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Conformational and Energetic Analysis of Saturated Organic Ring Compounds by 2+ 1
Resonance-Enhanced Multiphoton lonization Spectroscopy
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The UV transition to the 3s Rydberg state in a number of saturated cyclic compounds has yielded a wealth
of structural and energetic information. The HOM®3s spectra of pulsed molecular beam cooled samples

can be conveniently investigated byt21 resonance-enhanced multiphoton ionization (REMPI) using pulsed
laser light in the 366420 nm region. The transition origins for a variety of methyl- and ethyl-substituted
cyclohexanes, cyclohexanones, cyclopentanones, and tetrahyrdopyrans, as well as bicyclic compounds such
as decalone and various camphors, are highly sensitive to the location of alkyl substitution as well as the
orientation of the alkyl group (axial vs equatorial). In addition, the orientation of the ethyl rotor can be
determined from the spectra. This technigue is especially useful for investigating molecules in which several
equilibrating conformations make the analysis of room-temperature spectra difficult. By rapid cooling in the
molecular beam, higher energy conformers can be frozen out and investigated individually. By varying the
temperature of the nozzle, it is possible to alter the conformational equilibria and to determihi tlier

the various structures. These studies demonstrate that, in many cases, the concentrations of the various
conformations are cooled so rapidly that no equilibration of their populations is possible, even up°@. 150

This shows that vibrational relaxation in the molecular beam is much more rapid than the conformer
equilibration reaction.

Introduction contains information only about the average structure of all the
o ) conformations. This problem can be solved in some cases by

The determinations of molecular structures and energies arérgeqcing the sample temperature, thereby slowing the intercon-

two of the most important tasks in physical chemistry. The \arsion rates to the time scale of the experinféntHowever,

major goal of all diffraction techniques and a large portion of ihis is done at the expense of signal intensity for the higher

spectroscopic work involves the elucidation of molecular energy conformer.

structure. This task becomes particularly challenging when the Another approach involves rapid cooling of the room tem-

molecules reside in various conformations separated by oW o are mixture of molecular conformations in a molecular

interconversion barriers. Classic examples include the nearly beam. Itis no exaggeration to state that the cooling of molecules

planar five-membered saturated ring compounds such as SUb"m molecular beams has revolutionized visible and UV spec-

stituted cyclopentanes, cyclopentanones, and tetrahydrofuranstroscopy during the past 20 years. The combination of pulsed
At t_he_rmal energie_s, low-energy psel_Jdorota_tion barriers permit .y q1ecjar beams and pulsed lasers is particularly powerful
rapid interconversion among the various twisted structires. ._because this optimizes both the laser intensity and the sample
The UV spectrg of a.number of .these have been an'alyze'd Indensity without requiring large experimental chambers and
terms of two-dimensional potential energy surfaces in which vacuum pump&:1t The spectra of the cold samples are greatly
two interacting vibrational modes result in complex vibrational simplified by the elimination of hot bands. In addition, it is
stru.cture. ) . possible to trap higher energy conformations so that the various
Six-membered saturated cyclic compounds, which are moststryctures of a molecule can be investigated by high-resolution
stable in the chair conformation, reside in slightly deeper spectroscopy2-2° A number of investigators have pursued the
potential wells and are thus somewhat easier to investigate.stydy of structural isomers by this approach in which the signal
However, when groups such as ethyl and methoxy are substi-js monitored either by resonance-enhanced multiphoton ioniza-
tuted f0r hydrogen atoms on these I’iﬂgS, VariOUS rotor COI"IfOI’- t|0n (REMP') or by |aser_|nduced ﬂuorescence (L”:) In
mations are possible. These hindered rotor wells, which are particular, the orientation of substituents such as OH, ethyl, and
separated by low barriers, not only affect the molecular structure; ethoxy on the benzene ring have been studied by these
the accompanying low-frequency vibrations strongly influence methodsgl7.18.20.22,3632
the molecule’s heat capacity. We have investigated the structure of various configurational
A major difficulty in the investigation of rapidly intercon-  and conformational isomers of many saturated ring compounds
verting or fluxional molecules in liquids and gases is related to (cyclohexanes, cyclopentanones, cyclohexanones, tetrahydro-
the time scale of the interconversion process. |If the spectro- furans (THF), and tetrahydropyrans (THP)) for a number of
scopic technique is slow, such as NMR, then the spectrum years?829.33-45 These structures have the interesting feature that,
in the chair conformation of the six-membered ring, substituents
€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. can be arranged in either axial or equatorial orientations.
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Figure 1. The experimental REMPI setup.

Furthermore, the ring can invert to a second chair conformation, conformers is strongly influence by the solvent. Inthose cases,
thereby converting an axial to an equatorial substituent. A the heat of vaporization is very different for the two conforma-
similar situation arises in the saturated five-membered ring tions.
system, but because of its near-planar structure, the substituents In most saturated six-membered rings the equatorial is more
are pseudoaxial and pseudoequatdfial. stable than the axial orientation by—2 kcal/mol. The

A particularly interesting and information-rich optical transi- destabilization of the axial conformation in substituted cyclo-
tion is the n— 3s Rydberg excitation which can be conveniently hexane originates from the repulsion between the axial group
studied by 2+ 1 REMPI. The n— 3s transition is the first  and the two axial H atoms. If the substituent is a relatively
electronic transition for ethers and the second for ketones (thenonpolar CH group, the difference between gas- and solution-
first being n— r*). The analysis of these well-resolved spectra phaseAH is probably not large. However, when electron-
showed that methyl substitution at various locations and withdrawing groups such as Cl or polar groups such as §CH
orientations (axial vs equatorial) with respect to the functional are attached to cyclohexane, the axial/equatorial energy differ-
group results in predictable shifts of the transition origin. These ence varies by as much as 0.3 kcal/mol when a gEGlvent
single methyl group shifts, which were determined on the basis is replaced by the more polar CHRGlolvent?” These effects
more than 60 mono-, di-, and trimethyl-substituted cyclic are very interesting because they involve both an entropic and
ketones, ethers, and cyclohexanones range frd®0 to—750 an enthalpic interaction between the polar molecule and the
cm™1 per methyl grougd? solvent. The well-known anomeric effect, which refers to the

In addition to the correlation of the spectra to structural special attraction of electronegative groups in the 2-position with
details, our experiments have made it possible to determine therespect to the ether group in tetrahydropyrans (THP, a saturated
relative enthalpies of the various conformations in the gas phase.six-membered cyclic ether), is so strong that the axial orientation
This is of particular interest because the energetics of many becomes dominarit. Because the stability of these conforma-
conformations are not well-known. Most of the data are in the tions is influenced by solvent effects, the measurement of gas-
form of AG® values in the liquid phase. Because of the small phase energies will help shed light on the magnitude of this
entropy difference between conformations;° andAH°® values effect.
differ slightly. Liquid- and gas-phastH® values differ because In this paper we review what we have learned about these
of the different heats of vaporization of the two conformers. molecules from the analysis of our REMPI spectra. Included
This is summarized by the following thermochemical diagram in these studies are the effect of laser polarization, the effect of
which relates the enthalpy difference between conformers A various substituents on the transition origins, and the effect of
and B in the gas and liquid phases and their respective heats ofchanging the valve temperature prior to expansion.
vaporization.

Experimental Approach
A(gas) — B(gas)

AHygp T l AHygp

Alig) —= B(lig)

Figure 1 shows a diagram of the REMPI apparatus. A pulsed
valve provides a beam of sample that is skimmed prior to
reaching the ionization regior7 cm from the nozzle orifice.
The sample is seeded in Ar (typically-8% sample) at a total

Although differences inAHyap for conformers appear to be
relatively small (ca. 0.20.2 kcal/mol), there are a number of
molecules in which theAH® for the equilibrium between

pressure of about 600 Torr. Pulsed laser light from either an
excimer pumped or Nd:YAG pumped dye laser is used to excite
a two-photon transition to the 3s Rydberg state. In most of the
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. . . . . Figure 3. A plot of predicted and measured 8sn transition origins
molecules investigated, this state lies more than two-thirds of ¢’ eyl substituted cyclohexanes, cyclopentanones, cyclohexanones,
the way toward ionization so that a third photon of the same and tetrahydropyrans. The predicted origins are based on single methyl
color can ionize the molecule. Thus, the rate-determining step group shift parameters.
for ion production is the two-photon absorption, and the ion
signal obtained by scanning the laser is a two-photon absorption
spectrum of the r—~ 3s transition § — 3s transition for the

TABLE 1: Average Transition Origin Shifts (in cm ~2) for
Methyl Substitution in Cyclohexanones and Cyclopentanones

case of cyclohexane). The laser is focused by a 25 cm focal methyl group position
length lens at the center of the ionization region. The total 2 3 4
e_IeCtron signal is extracted by a_lpp_lyin_g a 10_0 Viem electric CHO equatorial orientation =522+ 15 +1244+ 15 +13+22
field across the two plates of the ionization region. A Stanford cHO axial orientation —5304+35 —446+21 —271+25
Research Systems (SRS) boxcar integrator is used to collectCPO equatorial orientation —308+ 35 +226+ 6

the signal mn a 3 nswindow. Typical laser powers used are CPO axial orientation —390+18 —65+71

1-3 mJ/pulse. The laser light is polarized by passing the can be assigned to a ring deformation mode. This long

incident beam through a series of Fresnel rhombs. Two Fresnel” " R S -
thombs back to back can be angle tuned to change the directionv'brat'onal progression indicates a significant ring geometry

of linear polarization. A third Fresnel rhomb converts the linear phan%e mﬁ.th.e Ttgs' ”"%”S"Lﬁ”- 356;03% a thltrdtlase_'lfhphot?r:l
polarization to elliptical or circular polarization. IS not sufficient 1o 1onize the 5s Rydberg state. us, the

transition origin can only be reached via a2 2 REMPI
transition, thus greatly complicating the spectral analysis. These
spectra have not been analyzed in detail.

Structural Studies of Saturated Ring Compounds by n The interesting aspect of the spectra in Figure 2 is seen in
— 3s Rydberg Spectroscopy.We have investigated the effect  the shifts of the transition origin to the blue. The two methyl
of methyl and to a lesser extent ethyl group substitution on five groups added at the 3- and 4-positions are both aligned in a
different ring systems and their derivatives. pseudoequatorial orientation. They are thus equivalent in the
position of substitution and their orientation. We note that the

Results and Discussion

't o spectral shifts from CPO to 3-MCPO and 3-MCPO to 3,4-
o o DMCPO are nearly equat; 248 cnt? for the first methyl group
O [ ] O and an additionat-218 cnt? for the second methyl group. The
analogous spectra for CPO, 2-MCPO, arehs2,5-DMCPO
cyclghl;[)gnone cyclocple,ganone tetra;ll;'l;llrl:rpyran telrah’;‘;—r[:;uran cycl(tilll-ixane exhibit red shifts of~-369 and—235 cnt. The shift add|t|V|ty

is not as good as in the 3-position, but still impressive. Similar
Except in the cases of THF and CH, the dominant peak in the additivities have been recorded for the other molecules inves-
3s Rydberg transition is the transition origin which shows that tigated. By collecting spectra for various mono-, di-, and
there is little geometry change between the molecule in the trimethyl compounds, and assuming that the addition of
ground and in the 3s Rydberg state. An example is given in equivalent methyl groups (e.g., axial methyl groups in positions
Figure 2 for the case of cyclopentanone (CPO) and two methyl- 3 and 5 in cyclohexanone) shifts the transition origins by
substituted cyclopentanones (3-MCPO amdns 3,4-DMC- constant amounts, we were able to derive by least-squares
PO)4° A strong transition origin is expected for the-n 3s analysis single methyl group shifts. Figure 3 shows the
transition since the HOMO has considerable nonbonding predicted and observed transition origin energies for over 60
character with major contributions from the oxygen lone pairs. methyl-substituted (from monomethyl to tetramethyl) cyclo-
Although it is not necessarily expected for cyclohexane becausehexane, cyclic ketones, and ethers. In the cyclohexanones and
the o0 — 3s transition weakens the-& o-bond, the transition cyclopentanones, methyl group substitution leads to the average
origin is nevertheless a strong peak for many of the methyl- shifts shown in Table 1. In the case of tetrahydropyrans, single
substituted cyclohexanék. The tetrahydrofuran spectra are methyl group shifts range from-746 cn! (2-axial methyl
complicated by two features. First, the transition origin is not group) to+411 cnt?! (4-equatorial methyl group).
the dominant peak. Instead, the spectrum is characterized by a n — 3s Transition Symmetries and Laser Polarization
long progression in a low-frequency vibration (90 ¢hwhich The effect of the incident light polarization on two-photon
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transitions provides some valuable clues about the assignmentyclohexanone. Because the molecules are in nonplanar chair confo-

of the optical transition. The polarization paramets, is
defined as the ratio of peak intensities under circular and linear
laser polarization. For rotating symmetric top molecules, the
value ofQ can be calculated with the following equatit®2

5M
1_2, oRo

Q 3 3MR,

@)

whereM; and R, are molecular and rotational factors, respec-
tively, in which the subscripts depend on the changes in the
rotational quantum numbenJ. Normally, My > M, and Ry

> R,. However, for electronic transitions between states of
different symmetryMo = 0 so thatQ = ¥, and is independent

mations, a number of atomic orbitals at each atom contribute to the
molecular orbitals. The size of the p and s atomic orbitals are
proportional to their weight in the molecular orbital.

symmetry plane. The HOMO for THP is thus dfsymmetry.

In the case of CHO, the carbornylbond lies in the symmetry
plane while the two lone pairs in the %pybrids lie on either
side of the symmetry plane. The HOMO for CHO is thus of
a' symmetry. In both molecules, the 3s Rydberg orbital has a
symmetry. Because the ground state of both molecules,is A
the n— 3s transitions are between And A states for THP
and between Aand A’ states for CHO.

It is apparent that the CHO and THP spectra under linear

of rotational quantum levels. The same ratio is expected for no|arization also differ in their peak widths, a difference that is
the O, P, R, and S branches in all transitions regardless of jgagily explained by the different transition symmetries. The
symmetry. The Q branch, however, for transitions between THp transition origin peak under linear polarization is composed

states of the same symmetry, in whibty = 0 andRy = 0,
deviates from the®, value. The resulting value of the
polarization ratio isQ < 3/,.

Figure 4 compares ther 3s spectra of cyclohexanone and
tetrahydropyran under linear and circular polarization of the laser
light. In CHO,Q =3/, while in THP,Q < 0.1. This suggests
that the transition in CHO is between different symmetry states,
thereby yielding aMo = 0 and ar2 = 3/,, while the transition
in THP is between states of the same symmetry. In both the

ketone and the ether ring system, the oxygen lone pair orbitals

are part of the highest occupied molecular orbital (HOMO).

However, as our ab initio calculations show, this orbital is not
localized exclusively at the oxygen atom. Figure 5 shows the
contribution of some of the atomic orbitals to the HOMO and

the LUMO and LUMO+ 1 of THP and CHO, respectively. It

is evident that the HOMO is spread over the whole molecule,
drawing significant contributions from the carbon p-orbitals, the
sizes of which in the figure are approximately proportional to

their contribution. The composition of the 3s Rydberg state,
i.e., the LUMO virtual orbital in THP and the LUM&- 1 orbital

in CHO, also receives contributions from all the carbon atoms
in the ring, but in this case the contributing atomic orbital is

primarily the 3s orbital. Because of the chair structure, the only
symmetry element in THP and CHO is a mirror plane, thus
placing these molecules in ti@ symmetry group which yields

A' and A’ states. It is easy to see how the HOMO symmetries
of the two molecules differ if we consider the hybridized lone

pair orbitals. In the case of THP, the oxygen atom hybridization
is sp so that the two lone pair orbitals lie in the perpendicular

predominantly of Q branctiJ = 0) transitions. This branch
can be excited by linearly polarized light which contains a
mixture of right and left polarized lightAJ = +1). On the
other hand, the much smaller THP peak obtained with circular
polarized light AJ = +1 orJ = —1) is composed mostly of S
(AJ = +2) and O AJ = —2) branches. The Q branch cannot
be excited by two photons with the same angular momentum.

It is interesting to determine whether these symmetry rules
which are derived for small and symmetric molecules hold for
the molecules under study here. Does methyl substitution far
from the nominal &0 chromophore affect th@ value? The
answer seems to be inconsistent. For instance, the symmetric
4-MCHO, cis-3,5-DMCHO, andcis-2,6-DMCHO all haveQ
= 1.5, while the unsymmetritrans-3,5-DMCHO has a2 =
0.903* However, the chiral 3-MCHO anttans-3,4-DMCHO
have anQ = 1.5 rather than an expecte@ of 1.0 for
nonsymmetric molecules. In the case of the tetrahydropyrans,
the situation is even more confusing. For instance, while the
symmetric THP, 4-MTHP, and the unsymmetric 2,4-DMTHP
have Q ~ 0.08 as expected for symmetric molecules, the
symmetriccis-3,5-DMTHP has arf2 = 0.683% The origin of
these unexpecte® values is not understood.

The atomic orbital contributions in Figure 5 show that, for
both CHO and THP, the greatest contribution to the 3s wave
function comes from the ring carbons and not from the oxygen
atom. This may partially explain why these-n3s transitions
are particularly sensitive to the position and orientation of the
substituents. Methyl groups would perturb the 3s state of the
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The molecular beam has frozen out the axial methyl group conformer. Figure 9. The 2+ 1 REMPI spectrum of 4-ethylcyclohexanone. The
various ethyl rotor orientations are indicated.

carbon atom to which it is bonded, which in turn alters the
energy of the 3s molecular Rydberg state. 3-MCHO peak is only 5% of the equatorial 3-MCHO peak,
Cooling and Trapping of Conformations in a Molecular thereby reflecting the much lower population of this conformer
Beam. So far, we have considered only the spectra of inthe molecular beam. The spectra of nearly all of the methyl-
configurational isomers, such eis- andtrans-3,4-DMCHO (see substituted cyclohexanones and tetrahydropyrans show peaks
Figure 6). These are different molecules and can thus beassignable to multiple conformers. The only exception is the
physically separated. However, it is also possible to trap rapidly 2-MCHO in which only the more stable equatorial conformation
interconverting conformations by cooling them in the molecular is evident. A similar absence of higher energy conformations
beam. Therans3,4-DMCHO molecule is most stable when was noted for the methyl-substituted cyclopentanones.
both methyl groups are in their equatorial orientation. The  Ethyl Group Rotors in Ethyl Cyclohexanones and Ethyl
alternate conformation with both methyl groups oriented axially Cyclopentanones. The substitution of an ethyl group adds
is much too unstable to be observed in the spectrum. However,additional degrees of freedom, namely the ethyl group rotation.
consider now thecis-3,4-DMCHO molecule (also shown in  There are six ethyl rotor conformations. Figure 8 shows a
Figure 6) which can exist in either the 3-axial-4-equatorial or molecular mechanics diagram of the three stable rotamers with
3-equatorial-4-axial conformation. The energies of the two the ethyl group equatorial and three with the ethyl group axial
conformers are nearly equal which is reflected in the similar for 4-ECHO. A plane of symmetry in this molecule dictates
peak intensities. What about their expected transition origins? that two of the three rotamers are degenerate. The rotamers
According to Table 1, the 3-axial-4-equatorial conformation has are distinguished by their dihedral angle with the ring. So
a predicted shift, relative to unsubstituted CHO;-af46 + 13 equatorial 60/180 are degenerate, and equatorial 300 is the
= —433 cn1?, while the 3-equatorial-4-axial conformation has rotamer with the ethyl group in the symmetric ring plane. A
a predicted shift of-124— 271= —147 cntl. Experimentally, chair—chair flip results in the axial conformer where the axial
we find them to have shifts 0f~396 and —177 cnt?, 180/300 are degenerate rotamers. The>r3s spectrum of
respectively. Thus, these two conformational isomers can be4-ECHO in Figure 9 now shows three peaks which can be
easily distinguished by their transition origins. Similarly, any identified on the basis of their intensities and their posifion.
of the monomethyl compounds can exist in either the axial or As in the case of the 3-MCHO in Figure 7, the axial conformer
equatorial conformation. Figure 7 shows the spectrum of is significantly red-shifted. Thus, the small peak at 50 490%cm
3-MCHO in which the red-shifted axial conformer shows up at is readily identified with the degenerate axial conformer that is
50 297 cnt?, which is close to the predicted origin of 50 271 significantly populated at room temperature. The large peak
cmL. Unlike the two nearly equal energsis-3,4-DMCHO at 50 650 cm? can be identified with the most stable equatorial
conformers which appear with nearly equal intensity, the axial rotamer (the degenerate rotor orientation). Finally, the small
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Figure 10. The van't Hoff plot for the 3-methylcyclohexanone axial
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peak to the red of the large one is the correct intensity to be
identified with the equatorial 300 rotor position in which the
ethyl group is in the molecule’s symmetry plane. The peak to
the blue which is identified as a vibrationally excited state of
the equatorial 60/180 rotamer was identified by analogy with
the 4-MCHO and also its intensity variation when the valve
temperature was increased (next section). The peak intensitie
have been guantitatively identified by their intensities for 2-,
3-, and 4-ECHO and 2- and 3-ECE®.Under the assumption

that these conformations are frozen out in the molecular beam
at their 298 K populations (the sudden freeze assumption), their

population in the molecular beam can be calculated by using h . -
o and 3,5-dimethylcyclohexanones were catalytically equilibrated,

energies based on either molecular mechanics or ab initio M
(with corrections for zero-point energies) methods. This ap-
proach worked extremely well for all the molecules investigated,
which lends strong support for the sudden freeze assumption
Temperature-Dependent Spectra of Cyclic Ketones and

Heats of Isomerization. In the spectral analysis of the axial

and equatorial methyl conformations as well as in the ethyl rotor
conformations, it was suggested that spectral peak areas coul
be related to the populations of the various conformers. Two

assumptions are implied in this comparison. First, we assume

that the ratios of the origin peak intensities for the various
conformations are identical to the ratio of the integrated peak
intensity of the entire electronic band. Second, it is assume
that the REMPI signals are directly related to the absorption

cross section. Because the REMPI signal depends upon theftrization, MM
lifetime of the intermediate 3s Rydberg state, and because this

J. Phys. Chem. A, Vol. 101, No. 48, 1998975

TABLE 2: Calculated and Measured Axial/Equatorial
Enthalpy Differences (kcal/mol) of Four Substituted
Cyclohexanones

cis-3,4-
3-MCHO 4-MCHO DMCH

gas-phase REMPI1.55+ 0.12 2.1+ 0.20 0.33+0.10 0.43+ 0.06
(this work)

cis-2-
decalone

epimerization 1.30P1.3¢

GLC
NMR 1.1d 11519 050 0.23h—0.12
MM2 1.4 1.67 0.22 0.26
MM3 1.57 1.87 0.20 0.28
HF/6-31G* 1.77 2.21 0.37 0.40
G2(MP2) 1.03 1.43
B3LYP/6-31G* 1.658 2.00 0.34 0.33

aReference 43" Reference 85¢ Reference 53¢ Reference 86.
e Reference 86. Reference 879 Reference 88" Reference 60.Ref-
erence 62! Courtesy of N. L. Allinger. (The PC version of MM3is
not yet available.)

The fact that the van’t Hoff plot shows no curvature at high
temperatures suggests that it is correct. If the axial/equatorial
equilibrium had time to adjust, then one would expect a leveling
off in the van't Hoff plot at high temperatures. This is not
evident. Second, any cooling of the equilibrium concentrations
would tend to reduce the slope. Since our slope yields a value

Jor AH® which is higher than other experiments (see Table 2),

all the indications are that the sudden freeze assumption is
justified in this case.

The measured\H* for the axial/equatorial equilibrium for
3-MCHO is the first reliable direct measurement of this quantity.
Previous studies relied on epimerization methods in which 2,5-

and the ratios of cis and trans isomers were measured by gas
liquid chromatography® The assumption in this approach was
that the second methyl group has no effect on the methyl group
in the 3-position. These studies yieldadH° values of 1.30
and 1.36 kcal/mol, respectively. Other studies based on

ultrasound relaxation methods gave rather scattered values from

-6 to 2.8 kcal/moP*55 It is important to point out that our

values refer to the gas-phase equilibrium, whereas all other
measurements were done in solution.

It is interesting that our measured values are consistently
higher than those calculated by the MM2 progr&min the

d case of the 4-methylcyclohexanone, the difference is more than

0.4 kcal/mol. The more recent molecular mechanics param-
3%7-59 does considerably better but still appears
a bit low for 4-MCHO.

state can be depleted by nonradiative processes such as internal OUr efforts to calculate the enthalpy difference by ab initio

conversion or dissociation, it is not obvious that the REMPI

signals for different conformations can be related to concentra-
tions. For these reasons, it was desirable to carry out experi-
ments in which the pulsed valve temperature was varied so tha

the AH between axial and equatorial conformations could be
determined through the van't Hoff equation.

K(Ty) _

"k

)

_AH1
R

The advantage of this approach is that the derikélddepends
only on theratio of equilibrium constants so that factors other

MO methods yielded mixed results as shown in Tabté Phe
Hartree-Fock method (HF/6-31G*) is in good agreement with
the experiment. It is noteworthy that inclusion of correlation

{[HF/6-31G*/MP2 or G2(MP2)] made the agreement worse. In

addition, we have found that density functional methods,
especially with the Lee, Yang, Parr functional, provide accurate
AH values at a fraction of the computer time necessary to do
the G2(MP2) calculation. The G2 calculation for 3-methylcy-
clohexanone required between 30 and 40 h of CRAY time per
conformation compared to less than 10 h for the density
functional theory calculation.

Decalone is an interesting bicyclic ketone in which a
cyclohexanone ring is fused to a cyclohexane ring. When the

than concentration that determine spectral intensities for the axialcyclohexane ring is connected at the 3- and 4-positions of the

and equatorial conformations will cancel.

The results for the 3-MCHO are shown in Figure 10 in which
the temperature was varied from 30 to 18043 The slope
yields an enthalpy of 1.5% 0.12 kcal/mol. One of the critical

cyclohexanone, and they are connected in a cis configuration,
the decalone is a basic unit of all steroids. Figure 11 shows
the spectrum ofcis-2-decalone. The trans configuration is

diequatorial, and thus only a single peak conformation is evident.

questions is whether the sudden freeze assumption is correctHowever, the cis configuration can be either 3eg/4ax (the
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. . Figure 12. The van’t Hoff plot for two equilibria of 4-ethylcyclohex-
Figure 11. The 2+ 1 REMPI spectrum otis-2-decalone. The two  3n0ne. On the left is the axiaquatorial equilibrium and on the right
large peaks correspond to two different conformations. is the ethyl rotor equilibrium.

steroidal form) or 3ax/4eq (the nonsteroidal form). The larger Schematic Potential Energy Diagram
of the two peaks in the spectrum is due to the nonsteroidal 3ax/
4eq conformation. This is as expected since according to Table
2, theAH® for the axiat-equatorial equilibrium in 3-MCHO is
less than in 4-MCHO. This is due to the well-known 3-alkyl
ketone effect in which the ketone group stabilizes the axial
methyl group in the 3-positioff

A variable temperature study ofs-2-decalone between 323
and 473 K produced a linear van't Hoff plot, the slope of which
yielded aAH® of 0.43 + 0.06 kcal/mol, which is somewhat
larger than that obtained for the related 3,4-dimethyl-CHO
equilibrium (see Table 2). We do not know yet whether this is
because the cyclohexane ring prohibits the 3ax/4eq conformer NS
from minimizing its energy or whether it is simply the larger ~Figure 13. A model of the potential energy surface for the axial
alkyl group in the decalone relative to the DMCHO that equatorial equilibration obtained by molecular mechanics.
destabilizes this conformation. Investigation of the 3,4 diethyl-
CHO may provide the answer.

There are three reports of experimental conformatio@fl's
for 2-decaloné%62 Two independent experiments were per-
formed using low-temperature NMR, and th&°’s are 0.23
kcal mol! at 186 K and 0.21 kcal mot at 203 K. The only

Equatorial

kcooling

ization and collisional vibrational relaxation rates is shown
schematically in Figure 13.

The trapping of isomeric forms in supersonic expansions has
been noted by numerous workés?’ Ruoff et all® have
suggested a criterion for the observation of higher energy

i ture literat I btained using lanthanid isomers which is that isomers separated by barriers in excess
room-temperature fiterature value was obtain€d using 'anthanide-,¢ 1 1 ca1/mol should freeze out. However, this criterion, based

induceql shift reagents, LIS(NMR.)' From this study it was on experiments with several sets of van der Waals dimer
determined that the 3eq/4ax steroidal form was the more Stableisomers, is severely limited. It does not take into account the
conformer by 0.12 kcal mot at 298 K. This contradicts bo_th_ . dynamics of vibrational relaxation or the nature of the isomer-
the Iow-temperature results and our REMPI result.. Our ab !nItIO ization reaction.
MO calcullatlo.ns of the two Qecalone cqnformaﬂons provided The break in the van't Hoff plot for the ethyl rotor may
a set of vibrational frequencies from which we could calculate provide us with a means for investigating the cooling of
ans :._0'05 cal/(mol K) at 298 K. Thus, thAG andAH . molecules in molecular beams. It may be possible to use a
values differ by only 0.015 kcal/mol at room temperature. This 5\0jated rotamer equilibration rate from transition-state theory
difference is not enough to explain the discrepancy between, model the collisional vibrational relaxation rate as a function
our REMPIAH value and the low-temperature NMAG value. of the distance from the nozzle orifice. Translational temper-
The Ethyl Rotor Equilibration. ~ As the spectrum in Figure  atures and gas density variations in nozzle expansions of samples
9 illustrates, the molecular beam freezes out two equatorial highly diluted in rare gases are fairly well establistiéds The
conformations of the ethyl rotor in 4-ECHO as well as one axial missing element for a full understanding is the collisional
conformatior?® An axial/equatorial flip converts the axial vibrational relaxation rates, especially at low temperatures.
conformation into the most stable rotor orientation of the Although, dramatic advances have been made in our under-
equatorial conformation. It is thus possible to generate a van't standing of vibrational energy-transfer processes in large
Hoff plot for both equilibria. These are shown in Figure®2.  molecule$’ 73 these studies have been devoted primarily to
As in 3- and 4-MCHO, the van't Hoff plot for the axial highly excited species. They have yielded collisional energy
equatorial equilibrium for the 4-ethyl CHO is linear up to the transfer probability functionP(E,E’), which is the probability
highest temperatures investigated. However, the van't Hoff plot (per collision event) of energy transfer frol to E. It has
for the ethyl rotor equilibration within the equatorial conforma- been found that as long as the general form of BE,E')
tion is linear only up to 8CC. Above this temperature, the function is correct, minor details are not important. A com-
isomerization reaction apparently is more rapid than vibrational monly used form is the exponential down transition, which
relaxation. The competition between the unimolecular isomer- describes the process by a single parameter, e.g., the average
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energy transfer per collisioff,which is a function of the total successful in understanding the origin of this remarkable
energy. The upward transitions are related to the down sensitivity. We have found that the REMPI shifts are related
transitions by detailed balance. The energy transfer probability to C-13 carbonyl shiff§4° and that these shifts are perhaps
or AE decreases with total energy. related to ground-state van der Waals interactf8n¥. But so

At the present timeP(E,E') functions are not known for  far a global understanding of the shift origins has been elusive.
polyatomic molecules at low temperatures. However, it should

be possible to generate a one- or two-parantefe/e’) function Acknowledgment. We thank N. L. Allinger and Kuo-Hsiang
which can be used along with the calculated unimolecular Chen of the University of Georgia for providing us with MM3
isomerization rates in a solution of the master equaticf calculations. We also thank the National Science Foundation
which in its integral form is given by for support of this work.
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