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Figure 2. ¥K NMR spectra of polycrystalline K*(15crown5),-K~ at 180
K. (Top) Static spectrum; (middle) static, 'H decoupled spectrum;
(bottom) MAS spectrum with 'H decoupling. All spectra were obtained
with 3200 acquisitions and have 60-Hz exponential broadening.

Table I. K MAS-NMR Chemical Shifts and Line Widths of
Polycrystalline Potassides and Simple Potassium Salts

compound 4, ppm from K*(aq)® Avy )y, Hz
KCl ¥46.7 (5) 28
KBr +54.5 (5) 20
K*(15crown5), K- -105 (1) 70
Rb*(15crowns), K2 -105 (2) 120
Cs*(15crown5),: K- -105 (5) 220
KRb(18crown6)? no signal
Cs*(18crown6),:K~ -115 (10) 150

¢Uncertainty of the last digit given in parentheses. ?Probably con-
tain both K~ and Rb~ as indicated by rubidium XANES.?

chemical shift (-105 ppm, within experimental error) is the same
as that calculated for gaseous K=, The line widths increase with
cation size in M*(15-crown-5),-K~, suggesting stronger cation—
anion interactions.

Possibly the absence of a signal for KRb(18-crown-6) results
from strong Rb*—K" interactions. The presence of K~ in samples
of this composition is suggested from rubidium X ANES studies?
that show the presence of both Rb*(18-crown-6) and Rb~.

The K NMR studies of K~ both in solution and in potasside
crystals show that K- is a “genuine” anion with two electrons in
the 4s orbital that shield the 3p electrons from appreciable in-
teraction with the surroundings. Thus, K-, as Na~, shows no
chemical shift from the gaseous anion. Previous studies show,
however, that Rb™ and Cs™ are shifted paramagnetically from the
corresponding gaseous anion.*!5!* This could be caused by less
effective shielding of p and/or d electrons by the outer s electrons
or by an admixture of p or d character with the ground-state s
wave function.

Acknowledgment. This work was supported by NSF Grants
DMR 79-21979 and DMR 84-14154. We thank Z. Li and O.
Fussa for providing some of the samples and K. M. Johnson for
technical assistance.

Note Added in Proof. K~ was recently observed by *K NMR
in solutions of KCs/12-crown-4 in tetrahydrofuran.?*
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Considerable insight into the kinetics and thermodynamics of
chemical processes in solution can be provided by direct study of
analogous processes in the gas phase. In this way, factors intrinsic
to the molecular species involved can be separated from contri-
butions of the solvent, which can markedly alter (or even reverse)
trends observed in the gas phase. The vast majority of such
comparisons made thus far involve organic systems,’? but we
recently have begun to investigate reactions at metal centers for
which direct solution/gas-phase comparisons should be possible.
In this report, the kinetics of self-exchange electron-transfer re-
actions for four metallocenes are considered, and evidence for the
observation of intrinsic kinetic barriers is presented.

The contribution of the solvent to activation barriers for electron
transfer is known to be significant®1° and is often the dominant
term for reactions of charged complexes. The total free energy
of activation is given theoretically by AG*, = AG*;, + AG*;
+ w,, where w, is the work required to bring the reactants together
forming the precursor complex, AG*, is the inner barrier presented
by the necessary internal reorganization of the reactants, and
AG*,, is the outer barrier due to reorganization of the solvent >+8°
For self-exchange reactions of the metallocenes (1) where one

ke
M(C;sHs); + *M(CsHs),t — M(CsHy),* + *M(CsHs), (1)

reactant is uncharged, the term w, is negligible. We have initiated
studies of gas-phase electron-transfer reactions involving metal
centers to provide data necessary to evaluate AG*;, directly and,
in principle, allow more detailed evaluation of results for solution
studies.

The self-exchange reactions of metallocenes are well suited for
these initial studies, as they can be examined in solution by a
variety of techniques such as NMR,'"'2 EPR,!3 isotopic tracers,'*
electrochemistry,'>1¢ and pseudo-self-exchange.!”!® By far the
best characterized is ferrocene/ferrocenium,'®? for which a

(1) E.g., proton transfer; (a) Farneth, W. E.; Brauman, J. . J. Am. Chem.
Soc. 1976, 98, 7891, (b) Kebarle, P. Annu. Rev. Phys. Chem. 1977, 28, 445.
(c) Jasinski, J. M.; Brauman, J. 1. J. Am. Chem. Soc. 1980, 102, 2906. (d)
Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 247.

(2) E.g., nucleophilic displacements: (a) Olmstead, W. N.; Brauman, J.
1. J. Am. Chem. Soc. 1977, 99, 4219. (b) Pellerite, M. J.; Brauman, J. I. J.
Am, Chem. Soc. 1980, 102, 5993. (c) Pellerite, M. J.; Brauman, J. |,; En-
dicott, J., Ed.; ACS Symp. Ser. 1982, No. 198, 81-95. (d) Caldwell, G,;
Magnera, T. F.; Kebarle, P. J. Am. Chem. Soc. 1984, 106, 959.
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(4) Hush, N. S. Trans. Faraday Soc. 1961, 57, 557.
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(12) Yang, E. S.; Chan, M.-S.; Wahl, A. C. J. Phys. Chem. 1980, 84,

094

(13) Li, T.-T. L.; Weaver, M. J.; Brubaker, C. H. J. Am. Chem. Soc. 1982,
104, 2381.

(14) Stranks, D. R. Discuss. Faraday Soc. 1960, 29, 73.

(15) Weaver, M. I.; Gennett, T. Chem. Phys. Lett. 1985, 113, 213.

(16) Gennett, T.; Milner, D. F.; Weaver, M. J. J. Phys. Chem. 1985, 89,
2787.

(17) Pladziewicz, J. R.; Espenson, J. H. J. Phys. Chem. 1971, 75, 3381.

(18) Pladziewicz, J. R.; Espenson, J. H. J. Am. Chem. Soc. 1973, 95, 56.

(19) Haaland, A. Acc. Chem. Res. 1979, 12, 415.

0002-7863/85/1507-6130801.50/0 © 1985 American Chemical Society



J. Am. Chem. Soc. 1985, 107, 6131-6133 6131

Table I. Results for Gas-Phase Self-Exchange Reactions of Metallocenes

reactants ro» A¢ re, A? AE;* /¢ kecal/mol kS kf efficiency”
MnCp,2/* 2,040 1.80° 8.7 1.05 x 107 6.3 X 10712 0.006
FeCp,O/* 1.666° 1.706° 0.34 1.05 X 107 1.3 X 10710 0.12
CoCp,* 1.733% 1.6224 2.5 1.04 X 10°° 3.7 X 10710 0.36
RuCp,2'* 1.827¢ 9.0 x 10710 1.2 x 10710 0.13

4Estimated distances from metal to center of Cp in neutrals (r,) and ions (ry). °Reference 19. ¢Estimated from chromocene structure.!’
4Estimated from distances in [(CsHs)(CsH,COOH)Co]PF; (Riley, P. E.; Davis, R. E. J. Organomet. Chem. 1978, 152, 1978). ©Estimated using
AER* = fuf L(AP2] (fy + £1),872* where f; and f, are the estimated M—Cp force constants!® and Ar = ry - r,. /Langevin collision frequency (cm?
molecules™! s71).2* The polarizability of ferrocene was used in all cases. #From eq 2 in text (cm? molecules™ s7!). Rates determined at ~375 K.
hEfficiency = kopsa/kr. ‘Haaland, A.; Nilson, J. E. Acta Chem. Scand. 1968, 22, 2653.

self-exchange rate, (1), of ~6 X 10¢ M~! s has been determined
by NMR (in CD,0OD at 298 K)!!? and pseudo-self-exchange
methods.!'® We have studied the gas-phase self-exchange rates
for ferrocene, ruthenocene, cobaltocene, and manganocene with
their corresponding cations using Fourier transform ion cyclotron
resonance mass spectrometry. By use of the double resonance
technique, one or more isotopes of the parent ion are ejected from
the cell thereby leaving isotopically “enriched” cations to react
with the neutrals present in their natural isotopic abundancies.
Related ICR studies of metallocenes have been reported,?! but
the self-exchange processes were not investigated.

The ratios of the parent ion peaks were established for various
reaction times and second-order rate constants were derived from
eq 2, where ag and ay are the fractional natural abundancies of

R, - (ag'/ay)
In T = —ketPt (2)

the ejected and nonejected isotopes, respectively (a, = 1 — ay’),
R, is the value of a’/a detected at time ¢ after ejection, and P is
the total pressure of reactants during the reaction,??

Results for the four metallocenes are summarized in Table I
along with theoretically estimated values of the inner reorgani-
zation barrier AE*;, and the Langevin collision rate k. In three
of the ion—neutral reactions studied here, the estimated efficiencies
are somewhat lower than the maximum 0.5, but the manganoc-
ene—manganocenium reaction is substantially slower than the
others.

A useful qualitative picture for the appropriate gas-phase po-
tential energy surface for these reactions would be similar to the
double-well potential used extensively by Brauman and others to
interpret gas-phase nucleophilic displacement reactions? and proton
transfers.!®¢ The central barrier would derive from AE*,, and
the potential minima result from stabilizing ion—molecule inter-
actions.?*

It is possible that the much lower efficiency of the MnCp,*/?
self-exchange results from the relatively higher reorganizational
barrier (AE*;,) for changing the M-C bond lengths in the neu-
tral-ion interconversion (Table I). The dimensions of the neutral
metallocenes are known from gas-phase electron-diffraction
studies,'® and manganocene has unusually long M-C bonds due
to its high-spin d* electronic configuration. Unfortunately, no
crystal structure or spectroscopic data for the manganocenium
ion is available, but the predicted ground state is a low-spin d*
electronic configuration.?

Another possible reason for the low efficiency of the Mn(Cp),*/°
self-exchange is the nature of spin multiplicities in the reactants.
The direct exchange between the A ground state of manganocene

(20) Extensive references for individual metallocenes can be found in
“Comprehensive Organometallic Chemistry”; Wilkinson, G., Stone, F. G. A,
Abel, E. W., Eds.; Pergamon Press: Oxford, 1982.

(21) (a) Corderman, R. R.; Beauchamp, J. L. Inorg. Chem. 1976, 15, 665.
(b) Foster, M. S.; Beauchamp, J. L. J. Am. Chem. Soc. 1975, 97, 4814.

(22) Equation 2 was derived for reversible first-order processes, and the
use of ratios corrects for the decay of the ion population at longer reaction
times.

(23) Gioumousis, G.; Stevenson, D. P. J. Chem. Phys. 1958, 29, 294,

(24) (a) Richardson, D. E., in preparation. (b) Drzaic, P. S.; Brauman,
J. 1. J. Am. Chem. Soc. 1982, 104, 13.

(25) Clack, D. W. Theor. Chim. Acta 1974, 35, 157.

and the predicted °E or A ground state?>? of the manganocenium
ion is forbidden. The coupling of these states must rely on
spin—orbit mixing with higher lying states, as described for the
[Co(NH;)¢]**/?* exchange reaction®’” and spin-equilibrium pro-
cesses.”® At this point, the contribution of nonadiabaticity to the
Mn(Cp),*/° reaction cannot be assessed because of the absence
of spectroscopic data for the reactants.

The present results are consistent with a relatively small barrier
for ferrocene, cobaltocene, and ruthenocene self-exchange due to
molecular reorganization and the predominance of AG*,; in their
solution self-exchange kinetics.!>'¢ For example, the rate for
FeCp,*/% is a factor of 210 faster in the absence of solvent. On
the other hand, a significant contribution from AG*, in analogous
manganocene reactions is expected. We are exploring other
gas-phase redox reactions to define the proper theoretical basis
for quantifying the values of AE*,,.
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Ever since the formulation of the radical pair theory of CIDNP?
it has been accepted that in radical pairs and certain biradicals
different nuclear spin states may exhibit different reaction kinetics.
However, direct measurements of the kinetics describing popu-
lation differences of individual nuclear sublevels have never been
reported, presumably because nuclear states are hard to resolve
optically and NMR measurements are considered too slow to give
the necessary temporal resolution. In this paper we wish to report
the first such measurement employing our time-resolved CIDNP
technique.?
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