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Unusual kinetics of gas-phase proton transfer to Mn(CO), and
Re(CO);*

by AMY E. STEVENS MILLER,t THOMAS M. MILLER, G. K. REKHA_§
MELANI MENENDEZ-BARRETO,Y JEFFREY F. FRIEDMAN.
and JOHN F. PAULSON

Phillips Laboratory, Geophysics Directorate, Ionospheric Modification Branch
(GP1D), 29 Randolph Road, Hanscom Air Force Base, Massachusetts, 01731-5000,
USA and Department of Chemistry and Biochemistry, University of Oklahoma,
Norman, Oklahoma 73019, USA

Rate constants for gas-phase proton transfer to Mn(CO),", Re(CO),” and CI-
from reference acids and metal hydrides are determined. Proton-transfer efficiencies
to Mn(CO),~ are small, and less than the efficiencies for proton transfer to Cl~;
proton-transfer efficiencies to Re(CO),™ are larger than those for Mn(CO),", but
still generally less than for transfer to Cl™. Proton-transfer efficiencies to Mn(CO),~
and Re(CO),™ are substantially more dependent on the nature of the proton donor
(e.g. metal hydride versus oxy-acid). The thermoneutral proton transfer between
Mn(CO),” and *CO-labelled HMn(CQ), is particularly inefficient, occurring only
in about 1 in 100 collisions. The results are discussed in view of evidence for a short
lifetime of the collision complex, and the effects of electronic and structural
reorganization of Mn(CO),” and Re(CO),", including loss of fluxionality of the
metal species, which occur on protonation.

1. Introduction

We report here the kinetics of gas-phase proton transfer to the 18-electron anions
Mn(CO),~ and Re(CO),~, which show that proton transfer to these ions is inefficient,
even when highly exergonic (free energy decrease nearly 20 kcal mol™*). This is in
contrast to proton transfer reactions for a great many gas-phase ion/molecule
reactions, which are typically 50% efficient if thermoneutral, and become 100 %
efficient if even slightly (4 kcal mol!) exergonic [1]. Our studies were prompted by the
thermodynamic and kinetic measurements of proton-transfer involving metal hydrides
in solution by Norton and co-workers [2], and also by Protasiewicz and Theopold [3].
These studies showed that rates of deprotonation of acidic transition metal hydrides,
including HMn(CO), and HRe(CO),, by nitrogen and oxygen bases in solution are
slow. Rates of protonation of the conjugate anions are generally slower, and rates of
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self-exchange between a hydride and its conjugate anion even more so. Some early
work on HMn(CO);, HCo(CO), and H,Fe(CO), showed indications that these trends
were also evident in the gas phase, but were complicated by difficulties in handling the
compounds, and the lack of reference acids with comparable acidities to the carbonyl
hydrides [4]. This present gas-phase study has been made possible by recent
determinations of quantitative acidities for strong acids [5-9], including our
determination of the gas-phase acidities of HMn(CO), and HRe(CO), [10, 11].

The majority of the gas-phase acidities have been determined by equilibrium
methods, and there is little available on the kinetics of gas-phase proton transfer
involving anionic species, although a few exceptions exist [7, 8, 10-19]. We therefore
needed to establish some basis for comparison of the kinetics of reactions of Mn(CO), -
and Re(CO);~ to be able to conclude whether they were ‘normal’, or showed
exceptional behaviour. Proton-transfer efficiencies for reactions of Mn(CO),~ and
Re(CO),™ can be compared to those of Cl~, which was chosen as a reference anion
since it is a closed-shell, monatomic anion for which the proton-transfer reactions are
all highly exergonic. Variations in the rate constants for proton transfer to Cl~ might
be expected to reflect the rate-determining factors intrinsic to the reference acid. This
does not necessarily mean that the rate determined for Cl~ is collisional—for example,
the reaction rate constant with HI corresponds to an efficiency of only 0-55 [12].

2. Experimental section

The proton-transfer reactions were studied using a flowing afterglow/Langmuir
probe (FALP) [20], which has been described in earlier publications. The FALP
apparatus has a high resolution mass spectrometer, necessary to resolve the
isotopically labelled HMn(CO),, and to distinguish Mn(CO),~ and Re(CO),~ from
species of quite similar masses (e.g. Mn,(CO),” and ReMn(CO),", respectively). The
helium buffer gas for these experiments was held at a pressure of 0-30—1-30 Torr (no
variation with pressure was observed) and at 300 (+3) K.

The complex ReMn(CO),, was introduced by passing argon or helium through the
powdered solid sample held in a glass bubbler located after the flow meter, and used
to make Mn(CO),~ and Re(CO);” [21]. Mn,(CO),, could also be used to make
Mn(CO),". ClI~ was formed from CH,Cl or CF,Cl.

The reactant neutral concentration is determined from the flow rate measured with
a heat-transfer type flow meter, calibrated for N,. A conversion factor for other gases
depends on the heat capacity of the flowing gas. The conversion factors for the metal
hydrides were found to be 0-20 +0-03, as given elsewhere [10]. Flow meter calibration
factors for the neutral acids were determined by known heat capacities for HBr and HI
[22] or estimated heat capacities for CHF,CO,H, CF,C(O)CH,C(O)CH,, CF,CO,H,
CF,C(O)SH and CF,C(O)CHC(OH)CF, [23].

Error limits for the rate constants are typically 35 %. This is somewhat larger than
typical for this instrumentation, as they reflect errors in the flow meter calibrations,
possibilities of impurities in the neutral reactants, and difficulties in handling the low
vapour pressure, often quite ‘sticky’ reagents. Relative rate constants between each of
the different anions compared to the same neutral reactant are typically accurate to
10%.

HMn(CO);, HRe(CO);, HMn(PF,),, HCo(PF,), and ReMn(CO),, were syn-
thesized by slight modifications [10] of literature procedures [24-27]. **CO-labelled
HMn(CO), was synthesized by thermal and photochemical substitution of **CO for
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CO, by transferring 3 g of HMn(CO);, into a 1-litre pyrex bulb (equipped with a cold
finger and closed with an FETFE-o-ring-sealed Teflon stopcock) and adding ~ 1-2
atmospheres of **CO. The liquid metal complex was protected from light and stirred
vigorously to promote mixing with the volatized complex. The reaction flask was
placed in a sunny window for 4 weeks, and then the metal complex separated from the
CO by cooling the sample in dry ice/acetone and removing the CO by vacuum
transfer. The bulb was again filled by ~ 1-2 atmospheres of **CO, and reacted for 8
weeks, and again separated from the CO. Each of the metal hydrides was dried
thoroughly over P,O;, and purified by vacuum transfer. The metal hydrides were
cooled to dry ice/acetone temperature and degassed immediately prior to use. HI was
purified by trap-to-trap distillation immediately prior to use. The HI initially acts only
to displace residues on the inlet systems, thus we had to flow HI until no impurity ion
products showed in the mass spectrum, and the observed rate of reaction was
reasonably constant in successive data sets. All other reagents were purchased from
commercial sources and used as supplied, except for degassing at liquid nitrogen
temperature.

3. Results

Rate constants, k,,,,, for reaction of Mn(CO),~, Re(CO),~ and CI~ are given in
table 1. A few of the rate constants have been reported by us elsewhere [10, 11 (@)]. Also
given in table 1 are the rate constants for reaction of Cl~ with HBr and HI reported by
Zwier et al. [12]. Our rate constant for reaction with HBr was consistently higher
(although within the error limits of each determination). The rate constant we
measured for reaction of CI~ with the HI, even with attempts to purify the HI, was still
about a factor of 5 below that reported by Zweir er al.; we normalized our rate
constants for reaction of Mn(CO),~ and Re(CO),~ by this factor.

All reactions of Mn(CO),~, Re(CO),™ or CI~ with the 11 acids of table 1 proceed
solely by proton transfer to give the conjugate anion of the reference acid.

The gas-phase acidities, AG®,,,, of the acids [5, 6, 9, 10, 22] are given in table 2.
The gas-phase acidity of *CO-labelled HMn(CO), is assumed to be equal that of
unlabelled HMn(CO),, since the *CO labelling will have minimal effect on the CO
vibrational frequencies, and further, the acidity is affected only by the change in those
frequencies with deprotonation. The AH°,,, of each of the acids studied are also given
in table 2 for reference purposes. It is emphasized that in all cases except those for HCI,
HBr and HI, the AS°, ., are estimated, and the AH’,,, given in table 2 have
substantially larger error limits than the AG°,.,. This is particularly true for the
pentanediones, CF,C(O)CH,C(O)CH, and CF,C(O)CH,C(O)CF,, and the metal
hydrides. In all cases here, exergonic reactions are exothermic, and endergonic
reactions endothermic, that is, there is no evidence that the entropy change for the
proton-transfer reaction plays a direct role in the kinetics (as has been observed for
some reactions [18]). In part because of the disparity in the types of proton donors, and
therefore large errors in relative AH®,,,, only the gas-phase acidities, AG®,,,, are
considered in comparing the rate constants to the available thermodynamic driving
forces.

Collisional rate constants for the reactions, k,,,, were calculated using the
paramatrized trajectory method of Su and Chesnavich [28]; the polarizabilities and
dipole moments used for the reactant acids are summarized in table 2 [29-35].
Reaction efficiencies, k., ,,/k.., Were calculated and are given in table 1 for each
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Figure 1. Efficiency of proton transfer to Mn(CO),™, Re(CO),™ and CI- as a function of the
free energy of the proton donor, AG®, .. The exergonicity increases to the left; the point
of thermoneutral proton transfer is indicated with an arrow for Mn(CO),~ and Re(CO),".

reaction. The reaction efficiencies for proton transfer to Mn(CO),, Re(CO),~ and ClI~
are shown for each reaction in figure 1, as a function of AG®,_,, of the reactant acid.

The most dramatic data point is the extremely low efficiency, only 0-0085, for the
thermoneutral proton transfer between Mn(CO),~ and HMn(**CO),—proton transfer
takes place on less than 1 in every 100 collisions. Extremely small efficiencies for
reaction of Mn(CO);” and HBr and CF,CO,H are due to the positive free energy
change for the proton transfer. Reaction rate constants were not determined for
reaction with HCl, CHF,CO,H or CF,C(O)CH,C(O)CH,, since they all have
significantly positive AG°, .o wransters and the rate constants are too small to be
measurable on this apparatus (k < 1072 cm?® molecule ! s71). Efficiencies for reaction
of Mn(CO);~ with the remaining five acids, for which the proton transfer is exergonic,
are all less than 100 %, and are all smaller than for reaction of CI™. The least exergonic
proton transfer (reaction with CF,C(O)SH) is among the most efficient, and the
efficiencies (or efficiency ratios) show no regular trend as a function of increasing
exergonicity.

Proton transfer to Re(CO),™ has a small positive AG®, .o sranster fOT T€acCtion with
HCl, and is nearly thermoneutral in reaction with CHF,CO,H; all other reactions are
exergonic. Reaction efficiencies are again low; for reaction of Re(CO),~ with HBr and
CF,C(O)CH,C(O)CF, the efficiencies are, however, comparable to those for reaction
of CI'. For all cases where both the proton transfer to Re(CO),” and Mn(CO),~ are
exergonic, the efficiency for reaction of Re(CO); is larger than those for reaction of
Mn(CO),".

Proton transfer to Cl~ is generally more efficient than to Mn(CO), ™~ or to Re(CO);,".
The variation of the efficiencies with the type of proton donor is much less than for the
metal anions—only a factor of ~ 2, compared to a factor of ~ 500 for Mn(CO),~ and
a factor of ~ 5 for Re(CO);".
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4. Discussion

For inefficient reactions, reaction efficiency often increases with increasing
exergonicity of the proton-transfer process [17]. This effect is observed, for example,
in the reaction of CH,0~ with the series of alcohols CH,OH, CH,CH,OH,
(CH,),COH and CF,CH,OH [17]. Previous gas-phase studies of proton-transfer rates
involving transition metals have been reported only for the positive-ion systems
Fe(CO),/Fe(CO),H* {36] and Cp,Fe/Cp,FeH* [37, 38], both of which undergo
protonation/deprotonation at rates less than collisional. Efficiencies for proton
transfer to ferrocene show a very strong dependence on the type of proton donor [37].
If the reaction efficiencies are compared only for a homologous series of donors then
a regular increase in proton-transfer efficiency with increasing exergonicity of the
proton transfer is observed. For proton transfer to Cp,Fe one such homologous series
is ring-protonated aromatics (e.g. protonated benzene, anisole, hexamethylbenzene)
and another is oxygen-protonated donors (protonated acetone and acetophenone);
the oxygen-protonated donors have faster rates for the same exergonicity as the ring-
protonated donors. Proton-transfer kinetics were investigated only for the reaction of
Fe(CO),H* with mesitylene [36].

In the reactions of Mn(CO),” and Re(CO),~, the entire set of proton donors clearly
do not constitute a set of homologous donors. Based on their similar chemical
structures, one might expect that CF,C(O)CH,C(O)CF, and CF,C(O)CH,C(O)CH,
are homologous donors, and indeed, the reaction efficiency for the Re(CO),™ reaction
with CF,C(O)CH,C(O)CF, (the more exergonic reaction) is greater than that for
CF,C(O)CH,C(O)CH,. However, reaction of Re(CO),” with HBr has a greater
efficiency than with HI. There are too few proton donors with greater acidities than
HMn(CO), to make similar comparisons. Surprising to us was the fact that the three
hydrides HMn(CO),, HMn(PF,), and HCo(PF,), do not constitute a homologous
series (as defined by the increase in efficiency with increasing exergonicity of the proton
transfer). Reaction of Mn(CO),~ shows comparable, extremely small efficiencies
for reaction with HMn(CO), and with HMn(PF;),—despite AG® ,qon transter OF DEATLY
— 14 kcal mol™ for the latter. Reaction of Mn(CO),~ with HCo(PF,), is over an order
of magnitude more efficient (for AG®,,oon transter Of — 18 kcal mol™) such that we do
not consider this evidence of an increase in efficiency due solely to the increasing
exergonicity. Similar effects are seen for reaction with Re(CO),™; efficiencies for
reaction with HMn(CO), and HMn(PF,), are comparable, and the efficiency for
reaction with HCo(PF,), is larger.

Reaction of Cl~ shows exactly the opposite behaviour with increasing exergonicity:
the efficiency for reaction with CF,C(O)CH,C(O)CF, is smaller than that for reaction
with CF,C(O)CH,C(O)CH,, that for CF,CO,H is smaller than that for CHF,CO,H,
and that for HI is smaller than that for HBr. The efficiencies for reaction with the metal
hydrides are in the order HMn(CO), > HCo(PF,),—again the opposite of the
behaviour shown by Mn(CO),” and Re(CO),".

Cl™ has been suggested to react with the hydrogen halides by a ¢ direct’ mechanism,
with a single-well potential in the collision complex. This view is supported by studies
on the vibrational distribution of the resulting HCI product [12]. It appears from the
data here that the decreasing reaction efficiencies with increasing exergonicity of the
proton transfer are also an indication of the direct proton-transfer mechanism.

Dodd et al. [17] interpret an increasing efficiency with increasing exergonicity to be
an indication of a double-well potential in the collision complex, in which the barrier
to the proton transfer lies below the energy of the separated products or reactants. For
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the metal systems of interest here, the complete lack of information on the potential
surfaces for proton transfer to Mn(CO),~ or Re(CO),” precludes comparison to
detailed dynamical models [39-41].

We can, however, provide a qualitative understanding of the efficiencies based on
a double-well potential. The proton-transfer efficiency for the double-well potential
can be related to the lifetime of the collision complex and to the time for the proton to
‘jump’ (transfer within the collision complex), such that the proton can transfer prior
to dissociation of the complex [41, 42]. Evidence that the lifetime of the collision
complex is quite short comes from the fact that we have not observed any association
reactions of Mn(CO);~ or Re(CO),~ (or of HMn(CO),, HRe(CO),, or any of the other
metal hydrides we have studied) under our experimental conditions [10, 43]. This is in
contrast to the behaviour of other strong polyatomic acids (or their conjugate bases),
for which association reactions at rates approaching collisional are ubiquitous when
proton transfer is thermoneutral or endothermic[7, 8, 10]. The apparent short lifetime
is undoubtedly related to the inability of the metal anion to hydrogen bond. Other
indirect evidence for this comes from the finding that metal anions in solution do not
contact ion-pair, and there is, at best, slight evidence that cationic proton donors may
undergo limited hydrogen bonding to them [2]. Metal hydrides themselves do not have
the ability to hydrogen bond, and all evidence indicates the hydrogen is negatively
polarized [44]. We suspect this double jeopardy combination of metal anion and metal
hydride lack of hydrogen bonding ability is the primary cause of the particularly low
proton-transfer rates between them, especially evident in the Mn(CO),"/HMn(CO),
self-exchange reaction. This has also been suggested as the reason behind the very siow
kinetics of the self-exchange reactions in solution [2, 3].

Two effects are likely to act to decrease the rate of proton transfer within the
collision complex. First, the geometry change from a trigonal bipyramidal (D,,)
Mn(CO),™ {45] to pseudo-octahedral (C,,) HMn(CO), [46], accompanied by a change
in electronic configuration from d® to d®¢® with loss of charge delocalization, has been
suggested by us [10, 11] and others [2] to slow the proton-transfer rates. Second,
Mn(CO)," is a highly fluxional molecule; it undergoes Berry pseudorotation, in which
the axial and equatorial ligands readily exchange sites at room temperature.
Calculations [47] indicate an effective activation enthalpy for the fluxional process to
be ~ 1 kcal mol™" (similar to Fe(CO)j [48]). Since HMn(CO); is not fluxional [49], the
fluxionality must be lost in the collision complex, resulting in a decrease in the entropy,
therefore an increase in the free energy of the transition state which would slow the
proton transfer. Similar considerations for the electronic effects would hold for
Re(CO),~ and HRe(CO),, although there is no reason to expect them to be
quantitatively the same. There are no data on the fluxionality of Re(CO),"; limited
data on other systems suggest a higher activation enthalpy for the exchange process
[50], but this would probably still make Re(CO),~ fluxional at room temperature.

Effects peculiar to each of the reference acids must be causing the variations in the
efficiencies seen in figure 1. These effects probably include differences in steric
congestion, or slight differences in hydrogen-bonding ability of the proton donors. For
example, sulphur-containing reactants have been observed to give rapid rates and/or
differing reactivity patterns in their reactions with transition metal species, both in the
gas phase [36, 51]and in solution [52]. SH™ has also been found to be a slower reactant
than other bases in proton abstraction reactions, attributed to the poorer ability of
sulphur to form hydrogen bonds (as compared to oxygen and nitrogen bases) [14].
CF,C(O)CH,C(O)CH, and CF,C(O)CH,C(O)CF, adopt enol forms in the gas phase,
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in which the enol hydrogen hydrogen bonds to the keto oxygen, forming a six-member
ring [53]. This structure may prevent the Mn(CO),”~ and Re(CO),™ from abstracting
the proton as efficiently (although this is not the case for Cl7). Such issues are at this
point pure speculation. Since HRe(CO); is the least acidic of all the metal hydrides
studied to date, we have a limited number of reference acids with which to react the
metal anions, and consequently limited ability to correlate the trends with known
properties of the acids.
5. Conclusions

The efficiencies of gas-phase proton transfer to Mn(CO),” and Re(CO),” are
generally small, and smaller than the efficiencies for proton transfer to Cl™. Proton-
transfer efficiencies to Mn(CO),™ and Re(CO), are substantially more dependent on
the nature of the proton donor (e.g. metal hydride versus oxy-acid). The thermoneutral
transfer between Mn(CO),” and '*CO-labelled HMn(CO), is particularly inefficient,
occurring only in about 1 in 100 collisions. These observations parallel those observed
for these and other metal anions in solution, and indicate the slow kinetics of proton
transfer are intrinsic to the anion/proton donor interaction.

The proton-transfer kinetics are most consistent with qualitative expectations for
a double-well potential for the ion/molecule collision complex, in which the collision
complex has short lifetime. The exact nature of the barrier to proton transfer within
the collision complex cannot be determined. We suggest that the barrier is due to an
energy barrier, the result of electronic and structural reorganization of the trigonal-
bipyramidal anions on forming the octahedral hydride, and an entropy barrier, the
result of the loss of fluxionality of the anions which occurs on protonation. The
combination of these effects, particularly the inability to form a long-lived hydrogen
bonded collision complex, is suggested to cause the extremely low efficiency for the
thermoneutral proton transfer between Mn(CO),~ and *C-labelled HMn(CO),.
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