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on each of the separate host chromophores, so that, using eq 37,
58, and 59, we have

R(z) = -2/P)R(4y) /(& - &) (70)

R(xp) = +Q2/P)R(4y) /(&2 - &) (71)

where R(A,) is the exciton CD of the A, transition of the host
system. Thus a z-polarized guest transition will have an ICD of
sign opposite to that of the z-polarized host system transition, and
an xy-polarized guest transition will similarly have a sign opposite
to that of the CD of the host E, transition. This is exactly opposite
to the conclusion of the earlier paper, which stands corrected by
eq 70 and 71 above.

If the polarizations of the guest transitions are known from an
independent experiment (e.g., polarization studies in normal ab-
sorption), then the ICD may be used as a stereochemical probe,
in that the absolute configuration may then be determined by the
sign of the host exciton CD band corresponding to the A, tran-
sition. Similar conclusions are possible for saturated chelate
systems, when the host parameter may be approximated by #(0).
In this case, the host parameter is best determined parametrically
for a complex in which all the other quantities are known, and
then transferred to applications to other metal complexes with
the same chelate systems.

Conclusions

Sign correlations or sector rules have enjoyed a wide populatiry
in relating CD spectra to stereochemical factors. Many sector
rules are empirically based, but suffer from an inability to predict
when they will fail. The sign correlations developed in this paper
in terms of a well-defined model will fail only when the well-
defined restrictions or assumptions of the model are not relevant
to the system under consideration. This failure immediately
becomes a positive aspect of our approach, as it can be directly
interpreted in terms of physical characteristics of the interacting
systems and the intercalation process. It is not sufficient that a
theoretical model predict a set of sector rules or sign correlations;
it is crucial that it also (i) yield a quantitative description of the
CD intensities observed experimentally, and (ii) be capable or
predicting why and when the sign correlations or sector rules will
fail.
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Abstract: The conformational properties of the copper(I) trifluoromethanesulfonate (CuOTf) complexes of (E)- and (Z)-
cycloheptene and -cyclooctene have been studied by **C NMR. Both cis-cyclooctene:CuOTf and trans-cycloheptene-CuOTS
show dynamic NMR behavior in the temperature range studied (30 to —=117 °C) and yield values of AG*;; = 7.8 kcal/mol
and AG*,4 = 9.5 keal/mol, respectively. The DNMR behavior of the cis- and trans-cyclooctene complexes as well as that
of the cis-cycloheptene complex is very similar to that of the corresponding free olefins. It is now proposed that the seven
nonequivalent 13C NMR signals observed at low temperature for the trans-cycloheptene complex are due to an unsymmetrical
chair conformation of the trans-cycloheptene ligand and that the dynamic process observed at higher temperatures involves
a pseudorotation of the cycloheptene ring little affected by the complexed copper ion. Both molecular mechanics (MOLBD)
and semiempirical quantum mechanical calculations (MNDO) on the free olefin find the unsymmetrical chair form to be
an energy minimum and yield values for the free energy of activation which are in good agreement with the value experimentally

determined for the complex.

Introduction

Conformational processes in cyclic hydrocarbons have been
extensively investigated with both experimental and theoretical
techniques. Dynamic !3C and 'H NMR (DNMR) are probably
the most widely used analytical methods and are capable of giving
reliable activation parameters for the process under study, provided
sufficient care is taken in the treatment of the spectral data.?
Total line-shape analysis is the method of choice for evaluating
such data and can be applied to systems ranging from simple
two-site exchange through complex multispin systems.?

Computationally, cyclic hydrocarbons have been most throughly
studied using molecular mechanics (force field) calculations, which
enable one to determine stable ground-state structures and map
potential surfaces in a routine manner.* Semiempirical quantum
mechanical methods have also been applied to the conformational
analysis of cycloalkenes.® complementing, rather than competing
with, the aforementioned calculations.

For some time we have been interested in the structural
characteristics of molecules possessing strained double bonds.¢
trans-Cyclooctene is the smallest trans-cycloalkene which has been

(1) (a) Department of Chemistry. (b) Department of Chemical Engi-
neering.

(2) (a) Jackman, L. M., Cotton, F. A., Eds.; “Dynamic Nuclear Magnetic
Resonance Spectroscopy”; Academic Press: New York, 1975. (b) Mann, B.
E. In “Comprehensive Organometallic Chemistry”; Wilkinson, G., Stone, F.
G. A, Abel, E. W., Eds.; Pergamon: London, 1982; Vol. 3, Chapter 20, p
89.

(3) Binsch, G.; Kessler, H. Angew. Chem., Int. Ed. Engl. 1980, 19, 411.
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(4) (a) Ermer, O. Struct. Bonding (Berlin) 1976, 27, 161, (b) Ermer, O.
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(c) Burkert, U,; Allinger, N. L., Eds. “Molecular Mechanics”; American
Chemical Society: Washington, DC, 1982; American Chemical Society
Monograph 177.
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trans-Cycloheptene-Copper(1) Triflate Complex

Table I, Chemical Shifts tor Frec and Complexed Cycloalkenes

13Ca
g lHa
compound olefinic aliphatic olefinic
High-Temperature Limit
1 cis-cycloheptenc? 133.0 27.8,29.8, 33.7 5.8
2 ¢-C,H,,-CuOTf* 109.0 30.0,31.4,324 5.6
3t-C,H,,-CuOTf® 102.0 25.6, 30.0,32.0 4.6
4 cis-cyclooctene® 131.0 25.5,26.2,29.2 5.2
5 ¢-C¢H,,-CuOT(* 106.4 26.8,27.2,30.4 5.6
6 trans-cyclooctenc? 134.8 35.7,29.2 5.5
7 t-C,H,,-CuOTf® 106.0 28.2,35.2,35.8 4.9
8 (tC,H,,),CuOTI® 1236 29.1,35.2,35.8 5.4
Low-Temperature Limit
3 t—C7H,2-CuOTTf’d 96.8, 23.6, 34.0, 24 .4,
99.6 30.8,31.2
5 ¢-CyH,,-CuOT™¢ 101.4, 24.2,24.6,26.8

103.6  28.4,28.6,30.2

@ In ppm, downficld from Me _Si. ® Acctone<d, solvent. € Di-
ethyl ether solvent. ¢ Chemical shifts reported at 179 K.
¢ Chemical shifts reported at 156 K.

isolated and has been the subject of many investigations over the
past 30 years.” trans-Cycloheptene has presumably been gen-
erated both thermally® and photochemically®!® and trapped. To
date, however, it has not been isolated or characterized spectro-
scopically (conjugated derivatives of trans-cycloheptene such as
1-phenyl-trans-cycloheptene and trans-2-cycloheptenone have been
observed!!),

Recently, a stable copper(I) trifluoromethanesulfonate (triflate)
complex of trans-cycloheptene has been prepared by irradiation
of the copper(I) triflate complex of cis-cycloheptene.!? The
present paper reports DNMR studies of the cycloheptene and
cyclooctene complexes of copper(I) triflate. We also report
calculations of the conformational properties of the free trans-
cycloheptene and relate them to the observed characteristics of
the complexed olefin.

Results

Copper(I) trifluoromethanesulfonate (CuOTf) complexes of
stable cycloalkenes are readily prepared by reacting the olefin with
the cuprous triflate-benzene complex.!’® The 1:1 complexes of
cis-cycloheptene (¢-C;H,,) and cis-cyclooctene (¢-CgH,,), as well
as the tris(zrans-cyclooctene) complex (t-CgH,4);*CuOTf, were
prepared using this method. The cuprous triflate complexes of
trans-cycloheptene (¢-C,H,,CuOTTf) and trans-cyclooctene (t-
CsH,4CuOTf) were prepared by irradiating a solution of the
corresponding cis isomer.!? t-CgH,,CuOTf can also be prepared
in the same manner as the (¢-CgH,,);-CuOTf complex.!*

DNMR. Table I lists the !*C and 'H chemical shifts for the
five CuOTf complexes as well as the known NMR parameters
for the free olefins. Note the large upfield shift for both the olefinic
carbons and olefinic protons upon complexation. The origin of
this shift has been discussed.!?®

Even below —-80 °C three of the complexes, ¢-C;H,,»CuOT{,
t-CgH ,+CuOTf, and (2-CgH,4);»CuOTTf, show only small changes
in their '*C chemical shifts. On the other hand, both ¢-C,H,,
CuOTf and ¢-CgH,,CuOTSf show dynamic behavior with the
appearance of new signals as the temperature is lowered.

(7) Greenberg, A.; Liebman, J. F. In “Strained Organic Molecules”, Ac-
ademic Press: New York, 1978; p 112.

(8) Corey, E. J; Carey, F. A; Winter, R. A. E. J. Am. Chem. Soc. 1965,
87, 934.

(9) Inoue, Y.; Takamuku, S.; Sakurai, H. J. Chem. Soc., Perkin Trans 2,
1977, 1635.

(10) Inoue, Y.; Ueoka, T.; Kuroda, T.; Hakushi, T. J. Chem. Soc., Chem.
Commun. 1981, 1031.

(11) (a) Bonneau, R.; Joussot-Dubien, J.; Yarwood, J.; Pereyre, J. Tet-
rahedron Lett. 1977, 235. (b) Corey, E. J.; Tada, M.; LaMahieu, R.; Libit,
L. J. Am. Chem. Soc. 19658, 87, 2051. Eaton, P. E.; Lin, K. J. Am. Chem.
Soc. 19658, 87, 2052.

(12) Evers, J. Th. M.; Mackor, A. Recl. Trav. Chim. Pays-Bas 1979, 98,
423,

(13) (a) Salomon, R. G.; Kochi, J. K. J. 4m. Chem. Soc. 1973, 95, 1889.
(b) Salomon, R. G.; Kochi, J. K. J. Organomet. Chem. 1974, 64, 135.
(14) Mackor, A.; Spree, T. J. Am. Chem. Soc. 1981, 103, 6901,
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Figure 1. “C NMR spectra of 1-C;H,»CuOTf in diethyl ether as a
function of temperature.
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Figure 2. '"H NMR spectra of +-C;H,,»CuOTTf in acetone-d; in the high-
and low-temperature limits: Acetone-dy solvent; Me,Si internal refer-
ence.
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Figure 3, Calculated equilibrium geometries of uncomplexed ¢-C,H,,.
Bond length in angstroms and torsion angle given for each C-C bond,
CCC valence angle for each C atom.

At 26 °C t-C;H,,»CuOTf gives four proton-decoupled '*C
resonances as shown in Figure 1. As the temperature is lowered,
three of these signals broaden and split until at temperatures below
—-80 °C seven different signals can be observed. Furthermore,
the 'H NMR spectra show two nonequivalent olefinic protons
when the sample is cooled to =90 °C as seen in Figure 2. Sim-
ilarly, the four '*C signals observed in the proton-decoupled
room-temperature spectrum of ¢-CgH,4-CuOTf broaden and then
split into eight signals at =117 °C, indicating that all of the carbons
are then nonequivalent.

The proton-decoupled 300-MHz *C NMR spectra of the above
complexes were analyzed using the total line-shape method with
a two-site exchange program employing visual fitting of the ex-
perimental and calculated curves. Rate constants for the dynamic
processes were determined at 11 temperatures for -C;H,,»CuOTf
and at a single temperature for ¢-CgH,,CuOTS. In the case of
t-C,H,,-CuOTT, both the olefinic and the allylic carbon signals
were fitted, where possible, while in the case of c-CgH,,CuOTf
only the olefinic resonances were used in the determination of the
rate constant. The free energies of activation for these processes
were calculated using the Eyring equation. The value of AG* for
t-C;H,,*CuOT( varied between 9.47 and 9.66 kcal/mol over the
temperature range 299-179 K. AGjy, for t-C;H,,CuOTf was
9.47 % 0.20 kcal/mol while the value for ¢-CgH,,-CuOTf was 7.80
+0.06 kcal/mol at 173 K. The low-temperature !3C chemical
shift data for both complexes are shown in Table I. We hoped
originally that we would be able to determine AH* and AS*®
separately for these processes, since we were able to observe several
pairs of exchanging nuclei with different coalescence temperatures.
Unfortunately, we were unable to determine the rate constants
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MNDO AH* = 8.1 kcal/mol

Figure 4. Calculated transition-state geometries for the pseudorotation
of +-C,H,,. See caption to Figure 3.

in the fast and slow exchange regions with sufficient accuracy to
allow us to obtain reliable values.!*

Calculations. Molecular mechanics calculations of the
ground-state geometry and of the proposed conformational
isomerization for uncomplexed ¢-C,H,, were done using a slightly
modified version of Boyd’s MOLBD III program.!*  Semi-
empirical quantum mechanical calculations were done using the
MNDO!'” method. The resulting equilibrium geometries as well
as that recently published as a result of another force field cal-
culation*® are shown in Figure 3.

Preliminary potential energy profiles were calculated for the
pseudorotation of the t-C,H,, ring by the MOLBD III and
MNDO techniques, by varying the 4567 torsion angle (Figure
1) in stepwise increments from its initial geometry to that found
in the pseudorotated final state. Neither technique gave a profile
which was a true minimum energy path. The transition state on
the MOLBD energy path was then determined by choosing the
geometry corresponding to the peak of the preliminary potential
energy profile and using its coordinates as input for an uncon-
strained search for a stationary state by the Newton-Raphson
procedure.* The transition state on the MNDO surface was
determined by minimizing the norm of the gradient using the
highest energy conformation on the preliminary potential energy
profile as the initial geometry. In both cases, the stationary point
obtained had a C, axis of symmetry (Figure 4) and the force
constant matrix had the requisite single negative eigenvalue. The
energy of the transition state was 9.4 (MOLBD III) or 8.1
(MNDO) kcal/mol above that of the equilibrium geometry (both
methods are parameterized so as to incorporate zero-point energies
in an approximate way; these are therefore not considered ex-
plicitly). In both calculations the entropies of activation were
determined from the calculated vibrational frequencies of the
ground and transition states. The TAS*® values at 299 K are 1.1
keal/mol from MOLBD and 0.50 kcal/mol from MNDO. This
yields AG*,50 values of 10.5 and 8.6 kcal/mol from MOLBD and
MNDO, respectively.

Discussion

DNMR. Dynamic processes in organometallic compounds are
well documented.? Olefin rotation, ligand exchange, and olefin
isomerization are some of the mechanisms which give rise to 13C

(15) See ref 3 for a discussion of the sources of error present in the cal-
culation of activation parameters.

(16) (a) Boyd, R. H. J. Chem. Phys. 1968, 49, 2574. Wiberg, K. B.; Boyd,
R. H. J. Am. Chem. Soc. 1972, 94, 8426. (b) Modified by using a twofold
torsional potential for the double bond.

(17) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899, 4907.
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DNMR effects in metal-olefin complexes. In the present case
we propose that the last named mechanism is operating and,
specifically, that the DNMR effects observed are due to the
conformational isomerization of the cycloalkene.

A propeller-like rotation of the olefin is known to render the
olefinic carbons pairwise equivalent in some systems containing
an unsymmetrically substituted metal.?® This unsymmetrical
environment is absent in the copper(I) triflate complexes. Al-
though the analogous copper halide olefin complexes often exist
as polynuclear aggregates because of bridging by halide, this is
not the case when triflate is the counterion.!*® Moreover, this
process of olefin rotation should be occurring in all of the cy-
cloalkene complexes, albeit at various rates, and would be expected
to show DNMR effects in ¢-C;H,,-CuOTf, 1-CgH ,,CuOTf{, and
(2-CgH,4)3*CuOTS as well as in ¢-C;H,,-CuOTf and ¢-CgH ¢
CuOTf.

While some CuOTf complexes are known to undergo ligand
exchange,! this process clearly cannot be occurring in the so-
lutions of t-C;H,,CuOTT, since the free olefin is not stable at room
temperature® !9 while the solutions of the complex are. For c-
CgH,,CuOTf in the fast exchange limit, intermolecular olefin
exchange would give a single }*C peak (olefinic carbons) at the
weighted average of the chemical shifts of ¢-CgH,,CuOTf and
free c-CgH,4. In the slow exchange limit, it would give resolved
peaks corresponding to these species. The two equivalent intensity
peaks observed at low temperature have chemical shifts of 101.4
and 103.6 ppm (Table I), very different from the value of 131
ppm for ¢-CgH 4, ruling out olefin exchange in this case as well.
This leaves us with dynamic processes involving conformational
change in the cycloalkenes as the most likely explanation of the
observed spectral changes. In the following, we interpret the
DNMR results observed for ¢-C;H;,CuOTf, c-CgH,,CuOT{,
t-CgH,,-CuOTf, and (t-CgH ,4);»CuOTTf in terms of the confor-
mational behavior of the stable free olefins. Conversely, we
propose that the conformational behavior of the seven-membered
ring in ¢-C,;H,,-CuOTTf provides a useful guide to that of the so
far unreported free :-C,H,,.

cis-Cycloheptene and Its Complexes. As stated previously,
¢-C7H,,:CuOTf does not show any dynamic behavior in the
temperature range studied. On the basis of 'H DNMR!® as well
as a number of force field’® and quantum mechanical® calculations,
¢-C;H,, is believed to adopt a symmetrical chair conformation
9 as shown in Figure 5. The ring inversion process observed in
the '"H NMR spectrum of the free olefin (AG* = 5.4 kcal/mol)
would be unobservable by *C NMR. If this symmetrical chair
conformation is preserved in ¢-C,;H,,-CuOTf with CuOTf in the
symmetry plane of the molecule, the number of carbon resonances
at low temperature should be the same as that observed for the
free olefin. In this view, the coordinated copper ion would have
little effect on the rapid ring inversion of ¢-C,H,,. An alternative
explanation which cannot be ruled out is that the presence of the
CuOTf moiety freezes out the ring inversion at room temperature
and that only one conformer is present, most likely the structure
with the copper ion and C5 anti with respect to the remainder
of the ring.

cis-Cyclooctene and Its Complexes. ¢-CgH,, is believed to have
an unsymmetrical structure 10 similar to that shown in Figure
5 based on DNMR,® force field,?! and semiempirical quantum-
mechanical?? calculations. Two dynamic processes have been
identified for the olefin by 'H NMR: a ring inversion (AG* =
8.2 keal/mol) with a time average plane of symmetry and a faster
process (AG* = 5.8 kcal/mol) which results in a time average
twofold axis of symmetry through the double bond.2° Only the
faster process would be seen in 3C NMR since both processes

(18) St. Jacques, M.; Vaziri, C. Can. J. Chem. 1971, 49, 1256.

(19) (a) Allinger, N. L.; Sprague, J. T. J. Am. Chem. Soc. 1972, 94, 5734.
(b) Ermer, O,; Lifson, S. Ibid, 1973, 95, 4121. (c) White, D. N, J.; Bouill,
M. J. J. Chem. Soc., Perkin Trans 2 1977, 13, 1610.

(20) St. Jacques, M. Ph.D. Thesis, University of California-Los Angeles,
Calif., 1967.

(21) Favini, G.; Buemi, G.; Raimondi, M. J. Mol. Struct. 1968, 2, 137.

(22) Favini, G.; Rubino, C.; Todeschini, R. J. Mol. Struct. 1977, 41, 305.
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Figure 5. Possible minimum energy conformations for (E)-and (Z)-
cycloheptene and -cyclooctene.

must be frozen out before all eight carbon atoms in the free olefin
become nonequivalent. A recent 3C NMR study found the value
of 6.3 kcal/mol as the free energy of activation in free c-CgH 4
for a process which removes the low-temperature nonequivalence
of all eight cycloalkene carbons.?*> The authors proposed that
this process corresponds to the faster process with AG* = 5.8
kcal/mol reported in ref 20. For the Fe(CO), complex of ¢-CgH,,,
the same authors found a free energy of activation of 7.8 kcal/mol
for a process that removes the low-temperature inequivalence of
all eight carbon atoms.?* The lower symmetry of the complex
removes the possibility of having a time-average effective C, axis
of symmetry even if the process responsible for its presence in the
free olefin goes on as before. Thus, in the complex, freezing out
the ring inversion is sufficient to render all eight carbon atoms
nonequivalent. The good agreement between the AG* value of
7.8 kecal/mol found for the Fe(CO)4 complex and the value 8.2
kcal/mol reported for the high-energy conformational process?®
led the authors of ref 23 to the conclusion that the unsymmetrical
conformation of the complexed olefin was probably very similar
to that found in the free olefin.

The value of AG* which we find for ¢-CgH,,-CuOTTf is identical
with that reported?? for c-CgH,,-Fe(CO),, and this suggests that
the conformational isomerization processes in the two complexes
are similar to each other and to that in the free olefin.

trans -Cyclooctene and Its Complexes. The conformation of
t-CgH,), was, until recently, a matter of some dispute. Electron
diffraction results?* now have shown that the free olefin exists in
the twist or crown conformation 11 as shown in Figure 5. Fur-
thermore, X-ray structures of both trams-dichloro[(-)-¢-
CgH 4] [(+)-a-methylbenzylamine] Pt?* and [Cu,Cly(2-CgH,,)5]%

(23) Von Buren, M.; Cosandey, M.; Jurgen-Hansen, H. Helv. Chim. Acta
1980, 63, 892.

(24) Trattenberg, M. Acta Chem. Scand., Ser. B 1975, 29, 29.

(25) Manor, P. C.; Shoemaker, D. P.; Parkes, A. S. J. Am. Chem. Soc.
1970, 92, 5260.

(26) Ganis, P.; Leporne, U.; Martuscelli, E. J. Phys. Chem. 1970, 74, 2439.
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Figure 6. Stereoscopic view of the calculated (MOLBD III) equilibrium
geometry of -C,H,,.

show the twist conformation to be present in the complexed olefin
as well.?” The distorted chair form originally proposed for ¢-
CgH,,® (12, Figure 5) has been calculated to be only 3.5 keal /mol
higher in energy than the twist structure,* and recently a bicyclic
t-CyH 4 analogue has been prepared in this chair conformation.?®
The twist conformation possesses a C, axis of symmetry and, if
it is preserved in the CuOTf complex as expected, the CuOTf
moiety would have to lie on this axis of symmetry. A symmetric
chair form would also possess a C, axis of symmetry. Either of
these possibilities is compatible with the observed absence of
DNMR effects for both t-CgH,,-CuOTf and (¢-CgH,,);-CuOTS
since each complex would have four different pairs of isochronous
carbons, as is the case for the free olefin.

In summary, the dynamic characteristics of the complexes
¢-C7H,,CuOTf, ¢-C3H,,+CuOTE, ¢t-CgH, 4CuOTSf, and (¢-
CgH,4)3»CuOTf can be explained adequately in terms of the
conformational characteristics of the corresponding free olefins.
In these cases, coordination to CuOTf or Fe(CO), appears not
to perturb the motions of the hydrocarbon skeleton to a large
extent. The maximum distortion expected would be at the double
bond, but even so, in the CuCl complex of ¢-CgH,, the double bond
torsion angle differs by only 2° from the value found in the free
olefin.’”

trans -Cycloheptene Complex. The seven carbon resonances
observed at low temperature for t-C,H,,»CuOTTf suggest an un-
symmetrical conformation for the olefin. The calculated chair
form of t-C;H,, (13, Figure 5) is presented in a stereoscopic view
in Figure 6 (cf. Figure 3). It lacks any symmetry elements, but
a rapid pseudorotation would average C(1) with C(2), C(3) with
C(7), and C(4) with C(6), giving four '*C signals in the fast
exchange limit. The experimental AG}g, for the proposed au-
tomerization is 9.5 kcal/mol. The nature of the motion involved
in the pseudorotation is discussed in the following.

Calculations. Our goal in performing these calculations was,
first, to determine whether or not the proposed chair conformation
was a reasonable ground-state minimum energy structure and,
second, to see if the energy profile for the proposed pseudorotation
could be calculated and a transition state identified using molecular
mechanics and semiempirical quantum mechanical methods. The
merits and shortcomings of the two techniques of calculation have
been discussed.*®

Equilibrium Geometry. A number of force fields have been
developed to calculate ground-state structures and to simulate
conformational processes in cycloalkenes. A very extensive recent
collection of results of molecular mechanics calculations by the
method of Ermer on molecules with strained double bonds,*®
including +-C-H,,, contains a conformation for ¢-CgH,, which is
in excellent agreement with electron diffraction data.?* Prior
calculations®! by the method of Boyd determined a ground-state
twist conformation for t-CgH,, with a value of 135.4° for the ring
torsional angle of the double bond. The latter is a measure of
the twist of the double bond and is in agreement with the ex-
perimental value of 136.0°. Quantum mechanical calculations,
while not as widely used as the above methods, have also been
applied to cycloalkenes.’ Structures for both isomers of cyclooctene

(27) Our attempts to grow crystals of CuOTf complexes suitable for X-ray
analysis have not been successful.

(28) Gavin, R. M.; Wang, Z. F. J. Am. Chem. Soc. 1973, 95, 1425.

(29) Newton, P. F.; Whitman, G. H. J. Chem. Soc., Perkin Trans 1, 1979,
12, 3072,

(30) (a) Anet, F. A. L.; Anet, R, In ref 2a. (b) Bukert, U.; Allinger, N.
L. J. Comput. Chem. 1982, 3, 40.

(31) Anet, F. A. L.; Yavari, 1. Tetrahedron, 1978, 34, 2879.
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Figure 7. Representation of structural changes undergone by -C;H,,
during pseudorotation (MOLBD III).

have been calculated with a MINDO/2’ program and are in
agreement with experimental data with -CgH,, calculated to exist
in the twist form with a double-bond dihedral angle of 128.4°.%

In our hands, MNDO and MOLBD III both gave distorted
chair conformations for ¢-C;H,, (Figures 3 and 6), in good
agreement with the structure previously calculated by Ermer’s
method*® and by the MMI method of Allinger.?? MNDO,
MOLBD III, and Ermer’s calculation gave double-bond torsion
angles which are significantly smaller than the 125° originally
calculated by Allinger and Sprague.!®® The heats of formation
are also larger than their reported value of 18.67 kcal/mol.

Ermer’s method produced an additional C, minimum energy
conformation 14 of C, symmetry and found it to be 7.4 kcal/mol
higher in energy than the chair conformation.*® Using MOLBD
II1, we found this same geometry to lie nearly 12 kcal/mol higher
in energy than the unsymmetrical equilibrium geometry of Figures
3 and 6, and not to correspond to a local minimum. Our attempts
to find a local minimum of C, symmetry using MOLBD III were
unsuccessful.

The important result of the calculations is the fact that they
all obtained a chair conformation as the energy minimum rather
than the C, twist form as is the case for -CgH,,. In this regard,
minor discrepancies in the structural parameters, or even the larger
differences found in the heats of formation, assume a secondary
importance.

Conformational Automerization. The calculated transition state
for the conformational automerization of ¢-C,H,,»CuOTf has a
twofold axis of symmetry bisecting the double bond and passing
through C5 (Figure 4). As a result, the carbon atoms within the
pairs (C1 C2), (C3 C7), and (C4 C6) are equivalent. The dif-
ference between the MOLBD and MNDO methods is insignifi-
cant.

The most direct way in which this transition-state structure can
be reached from either the starting or the final equilibrium ge-
ometry is a distortion of the kind displayed in Figure 7; on going
from the left-hand side to the transition state located in the center,
C5 moves up while C6 moves down. The opposite is true when
starting on the right-hand side. The two equilibrium geometries
are related by a 180° rotation; hence the automerization process
is a pseudorotation. In order to help the reader to visualize the
motion involved, we have added to Figure 7 two of the intermediate
structures reached near the transition state along the “direct”
reaction path, namely, the one reached when the torsion angle
4567 is driven from its initial value of 84.1° (MOLBD, Figure
3) to a value of —10.0° and its counterpart on the product side
(the energy profile shown is not the minimum energy path).
Finally, a physically more meaningful display of the type of motion
involved in the reaction is shown in Figure 8. Here, the two

(32) Dougherty, D., personal communication.
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Figure 8. Black: the calculated (MOLBD III) transition-state geometry
for the pseudorotation of free trans-cycloheptene. White: the geometry
reached from the transition state upon displacement in the direction of
the reaction coordinate (the normal mode with imaginary frequency).

superimposed structures indicate the direction of motion along
the reaction coordinate at the transition state, i.e., the one normal
mode of the transition state which has a negative force constant.

Conclusions

The '*C DNMR behavior of the CuOTf complex of trans-
cycloheptene shows that the equilibrium geometry of the olefin
has no symmetry elements. The results of molecular mechanics
and semiempirical quantum mechanical calculations show free
t-C;H,, to have an unsymmetrical chair equilibrium geometry.

It is proposed that the observed dynamical process is due to
conformational automerization (pseudorotation) of the olefin. The
calculated AG* values for the automerization of the free olefin
are 10.5 and 8.6 kcal/mol, using MOLBD and MNDO, respec-
tively. They are in excellent agreement with the experimental
value of 9.47 %+ 0.20 kcal/mol found for ¢-C;H,,-CuOTf at 299
°C, particularly in view of the fact that quantum mechanical

calculations of this type are known generally to underestimate
activation barriers.?23% In principle, the agreement may be only
apparent in that the calculation is on the free olefin and the
measurement on a complexed olefin. As noted above, however,
extrapolation of previous experience with similar olefins and
complexes suggests strongly that the effects of the complexation
on conformational mobility of the cycloalkenes are minor.

Experimental Section

The cycloalkene complexes were prepared according to ref 12 and 13.
The '*C NMR spectra were run on a Varian SC-300 spectrometer using
dried, degassed diethyl ether as solvent. The probe temperature was
calibrated with a '*C chemical shift thermometer and has an absolute
uncertainty of £1°C at the lowest temperature. The line-shape analysis
employed a program based on the method of Nakagawa.?® The error
limits in the rate constants were taken from simulated spectra corre-
sponding to values which are clearly either too fast or too slow based on
visual fitting. The values of the free energy of activation were calculated
from the Eyring equation, AG* (cal mol™') = 1.98727(23.7600 + In T
—In k). The DNMR kinetic data for -C;H,;,*CuOTf and ¢-CgH 4
CuOTf are presented in the table.

The molecular mechanics calculations used the MOLBD III pro-
gram'® with modifications similar to those reported in ref 31. The
MNDO calculation was done using the standard program of Dewar.!”
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Abstract: Penning ionization electron spectroscopy (PIES) has been used to study spatial electron distributions of individual
molecular orbitals. On the basis of comparison of observed band intensities with electron densities of ab initio molecular orbitals,
a simple principle for orbital activities in Penning ionization has been established; the outer orbital which is exposed outside
the van der Waals surface is active and the inner orbital which is localized inside the van der Waals surface is inactive. Penning
ionization can be considered as an electrophilic reaction of rare gas atoms in metastable states with sample molecules. [t is
concluded that PIES is a sensitive method for probing orbital electron densities at the very frontier of the molecule where

the molecule is attacked by the reagent.

The concept of the molecular orbital (MO) stems from the early
days of the quantum theory. Its importance has been supported
by a vast accumulation of experimental results and also by suc-
cessful applications of quantum chemical methods to various
problems. Although molecular orbitals are introduced on purely
theoretical grounds, recent developments in photoelectron spec-
troscopy have made it possible to relate molecular orbitals to
observed ionization bands for most closed-shell molecules.!™
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sterdam-London, 1967; Ser. IV, Vol. 20.

0002-7863/83/1505-4555$01.50/0

Further, observed ionization potentials can be compared with
theoretical orbital energies in many cases where Koopmans’
theorem* is valid. This enables us to consider that individual
electron energy levels in molecules can be observed experimentally.
On the other hand, phenomena, which directly reflect orbital
functions for “individual” molecular orbitals, have eluded ob-
servation hitherto, although “total” electron densities have been
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