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At room temperature, methyl cyclohexanone exists in two dominant conformations in which the methyl group
is either axial or equatorial to the six membered ring in the chair conformation. In addition to the axial and
equatorial conformations, the ethyl cyclohexanones have several ethyl rotor positions. Both theoretical and
experimental information indicate that the barriers for axeduatorial and for the ethyl rotor interconversion

are on the order of 45 kcal/mol. According to the transition state theory (TST), such low barriers lead to
interconversion rates of ¥@ec™. Yet, it has been demonstrated that the room-temperature concentrations
are frozen out during the cooling in a pulsed supersonic expansion. This means that vibrational relaxation is
much more rapid than interconversion of the various conformations. The analysis of the results indicates that
the axial-equatorial or ethyl rotor interconversion rates must be at least 3 orders of magnitude less than
predicted by the TST. It is proposed that at the low energies associated with these reactions, most of the
vibrational oscillators are in their ground states in which the anharmonic coupling to other modes is minimal.
As a result, intramolecular vibrational redistribution (IVR) is insufficient to permit this reaction to proceed

at its statistically expected rate. It is also noted that the same reaction in solution phase appears to proceed
at the statistical rate which suggests that the participation of the solvent modes enhances IVR.

Introduction with hexafluorovinylcyclopropane to produce a bicyclic com-
pound. Evidently the coupling between the two rings was
insufficient to permit free energy flow in the time scale of the
reaction. Consequently, activation of one of the rings results in
the near exclusive ring opening of the activated ring rather than
an equal reaction in both rings. Other examples of nonstatistical

The transition state theory (TST) has been a remarkably robust
theory that can account for experimentally observed rate
constants of most chemical reactidrisindeed, efforts to find
reactions that violated the basic assumptions of this statistical
theory have yielded only a few examples. The basic assur’npt'cmreactions have involved the dissociation of loosely bound

in TST is that energy can freely flow among the vibrational 45 .
modes of the molecule, an assumption that presupposes anharg!mers.' i In m?lecules ZUCh a:ts the T(ZM'ICI’CH d;Lner, thz. ted
monic coupling among the various vibrational modes. One of ISsociation rates are orders of magnitude siower than predicte

the few examples of incomplete coupling among the modes in PY the Rice Ramsperger, Kassel, and Marcus (RRKM) théory.
a normal molecule was found by Rynbrandt and Rabino¥itch ~ Another class of reactions that has recently been suspected
in the chemically activated reaction in which methylene reacted Of reacting with nonstatistical rates is isomerization over low
barriers. The trans-cis isomerization of stilbene in the first
t Present address: Bayer Corporation Pharmaceutical Division, West €XCited electronic state has been shown to proceed with rates
Haven, CT 06516. that are slower than predicted by the RRKM the®bAccording
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van't Hoff Plot

4-ethylcyclohexanone
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Figure 1. The van't Hoff plot for the equilibria between axial and equatorial ethyl groups (solid circles) and two ethyl rotor positions in the
equatorial conformation for 4 ethylcyclohexanone (solid squares). The error bars are based on repeated measurements (at least three) of the spectra
Taken with permission frond. Chem. Phys1998 108 869.

to Leitner and Wolyneég who analyzed these data in terms of generally not determined what fraction of the higher energy
a local random matrix theory, incomplete IVR reduces the population remains in the supersonically cooled molecular beam,
isomerization rate. When this is taken into account, excellent the magnitude of the signal attributed to the higher energy
agreement between measured and calculated rates over the 3.gopulation is sufficient to conclude that in these syst&ghising
kcal/mol barrier was noted. McWhorter et’aised an infrared > kisom This paper will demonstrate that this inequality can be
microwave double resonance technique to investigate thecorrect only ifkisom iS much less than predicted by the RRKM
isomerization rate of 2-fluoroethanol in which the barrier to theory.
isomerization of CHF group is only 2.6 kcal/mol (930 cm). During the past few years, we have carried out a series of
The rates, determined from the spectral peak widths, were foundexperiments in which the temperature of the gas in the nozzle
to be 3 orders of magnitude slower than predicted by RRKM, prior to expansion was varied between room temperature and
a finding supported by calculations of Leitriér.Finally, 200 °C19-21 The sample consisted of axial and equatorial
Borchardt and Bauéthave shown by gas phase NMR studies jsomers of 3- and 4-methyl cyclohexanone and 4-ethylcyclo-
that the aziridine inversion is considerably slower than predicted hexanone. In the case of the 4-ethyl cyclohexanone, the ethyl
by the statistical theory. rotor could also reside in two unique rotor orientations. The
There are reasons to believe that these nonstatistical effeCtSpopu|ation of the various isomers was monitored by12
in the low barrier isomerization reactions of medium to large resonance enhanced multiphoton ionization (REMPI) spectros-
polyatomic molecules are not isolated instances. Spectroscopiccopy of the cold gas some 5 cm downstream from the nozzle.
studies of jet-cooled molecules that exist at room temperature with backing pressures in excess of 400 Torr Ar, no evidence
in two or more conformations have repeatedly shown that the of hot bands was noted, thus indicating an internal temperature
higher energy conformations freeze out in the course of the of less than 50 K. Raising the pulsed valve temperature has the
supersonic expansion. Among these systems are loosely boungffect of increasing the population of the higher energy isomer

van der Waals molecules such agON-HCN,'2 C;H,—HCN,* by an amount that depends on thel® of isomerization. This

and CQ—HCN.2 But the same holds for multiple conforma-  enthalpy difference can be determined from the slope of a van't
tions of normal molecules such as in ethoxybenZénk2- Hoff plot (log Keq vs 1M). In this paper, we analyze the
difluoroethané?> methyl-substituted cyclohexanones and tet- consequences of these results in terms of the rates of vibrational
rahydropyrand® and di- and tripeptide¥. Ruoff et all® cooling and the rate of isomerization.

suggested on the basis of empirical observations that if the

bgrrier to isomerization i§ greater than about 1 kcal/mpl, the The Experimental Results

higher energy conformation will be trapped. The trapping of

higher energy isomers by rapid vibrational cooling in the Figure 1 shows the previously reported van't Hoff plot for
supersonic expansion can only occur if the vibrational relaxation the axial-equatorial equilibrium as well as the ethyl rotor
rate,Keooling iS faster than the isomerization rakgem, from the equilibrium for 4-ethyl cyclohexanorf@This molecule has two
higher to the lower energy isomer. Although these studies have chair forms, the lower energy form being associated with an
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equatorial ethyl group. When the ring flips, this ethyl group is 7000 —
converted into the energetically less favorable axial orientation.
For each orientation of the ethyl group (equatorial or chair), 6000 —
the ethyl group can also rotate. Because of symmetry in the
4-ethyl cyclohexanone, each ethyl group orientation has just 5000 -
two distinct rotor minim&2 Three unique conformations are
observed in the REMPI spectra. These are the two rotor
conformations with the ethyl group in the equatorial orientation,
and just one rotor conformation with the ethyl group in the axial
orientation. The second rotor orientation is too sparsely popu-
lated to be observable. The van't Hoff plot in Figure 1 was
obtained by plotting the logarithm of the peak area ratios, In-
[AX/Eq] and In[Rotorl{/Rotor2d as a function ofT~% The

data were collected by scanning the laser through the two
absorption peaks at least three times at each temperature. The
error bars in the figure are based on these repeated measurements 0 L g
of the peak areas. The pulsed valve was allowed to equilibrate Eq

for at least 45 min before recording the spectra to ensure thatFigure 2. The schematic potential energy diagram for isomerization

the temperature, measured by a thermocouple attached to thg ayial and equatorial conformations as well as the ethyl group rotation
nozzle orifice, was constant. A complete data set required aboutin 4-ethyl-cyclohexanone. The thermal ro-vibrational energy distribution

16 h. This was repeated in order to establish reproducibility of at 300 and 400 K are also indicated in which the reaction coordinate
the results. Similar data have obtained for 3-methyl cyclohex- axis also serves as the population for the internal energy distribution.
anoné! 4-methyl cyclohexanon®,3-methyltetrahydropyraf?,
and 3-methylcyclopentanoié.

The van't Hoff plot associated with the axiadquatorial energy or
equilibrium in Figure 1 is linear up to the highest temperature enthalpy in kcal mott AS (cal/mol-K)?
investigated (ca 208C). The fact that this plot is linear indicates mol. mech. ab initi® expt 90 K 300 K 500 K
that the cooling of the two isomers is much faster than the rate

4-Ethyl cyclohexanone

4000 = 400 K

3000 —

Energy (cm'l)

2000 < 300K

1000 <

TABLE 1: Energetic and Entropic Parameters for
Isomerization Reactions in 4-Ethylcyclohexanone

of equilibration of the axial and equatorial conformations. In Zi(ﬁsﬁr%?é?rgsm) g‘g 2'8 gg :g'g :431'2 :g'g
the limit of very high temperature, the isomerization rate must ax.equatoriahHo ~ 1.84 21 22 ’ '
overtake the cooling rate because the former increases as expethyl rotorAH%x 1.0 1.1 11

(—1/T), while the latter, accor_dlng to the SSH theé"'ry,}creasgs aHartree-Fock calculations with a 6-31G* basis sef\net et al.
only as expt1/T¥3). When this happens, the two conformations (1973) based on cyclohexanoffe.Based on adjustment of the
will equilibrate during the cooling process in the molecular beam measured barrier in 2,2 dimethyl butane Wiberg and Murcko (19588).
expansion. This equilibration will continue during the expansion

until the cooling process finally freezes the conformations. This ) .
would result in a van't Hoff plot that levels off at high vibrational frequencies of the ground and transition states. These

temperature. This is not observed in the case of the axial Were determined for the ethyl rotor and the axiafuatorial
equatorial equilibrium. interconversion reactions by both molecular mechanics and
Hartree-Fock molecular orbital calculations. The calculated and

The van't Hoff plot associated with the ethyl rotor motion, - | val for th e d th
on the other hand, exhibits precisely the type of behavior experimental values for the transition state endrgyand the
’ AH?° of isomerization are shown in Table 1. Figure 2 defines

expected if the isomerization rates overtake the vibrational
- g ) these parameters.
cooling rates as the temperature is increased. The break in the The experimental value for the activation enerav of Anet et
plot at about 8C°C is the temperature at which the ethyl rotor 2 P gy ;
al?® is based on a low temperature NMR experiment with

rate becomes faster than the vibrational cooling rate. While it . . . i
. ) partially deuterated cyclohexanone in which the 4-position had
might be argued that the error in the data do not support a clear . . .
one H and one D atom. A direct experiment with methyl or

break.at 80(.:’ the main point is the flat van't HOff. plot at high ethyl cyclohexanone is difficult to perform because the rather
energies which shows that the ethyl rotor motion is clearly more large AH causes the higher energy axial group to be minimally

rapid than the vibrational cooling rate so that at the higher .
temperatures the higher ethyl rotor state equilibrates to the lowerpopulated ata temperature ©l84°C. On the c_>ther hand, the
o L AH for the partially deuterated sample with the D atom
energy form until it finally freezes out at some finite temper- i, : h . . L
positioned in an equatorial or axial orientation is nearly zero,

e o o 1o herehy popuiaing he o isomers equaly even a1 low
’ y temperatures. The rate of ring inversion was determined by

g:g?ig?] |rsatceon5|derably faster than the axiajuatorial equili- modeling the NMR low-temperature spectra. They found a rate
) of 130 s! at —184 °C (90 K). This rate constant can be

Figure 2 shows a potential energy diagram for axial  eypressed in terms of the transition state theory:
equatorial or the ethyl rotor interconversion (they have about

the same barrier height). It also shows the thermal ro-vibrational T T

energy distribution at 300 and 400 K for ethyl cyclohexanone. k(T) = k% e AT = k% &STRg AHRT (1)

This distribution extends well above the barrier. The finding

that the vibrational cooling in the molecular beam is faster than from which Anet determined that th&®G? is 4.1 kcal/mol. Our

the isomerization rate is thus surprising. own calculations of the entropy of activation determined from
Energetic Considerations.To calculate the rate of isomer-  the calculated vibrational frequencies of the ground and transi-

ization, we need to know the activation energy as well as the tion states yields ASF (90 K) of just 0.8 cal/mol-K. This results
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in an enthalpy of activation of 4.0 kcal/mol. Is such a value 101
applicable to methyl or ethyl cyclohexanone? A major difference
lies in the fact that the partially deuterated cyclohexanone has
a AH of zero because it is a symmetric process. The presence
of the methyl or ethyl group raises one of the wells by 2 kcal/
mol. This should have the effect of reducing the axial
equatorial barrier somewhat. On the other hand, the bulkier
methyl or ethyl group should raise the barrier. A value of 4
kcal/mol for the axiat-equatorial barrier thus seems reasonable
for methyl and ethyl cyclohexanone.

The ethyl rotor barrier in ethyl cyclohexanone has not been
determined experimentally. However, the barrier to ethyl rotation
in 2,2 dimethyl butane was investigated by variable temperature
NMR?” and found to be 5 kcal/mol. The 2,2-dimethylbutane
molecule is not the appropriate model for ethyl cyclohexanone
because it contains an extra methgiethyl group interaction.  rjq,re 3. The RRKM calculated rate constants for isomerization of
A better model would be 2-methyl butane. However, no data axial to equatorial groups in 3-methyl cyclohexanone and 4-ethyl
are available for it. According to Eliel et &8,the barrier in cyclohexanone with an assumed barrier of 1750%cm
2-methyl butane should be about 1.5 kcal/mol less than in 2,2,
dimethyl butane. Thus, an experimental value adjusted by
empirical corrections yields an ethyl group rotational barrier of
about 3.5 kcal/mol.

The Statistical (TST) and RRKM Isomerization Rate
Calculations. Table 1 shows that the activation energies, the
reaction enthalpies, and the entropies of activation are similar
for the ethyl rotor motion and the axtaéquatorial intercon-
version reactions of both methyl and ethyl cyclohexanones.
According to the transition state theory (TST) in eq 1, it can be
expected that their reaction rate constants will also be similar.
The high-pressure TST rates for axtaquatorial and ethyl rotor
isomerization using the data in Table 1 (4 kcal/mol for axial
equatorial interconversion and 3.6 kcal/mol for the ethyl rotor
barrier) suggest that the room temperature (298 K) rates for
both reactions should be about x710° sec’!. At 500 K, near
the upper range of the experimental results, the rates would be
2.7 x 1019 and 1.7x 10 sec! for the axial-equatorial and
ethyl rotor interconversions, respectively.

We can also calculate microcanonical rates as a function of
the internal energy using the RRKM equation
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Figure 4. The hard sphere collision rate of Ar gas expanded from a
nozzle with a stagnation pressure of 400 Torr. The collision rate

calculated using information provided by Miller (ref 32) is given in
terms of the nozzle diameter (0.5 mm) and the time in microseconds.

room temperature showed that in a molecule such as cyclopro-
pane, the energy transferred per collision is just 2t
Although we are not in a position to calculate the vibrational
energy transfer rate from ethyl cyclohexanone to the Ar bath
gas at temperatures below 298 K, we can determine an upper
limit, which is given by the collision frequency. In the pulsed
expansion of a gas, the collision frequency decreases from its
value at the stagnation pressure and temperature of 400 Torr
sufficient time to equilibrate the isomers. and 298< T < 450 K to nearly 0 at the end of the expansion
Vibrational Relaxation Rates. While simple theories are  when collisions effectively cease because the gas density is very
available for the determination of unimolecular reactions (TST low and the temperature has reached its limiting low value. Both
and RRKM), no simple theory has been developed for calculat- the gas density and the temperature can be calculated as a
ing the bimolecular vibrational relaxation rate of a polyatomic function of the distance from the nozzle orifice for the case of
molecule. On the other hand, considerable progress has beem rare gas expansion. Because our sample consists of 95% Ar
made in the experimental determination of energy transfer from and 5% sample, the density and temperature can be ap-
highly excited large moleculéd.In all cases, the results show proximated by use of the rare gas equati#he results of
that the amount of vibrational energy transferred per collision this calculation are shown in Figure 4 as a function of the nozzle
is relatively small. For instance, in the case of pyrazine excited diameter or time. This collision rate can be contrasted to the

in which N{(E—E,) is the sum of internal energy states from 0
to E—E,, E, is the activation energyh is Planck’s constant,
andp(E) is the density of internal energy states at an enétgy
The results of this calculation are shown in Figure 3. As will
be shown in the following section, cooling in the molecular
beam expansion requires aboutd, thus apparently providing

to 5 eV (40 000 cm?) of internal energy, Michaels et #lfound
that only 2.5% of the total energy (1000 cthwas transferred
to the colliding CQ molecules per collision. The fraction

RRKM calculated isomerization rates as a function of the energy
above the isomerization limit. It is evident that the statistical
theory rate constants are higher than the collision frequency at

transferred is expected to decrease as the internal energy of thd00-500 Torr pressure, which means that this reaction is
molecule is reduced. Sound velocity dispersion experiments atpredicted to be in the falloff region.
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Discussion with frequencies below 1500 crh If we take into account the

fact that the low frequencies have a higher energy content, then
the lowest four frequencies of 55, 75, 157, and 174oontain

an average energy of 175, 165, 131, and 125%cnespectively.

The energy content of the higher modes decreases progressively.
It is apparent that most of the oscillators are in their ground
states during the course of the reaction.

In recent years, evidence of such nonstatistical behavior in
low barrier isomerization reactions has been building. Borchardt
and Bauet have investigated the isomerization of aziridine by
gas-phase NMR spectroscopy. They found the rates to be much

A comparison of Figures 3 and 4 shows that the calculated
isomerization rates are orders of magnitude higher than the
collision rates. Because the collision rates are upper limits of
the vibrational cooling rates, the discrepancy between the
calculated isomerization rates and the vibrational cooling rates
would be even greater than those illustrated in Figures 3 and 4.
This is in sharp contrast to our experimental findings which
indicate that the isomerization rates should be smaller than the
vibrational cooling rates. If we take the average collision rate

in the firstus to be about 3« 10° sec’! and note th ing < X )

3 x 10 /;ecl the experimental results indic?ilt(gxﬂtla%t the slower tha_ln pre_dlcted by RRKM.‘ More re_centl_y, Leitner ar_1d

isomerization réte should be less thar 30° sec’. This means Wolyne_§ investigated the classm_trans-ms stilbene reaction
theoretically. They concluded that “in large molecules with low

that the TST overestimates the isomerization rate by at least 3. . . L -
orders of magnitude. isomerization barriers, few vibrational modes need be excited

. i - . at energies sufficient to allow reaction. Quantum effects on
Because the collision rates are firm upper limits to the coollng intramolecular energy flow are thus especially important.” They

rates, it must be the calculated isomerization rates that are in ) ; .
) . . were able to reproduce the experimental rates using their local
error. While an order of magnitude discrepancy could perhaps . . . e
. ) ) . "~ random matrix theory, which takes into account the limited IVR
be accommodated with appropriate adjustments of the activation.

energies and vibrational frequencies of the transition state, the'" these low energy reactions. The previously mentioned
9 . d L isomerization in 2-fluoroethanblis another example of a
2 to 3 orders of magnitude difference cannot be reconciled. We S
. . . L reaction inhibited by slow IVR.
thus reach the inescapable conclusion that the isomerization rates

for these molecules are orders of magnitude smaller than Of major interest is the fact that the reaction, which is
predicted by the RRKM (or TST) theory. nonstatistical in the gas phase, appears to become statistical in

k solution phase. The fact that Anet etéalvere able to use TST

to determine a barrier of 4 kcal/mol implies that the reaction is
near statistical in the condensed phase. That is, if the reaction
rate had been much slower than statistical, either the entropy

How reasonable is it that the statistical theory should brea
down for molecules as large as these cyclic ketones? The
statistical theory has been validated so often that its proposed

breakdown must be viewed with considerable caution. The . )

breakdown of TST does not appear to result from the low or the enthalpy of reaction un!d have qe"'?‘ted grgatly from

density of states. The density of states of vibrational states alonethe expected values. The statistical reaction in solufuon_evc_en at
low temperatures suggests that energy flow in solution is aided

in 3-ethylcyclohexanone at an energy of 5 kcal/mol is ap- by solvent-solute interactions. The numer llisions between
proximately 550 states/cth. When two degrees of rotations y SOlVent-solute Interactions. 1he numerous coliisions betwee
the solvent and the molecule not only maintain the reaction in

(B =1 cm?) are included, this jumps to over 16tates/cm?. ) . .
This can be compared to the vibrational density of states of the h|gh-pr0essqre I|m|t_, bl.“ they als_o aid l.VR' A recent st_udy
NO; or H,CO at their respective dissociation limits, which have by Leitnet? of Isomerization rates in various dens!ty_flylds
been determined to be 0.3 states/éf#3*and 400 states/cm,3 suggests that the rate is much closer to the TST limit in the
respectively. These molecules were cooled in a molecular beam|1'_qUId phase, but that even in that limit the rate is lower than
so that rotations play a far less important role than in our thermal STbya fa(_;tor of ?bOUt 3. )
sample. Yet, these small molecules decay with rates that are Thg ot_her interesting aspect of t_he rates is _that the ethy_l rotor
well accounted for by statistical theories. A recent theoretical "€action is much faster than the axi@quatorial interconversion
analysig’ of the NQ, dissociation on a three-dimensional global 'ate, even though they have nearly the same activation energies
potential energy surface of the ground state showed that the@nd entropies. In some way, IVR is not as important in the ethyl
internal modes are totally mixed near the dissociation limit so rotor motion as it is in the axialequatorial interconversion.
that IVR is complete in less than a picosecond, and the rate Let us consider now the empirical finding of Ruoff et'&l.
constants derived from this study (using the statistical adiabatic who noted that molecules with conformational barriers in excess
channel model® RRKM theory, and classical trajectory calcula- of 1 kcal/mol tend to freeze out the higher energy as well as
tions reactiony agree quite well with the measured rate the lower energy isomer during molecular beam expansions.
constants. We thus conclude that a high density of states is notThis is a rather remarkable finding. If we assume a moderately
the only nor perhaps even the key ingredient for statistical negative entropy of activation of6 cal/mol-K and a barrier
behavior. height of 1 kcal/mol, the TST rate constant at room temperature
We suggest here that the origin of the nonstatistical rate iS 6 x 102 sec’™. This rate is 3 orders of magnitude higher
constants is a result of two factors, namely the low activation than the collision rate of 6< 10° sec’ at one atmosphere
energy and the large number of vibrational modes. The essentialPressure at room temperature. We can conclude that all of these
feature required for the statistical theory is that the vibrational |ow barrier isomerization reactions proceed with rates that are
modes are coupled sufficiently to permit energy flow among orders of magnitude slower than predicted by TST.
them. Coupling of vibrational states increases with the energy  This analysis of the relative isomerization and collisional
because potential energy for a vibrational mode is most deactivation rates has been based solely on the initial rates during
harmonic at low energies and becomes increasingly anharmonicthe initial stage of expansion. A proper treatment of the whole
with increasing energy. In the case of pN@nd HCO, the process should be carried out with the aid of the master
vibrational energy per oscillator at the energy of the transition equatior?3%4°% which takes into account the forward and
state is 8400 and 4700 crh respectively. This can be compared backward isomerization steps as well as the collisional activation
to just 30 cni?! per oscillator for the case of ethyl cyclohex- and deactivation steps during the whole expansion (drop in gas
anone. This calculation assumes a barrier height of 1500 cm  density and temperature). Such a treatment was attempted, and
and an equal distribution of energy among the 48 oscillators the results confirmed the more qualitative conclusions drawn
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here. But, because of the many approximations necessary to fit (15) Felder, P.; Gunthard, Hs. &hem. Phys1982 71, 9-25.

the data, a firm quantitative basis for data analysis was lacking.

(16) Cornish, T. J.; Baer, T. Phys. Chem199Q 94, 2852-2857.
(17) Cable, J. R.; Tubergen, M. J.; Levy, D. Faraday Discuss. Chem.

As a result, this attempt at a master equation analysis is Notggc 1988 86, 143-152.

included in this paper.
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