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Abstract: Mn,(CO);q, ReMn(CO),p, and Re;(CO)p attach thermal electrons in the gas phase and lose either a CO or an
M(CO); radical. The extent of M(CO)s loss decreases in the order Mny(CO);o > ReMn(CO),4 > Rey(CO)yp. No M(CO);
loss is observed for Re;(CO)yo, and both Mn(CO)s and Re(CO); are lost from ReMn(CO),,. Assuming that there is no energy
barrier for charge transfer between Re(CO)s and Mn(CO);™ leads to the conclusion that D(Re(CO)s—Mn(CO);) < EA(Mn(CO)s)
~ EA(Re(CO)s. HCI and other acids fail to transfer a proton at an observable rate to Mn(CO);s~, Re(CO);~, Mn,(CO)y7,
ReMn(CO)y~, and Re,(CO)y~. Assuming this is because the proton transfers are endothermic leads to the conclusion that
the proton affinities of the unreactive negative ions are less than that of CI". Combining the conclusions about the radical
electron affinities with proton affinity and bond strength data from the literature gives EA(Re(CO)s) = EA(Mn(CO)s) =~
2.43 £ 0.2]1 eV. The gas-phase electron-attachment processes are found to closely resemble the reactions of radiolytically
produced solvated electrons. The proton affinities of Mny(CO),o, ReMn(CO),4, and Rey(CO)yp are found to be 774 & 13,
794 £ 6, and 805 + 5 kJ/mol, respectively. Comparison with proton affinities of M(CO)sCH, species suggests that substituting
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a methyl group for M(CO); in the M,(CO)y, has very little effect on the proton affinity.

The group 7 metal carbonyls, Mn,(CO),o, ReMn(CO),,, and
Re,(CO),,, constitute the simplest series of polynuclear metal
carbonyl periodic congeners. The M(CO); radicals are isolobal
with the methyl radical so the decacarbonyls might be considered
to be inorganic alkane analogues. Investigation of the validity
of the analogy and the periodic behavior of metal clusters are
among the purposes of a number of photolytic and radiolytic
studies of these compounds.?*

Reported here are investigations of the behavior of these species
under ionizing conditions in the gas phase. In particular the
decomposition resulting from attachment of thermal electrons to
the metal carbonyls, the reactivity of the resulting metal carbonyl
anions with neutral proton donors, and the reactivity of the neutral
metal carbonyls with cationic proton donors are described. A
principal reagent generated by radiolysis is the solvated electron,
so the dissociative electron attachment results should be helpful
in characterizing important primary processes in radiolysis. The
acid—base behavior of the anion fragments could also be helpful
in characterizing radiolytic processes in protic solvents. Gas-phase
ionic acid-base behavior of the three carbonyls is also of interest
because little data of that kind are available on periodic families
of polynuclear metal carbonyls.

Experimental Section

These studies were done by using an ion cyclotron resonance spec-
trometer with a frequency scanned capacitance bridge detector which has
been previously described.® Reactions were identified by double reso-
nances® and by variation of the mass spectrum with pressure. The
pressure measurements were made with a standard ionization gauge.

Mn,(CO),, was purchased from Ventron, Alfa Division, and Re,(C-
0),p was purchased from Strem Chemicals, Inc. Both samples could be
used as received. ReMn(CO),, was prepared by published procedures’
and purified by sublimation. The compounds were introduced into the
spectrometer through leak valves, and pressures as high as (2-4) X 107
torr could readily be obtained. Commercial samples of acetic acid,
methyl mercaptan, hydrogen chloride, methanol, ethanol, isopropy! al-
cohol, and ters-butyl alcohol could also be used as received.

Negative Ions

Negative ion mass spectra obtained at 80 and 5 eV are given
in Table I. Ionization by secondary electrons caught by the
trapping potential is important at both energies, but the extent
of fragmentation indicates that energetic electrons are responsible
for some of the ionization. To determine results of dissociative

*Ohio State University-Newark, Newark, OH 43055.

Table I. Relative Intensities of Negative Ions in the Mass Spectrum
of My(CO)jg (M = Mn, Re) Obtained by 80 and 5 ¢V Electron
Impact

nominal . rela.tive

mass _ntensity, %__
stoichiometry (m/z) 80 eV 5eV
Mn(CO),” 167 1 a
Mn(CO)s 195 100 100
Mn,(CO)4~ 222 12 a
Mn,(CO)s™ 250 2 a
Mn,(CO)4” 178 4 a
Mn,(CO);~ 306 14 a
Mn,(CO)s 334 80 60
Mn,(CO)y” 362 93 63
Mn(CO)5~ 195 40 21
Re(CO)4~ 327 15 8
ReMn(CO),~ 438 6 6
ReMn(CO)g~ 466 36 38
ReMn(CO)y” 494 100 100
Re,(CO)5~ 512 4 a
Re,(CO)6™ 540 5 a
Re,(CO), 568 5 a
Re,(CO)g” 596 11 6
Re,(CO)y~ 624 100 100

4Not measurable.

attachment of the thermal electrons it is necessary to add excess
pressures of an inert collision gas as discussed below. The most

(1) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058-1076. Elian,
M.; Chen, M. M. L,; Mingos, D. M. P.; Hoffmann, R. Ibid. 1976, 15,
1148-1155. Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D. L. J. Am.
Chem. Soc. 1979, 101, 585-591. Schilling, B. E. R.; Hoffman, R. Ibid. 1979,
101, 3456-3467. Hoffmann, R.; Schilling, B. E. R.; Bau, R.; Kaesz, H. D.;
Mingos, D. M. P. Ibid. 1978, 100, 6088-6093. Hoffmann, R. Science
(Washington, D.C.) 1981, 211, 995-1002. Halpern, J. Discuss. Faraday Soc.
1968, 46, 7-19. Ellis, J. E. J. Chem. Educ. 1976, 53, 2-6. Stone, F. G. A.
Acc. Chem. Res. 1981, 14, 318-325. Hoffmann, R. Angew. Chem., Int. Ed.
Engl. 1982, 21, 711-724. Stone, F. G. A. Ibid. 1984, 23, 89-99.

(2) Wegman, R. W,; Olsen, R. J.; Gard, D. R.; Faulkner, L. R.; Brown,
T. L. J. Am. Chem. Soc. 1981, 103, 6089-6092. Wrighton, M. S.; Ginley,
D. S. 1bid. 1975, 97, 2065-2072. Abrahamson, H. B.; Wrighton, M. S. Ibid.
1977, 99, 5510-5512. Hughey, J. L.; Anderson, C. P.; Meyer, T. J.J. Or-
ganomet. Chem. 1977, 125, C49-C52. Rothberg, L. J.; Cooper, J. J.; Peters,
K. S.; Vaida, V. J. Am. Chem. Soc. 1982, 104, 3536-3537.

(3) Meckstroth, W. K.; Walters, R. T.; Waltz, W. L.; Wojciki, A
Dorfman, L. M. J. Am. Chem. Soc. 1982, 104, 1842-1846.
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Flgure 1. Relative intensity of negative ions in Mn,(CO),, at an ionizing

electron energy of 4 eV as a function of CO, pressure: Mn,(CO)s™ (A),
Mn(CO)s~ (0), and Mn,(CO),™ (D).
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Figure 2, Relative intensity of negative ions in ReMn(CO)q at an
ionizing electron energy of 4 eV as a function of CO, pressure: ReMn-
(CO)5~ (A), Re(CO)s™ (@), Mn(CO)s™ (0), and ReMn(CO),~ (O).

striking feature of the data in Table I is the difference between
Re,(CO),, and the other two carbonyls. Even at high electron
energy there is no discernible cleavage of the Re—Re bond, while
formation of M(CO)s™ species is a major process in both Mn,-
(CO),, and ReMn(CO),,. This probably reflects the difference
in metal-metal bond strength among the three species. It also
may reflect the M—CO bond strength and the electron affinities
of the fragments. The effects of these factors may be better
analyzed in terms of the thermal electron attachment results.

The effects of adding a collision gas to thermalize a beam of
electrons entering the ion cyclotron resonance cell at a nominal
energy of 4 eV are shown in Figures 1-3. The nominal pressure
of the M,(CO),, compound was ~2 X 10 torr in each of these
experiments. CO, is a particularly effective collision gas having
low-lying transient negative ion states which dissociate into a slow
electron and vibrationally excited CO,.® The fragmentation
pattern initially changes rapidly with CO, pressure as the electrons
are thermalized. At higher CO, pressures the higher energy
fragments such as M,(CO)s disappear and the relative abun-

(4) Waltz, W. L.; Hackelberg, O.; Dorfman, L. M.; Wojcicki, A. J. Am.
Chem. Soc. 1978, 100, 7259-7264.

(5) Wronka, J.; Ridge, D. P. Rev. Sci. Instrum. 1982, 53, 491-498.

(6) Wronka, J.; Ridge, D. P. Int. J. Mass Spectrom. Ion Phys. 1982, 43,
23-30.

(7) Flitcroft, N.; Huggins, D. K.; Kaesz, H. D. Inorg. Chem. 1964, 3,
1123-1130.

(8) George, P. M.; Beauchamp, J. L. J. Chem. Phys. 1982, 76, 2959-2964
and references therein.
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Figure 3. Relative intensity of negative ions in Re,(CO) g at an ionizing
electron energy of 4 €V as a function of CO, pressure: Re)(CO)g™ (A)
and Re,(CO)y™ (0).

dances of the fragments remain constant with further increase
in pressure. The spectra were taken in the drift mode with an
observation time of approximately 10 ms. Double resonance and
the variation of ion abundance with metal carbonyl pressure
revealed no ion—molecule reactions in these systems. Addition
of CCl4 to a nominal pressure equal to that of Mn,(CO),, gave
a Cl" signal about twice that of the total negative ion signal from
the metal carbonyl independent of CO, pressure above CO,
pressures of 1 X 107 torr. This suggests that the metal carbonyls
have electron attachment cross sections comparable to that of
CCl,. The relative abundances of the fragments observed at high
CO, pressures can thus be taken as the result of attachment of
thermal electrons to the metal carbonyls. In Re,(CO), the only
process at higher pressures is loss of CO (eq 1). The product

Re,(CO), + e(thermal) — Re;(COYy + CO (1)

of (1) was observed with a signal-to-noise ratio greater than 100,
so unobserved minor channels are less than 1%. In Mn,(CO),,,
however, cleavage of the Mn—Mn bond remains competitive with
loss of CO at the highest pressures, as shown in eq 2. In Re-

Mn,(CO), + e(thermal) ——» Mn,(CO)s + CO (22)

Mn,(CO)yo + e(thermal) ——> Mn(CO)s+ Mn(CO)s (2b)

Mn(CO),, both processes are competitive at high pressure also,
but cleavage of the metal-metal bond is not the dominant process.
The high-pressure distribution is given in eq 3.

ReMn(CO),, + e(thermal) —— ReMn(CO),” + CO  (3a)

ReMn(CO);, + e(thermal) —— Mn(CO)s~ + Re(CO)s
(3b)

ReMn(CO),, + e(thermal) — Re(CO)s+ Mn(CO)s  (3¢)

If we assume that the high-pressure product distributions in
reactions 1-3 are the result of the attachment of thermal electrons
and reflect the thermochemistry of the competing processes, several
conclusions are possible. First, in all three cases the electron
affinity (EA) of My(CO), (M = Mn, Re) is greater than the bond
strength (D) of My(CO)g—CO (eq 4). From the cleavage of the

EA(M,(CO),) > D(M,(C0)y-CO) 4)
metal-metal bonds in reactions 2b, 3b, and 3¢, we conclude
EA(Mn(CO);) > D(Mn(CO)s—Mn(CO)s) (5)

EA(Mn(CO);), EA(Re(CO)s5) > D(Mn(CO)s~Re(CO)s) (6)
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Table II. Bond Dissociation Energies and Activation Enthalpies of
Bond Homolysis for M,(CO);, (M = Mn, Re)

AH* for M-M
compound, D(M-M), bond homolysis,*
M,(CO)jo kJ /mol kJ/mol

Mn,(CO)y, 94 £ 13° 153.8 £ 1.6
ReMn(CO),q 210 + 108 162.8 £ 0.8
Re,(CO)yo 187 £ 5% 165.5 £ 0.8

aThe value of AE®,y for Mn,(CO),g — 2Mn(CO); from data in ref
10. ®The value of AE; for Mny(CO);o — 2Mn(CO)s where T is un-
specified but probably between 300 and 500 K from ref 11.
¢ Activation enthalpies for homolytic fission of M-M bonds from ref
15.

A simple explanation for the failure to observe cleavage of the
Re-Re bond in reaction 1 would be that such a process is endo-
thermic. This leads to the conclusion that

EA(Re(COe)s) < D(Re(CO)s—Re(CO)s) )

The product yield of reaction 1 could be kinetically determined,
however. If decomposition of excited Re,(CO),,~ formed by
electron attachment is a statistical process, loss of CO might
dominate even if Re—Re bond cleavage is energetically accessible.
The preference for CO loss persists even at higher electron en-
ergies. At 80 eV loss of multiple CO molecules is observed (Table
1), but Re—Re bond cleavage is not. At higher energies resonant,
nonstatistical processes and decompositions producing only neutral
fragments are possible. In addition, at higher energies much of
the ionization is the result of secondary electrons caught in the
trap. Interpretation of the high-energy results is, therefore,
difficult. These difficulties in evaluating the role of kinetic effects
in determining the fragmentation pattern should be kept in mind
as we explore the consequences of expression 7.

From the formation of both Mn(CO);~ products in reaction
3 we conclude

EA(Mn(CO);) ~ EA(Re(CO)s) (8)

Calculations suggest that Mn(CO)s™ has a structure very similar
to that of Mn(CO)s, and very little energy is required to make
the structures identical.” The structures of Re(CO)s and Re-
(CO)s™ should therefore also be nearly identical. Under these
circumstances charge exchange between Mn(CO);s™ and Re(CO);
should have no activation energy barrier. The fact that both
Mn(CO);s™ and Re(CO)s™ occur suggests that the charge exchange
is thermoneutral, hence eq 8. Comparing eq 5 and 6 with eq 7
and using eq 8 gives
D(Mn(C0O);5)-Mn(CO);s), D(Re(CO)s-Mn(CO);) <
EA(Mn(CO);) =~ EA(Re(CO)s) < D(Re(CO)s—Re(CO)s)
)

Assigning quantitative electron affinities using expression 9
requires values for the M—M strengths in the decacarbonyls.
Values of the bond strengths are listed in Table I1. Also listed
in Table II are activation enthalpies for condensed phase homolysis
of the M—M bonds in the decacarbonyls. The Mn-Mn bond
strength comes from measurements of the temperature dependence
of the equilibrium constant for the gas-phase dissociation of
Mn,(CO),o to Mn(CO)..!"° This result is in quite good agreement
with the difference between the measured appearance potential
of Mn(CO);s* from Mn(CO),, and the ionization potential of
Mn(CO);."! The Re-Mn bond strength is the measured ap-
pearance potential of Mn(CO),* from ReMn(CO),, less the
measured ionization potential of Mn(CO)s.!" The Re-Re bond
strength is the measured appearance potential of Re(CO)s* from
Re,(CO)y, less the estimated ionization potential of Re(CO);."!
The correlation between these bond strengths and the activation
enthalpies for bond homolysis is not particular good. The acti-
vation enthalpies should be greater than or equal to the bond
strengths since the activation enthalpies for the reverse reactions

(9) Pensak, D. A; McKinney, R. J. J. Inorg. Chem. 1979, 18, 3407-3413.
(10) Bidinosti, D. R.; MclIntyre, N. S. Can. J. Chem. 1970, 48, 593.
(11) Junk, G. A.; Svec, H. J. J. Chem. Soc. A 1970, 2102.
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are at least zero. In addition, the Mn—Mn bond strength has been
calculated by the extended Hickel method to be 166 kJ/mol.!?
We conclude that these bond strengths from the literature should
be used only in a tentative way. The bond strengths in Table II
are actually inconsistent with expression 9 since D((CO)sRe-
Mn(CO);) > D((CO)sRe-Re(CO);). It is only necessary to
assume errors of 0.1 to 0.2 eV in the measured bond strengths
to reverse that situation, however. If such errors are assumed,
then an electron affinity of ~198 kJ/mol or 2.1 eV for both
M(CO); species is consistent with expression 9. The observation
of both reactions 3b and 3c suggests the lower limit on the electron
affinities. The failure of Re(CO);™ to form on electron attachment
to Re,(CO);s suggests the upper limit on the electron affinities.
As discussed above, however, the failure to observe Re(CO);s”
cannot be interpreted unambiguously. Under these circumstances
the only conclusion we make with some confidence is

EA(Mn(CO);) ~
EA(Re(CO);) = D(Mn(CO)s—Re(CO)s) =~ 2.0 eV (10)

The anions formed from the M,(CO);, compounds were ex-
posed to the following protic acids in the gas phase: ethanol, acetic
acid, methyl mercaptan, and hydrogen chloride. No reactions
were observed with any of these species. The slowest reaction
which could have been observed was ca. 0.5 X 1071° cm? molecule™
s”!. There could be a kinetic barrier to proton transfer, but if not,
this result indicates that

PA(M(CO)57), PA(M,(CO),") < PA(CIY) = 1395 kJ /mol'?
(1)

where PA = proton affinity and M = Mn, Re. This is consistent
with the recently reported value PA(Mn(CO);) = 1331 £ 13
kJ/mol.13

Recently values of 57 to 64 kcal/mol (238 to 268 kJ/mol) have
appeared for D(Mn(CO)s—H)."* An extended Hiickel calculated
value of D(Mn(CO)s—H) = 270.7 kJ/mol has also been reported.'?
Taking the Mn—H bond strength as 253 £ 15 kJ/mol and using
the reported proton affinity of Mn(CO)s™ '* allows one to calculate
the electron affinity of Mn(CO)s. Equating the sum of the en-
thalpy changes for the individual steps in eq 12 with that of the
overall process gives eq 13 where IP(H) is the ionization potential

Mn(CO)s—H — Mn(CO);~ + H* — Mn(CO); + ¢ + H* —
Mn(CO)s + H (12)

D(Mn(CO)s-H) =
PA(Mn(CO)s") + EA(Mn(CO);) - IP(H-) (13)

of the hydrogen atom. The resulting value of EA(Mn(CO)s) is
234 £ 20 kJ/mol (2.43 £ 0.21 eV). If, consulting expression 8,
we take 234 £ 15 kJ/mol as the electron affinity of Re(CO)s,
then eq 11 and expressions analogous to eq 12 and 13 imply that
D(Re(CO)s-H) < 318 kJ/mol. This electron affinity (234
kJ/mol) is consistent with expression 10, but it is inconsistent with
the last inequality in expression 9. That is, electron attachment
to both ReMn(CO),, and Re,(CO),; to form Re(CO)s™ is exo-
thermic if D(Re(CO)s—Re(CO)s) = 187 kJ/mol,'! D(Re(C-
0)s~Mn(CO)s) = 210 kJ/mol, and EA(Re,(CO),,) = 234 = 15
kJ/mol. Electron attachment to the metal carbonyls to produce
Re(CO);™ is endothermic only if there is an overall error in the
electron affinity and metal-metal bond strength of 51 kJ/mol (0.53
eV). If there are no such errors, then as discussed above the most
probable explanation for the failure of Re(CO)s™ to result from
electron attachment to Re,(CO),, is that cleavage of the M—-M
bond is not facile enough to compete with a very facile M—CO
bond cleavage.

It is curious that metal-metal bond cleavage does not compete
with M—CO bond cleavage in Re;(CO),q. The Re-Mn bond is
stronger than the Re—Re bond (Table II), yet only the former
breaks on electron attachment. If the absence of observable M—M

(12) McKinney, R, J.; Pensak, D. A. Inorg. Chem. 1979, 18, 3413-3417.

(13) Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc., in press.

(14) Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103,
190-192 and references therein.
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bond cleavage in the Re,(CO),, is the result of very facile CO
loss, then CO loss should dominate even more the cleavage of the
stronger M-M bond in ReMn(CO),,. This is more particularly
the case since Mn—CO bonds are generally weaker than Re—-CO
bonds.!!> A more probable explanation is that the M—M bond
in ReMn(CO),, is the same or lesser strength as the M—M bond
in Re,(CO),,. This is supported by the activation energies for
bond heterolysis (Table II) and by the force constants for the
M-M stretch (fy-m = 0.82, 0.81, and 0.59 in Re,(CO),,, Re-
Mn(CO),o, and Mn,(CO),,, respectively'®).

Data on electron affinities of Fe(CO), and Ni(CO), radicals
are available. They give the electron affinities of Fe(CO), as 2.4
£0.3,1.8+0.2,1.22 +£0.02, 1.26 £ 0.02, and 0.164 = 0.035
eVforn=4,3,2,1,and 0." The electron affinities of Ni(CO),
are 1.077 £ 0.013, 0.643 = 0.014, and 0.804 £ 0.012 ¢V for n
=3,2,and 1."* The value of EA(M(CO);) = 234 £ 20 kJ/mol
(2.43 £0.21 V) for M = Mn, Re is the same as EA(Fe(CO),)
but more than twice EA(Ni(CO);). This does not suggest a simple
periodic trend. The adiabatic and vertical electron affinities of
these species may be quite different.'™® The electron affinity given
above for the M(CO); radicals is derived from thermochemical
data and the thermal electron attachment product distributions.
This should give a thermodynamic (adiabatic) electron affinity.

Comparison to Radiation Chemistry

It is interesting to compare reactions 1-3 with the results of
radiolysis of the M,(CO),, compounds in solution. Reactions
14-16 indicate the metal-metal bond cleavage products observed
spectroscopically in the pulsed radiolysis of ethanol solutions of
M,(CO);>* (M = Mn, Re). We note that this reflects the

Re,(CO)yq + e(solvated) — no M-M bond cleavage (14)
Mn,{CO),, + e(solvated) — Mn(CO); + Mn(CO); (15)
ReMn(CO),; + e(solvated) — Mn(CO)s~ + Re(CO)s  (16)

relative importance of the metal cleavage processes in the gas-
phase thermal electron-attachment reactions. There is no metal
cleavage in reaction 1, Mn(CO); is an important product in
reaction 2, and Mn(CO);s™ is more important than Re(CO);” in
reaction 3. This supports the postulated role of the solvated
electron in the radiochemistry.

In the radiation chemistry of Re,(CO),,, reaction 17 is thought
to play a role.’> The evidence does not distinguish between

Re,(CO),, + C,H;OH — Re,(CO),oH + C,H,0" )

Re,(CO)y~ and Re,(CO),; as the reagent ion. This appears to
contradict the gas-phase results which suggest that at least
Re,(CO)," is a weaker base than C,H;O™. However, the relative
basicity of the ions should be highly modified by the solvent. The
C,H;0" ion is much more susceptible to stabilization by a polar
hydrogen bonding solvent than larger metal carbonyl anions.

Proton Affinities

Proton transfer was observed from a number of protonated
species to the M,(CO),, species. If it is assumed that the observed
proton transfer reactions are exothermic and those that failed to
occur at an observable rate are endothermic, the following order
of proton affinities is obtained.

PA(t-C,H,OH) > PA(Re,(CO),;) > PA(i-C,;H,OH) >
PA(ReMn(CO),,) > PA(C,H;OH) > PA(Mn,(CO),o) >
PA(CH;OH) (18)

From this order the numerical proton affinities for the deca-
carbonyl compounds in Table III were assigned by using proton
affinities of the alcohols from the literature.!® The values for

(15) Connor, J. A. Top. Curr. Chem. 1977, 71, 71-110.

(16) Quicksall, C. O.; Spiro, T. G. Inorg. Chem. 1969, 8, 2363-2367.

(17) Engelking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1979, 101,
5569-5572.

(18) Stevens, A. E.; Feigerle, C. S.; Lineberger, W. C. J. Am. Chem. Soc.
1982, 104, 5026-5031.
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Table III. Proton Affinities and Hydrogen Atom Bond Strengths in
M,(CO);o and M(CO)sCH; (M = Mn, Re)

proton bond energy

compound, affinity, ionization ~ D(M,(CO),,*-H),

M,(CO)y, kJ/mol potential, eV kJ/mol
Mn,(CO)y, 774 £ 13°  8.46 £ 0.03° 279 £ 16
ReMn(CO);; 794 £6°  8.14 £ 0.01° 267 £ 7
Re,(CO), 805 £ 5¢  8.06° 271 £ 5
Mn(CO);CH, 774 £13¢ 83 £0.19 268 + 134
Re(CO)sCH, 78287 85014 289 £ 134

7On the basis of present results and proton affinities for -C,H,OH
(810 kJ/mol), i-C;H,OH (800 kJ/mol), C,HsOH (788 kJ/mol), and
CH;OH (761 kJ/mol) from ref 19. ®Rosenstock, H. M.; Draxl, K;
Steiner, B. W.; Herron, J. T. J. Phys. Chem. Ref. Data 1977, 9, Suppl.
1. ¢Hall, M. B. J. Am. Chem. Soc. 1975, 97, 2057-2065. 4From data
in ref 14 adjusted to a proton affinity scale based on PA(NH;) = 853.5
kJ/mol from ref 19.

Mn(CO);CH; and Re(CO)sCH; are based on data given by
Stevens and Beauchamp.!* It is interesting to note that replacing
Mn(CO); with the isolobal CH; in Mn,(CO),, has little, if any,
effect on the proton affinities. Replacing Re(CO); with the
isolobal CHj; in Rey(CO),, has only a small effect. This suggests
that the hydrogen atom in the protonated dimetal decacarbonyls
is terminally bonded to the metal and not bridging. The values
of D(M,(CO),;"—H) given in Table 11T were obtained from the
proton affinity data by using the ionization potentials for the
decacarbonyls and the hydrogen atom. As indicated in the table,
the hydrogen atom bond strengths are comparable to those re-
ported for protonated Mn(CO)sCH, and Re(CO)sCHj,,'* which
also suggests that the hydrogen atom bonding is similar in the
dimetal decacarbonyls and the methyl metal pentacarbonyls.

The proton affinities increase somewhat, but not dramatically,
as rhenium atoms replace manganese atoms in the dimetal
decacarbonyls. This reflects a change in ionization potential more
than a change in bonding to the hydrogen atom as shown by the
values for D(A*-H) and IP(A) in Table III. It is interesting that
the D(A*-H) values in Table III vary between 267 and 289
kJ/mol. As noted above, the reported values of D(Mn(CO)s—H)
are near that range, varying from 238 to 271 kJ/mol. This
suggests that the M—H bonding in the protonated species is similar
to that in Mn(CO);H; that is that the H atom is terminally bonded
to the metal.

Summary and Conclusions

The extent of M—M bond cleavage vs. M—CO bond cleavage
on thermal electron attachment decreases in the order Mn,(CO),q
> ReMn(CO),; > Re,y(CO),p. The M—M bond in ReMn(CO),,
cleaves to give both Re(CO)s~ and Mn(CO)s, but Mn(CO);™ is
predominant. No M-M bond cleavage occurs in Re,(CO)o.
These results indicate that the electron affinities of Re(CO)s and
Mn(CO); are nearly equal and are greater than D(Re(CO)s—
Mn(CO)s). From values for PA(Mn(CO)s”) and D(Mn(CO);-H)
in the literature EA(Mn(CO);) = 2.43 £ 0.2] eV is assigned.
From the present results EA(Re(CO)s) ~ 2.4 £ 0.2 ¢V then
follows. The failure of the Re—Re bond to cleave on electron
attachment apparently results from the greater facility of CO loss
rather than the endothermicity of the metal-metal bond cleavage.
The cleavage of the Re-Mn bond in ReMn(CO),, on electron
attachment suggests that the Re-Mn bond is weaker than the
Re—Re bond in Re;,(CO)yo. The failure of HCl and other acids
to donate a proton to the M{(CO)s~ and M,(CO)y™ species suggests
that the proton affinities of these species are less than that of CI.

Gas-phase thermal electron attachment gives the same M—-M
cleavage processes as reaction of the solvated electron in con-
densed-phase radiolysis. Both processes give Mn(CO);~ from
Mn,(CO),,, more Mn(CO)s™ than Re(CO);s~ in ReMn(CO);,,
and no M-M bond cleavage in Re,(CO)y,. The radiolysis of
Re,(CO),, is thought to produce an anion containing two rhenium
atoms and nine or ten carbonyls. In the gas phase Re,(CO)q™ is

(19) Lias, S. G.; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data,
in press.
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the only observed product. In the condensed phase the Re,(C-
O)y,0” is thought to extract a proton from the solvent, ethanol.
In the gas phase Re,(CO)q™ does not extract a proton from al-
cohols. Ethanol may be a stronger acid toward Re,(CO)q™ in
condensed phase because the conjugate base, C,H;O", is very
effectively solvated in protic solvents.

The proton affinities of the dimetal decacarbonyls increase
slightly on going from Mn,(CO),, to ReMn(CO),, to Re;,(CO)yo.
Substituting a methyl group for Re(CO)s or Mn(CO); has only

small effects. The hydrogen atom is probably bonded terminally
to one of the metals in the protonated M,CO),, species.
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Abstract: We have measured the VCD of trans-1,2-dideuteriocyclobutane in the mid-IR and have compared it to the results
of fixed partial charge and localized molecular orbital calculations. For a force field optimized from the ab initio results of
Banhegyi et al., we find good agreement between calculated and experimental results for the FPC but not for the LMO model.
Other force fields and charge configurations were also investigated with the general result that optimized force fields gave
superior results due to better representation of both the modes and their frequency distributions.

In recent years vibrational circular dichroism (VCD) has be-
come technologically feasible in the near- and mid-IR.}? The
utility of such measurements is dependent on the development of
theoretical models which can reliably represent the relationship
between VCD spectra and molecular structure. Two such models,
the fixed partial charge?® (FPC) and localized molecular orbital*
(LMO) models, have proven to be calculationally useful in several
recent studies which compared calculations with experimental
VCD spectra in the near-IR region® (» > 2000 cm™'). We have
recently analyzed these two models in detail with respect to their
ability to reproduce the C-H and C-D stretching VCD of
trans-1,2-dideuteriocyclobutane.® These results indicated that
both models gave qualitatively the same VCD but did differ in
the order of magnitude of the predicted VCD. However, the
AA/ A ratios calculated were about the same with each model.
The major factor that we found to be necessary in that work for
good agreement with experiment was the obtaining of a force field
which correctly reproduced the relative frequency spacings of the
overlapped modes. The various force fields we used did not
significantly alter the calculated rotational strengths of individual
stretching modes but did alter their interfering VCD overlap. Our
best results were obtained with a new force field derived from the
ab initio results of Banhegyi, Fogarasi, and Pulay’ (hereafter BFP)
by optimizing to best reproduce the frequencies of several isoto-
pomers.®

Cyclobutane has several advantages for such a comparative test
of theoretical models. Its small size, lack of heteroatoms, and
known geometry® combine to simplify calculational work. Fur-
thermore, the force fields that are now available, refined to fit
the isotopic variants,® provide a necessary ingredient for both
models.>* We have previously reviewed the successes and failures
of the FPC and LMO models.® In short, it is clear that the C-H
and C-D stretching modes of a pure hydrocarbon should provide
a best possible case for both. The presence of two conformers

" University of Illinois at Chicago.
'University of Missouri—St. Louis.

in trans-1,2-dideuteriocyclobutane (with deuteriums equatorial
or axial to the ring) additionally provides some cancellation of
coupled-oscillator-type effects that are thought to dominate VCD
of previously analyzed six-member ring systems.'® This coupling
will occur between all pairs of local oscillators'! and can give rise
to significant VCD when the transition dipole moments are large
and the modes involved are strongly coupled.'?
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