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from the silyl ligand to yield Os(PMe3)3(H)(D)(?/2-
Me2SiCHCH3), a silene complex or silametallacycle. Subsequent 
migration of deuteride onto the silene ligand would effect isotopic 
exchange of an alkyl C-H position, as shown in eq 4. Further 
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reaction with C6D6 could result in incorporation of additional 
deuterium into the silane, eventually followed by exchange with 
free silane. Thus both Si-H and C-H deuteration would be 
initiated by a single intermolecular Si-H addition, and only those 
C-H positions adjacent to silicon (/3 to the metal) will be sus
ceptible to exchange. 

The /3-hydrogen migration process is well-documented in the 
chemistry of transition-metal alkyls. This work provides the first 
evidence for /3-hydrogen migration in metal silyls. Furthermore, 
the formation of transient silene complexes such as (PMe3)3Os-
(H)2(V-Me2SiCH2) formally represents the dehydrogenation of 
the silane within the osmium coordination sphere. In conjunction 
with subsequent reaction chemistry, this process could form the 
basis for other, more useful, catalytic transformations of orga-
nosilanes as well as synthetic routes to stable silene complexes. 
We are currently exploring this new mode of reactivity with such 
goals in mind. 
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(10) Exchange between free silane and (PMeJ)3Os(D)(SiMe3) could pro
ceed through either Os(IV) or Os(O) intermediates (e.g., P30s(H)(D)(SiMe3)2 
or P3Os). On the basis of the extensive studies of Flood and co-workers, the 
former would appear most likely.8 
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We report the binding energies of a single water molecule and 
a single hydroxyl group to singly charged cations of the first-row 
transition metals, obtained with use of collision-induced disso
ciation in a triple-quadrupole mass spectrometer.2 For Fe+, Co+, 
and Ni+, the second hydration energies have been determined as 
well. As found recently2 for Cu+, they are larger than the first 
hydration energies. 

Data of this type were previously available for covalent bonds 
in metal ion hydrides.3 Successive gas-phase hydration energies 
of some main group metal ions are known,4 but the only results 

(1) Initial work was performed at the Chemistry Department of the 
University of Utah. 

(2) Magnera, T. F.; David, D. E.; Stulik, D.; Orth, R. G.; Jonkman, H. 
T.; Michl, J. J. Am. Chem. Soc, in press. 

(3) Elkind, J. L.; Armentrout, P. B. Inorg. Chem. 1986, 25, 1078. 
(4) (a) Dzidic, I.; Kebarle, P. J. Phys. Chem. 1970, 74, 1466. (b) Ko-

chanski, E.; Constantin, E. J. Chem. Phys. 1987, 87, 1661. (c) Tang, I. N.; 
Lian, M. S.; Castleman, A. W., Jr. / . Chem. Phys. 1976, 65, 4022. Tang, 
I. N.; Castleman, A. W., Jr. J. Chem. Phys. 1974, 60, 3981. Tang, I. N.; 
Castleman, A. W., Jr. J. Chem. Phys. 1972, 57, 3638. 
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Figure 1. Transition-metal ion hydroxide bond strengths vs promotion 
energy.13 

published for bonds between transition-metal ions and simple 
ligands such as water are those for Cu+2,5 and Ag+.5 A few 
monopositive transition-metal ion hydroxyl bond strengths were 
previously determined by standard gas-phase methods.6-9 

M+(H2O)2 and M+OH(H2O) ions were generated2 by 6-10 
keV Ar atom impact on cold frosted metal plates or hydrated metal 
salts under conditions where negligible quantities of protonated 
water clusters are formed, velocity selected in a retarding-stop 
analyzer, mass selected by a quadrupole mass filter, and after 
acceleration permitted to undergo a single collision with Ar or 
Xe (10-5-10-4 Torr) in a second quadrupole which functioned as 
an ion guide. The product ions were analyzed in a third quad
rupole. The excitation curves obtained by variation of the ac
celerating voltage were analyzed as described elsewhere.2 The 
curve for the parent ion M+(H2O)n defines its velocity distribution, 
used to deconvolute the curves for the daughter ions M+(H2O)^1 

and M+(H2O)^2. The differences of their thresholds define the 
successive binding energies of water molecules. A similar pro
cedure starting with M+OH(H2O) ions yields the hydroxyl binding 
energies (Table I). The accuracy of the results is believed2 to 
be ±3 kcal/mol. 

For three of the new values a comparison with literature data 
is possible. The agreement is excellent for Z)(Cr+-OH)8 and 
Z)(Co+-OH),7'9 but our value for Z)(Fe+-OH)7'9 is 8-12 kcal/mol 
higher. Considering the combined error bars, a possible expla
nation of the difference might be that the Fe+ product of colli
sion-induced dissociation of FeOH(H2O)+ is produced in its 
quartet state, about 5 kcal/mol above the ground sextet state.10 

This would be a likely outcome if the ground state of FeOH-
(H2O)+ is a triplet. 

Two obvious structures are possible for the ions: H—M + =O 
or M + - O H and H - M + - O H or M + - O H 2 . Assuming that 
bond energies are additive in a first rough approximation," the 
energy £ (H—M + =O) needed for removal of OH from H— 
M + = O can be estimated from known values of Z)(M+—H)3 and 
Z)(M+=O).8 The results are listed in Table I and differ greatly 
from our measured OH binding energies, except in the case of 
Ti+. We take this as evidence that our ions have the structure 
M+—OH, with the possible exception of H—Ti+=O. 

(5) Holland, P. M.; Castleman, A. W., Jr. J. Chem. Phys. 1982, 76, 4195. 
(6) (a) Halle, L. F.; Armentrout, P. B.; Beauchamp, J. L. Organometallics 

1982, 1, 963. (b) Stevens, A. E.; Beauchamp, J. L. Chem. Phys. Lett. 1981, 
78, 291. Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. J. Am. Chem. 
Soc. 1981, 103, 6501. Tolbert, M. A.; Beauchamp, J. L. J. Am. Chem. Soc. 
1984, 106, 8117. 

(7) Cassady, C. J.; Freiser, B. S. J. Am. Chem. Soc. 1984, 106, 6176. 
(8) Kang, H.; Beauchamp, J. L. J. Am. Chem. Soc. 1986, 108, 5663. 

Kang, H.; Beauchamp, J. L. J. Am. Chem. Soc. 1986, 108, 7502. 
(9) Murad, E. J. Chem. Phys. 1980, 73, 1381. 
(10) Moore, C. E. Atomic Energy Levels; NSRDS-NBS 35; National 

Bureau of Standards: Washington, DC, 1971; Vol. II. 
(11) The large difference between the first and second hydration energies 

of Fe+ calls for caution in assuming bond energy additivity. We have relied 
only on large energy differences in drawing structural conclusions. 
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Table I." Thermochemical Data for First-Row Transition-Metal Hydrates, Hydroxides, Oxides, and Hydrides 
M+ 

K+ 

Ca+ 

Sc+ 

Ti+ 

V+ 

Cr+ 

Mn+ 

Fe+ 

Co+ 

Ni+ 

Cu+ 

Zn+ 

Z)(M+-OH2)* 

17.0* 
29.0* 
31.4 
38.0 
36.2 
29.0 
32.5 
28.8 

37.1 
36.5 
35.0 
39.0 

D(M + -OH)* 

106' 
87.8 
113 
107 
74.3, IV 
82 
85.3, 76,* 

77,'73m 

72.2, 71' 
42.2 

30.4 

F c 

19.1 
16.1 
15.2 
25.3 
26.5 
20.6 

29.2 
31.9 

Z)0(M+= 

58' 
159 
161 
131 
85 
57 
69 

64 
45 

O)* D0(M
+-H)' 

45.9d 

55.3 
55.1 
47.3 
27.7 
47.5 
47.0 

45.5 
38.5 
21.8 
53.3 

£ ( H — M + - O H / 

34 
25 
50 
36 

-16 
12 
14, 5, 6, 2 

0 
-37 

£(H--M + = 

3 
113 
115 
77 
12 
3 

15 

8 
-18 

= 0 / Z ) ( M + O - H / 

149 
30 
53 
71 
90, 89 
127 
117, 108, 

109, 105 
109, 108 
98 

"All values in kcal/mol. 'This work except where noted. Average standard deviation in about a dozen measurements for each ion, ±3 kcal/mol; 
this is also believed to be the accuracy of the method.2 cThe promotion energy.13 ''Reference 8, with ±3-7 kcal/mol uncertainty. 'Reference 3, 
±2-4 kcal/mol. •''Assuming reformation of the O—H bond and using Z)0(H-OH) = 118 kcal/mol and Z)0(O-H) = 101 kcal/mol from JANAF 
Thermochemical Tables, 2nd ed.; NSRDS-NBS 37; National Bureau of Standards: Washington, DC, 1971. * Reference 4a. 'Reference 4b. 
'Murad, E. J. Chem. Phys. 1981, 75, 4080. ^Reference 8. *Reference 9, ±4.6 kcal/mol. 'Reference 7, ±6 kcal/mol. "Reference 7, ±3 kcal/mol. 

Having established the hydroxyl bond energies, we can estimate 
the energies E(H—M+—OH) needed for removal of H2O from 
H—M+—OH ions for all M+ except Ti+ (Table I). These disagree 
strongly with our measured H2O binding energies, except in the 
case of V+ and possibly Ca+ and Sc+. We conclude that our ions 
have the structure M+—OH2, with the possible exceptions of M+ 

= Ca+ to V+. 
The hydroxyl binding energies of the transition-metal cations 

vary strongly and show a tendency to decrease for late transition 
metals. The water binding energies fall into two groups: the values 
for Sc+, Cr+, Mn+, and Fe+ are near 30 kcal/mol, the others near 
37 kcal/mol; this is hard to attribute to variations in the ionic 
radius. Detailed understanding of the D(M+—OH) and D(M+-
—OH2) values requires elaborate calculations similar to those 
published12 for the M+—H bond. We merely note the existence 
of an approximate linear correlation between the M+—OH bond 
energies and promotion energies13 (Figure 1). The correlation 
suggests that early transition-metal ions have a propensity to use 
their 3d orbitals, whereas the late ones prefer to utilize the 4s 
orbital for bonding, as demonstrated previously12 for M+—H 
bonds. 

Our value of the hydration energy Z)(Fe+-OH2) = 28.8 
kcal/mol conflicts with the previous estimate63 Z)0(Fe+—CO) = 
37.6 kcal/mol, since H2O readily displaces CO in Fe+CO at low 
pressure and room temperature.14 The reported value of 
Z)0(Fe+—C2H4) = 34 ± 2 kcal/mol15 also contradicts the earlier 
estimate,62 since C2D4, too, displaces CO in Fe+CO.14 

The Cu+ ion binds a second water molecule somewhat more 
strongly (39 kcal/mol) than the first one (35 kcal/mol).2 We have 
now measured the second hydration energies also for Fe+ (38 
kcal/mol), Co+ (45 kcal/mol), and Ni+ (38 kcal/mol). These 
can be compared with the first hydration energies of 29, 37, and 
37 kcal/mol, respectively. Monopositive ions of first-row transition 
metals thus may have a general tendency to attach a second water 
ligand at least as strongly as the first one. Along with the variation 
in the first hydration energies across the series, this is indicative 
of some degree of dative bonding, distinct from the presumably 
purely electrostatic bonding between water and alkali43 or alkaline 
earth4b cations. In these, the first hydration energy is dictated 
by the ionic radius, and the second hydration energy is several 
kcal/mol smaller than the first one as a result of unfavorable 

(12) Schilling, J. B.; Goddard III, W. A.; Beauchamp, J. L. J. Am. Chem. 
Soc. 1986, 108, 582. Schilling, J. B.; Goddard III, W. A.; Beauchamp, J. L. 
J. Phys. Chem. 1987, 91, 5616. Patterson, L. G. M.; Bauschlicher, C. W.; 
Langhoff, S. R.; Partridge, H. J. Chem. Phys. 1987, 87, 481. 

(13) (i) For Sc+—Cr+, the energy required to promote the ground state 
free ion to the lowest 3d" state plus a spin decoupling correction (Schilling, 
J. B.; Beauchamp, J. L. Organometallics 1988, 7, 194). (ii) For Mn+-Cu+, 
the promotion energy of the lowest 3d""'4s state plus the average of the 
d-electron and s-electron spin decoupling energies. The free ion energy states 
were derived from ref 10. 

(14) Foster, M. S.; Beauchamp, J. L. J. Am. Chem. Soc. 1975, 97, 4808. 
(15) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105, 7492. 

electrostatic ligand-ligand interactions. 
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We wish to report the determination of sequential water and 
ammonia solvation energies for the series of first-row transi
tion-metal atomic ions V+, Cr+, Mn+, Fe+, Co+, and Ni+. A 
remarkable trend is found wherein for most metals the second 
solvent binding energy significantly exceeds the first. This is a 
striking departure from the normal decrease in successive solvent 
binding energies of all other atomic ions for which data are 
available.1 

Atomic transition-metal ions are generated by dissociative 
electron ionization and Penning ionization of volatile metal car-
bonyl complexes in the helium flow reactor of a flowing after
glow-triple quadrupole apparatus.2 Termolecular association 
reactions of the metal ions with added H2O or NH3 vapor produce 
a kinetic mixture of thermalized M+(H2O)n (n = 1-3) and 
M+(NH3)„ (n = 1-4) cluster ions. Unimolecular and bimolecular 
reactions of mass-selected cluster ions are carried out in the central 
quadrupole of the triple quadrupole analyzer, where both pressure 
and kinetic energy effects can be characterized. 

The thermochemistry for sequential solvation of the atomic 
metal ions by H2O and NH3 can be estimated from the transla-
tional energy thresholds for collision-induced dissociation (CID) 
of the corresponding cluster ions with argon target gas.3 Figure 

(1) Keesee, R. G.; Castleman, A. W., Jr. /. Phys. Chem. Ref. Data 1986, 
15, 1011 and references therein. 

(2) Graul, S. T.; Squires, R. R. Mass Spec. Rev. 1988, 7, 263. Standard 
experimental conditions: P(He) = 0.4 Torr, (He) = 9400 cm/s, T = 298 ± 
2 K. 

(3) P(Ar) < 5 X 10"5 Torr (single-collision conditions); reactant ion re
tarding potential analysis locates the energy origin and shows a typical kinetic 
energy distribution of 0.8-1.3 eV (fwhm, lab frame). 
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