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Dicyclooctatetraenylmethane (1) and dicyclooctatetraenyldimethylsilane (2) in THF-dg at 272 K
exist as mixtures of diastereomers in ratios of 1:0.8 and 1:1, respectively. Nine energy minima
(four meso and five racemic conformers) were located for each compound by geometry optimization
at the HF/6-31G* level of theory. The effects of torsional strain, steric interactions and dynamic
electron correlation were analyzed. The diastereomeric ratios for 1 and 2 were reproduced reasonably
well from the total energy calculated for each conformer corrected for its conformational enthalpy
and entropy contributions. The ratio of rate constants for bond shift (BS) (kss(1)/kss(2)) is three
times greater than the corresponding ratio for ring inversion. This suggests that additional
substituent effects, such as & interactions, are operative in the transition state for BS.

Introduction

Ring inversion (R1) and bond shift (BS) (Figure 1) are
two fundamental dynamic processes of cyclooctatetraene
(COT) that are closely related to each other.! In addition
to their intrinsic interest, they are important for under-
standing the role of ring flattening in the “gated” charge
transfer (CT) that occurs in bridged dicyclooctatetraenes
(Figure 2).27%> The bridge could, in principle, affect CT
both at the ring flattening and bond equalization (“gat-
ing”) steps and during the actual transfer of charge
(electron and counterion) from one planar COT ring to
the other (“intrinsic” CT). The clarification of this issue
would allow a better understanding of intrinsic CT, i.e.,
of the actual charge conduction pathways in these
dianions.

The transition structure (TS) for Rl in COT is generally
described®® and calculated’~° as a planar (Dgy) ring with
localized 7z bonds. Recent computational® and experimen-
tal®® evidence has confirmed the initial assumption?! that
BS in unsubstituted COT proceeds through a planar
bond-equalized (Dgn) TS with delocalized 7 electrons.

# Carnegie Mellon University.

t Beckman Scholar, 1999—2000.

8 Umea University.

(1) (a) Fray, G. I.; Saxton, R. G. The Chemistry of Cyclo-octatetraene
and its Derivatives; Cambridge: New York, 1978. (b) Paquette, L. A.
Acc. Chem. Res. 1993, 26, 57.

(2) Boman, P.; Eliasson, B. Acta Chem. Scand. 1996, 50, 816.

(3) Staley, S. W.; Kehlbeck, J. D.; Grimm, R. A.; Sablosky, R. A,;
Boman, P.; Eliasson, B. J. Am. Chem. Soc. 1998, 120, 9793.

(4) Boman, P.; Eliasson, B.; Grimm, R. A.; Martin, G. S.; Strnad, J.
T.; Staley, S. W. J. Am. Chem. Soc. 1999, 121, 1558.

(5) Boman, P.; Eliasson, B.; Grimm, R. A.; Staley, S. W. J. Chem.
Soc., Perkin Trans. 2, accepted for publication.

(6) Anet, F. A. L.; Bourn, A. J. R; Lin, Y. S. 3. Am. Chem. Soc. 1964,
86, 3576.

(7) Trindle, C.; Wolfskill, T. A. J. Org. Chem. 1991, 56, 5426.

(8) Hrovat, D. A.; Borden, W. T. 3. Am. Chem. Soc. 1992, 114, 5879.

(9) Andrés, J. L.; Castario, O.; Morreale, A.; Palmeiro, R.; Gomperts,
R. J. Chem. Phys. 1998, 108, 203.

(10) Wenthold, P. G.; Hrovat, D. A.; Borden, W. T.; Lineberger, W.
C. Science 1996, 272, 1456.

(11) Anet, F. A. L. 3. Am. Chem. Soc. 1962, 84, 671.

10.1021/jo001793a CCC: $20.00

18
wa
. 2

Figure 1. Ring inversion and bond shift in 1 (X = CH;) and

Figure 2. Charge transfer in 127/2K* (X = CH,) and 22-/2K*

A Hiuckel molecular orbital (HMO) description of Dgy
COT shows two degenerate half-occupied frontier MOs
or highest occupied (HOMO) and lowest unoccupied
(LUMO) MOs. On the basis of this model, the BS TS of
COT would be expected to interact more strongly with
both donor and acceptor substituents (owing to its low-
lying LUMO and high-lying HOMO, respectively) than
would the corresponding RI TS, which has localized
bonds.

However, it is well-known that a simple MO model is
inadequate for Dgy COT because of pseudo Jahn—Teller
coupling between energetically similar configurations of
the same symmetry.? Thus, a large multiconfigurational
wave function is required in order to adequately model

(12) Koseki, S.; Toyota, A. J. Phys. Chem. A 1997, 101, 5712 and
references cited therein.
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Table 1. Kinetic Data for Ring Inversion and Bond Shift
in Monosubstituted Cyclooctatetraenes at 273 K

substituent Kri (Sfl) AGIRK”‘ Kgs (Sfl) AGissa
ethyl° 180 13.1+0.1 2.7 154 £ 0.1
ethoxy® 604 12.5 0.9 16.0
isopropoxy® 361 12.7 1.9 15.6

isopropoxyd 154 13.2

an kcal mol=t.  In THF-dg; ref 16. ¢ Ref 17. 9 Ref 18; extrapo-
lated from an Arrhenius plot over the range 223—261 K.

this species.8101213 Nevertheless, the effect of donors and
acceptors on the BS relative to the RI TS is a question of
considerable interest. Does a simple HMO model quali-
tatively predict substituent effects on dynamic processes
in COT, or are different results obtained owing to the
contribution of configuration interaction?

The literature provides neither an extensive nor a
reliable guide to answering this question. There are only
a few cases where the kinetics of both Rl and BS have
been studied for the same compounds and most of these
have been for carbon-substituted COTs.31415 We recently
determined the rate constants for both RI and BS in
ethylCOT.'6 Comparison of these values with the corre-
sponding values for the sterically similar ethoxyCOT*"
(Table 1) suggests that the latter compound undergoes
RI faster but BS slower than ethylCOT (by factors of 3.4
and 0.3, respectively). Comparison of ethylCOT with
isopropoxyCOT? (which should also have similar steric
effects) gives factors of 2.0 and 0.7, respectively. However,
Stevenson et al.,'® by working at 400 MHz 'H NMR
frequency compared to the 60 MHz originally employed
by Oth,” obtained a value of kg, for isopropoxyCOT that
is only 0.9 (instead of 2.0) times the corresponding value
for ethylCOT at 273 K. From these values, one could
conclude that the differential substituent effects of ethyl
and isopropoxy are the same (within experimental un-
certainty) on Rl and BS. However, such a conclusion is
contingent on the acceptance of a value of kgs for
isopropoxyCOT obtained at 60 MHz.'"

In the foregoing, an ethyl group, which is a o donor, is
compared with an alkoxy group, which is a o acceptor
and sz donor. We have recently analyzed how ¢ acceptors
reduce the barrier for ring flattening and bond shift in
COT.%721 According to the Walsh/Bent model, the sub-
stituted carbon (C;) contributes less s character to the
exocyclic bond as the substituent becomes more electro-
negative.?223 This favors the planar ring (the Rl or BS
TS) over ground-state COT since the exocyclic orbital at
C, in the planar ring has less s character. (The CCC bond
angle in COT increases from 126.7° in ground state (Dyq)
COT? to 135° in planar (D4n or Dg,) COT.) The same
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conclusion can be reached on the basis of a simple
valence-shell electron-pair repulsion (VSEPR) model.?
Change of substituent electronegativity should affect the
o bonds of the Rl and BS TSs equally. Thus, a differential
effect between ethyl and ethoxy (Table 1), if real, is
probably due to a & effect of the ethoxy group.

Electropositive substituents (e.g., Si, Ge and Sn) have
an effect that is opposite to that of electronegative
substituents, i.e., they increase the barrier to ring flat-
tening.?® This observation, along with the ambiguous
results for alkoxy groups discussed above, led us to
question whether there is any differential effect of
electronegative vs electropositive substituents on Rl and
BS.

The dipotassium salts of dicyclooctatetraenylmethane
(1) and dicyclooctatetraenyldimethylsilane (2) have re-
cently been the subject of several studies of CT (Figure
2).25 Compounds 1 and 2 are also appropriate for the
study of both RI and BS (Figure 1). The CH,COT group
is a weak donor, whereas Si(CH3),COT is an acceptor.?®
Since monosubstituted COT is a chiral moiety, 1 and 2
each exist as three stereoisomers, a meso isomer and a
pair of enantiomers (racemic isomer). The forward and
reverse rate constants for exchange of these dia-
stereomers (Kiexch @nd K_iexch, respectively) and kgs can
be determined by 3C NMR spectrometry and used to
calculate kg,. We anticipated that the results of this study
would help to clarify the role of the gating steps for CT
in 127/2K* and 2?7/2K*. This has proven to be the case,
as reported below.

Results and Discussion

The 3C NMR spectra of 1 and 2 show only eight signals
from olefinic carbons at room temperature. However,
when the temperature is reduced to 240 or 263 K,
respectively, where RI is slow on the NMR time scale,
many peaks separate into pairs of signals corresponding
to the meso and racemic isomers. This behavior is
illustrated for compound 2 in Figure 3. The 'H NMR
integrals show that the diastereomers of 1 existin a 1:0.8
ratio at 229 K, corresponding to a free energy difference
(AG®isom) 0f 0.10 & 0.05 kcal mol~*. The same value was
obtained from the ratio Kiexch/K-1exch (AAG*r) = AG®isom =
0.1 kcal mol™) at 240 and 229 K, as discussed in the
Kinetics section. The diastereomers of 2 exist in a 1:1
ratio at 232 K (Figure 3).

Structures and Energies of Conformers. A careful
search of the potential energy surface at the HF/3-21G
level and then at the HF/6-31G* level has shown that
the meso diastereomers of 1 and 2 have four different
conformational minima, while the racemic isomers have
five (Tables 2 and 3 and Figures 4 and 5). These minima
are primarily distinguished by their torsional angles and
are of three types.

In AB-type conformers, the C;C, double bonds of the
two COT rings are essentially eclipsed with the CH bonds
(designated CHA and CHpg) of the bridge. The meso isomer
of this type is designated meso-AB’, where the absence
or presence of a prime indicates that the other COT ring
is endo (above the “tub”) or exo (outside the “tub”),
respectively, with respect to the designated COT ring.

(25) Gillespie, R. J. Angew. Chem., Int. Ed. Engl. 1967, 6, 819; J.
Chem. Educ. 1970, 47, 18.

(26) Echegoyen, L.; Maldonado, R.; Nieves, J.; Alegria, A. J. Am.
Chem. Soc. 1984, 106, 7692.
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Figure 3.
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13C NMR spectra of the olefinic region of 2 in THF-ds at 232 K (top) and ambient temperature (bottom). The doublets

in the top spectrum correspond to the meso and racemic isomers, which are observed when RI is slow on the NMR time scale.

Table 2. Torsional Angles and Relative Energies for HF/6-31G* Geometry-Optimized Conformers of meso- and rac-1

conformer w(C1=Cp)? o(Cyr=C2)? (Emp2)rel®® (EvE + ZPE)rePd (Emp2 — ErF)rel®
meso-AA 2.8 35.9 1.63 2.15 —0.67
meso-AB’ 35 7.0 0 0 0
meso-AC 17.8 134 1.05 1.27 —0.32
meso-A'C 18.5 19.1 1.44 1.15 0.22
rac-AA' 7.5 40.9 2.14 2.09 —0.10
rac-AB 2.6 2.6 0.61 0.65 —0.12
rac-A'B’ 9.0 9.0 0.67 0.29 0.38
rac-AC 13.0 19.6 0.97 1.17 —0.28
rac-A'C 18.4 19.8 1.35 1.12 0.14
an deg. P E — Emeso—ag; in kcal mol=t. ¢ MP2/6-31G*//HF/6-31G*. 9 HF/6-31G*//HF/6-31G*. ZPEs were scaled by a factor of 0.9135:

Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502. ¢ [E(MP2/6-31G*//HF/6-31G*) — E(HF/6-31G*//HF/6-31G*)] — [Emeso—as(MP2/

6-31G*//HF/6-31G*) —

In AC-type conformers, one C,C, double bond is within
10—21° of being eclipsed with CH, while the other is
similarly oriented with regard to the CC bond between

Emeso—as(HF/6-31G*//HF/6-31G*)]; in kcal mol~2.

the bridge atom and C; of the other COT ring. These
conformers are less stable in 1 than the AB-type owing
to a close contact between H, of the C ring and C; of the
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Table 3. Torsional Angles and Relative Energies for HF/6-31G* Geometry-Optimized Conformers of meso- and rac-2

conformer w(C1=Cy)? w(C1=Cy)? (Emp2)rel®® (EnE + ZPE)e e (Emp2 — Ene)ref
meso-AA 2.2 23.3 1.36 1.95 —0.43
meso-AB’ 6.2 1.5 0 0.18 0
meso-AC 15.8 10.6 0.37 0.74 —0.26
meso-A'C 9.2 21.2 0.57 0.43 0.25
rac-AA’ 12.2 8.0 0.91 1.25 —-0.11
rac-AB 2.6 2.6 1.12 1.40 —-0.10
rac-A'B’ 1.8 1.8 0.17 0 0.29
rac-AC 13.3 16.3 0.38 0.61 —0.06
rac-A'C 10.5 18.1 0.70 0.51 0.22

andeg. ® E — Emeso—ag; in kcal mol=t. ¢ MP2/6-31G*//HF/6-31G*. 4 E — Erac—ap. ¢ HF/6-31G*//HF/6-31G*. ZPEs were scaled by a factor
of 0.9135; see footnote d, Table 2. F [E(MP2/6-31G*//HF/6-31G*) — E(HF/6-31G*//HF/6-31G*)] — [Erac-as(MP2/6-31G*//HF/6-31G*) —

Erac—as(HF/6-31G*//HF/6-31G*)]; in kcal mol~1.

o 7, A °
@ ax‘?ﬁﬁ 0w g
o o o o

rac-A'B’

Figure 4. Geometry-optimized structures of stable conformers
of rac-1 (left) and meso-1 (right) calculated at HF/6-31G*.

A ring. However, the latter interaction is reduced in 2
owing to greater separation of the rings as a result of
C—Si bonds being longer than C—C bonds. Consequently,
AC-type conformers are relatively more stable in 2.

Finally, in the AA-type conformers, one CC double
bond is nearly eclipsed with CH, while the other is either
in a similar position (as in 2) or in a more nearly
staggered conformation but closest to CHp, as in 1. These
are the least stable conformers in 1 since inter-ring H+--H
or H---C repulsions are encountered if both double bonds
are nearly eclipsed with CH,, but these interactions are
attenuated somewhat in 2. We were not able to locate a
minimum for meso-A'A’ of 1 or 2.

In the right-hand columns of Tables 2 and 3 we list
the changes in relative energies of the conformers of 1
and 2, respectively, on going from HF/6-31G* to MP2/6-

fad P -

meso-AC

o S

meso-AA

Figure 5. Geometry-optimized structures of stable conformers
of rac-2 (left) and meso-2 (right) calculated at HF/6-31G*.

31G*, both at the HF/6-31G*-optimized geometry. These
changes are given relative to that for meso-AB'. This is
the most appropriate reference, not only because it is the
most stable conformer (except for 2 at Enrt+ZPE,
Table 3) but also because it has one ring endo and one
ring exo and therefore is at a conformational “middle
ground”.

There are three conformers whose values of (Eypz—
Enr)rel @re positive. In each of these one ring is exo and
the other is either completely (rac-A'B') or largely exo
(rac-A'C and meso-A'C). Five conformers have negative
(Emp2—ErF)rel Values. Of these, the largest negative values
are where the two rings are either endo to each other
(i.e., face-to-face) (meso-AA) or offset face-to-face (rac-AB).
The remaining three have one ring endo and the second
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ring either exo (rac-AA") or largely exo (rac-AC and meso-
AC).

The (Emp2—EnF)rel Values can be understood as follows.
Dynamic electron correlation affects the conformers of 1
and 2 differently primarily as a result of inter-ring
contributions, which are most important for the x elec-
trons. Thus, the greatest effect is expected to occur in
the more face-to-face conformations, where inter-ring st/
overlap is greatest (Figures 4 and 5). This interpretation
is supported by the observation that the signs and
magnitudes (to within 0.2 kcal mol™?1) of AE, for almost
all of the conformers of 1 are the same on going from the
3-21G basis set (with structures optimized at HF/3-21G)
to the more flexible (and therefore “longer range”) 6-31G*
basis set as for the corresponding (Emp2—EnF)re Values
in Tables 2 and 3.

Analysis of the (Emp2—EnF)re Values for 1 in Table 2
leads to the conclusion that correlation energy increases
in the order exo ring (A’ or B') < C ring < endo ring (A
or B) and AB < AC (or AC') < AA. That is, the closer the
ot bonds of the two rings are to each other, the greater the
correction for dynamic electron correlation. Similar effects
can be seen for 2 at the extremes, i.e., meso-AA and rac-
A'B' are respectively the most and least stabilized by
electron correlation (Table 3).

Relative Energies of Diastereomers. Since the
lowest energy meso conformer of 1 (meso-AB') is calcu-
lated to be 0.6 kcal mol~* more stable than the lowest
energy racemic conformer (rac-AB) at MP2/6-31G*//HF/
6-31G* (Table 2), it may at first appear that these
calculations do not reproduce the value of 0.1 kcal mol~*
measured for AG°¢m at 229 K. However, when the
vibrational zero point energy (ZPE), conformational en-
thalpy (Heons), entropy of mixing of conformers and their
enantiomers (Smix) and the entropy due to the symmetry
number (o) are considered according to eqs 1—5,% the free
energy of the meso isomer is calculated to be only 0.09
kcal mol~? less than that of the racemic isomer at 229 K
(Table 4). This is in excellent agreement with the
measured value of AGjsom if meso-1 is the more stable
isomer.

GreI = EreI + Gconf (1)
Geont = Heont — T(Smix + Ssym) )
Hconf = z r.|iHi (3)
T
Smix =R z n,Inn, +nRIn2 4)
]
Sym="RlIno (5)

The elements of these calculations and several poten-
tial complications are as follows. All of the racemic
conformers exist as enantiomeric pairs. This contributes
niR In 2 to S,ix, Where n; is the mole fraction of conformer
i and R is the gas constant. Rac-AB and rac-A'B' can only
interconvert between enantiomers via two ring inver-
sions. However, these conformers have a 2-fold axis of
symmetry and a symmetry number of 2, which contrib-
utes —n;R In 2 to the entropy and cancels Spx due to

(27) Eliel, E. L.; Wilen, S. H.; Mander, L. N. Stereochemistry of
Organic Compounds; Wiley: New York, 1994; pp 629—34.
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Table 4. Relative Thermodynamic Parameters for Meso-
and Rac-1 and 2 at 229 K&

compound isomer Heon®®  Scont®d Geont® Grel®
1 meso 0.16 1.00 —0.06 0
racemic 0.26 2.27 —-0.26 0.09
2 meso 0.18 2.06 -0.29 0
racemic 0.28 2.25 —-0.24 -0.14

aThese calculations employed eq 1—5. ° In kcal mol~t. ¢ Mole
fractions were calculated from A(Enr + ZPE)re (Tables 2 and 3)
using eq 10.2 in ref 27. 9 In cal mol~* K1,

Table 5. Kinetic Data for Ring Inversion and Bond Shift
inland 2 in THF-dg

compound process2 T (K) k(s) T(K) AG™

1 (major isomer) RI¢ 230—272 52 272 13.7
7.7 240 13.0

RI 230—240 7.4 240 13.0

BSde 272—-298 1.9 272 155

96f 306 151

1 (minor isomer) RI¢ 230—-272 69 272 136
9.6 240 129

RI 230—240 9.5 240 129

BSde 272—-298 1.9 272 155

96f 306 151

2 RI¢ 260—-296 12 272 145
5.0 260 143

1159 306 15.0

RI 250—-260 4.8 260 143

BS® 303—-312 8.8 306 16.6
0.12" 272 170

aFrom 13C line widths unless indicated otherwise.  In kcal
mol~%; £0.1. ¢ From 13C line shape analysis. 9 Weighted average
for the two diastereomers. & Ref 5. f Extrapolated using In(k/T) =
29.52 — 9.388 x 10° T~L 9 Extrapolated using In(k/T) = 16.01 —
5.198 x 108 T-1. h Extrapolated using In(k/T) = 29.73 — 1.020 x
104 T

enantiomers. Although the other three racemic conform-
ers do not have a 2-fold axis, each of them can inter-
convert between enantiomers (e.g., rac-AC = rac-CA) via
a facile 1/3 rotation of each COT ring giving them an
effective o of 2.

Similarly, each meso conformer (as opposed to the meso
diastereomer) is chiral and therefore exists as a pair of
enantiomers. However, as with the racemic conformers,
these are readily interconverted by 1/3 rotations (ca. 30°
rotations in the case of meso-AA) of the COT rings giving
an effective o of 2 and canceling Sp,ix due to enantiomers.
Instead, the low-energy torsions that interconvert enan-
tiomers will contribute to the vibrational entropy. Since
this approach treats the two diastereomers in the same
manner, any deficiencies in the treatment should tend
to cancel when comparing the meso and racemic isomers.

The corresponding calculations for meso- and rac-2 are
also given in Table 4. G, is calculated to be 0.14 kcal
mol~! in favor of the racemic isomer, a value that
suggests, contrary to experiment, a larger energy differ-
ence between the two diastereomers for 2 than for 1.
Consequently, the agreement of G with AG®jsom for the
latter compound is probably fortuitious.

Calculation of G using the relative MP2 energies in
Tables 2 and 3 gave values in favor of the meso isomer
of 0.25 and 0.06 kcal mol™! for 1 and 2, respectively.
These calculations place the racemic isomer about 0.1
kcal mol! too high relative to the meso isomer but,
unlike the (Exr + ZPE), calculations, correctly show a
greater difference for 1. The relatively large differential
effects of dynamic electron correlation reported in Tables
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Table 6. Activation Energies for Ring Inversion in 1 and
2 Calculated for Structures Optimized at HF/6-31G*2

compd TS conformer® AE*mp2® A(E*yr + ZPE)®
1 AB 16.4 15.8
AB’ 16.7 15.9
2 AB’ 18.0 17.0d
AB 18.1 17.44

a Relative to meso-AB' ground state unless indicated otherwise.
b The first letter refers to the planar ring. ¢ In kcal mol~1. 4 Rela-
tive to rac-A'B' ground state.

2 and 3 suggest that it is important to incorporate
correlation, even at the level of approximation employed
in MP2. It is possible that geometry optimizations at
MP2/6-31G* would show still better agreement with
experiment, but these calculations are too large to be
performed at present.

We also calculated MM2-optimized structures for the
conformers of 1 and 2. Calculation of G, as in Table 4
using the MM2 energies gave values of 0.35 kcal mol—*
in favor of the meso isomer for 1 and 0.51 kcal mol in
favor of the racemic isomer for 2. Both values, especially
the latter, disagree with the experimental values of
AG°isom. Furthermore, the most stable conformers calcu-
lated by MM2 are meso-AA for 1 and rac-AB for 2, which
are the least and next-to-least stable conformers, respec-
tively, at HF/6-31G*. These results indicate that the
latter is a more reliable model for 1 and 2 than MM2 as
parametrized in CHEM3D owing to a better treatment
of inter-ring interactions.

Kinetics of Ring Inversion. The rate constant for
RI can be calculated from kiex.n by employing eq 6.1 The

Kiexch = 2[Kgs 1 (Kgs/2)] (6)

factor of 2 in front of the brackets is required because
inversion of either of the COT rings in 1 or 2 results in
an exchange of diastereomers. The value of kgs was
obtained from the rate of pairwise exchange of C,, C; and
C4 with Cg, C; and Cg, respectively.® The denominator of
kgs/2 reflects the fact that each BS results in inversion
one-half of the time.

Kinetic data for Rl and BS in 1 and 2 are given in
Table 6. The values of AG*gs at 298 K (15.3 and 16.7 kcal
mol~1, respectively) are similar to those for methylCOT
and trimethylsilylCOT (15.6 and 16.4 kcal mol~2, respec-
tively).?° The small difference in AAG*gs for the two pairs
of compounds (1.4 vs 0.8 kcal mol~?, respectively) might
reflect greater steric repulsions in the GS of 1 vs
methylCOT and greater van der Waals attractions in the
GS of 2 relative to trimethylsilylCOT, although TS effects
also need to be considered. We plan to explore this issue
in greater depth.

We are primarily interested in the difference between
AG*gs(2) — AG*ss(1) and AG*ri(2) — AG*i(1) (AAG*ss —
AAGH,). Kinetic data are compared at 272 K since three
of the four required data points (kg, for 1 and 2 and Kgs
for 1) were measured at this temperature. Because RI is
fast on the NMR time scale at the temperatures at which
we studied BS, kgs(1) is the weighted average for the
major and minor isomers. Consequently, we also em-
ployed the weighted average of kg, (60 s™!) in this
comparison based on the reasonable assumption that the
ratio of diastereomers obtained at 229, 240 and 263 K
also applies at 272 K. Further, because the value of kgs(2)
at 272 K involves an extrapolation from a rather limited

Staley et al.

; b
e < W ¥ RN
1-AB 2-AB i

1-AB 2-AB

Figure 6. Geometry-optimized transition structures for ring
inversion in 1 (left) and 2 (right) calculated at HF/6-31G*. The
first letter refers to the planar ring.

temperature range (303—312 K), we also extrapolated
kss(1), which was determined over a much larger range
(272—298 K), to 306 K. This gave a value of AAG*gs of
1.5 kcal mol~?, in agreement with the difference obtained
at 272 K.

Interestingly, AAG*gs is 0.65 kcal mol~! greater than
AAG*; at 272 K. The uncertainty in the latter is 0.2
kcal mol~?1, whereas that of AAG*gs is a bit larger owing
to the extrapolation of kgs(2). Consequently, the increase
in the differential substituent effect of CH, vs Si(CH53),
for BS relative to Rl is comparable to the combined
experimental uncertainties. Since both RI and BS origi-
nate from the same GS, any differential substituent effect
must be operative in the TS. Further, the substituents
must influence BS in a way other than through the steric
and o hybridization effects that have been discussed for
RI1. Additional work is required in order to fully under-
stand the effects of donors and acceptors on s bond shift
in COT, especially considering a possible role for heavy-
atom tunneling in this process.?®

We also optimized the geometries for the Rl TSs of 1
and 2 at HF/6-31G* (Figure 6) and calculated the
activation energies [AE*yp, and A(E*ne+ZPE)] from the
difference in total energies of the lowest-energy ground
and transition conformers (Table 6). Both calculated
values of AE* are too large, more so for AE*yp, than for
A(E*yr + ZPE). Further, the calculated value of AE*z,(2)
— AE*R (1) is closer to the experimental difference (AAG*g,
= 1.0 kcal mol~* at 272 K) for Eyr + ZPE (1.2 kcal mol™?)
than for Eupz (1.6 kcal mol™2).

Summary

Ground state and ring inversion transition state con-
formations of 1 and 2 have been optimized by ab initio
molecular orbital theory at the HF/6-31G* level, and their
energies have been calculated at MP2/6-31G*. Analysis
of four meso and five racemic conformers of 1 and 2 has
elucidated the contributions of torsional strain, steric
interactions and dynamic electron correlation. Calcula-
tions of the meso:racemic ratio using the MP2/6-31G*
energies of the conformers optimized at HF/6-31G* and
corrected for conformational enthalpy and entropy con-

(28) (a) Carpenter, B. K. 3. Am. Chem. Soc. 1983, 105, 1700. (b)
Dewar, M. J. S.; Merz, K. M., Jr. J. Phys. Chem. 1985, 89, 4739. (c)
Andreés, J. L.; Castafio, O.; Morealle, A.; Palmeiro, R.; Gomperts, R. J.
Chem. Phys. 1998, 108, 203.
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tributions afforded values in good agreement with ex-
periment if the meso isomer is the major diastereomer
of 1.

Measurement of the rate constants for Rl by dynamic
NMR spectrometry showed that 1 reacts five times faster
than 2 at 272 K. The corresponding ratio for bond shift
(16) is three times larger, suggesting that substituent
effects not present in the Rl TS are operative in the BS
TS.

Experimental Section

General. Compounds 1 and 2 were synthesized by Dr.
Patrik Boman?® by the method of Echegoyen et al.?¢ *H and
13C NMR spectra were recorded with a Bruker AMX2-400
instrument. The temperature was measured with a methanol
sample before or after each experiment.?® As reported earlier,?
heating due to 3C homodecoupling was assumed to be
negligible and a maximum error of +£1 °C was estimated in
the measured temperatures. All experiments were performed
at least twice on each sample. Molecular orbital calculations
were performed with Spartan 4.1%° and Gaussian 98W3!
software using the 3-21G,%? 3-21G™32 and 6-31G*3* basis sets.
The RI TS geometries were optimized by constraining the
CCCC dihedral angles of one ring to 0°. Ground-state energy
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Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant,
J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
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56, 2257.
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minima and ring inversion transition states were confirmed
by analytical frequency analysis, which showed zero and one
imaginary frequencies, respectively. Molecular mechanics
calculations were performed with the MM2% program in
CHEM3D Pro 5.0.%6

Kinetics. Rate constants were determined by *3C line shape
analysis using the program gNMR 4.0.1.3” The chemical shifts,
intrinsic line widths and ratios of diastereomers were em-
ployed as input constants for the calculation of rate constants.
Chemical shifts above the coalescence temperature were
obtained by a linear least-squares fit of the values below
coalescence. The line widths of the nonexchanging carbons C;
and Cs of the COT rings were used for the intrinsic line widths
of the olefinic carbons, whereas those for the methylene and
methyl carbons in the isomers of 1 and 2, respectively, were
determined from the low-temperature spectra and assumed
to remain constant over the experimental temperature range.
Similarly, diastereomeric ratios were obtained by integration
of the 'H signals at low temperature and assumed to remain
constant over the experimental temperature range. The peaks
(=44 °C) at 6 46.87 and 47.42 (CH,) and 6 134.72, 134.88,
142.18 and 142.25 (olefinic) were employed for line shape
analysis for 1, whereas those (—58 °C) at 6 —5.36, —4.98 and
—4.80 (CHj3) and 6 139.99, 140.14, 145.51 and 145.62 (olefinic)
were used for 2. At some temperatures (see Table 5), Kiexch and
K-1excn could also be determined from the exchange broadening
of the above 3C peaks using the equation Kiexch = TAWexch,
where Awe,e is the peak (width at half-height) broadening due
to exchange.® The protocol for these measurements has been
presented previously.®®
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