the ph-cu=cH, + HOTf + 4 === PhCH,CH; + <:,JW(co>3>(NCMeSD c® 10
presence of triflic acid; the latter was chosen because of the

exceptionally poor nucleophilicity of the triflate anion, and the  pefore involvement of the metal hydride in the hydrogenation
chemistry proceeds readily in methylene chloride solutfoie chemistry?? This protonation leads to a carbenium ion, which

cannot assess the energetic contribution of the ion-pairing abstracts a hydride from the metal center. Obviously this latter
processes that occur in this solvent, but we can consider thestep is conceptually similar to the reactions carried out to

overall reaction in acetonitrile. The proposed mechanism may determineAGy-+.
be broken down into individual steps, as shown in Scheme 1 Tyjflic acid is known to have a g, of 2.60 in acetonitrile?

for styrene; the overall reaction is the sum of the three steps gnq the corresponding energy for the deprotonation step is (1.37
shown, and we make the assumption that acetonitrile is able OpK,) +3.6 kcal/mol. The energy for the second step in Scheme
solvate the tungsten cation and triflate anion to the extent that 1 \y55 estimated from free energies of formation and solvation
they are not ion paired. It has been shown that, whils data (Scheme 2). Styrene exhibits a free energy of hydrogenation
partially protonated by triflic acid, the hydrogenation process o _2g 0 kcal/moR? this involves the conversion of liquid

involves the remaining fre¢. In addition,4 does not react with  gtyrene to liquid ethylbenzene, but the solvation energies of the
the alkene, so alkene protonation is therefore thought to occur

(29) Fujinaga, T.; Sakamoto, J. Electroanal Chem 1977, 85, 185~
(28) Bullock, R. M.; Song, J.-SI. Am Chem Soc 1994 116, 8602~ 201.
8612. (30) Hunter, E. P; Lias, S. Q. Phys Chem Ref Data 199§ in press.
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Scheme 2
AG® (kcal/mol)
P+ H —— PN 26,0
®
Ph/\ _ P AN+ ]? +112
}-(ID + He —_— H, -73.8
®
Y+ P = PN +122
Scheme 3
AG®
(kcal/mol)
® 0O
HOTf + CpW(CO);H H, + CpW(CO}(NCMe) TIO 4130
4
PN+ H = g 2260

Ph-CH=CH, + HOTf + 4 === PhCH,CH; + CpW(CO)ﬁ(NCMe? s 130

two are liable to be small (ca. 1 kcal/mol) and should cancel
with very little error3 We do not have an exact determination
for the hydride donor power of ethylbenzene, B@r+ is known

for toluene (118 kcal/mol) and diphenylmethane (105 kcal/
mol).1% We expect the number for ethylbenzene to fall between
these, and we estimate 112 2 kcal/mol for this process.

Finally, standard potentials may be used to calculate the free

energy for combination of hydride and proton in acetonitrile
(—73.8 kcal/mol)?? These three reactions constitute the ther-
modynamic cycle for calculation of the MeCN solution proton
affinity of styrene, the energy of which is thus calculated to be
(—26.0+ 112+ (—73.8)) 12.2 kcal/mol. The data are combined
in Scheme 2, in which all species are in acetonitrile; it includes
a value of 6.6 kcal/mol for the solvation of molecular hydro-

gen3! but this term cancels and is of no practical consequence
in the final result. The overall hydrogenation reaction (Scheme

1) is comfortably exothermic fot, and would exhibit an overall
reaction free energy of-7.6 kcal/mol for1; the difference

reflects the greater energy associated with hydride donation by

1 (relative to4, Table 2).

As a check on the energy calculated in Scheme 1, we may
also recognize a related thermodynamic cycle. This is repre-
sented in Scheme 3, which depicts the production of hydrogen

from a reaction between hydride dond) @nd proton source.
The second step of this cycle is simply the hydrogenation of
styrene. Clearly the overall process here is the same as that i
Scheme 1, so the net energiesl@.0 kcal/mol) should be the

same. However, this approach points out another possible us

of the AGy+ data; these may be used to calculate the proto-
nolysis energy, or the hydridicity df—7 toward a proton. The
protonolysis energy calculated in Scheme+3L8.0 kcal/mol)
comes from the dissociation of triflic acid-8.6 kcal/mol)28
hydride donation by} (83.2 kcal/mol, Table 1), and a combina-
tion of hydride and proton to make dihydrogen (Scheme 2,
—73.8 kcal/mol)3! a related approach fdryields a protonolysis
energy of+18.4 kcal/mol. Ultimately, data such as these will
prove useful in studies of metal hydride protonation and
subsequent felimination from the cationic dihydrogen complex

(31) (a) Hine, J.; Mookerjee, P. K. Org. Chem 1975 40, 292-298.
(b) Ben-Naim, A.; Marcus, YJ. Chem Phys 1984 81, 2016-2027. (c)
Cramer, C. J.; Truhlar, D. GI. Am Chem Soc 1991, 113 8305-8311.
(d) Kaminski, G.; Jorgenson, W. L. Phys Chem B 1998 102 1787
1796.

(32) Parker, V. D.; Handoo, K. L.; Roness, F.; Tilset, MAm Chem
Soc 1991, 113 7493-7498.
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Scheme 4
AG® (kcal/mol)

HOTf —_— !—@ + Tf(ga +3.6

}o + l—@ ‘_:>=(2H <—>>®—OH

@ ®
>=0H + CpW(CO}H =—= >—OH + CpW(CO);)(NCMe)
4

+0.1

Me,CHOH + CpW(CO)S)(NCMe@ + il

——
—_—

Me,C=0 + HOTf + 4

or classical dihydride; for now, such studies awdat, pata for
other protonation equilibria. In addition, the protonolysis data
will prove useful in selecting candidates for other ionic
hydrogenations; reaction with proton source (when accompanied
by H, loss) constitutes an unwanted side reaction, which should
be sufficiently endothermic so as to allow the desired reaction
to proceed. This point will be discussed further below.

A related ionic hydrogenation has been reported for ketéhes,
and compound4 and4 have been used for this application as
well. In this reaction, treatment of acetone with a mixture of
triflic acid and eitherl or 4 yields 2-propanol. The reaction
may be considered in stepwise fashion (as above) by using the
thermodynamic cycle given in Scheme 4. TH& pf protonated
acetone is—0.1 in acetonitrilé®* so protonation of the ketone
has aAG® (—1.37 Ky of only +0.1 kcal/mol. The third step
of Scheme 4 involves reaction éfwith protonated ketone, and
the free energy of this step requires an estimate of the energy
associated with hydride addition to protonated ketone. There
are no data available for such a process, so we used an approach
similar to that employed in Scheme 2; in this way one may
determine the free energy of hydrogenation of acetone in
acetonitrile. This calculation involved the use of free energies
of formation?® from which aAG® value of —12.1 kcal/mol
results. It isnot appropriate to assume that solvation energies
for acetone and 2-propanol will cancel, and we have used the
data of Parkéf and WayneY’ to estimate a differential solvation
free energy of 6.7 kcal/mol favoring solvation of the alcohol.
This correction leads to AG° value of—18.8 kcal/mol for the
hydrogenation of acetone in acetonitrile. By analogy with
Scheme 2, this allows us to calculate a value-6t5 kcal/mol
for the hydride transfer step in Scheme 4; this is comprised of
contributions from hydride addition to protonated acetone
(—92.7 kcal/mol) and hydride donation dy(+83.2 kcal/mol).

The ketone hydrogenation reaction haa@&@° of —5.6 kcal/
mol, and is considerably less exothermic than is alkene

rhydrogenation; the difference reflects the fact that theQCr

bond is stronger than is the=€C x bond (as judged by

enydrogena‘tion energies). We calculate that the analogous

reaction withl exhibits aAG® of only —0.4 kcal/mol; however,

we note that these calculations are for acetonitrile solution, and
the reaction in methylene chloride may be driven by ion pairing
or complexation effects. Indeed, the first product from this
reaction is an alcohol complex [CpW(CSHOR)][OTf], and

(33) Song, J.-S.; Szalda, D. J.; Bullock, R. M.; Lawrie, C. J. C.; Rodkin,
M. A.; Norton, J. R.Angew Chem, Int. Ed. Engl. 1992 31, 1233-1235.

(34) Kolthoff, I. M.; Chantooni, M. K.J. Am Chem Soc 1973 95,
8539-8546.

(35) (a) Wiberg, K. B.; Crocker, L. S.; Morgan, K. M. Am Chem
Soc 1991, 113 3447-3450. (b) Kelley, K. K.J. Am Chem Soc 1929
51, 1145-1150. (c) Chao, J.; Rossini, F. D.Chem Eng Data 1965 10,
374-379. (d) Andon, R. J. L.; Counsell, J. F.; Martin, J.TFans Faraday
Soc 1963 59, 1555-1558

(36) Parker, V. DJ. Am Chem Soc 1992 114, 7458-7462.

(37) Wayner, D. D. M,; Lusztyk, E.; Page, D.; Ingold, K. U.; Mulder,
P.; Laarhoven, L. J. J.; Aldrich, H. 8. Am Chem Soc 1995 117, 8737
8744.
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this converts slowly to free alcohol and the triflato complex Durrum model D110 stopped-flow spectrometer. Acetonitrile (spec-
CpW(COX(OTf) in methylene chloridé? trophotometric grade) was dried with molecular sie¥ategassed, and

We noted earlier that the protonolysis reaction between metal Purged with nitrogen. Metal hydridek 2, and4—7 were prepared
hydride and HOTf constitutes an unwanted side reaction, one according to literature procedurés:®“ Compound3 was supplied
that competes with the desired protonation of the alkene. In BY Dr- Moris Bullock, Brookhaven National Laboratory. Carbenium
Scheme 1 we estimated that alkene protonation is unfavorable,'ons (as trlle tetrafluoroborate salts) were prepared according to literature
with a free energy oft-12.2 kcal/mol. From thermodynamic methods: ) . i o
considerations, then, only hydrides exhibiting a protonolysis 1 nemodynamic Studies.Hydride transfer equilibria (eq 2) were
energy higher than ca. 35 kcal/mol should be suitable for ﬁyi'izcé:yw?‘?cnr:tgrr'gi:lgsvf]a‘t?zgg ;g‘:tec:"snlgxeig”Jggﬁlsscglbg%iam”g
lonic hyd;ggebnagon of _alketr;?s. If Wet a;:cept thlst' ékcal/mold a typical study, acetonitrile solutions bfanging in concentration from
;a?19864aicasmglr) Zer(;_igISOE(,:al /';'gl);aefl% I(c))rll((l:sellr;]rr?dl) (;?]E)Soun .012 to 0.024 M were prepared volumgtrically under a nitrogen

: e AT A A . atmosphere; for reactive systems the solutions were kept cold until use

(11.5 kecal/mol) exhibit the protonolysis energies indicated in ang/or used without delay. Separately, acetonitrile solutionssf [(
parentheses; of thesband4 are effective in alkene hydrogena-  MeOGH,),PhC][BF;] were prepared under nitrogen. Appropriate
tion and2 and 6 are ineffective because of exclusive proto- quantities of the two solutions were mixed in a volumetric flask and
nolysis?” The uncertainty in the range ¥35 kcal/mol pre- diluted with acetonitrile; the resulting solution was transferred to an
sumably reflects the fact that any uphill process may be driven infrared cell with NaCl windows and the spectrum determined. Carbonyl
by a favorable following reaction; the reactivity path in this stretching frequenciés'® were used to determine the concentrations
intermediate range likely depends on kinetic, rather than of the starting hydrides and cationic products. In all cases equilibrium
thermodynamic, factors. A different situation holds for ketone was established rapidly, as confirmed by the kinetic studies. Carbenium
hydrogenation (Scheme 4). In this reaction protonation of the ion saIt; and conf:entrations were chosen to keep the pgrcent cgn\{ersion
ketone is always favored by several kcal/mol over metal hydride of hydride to cation between 10 and 90%. The resulting equilibrium
protonolysis. The key thermodynamic question here is whether constant was calculated froka, = [L.\M — NCMe*][Ar ;CH/[L M~
the hydride has sufficient donor power to reduce the protonated TIArsC'] and was used to determine the free enelGén = —RT
ketone. Compound is able to support this reaction and it is In Keg) for the equilibrium process. This value was used with the known

. . AGg+ for ArgCH° 12t calculate the desireiGy+ (= AGxn + AGr?).
the weakest dqnor of the compqund_s StUdled here; presumablyl:or 1 the resulting values AAG, were—1.0,—0.43, and—-0.61 kcal/
all would function successfully in this reaction.

mol, respectively, for three determinations. This resulteti@y+ values
of 88.3, 88.8, and 88.7 kcal/mol fdr.
Kinetics Experiments. In a representative experiment, a 10.0 mM
We have reported the first systematic study of the thermo- solution of7 was prepared by dissolving 74 mg (0.25 mmol) in 25 mL
dynamics of hydride transfer involving transition metal hydrides. ©f CH:CN. With use of pipet and volumetric techniques, this concentra-
As would be expected for the cationic nature of the product tion was cut twice to 0.40 mM; 10 mL of the initial solution was diluted
this reaction is facilitated by donor co-ligands (phosphine vs’ in a 25 mL volumetric and 1 mL of the resulting solution was diluted
R in a 10 mL volumetric. In a similar fashion, a 0.040 mM solution of
carbonyl and €Mes vs GHs vs GH,COMe); similarly, the [(p-MeOGsH4).PhC][BF] was prepared by dissolving 156 mg (0.40

5d tungsten systems are more susceptible (thermodynamically)mmol) in 100 mL of CHCN and cutting the resulting solution by a

to hyd,”d? transfer. than are the 4d molybdenqm systems. Thefactor of 100 with pure CECN. The two solutions were loaded into
energies involved in hydride transfer in acetonitrite3y ) are the drive syringes of the stopped-flow apparatus, then injected into the
considerably higher (7990 kcal/mol) than are those seen for  mixing chamber; this gave initial concentrations [M##} 0.2 mM and
proton transfer in the same solvent (ca—&5 kcal/mol)* A [ArsCBF;]o = 0.02 mM. The absorbance opiMeOGCsH2).,PhC][BF]
comparison of the two reactions shows that co-ligand effects was monitored at 496 nm, and the first-order decay was analyzed by
in proton transfer show the opposite trend, since the product plotting In(A: — A.) vs time. The slope of the resulting linear plot (
anions are destabilized by donors. However, it is interesting to > 0.99 in all cases) was takenlass and the second-order rate constant
note that, while proton transfer is less endothermic than hydride was calculated frork.nd[MH] . In the case of compounds 5, and6,
transfer, it is ca. 1.5 times as susceptible to variations in co- the rate constants were also obtained under second-order conditions.
ligand electronic properties. These thermodynamic data also!n these cases, 0.04 mM solutions of hydride apeNieOCsHa).PhC]-
constitute a means for assessing driving force and the origin of [BF4 were prepared and mixed as above. The initial concentrations
kinetic factors associated with hydride transfer. We conclude Wer® both 0.02 mM, and the second-order rate constant was obtained
that the slow hydride transfer seen for tungsten compo@adis @S the slope of a plot of Ak vs time. These data agreed well with

in methylene chloride is not the result of thermodynamic factors, pseudo-flrst-order data and were averaged in to obtain the data provided
but probably reflects the diminished capacity of this solvent in Table 2.

(relative to acetonitrile) to stabilize the unsaturated intermediate.

Conclusion
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General Considerations.All manipulations involving metal com- assistance with the stopped-flow kinetics experiments.
plexes were carried out under an atmosphere of nitrogen that was first
passed through activated BTS catalyst and molecular sieves. StandardA982017B
Schlenk techniques were used to handle solutidrsid solids were
transferred in a Vacuum Atmospheres Corp. glovebox under purified 42(2%)6?#22)%2‘ D. R.; Lee, K.-H.; Smithers, R. H. Org. Chem 1977,
nitrogen. NMR spectra were obtained on a Varian Gemini 300 FT- *4 OO . .

NMR instrument, infrared spectra on a Perkin-Elmer Model 1600 FT- 19%0%8(;) 4':7'5%28r(bl)EAgdaritnﬁug\cl)re?t&hlJHLgpﬁ‘]?g rgglll’géﬁg;rgt
IR spectrophotometer, and UWis data on a Hewlett-Packard 8451  chem 1988 349 353-366.

diode array spectrophotometer. Kinetic data were obtained with a  (41) (a) Olah, G. A.; Svoboda, J. J.; Olah, J.8ynthesid972 544. (b)
McKinley, S. V.; Rakshys, J. W., Jr.; Young, A. E.; Freedman, HJH.

(38) Shriver, D. F.; Drezdzon, M. ALhe Manipulation of AiSensitie Am Chem Soc 1971, 93, 4715-4724. (c) Dauben, H. J.; Honnen, L. R.;
Compounds2nd ed.; Wiley-Interscience: New York, 1986; Chapter 1. Harmon, K. M.J. Org. Chem 196Q 25, 1442-1445.
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