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is thus favored. These results again suggest caution should be
exercised in evaluating ''stabilities' of organometallic complexes
without regard for the other reactants and products. Metathesis
reactions have not been examined with either fluorocarbenes or
fluoro-olefins; these would make an interesting test of our

predictions. i
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Metal-Hydrogen Bond Energies in Protonated Transition Metal Com-

plexes.

Sir:
Existing data for transition metal-hydrogen bond dissociation

1-8

energies of neutral complexes are few and controversial For the

ion BH*, the homolytic bond energy D(B™-H) can be determined readily
and accurately from the proton affinity (PA) and adiabatic ionization
potential (IP) of the base B, as shown in the thermodynamic cycle of

Scheme I, which yields the relationship given in eq 1.

Scheme I
pr* —DRE-H | g+ oy
PA(B)l T-IP(H)
B+H —p T B*+H +e
D(B*-H) = PA(B) + IP(B) -IP(H) (1)

We report the proton affinities of twenty organotransition metal
complexes in the gas phase. For sixteen of these complexes protonation
occurs on the metal center, and the corresponding metal-hydrogen
homolytic bond dissociation energies are determined. These data are
summarized in Table L.

All proton affinities were determined using the techniques of ion
cyclotron resonance spectroscopyg, by examining proton transfer reac-
tions in mixtures with compounds of known base strength. Ionization
potentials are taken from a variety of sources and experimental pro-

cedures, as noted in Table I. The site of protonation in several of these
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Table 1. Proton affinities, ionization potentials, and metal-hydrogen homolytic bond energies of transi-

tion metal compounds.

Homolytic
. b Adizbalt!c Bond Ener d
Compound PA(B)-PA(NH,) PA(B) @) D( B*- HT, Bite of
(B) kcal/mol kcal/mol eV kcal/mo{ Protonation
Group VB
(CO)V -9.741.3 19743 7. 4520, 1(PES) 5623
Grouop V1B
(co),Ccr -23.3#1.1 18442 8. 14220, 017(PIMs)} 5843
(CO) Mo -1821 18922 8. 22720. 011 (PIMS)! 6543
(CO) W -1821 18842 8. 24220, 006(PIMS)! 6423
CpCr(CO),NO -7.2#1.3 200%2 7. 220. 1(PES)™ 5243 L(g)
CpCr(CO),CH, 1.8¢1.8 20923 7. 220, 2(ICR) S14 L(g
BzCr(CO), 122 2083 7.020.1(PES)" 56£4 M(s)*
Group VIIB
(CO),MnCH, -18.7¢1.4¢ 18843 8. 30, 1(PES)° 87¢3
(CO),ReCH, -16,3#1,0° 19122 8. 520, 1(PES)P 7323
(CO),MnH -3.5¢1.5 20443 8. 5520, 1 (PES)P 87+3
(CH,C,H,)Mn(CO), -3.920. 2 20322 7. 8620, 1(M3)3 7123 M(s)"
Group VIO
(CO),Fe -3238 20424 7. 9820, 01(PIMS)” 7445 M(s)"
CpFe(CO),CH, -13.3¢1.1 1042 7. 5¢0, 1(PES)® 53+3
Cp,Fe 24D 21345 8. 72¢0. 1(PES)" 5425 M)~
Cp.Ru 1322 22023 7. 520, 2(ICR) 1945 M)~ 7
CpCo(CO), 0+2 2073 7. 820, 2(ICR) 7345 M(g
CpRh(CO), 122 214123 7. 820, 2(ICR) 80+5 M(g)
(CO) N1 =231 18422 8. 3220, 01(PIMS)™ 623
Cp,Ni 17. 921! 22543 8. 220. 1(PES)" 5413 Ls)®

CpNiINO -4.5¢2. 9 203+3 8. 2120, OS(PIMS)’ 7823 Ug)’
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compounds has been determined either by gas-phase or solution-phase

studies; these results are also presented in Table I. For the cases in-
dicated, ligand protonation corresponds to carbon-hydrogen, rather
than metal-hydrogen bond formation.

The following points emerge from the data presented in Table I:

(1) An average metal-hydrogen bond energy of 68 kcal/mol is
computed from the 16 compounds for which protonation on the metal
center is indicated. The enormous range of energies, from 53
kcal/mol for D[CpFe(CO),CH,"-H] to 87 kcalmnol for D[(CO)MnH"-H),
would suggest this average should be used only with extreme caution to
predict the thermochemistry or reactivity of metal hydrides.

(2) Despite the wide range of bond strengths, periodic trends are
apparent. In moving across the first row transition metal carbonyls,
the metal-hydrogen bond energy is a maximum for D[(CO),Fe*-H} On
proceeding from a first-row compound to its second-row homologue, the
metal-hydrogen bond energy increases. A difference of 7 kcal/mol is
seen between D[(CO),Cr*-H] and D[(CO);Mo"-H], and between
D[CpCo(CO),"-H] and D[CpRh(CO),"-H]. A more substantial increase is
evident with D[Cp,Ru’-H], for which the bond energy is 25 kcal/mol
stronger than D[Cp,Fe’-H]. There does not seem to be an increase in
bond energy on proceeding from second to third row metals; the only
example is D[(CO),Mo"-H] compared to D[(CO),W*-H], however. The
6 kcal/ mol difference between D[(CO)SMnCH:-H] and D[(CO)SReCH: -H]
is consistent with these observations.

(3) Typically within a '"homologous' series of compounds, the

11

homolytic bond energy D(B*-H) remains constant. It is clear on ex-

amining the three iron complexes listed in Table I that they do not
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constitute '"homologous' molecules. We suggest that compounds with

higher oxidation states of the same metal atom have substantially weaker
metal-hydrogen bonds. Forming several sigma bonds causes changes in
the electron density and orbital hybridization of the metal center which
result in weaker bonds with increasing oxidation state. This concept is
not unfamiliar to most chemists; a Co(I)/Co(IlI) couple, but not a
Co(II)/Co(V) couple, is prevalent in catalysis.

Connor1 has also noted a decrease in bond energy with increasing
oxidation state; he gives as an example the average metal-chlorine bond
strengths in MoCln and WCln, n = 4-6,

In this context, NO appears to have the same effect as a sigma-
bonding ligand: protonation on the cyclopentadienyl ring, rather than on
the metal, of the cyclopentadienyl chromium and nickel complexes is
interpreted as evidence of a weaker metal-hydrogen bond for these com-
pounds as well.

Although this hypothesis generally seems valid, an exception is
D[(CO),MnCH,* -H] = 67 kcal/mol compared to D[(CO),MnH"*-H] =
87 kcal/mol; in this instance ligand variation has a striking effect on the
bond strength.

(4) -Although D[(CO),MnH"-H] is a very strong 87 kcal/mol, the

second metal-hydrogen bond is very weak, reaction 2.

(CO)SMnH+ 87 kcal/mol’ (CO)sMnH++H 23 kcal/rnol: (CO)SMn++2H @)

2

These data give the reductive elimination of H, from (CO),MnH,
6 kcal/mol endothermicm. We expect this disparity between the first
and second bond energies is a general result with dihydrides for which

the unsaturated species (in this case (CO)SMn"') has a singlet ground state.
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(5) For main group hydrides the bond energy in the ion is typically
10-15 kcal/mol stronger than in the isoelectronic neutral.11 The ions
(CO),FeH" and (CO),NiH" are isoelectronic with (CO),MnH and (CO),CoH,

°_64% and 55% 8.587

for which metal-hydrogen bond energies of 57
kcal/mol have been estimated. For the transition metals the bond
energies will depend heavily on the geometry and orbital hybridization
at the metal. For example, ( CO).,Ni+ is expected to be of nearly tetra-
hedral geometry, with the radical electron of predominantly d charac-
ter. Although (CO),Co may have a similar structure, several theoret-
ical and experimental studies have suggested that (CO),Co could be of
C,V geometry, with the radical electron of substantial s-p character. 12
These differences may cause changes in the bond energy between ion
and neutral of such magnitude that comparisons or predictions between
them are difficult to make at this point.

The principal objective in deriving the data presented in Table I
is the determination of metal-hydrogen homolytic bond energies for a
large number of organometallic complexes. The base strengths as

well as other reactions observed with many of these species are also

of interest. These will be discussed separately.
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Abstract

The techniques of ion cyclotron resonance spectroscopy are used
to determine the proton affinities of twenty organotransition metal com-
plexes in the gas phase. Combined with adiabatic ionization potentials,
these data yield metal-hydrogen homolytic bond energies for the six -
teen species for which protonation occurs on the metal center. These
bond energies range from 53 to 87 kcal/mol. Bond energies increase on
going from a first-row complex to its second-row homologue, but no
increase is seen on going to the third-row metal. The metal-hydrogen
bond energy decreases markedly with increasing oxidation state of the

same metal. Comparison to isoelectronic neutral complexes is made.



