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(16) In the closely related case of tris(o-tolyl)phosphine, all three methyl
groups are in proximal positions (l.e., pointing toward the apex of the
phosphine pyramid), both In the crystal lattice'” and in solution.® The
same situation obtalns for the corresponding oxide in the solid state.1?
However, in the crystal lattice, the corresponding sulfide'® and sele-
nide'” have two proximal and one distal methyl groups, and tris(m-tol-
yhphosphine sulfide has one proximal and two distal methyl groups.'®
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ibid., 532 (1973).

(18) E. J. Halpern and K. Mislow, J. Am. Chem. Soc., 89, 5224 (1967).
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3, 71(1973).

(20) Elemental analyses were performed by Schwarzkopf Microanalytical
Laboratorles, Woodside, N.Y. Tetrahydrofuran (THF) was drled over
KOH and distilled from LiAlH4 onto Linde type 4A molecular sieves.
THF-ds (Stohler Isotope Chemicals, 99% D) was distilled either directly
from LiAlH4 Into the reaction flask or onto 4A molecular sieves. Ben-

zene was dried by refluxing over sodium and was distilled onto 4A mo-
lecular sieves. Dry solvents and reagents sensitive to air or molsture
were transferred by syringe. The D,O employed was 99.7% D. Unless
specified otherwise, NMR spectra were recorded on a Varian A-60A
spectrometer at ambient temperature (ca. 37°), refer to ca. 20% solu-
tions in CS, containing tetramethylisilane (TMS) as internal reference,
and are in parts per million from Me,Si. Mass spectra were determined
with an AEl MS-8 high-resolution mass spectrometer or a Du Pont 21—
490 mass spectrometer?! with an ionizing voltage of 70 eV. Fragmenta-
tion patterns include peaks with relative intensity 210% of the base
peak. Melting points were determined with a Thomas-Hoover apparatus
and are corrected.

(21) Purchased with funds from NSF Chemistry Section Grant No. GP-32826.

(22) Prepared in 54-69% yleld from 2,6-dimethylaniline and sodium nitrite in
48% HBr, followed by cuprous bromide or copper powder.

(23) Obtained from Alfa Inorganics, Beverly, Mass.
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Abstract: Stereoisomerization in the class of compounds (Mes);Z (Mes = mesityl; Z = B, CH, N, etc.) has been investigated
using the technique of empirical force-field calculations. The study was made feasible by employing a simplified model based
on trimesitylmethane in which the only distinction among molecules in this class was the difference in the preferred length of
the Z-Mes bond. Calculated energies for the idealized transition states point to the two-ring flip mechanism as the pathway
of lowest energy over a wide range of structures. Calculated energies for this mechanism follow a trend which parallels ex-
perimental values. Activation energies are predicted for (Mes)3;N, (Mes);SnH, and (Mes)3Bi of 25-27, 5-7, and 3-5 kcal/
mol, respectively. Results for the higher energy mechanisms are discussed in terms of structural changes accompanying the
change in bond length to the central atom. The three-ring flip is found to be consistently higher in energy than the two-ring

flip in the region of interest.

The intricacies of isomerism and isomerization in com-
pounds containing three aromatic rings bonded to a com-
mon central atom, Z, have been the subject of continuing
investigation in recent years in our* and other3-!! laborato-
ries. The interest in such triaryl compounds arises from the
great variety of stereoisomerization pathways available to
these systems.!? In a previous paper,* the stereochemistry
of a simple representative, trimesitylmethane (1), was ex-
amined in detail utilizing the approach of full relaxation
empirical force-field calculations. The present paper de-
scribes an extension of this earlier work to the general class
of compounds (Mes);Z (2, Mes = mesityl; Z = B, CH, N,
etc.) and represents an effort to determine to what extent
generalizations developed for 1 may be applied to other
members of the series 2 and, by extension, to the class of
triaryl compounds in general.

Specifically, for the members of series 2, we will be con-
cerned with the identification of the threshold mechanism®®
of stereoisomerization and with the relative ordering of the
activation energies for the nonthreshold mechanisms.!3

The Model

The subject compounds of this study, 2, were chosen be-
cause (1) they typify highly congested triaryl compounds,
the chemistry of which is dominated by steric effects, and
(2) while their high symmetry precludes*® a detailed labora-

tory investigation of mechanism, it simplifies the study by
empirical force-field calculations.

The particular compounds of interest are all trimesityl
derivatives of groups Illa, IVa, and Va, e.g., those with Z =
B, CH, SiH, GeH, N, P, and As. A proper conformational
analysis of these compounds by empirical force-field calcu-
lations would demand the specification of a large number of
parameters for the interactions of each Z with the sur-
rounding carbon and hydrogen atoms. Reliable parameters
for such interactions as bond stretching, bond angle bend-
ing, torsion, and nonbonded potentials are scarce for most
of these elements, and achieving such a parametrization
would prove to be both risky and difficult.!® Although it is
conceivable that these constants might have been estimated
by a lengthy parametrization process, we decided not to
pursue this complex and arduous undertaking and instead
cut the Gordian knot by adopting a starkly simplified model
force field.

In this model, the entire class of compounds (Mes)3Z is
represented by one member of that class, trimesitylmethane
(1). This molecule was chosen because, being a hydrocar-
bon, its force-field parametrization is the most reliable
available.?® Each compound of series 2 is treated here as
being identical with 1 except for the C-Mes bond length,
which has been allowed to assume different values depend-
ing on the nature of the central atom. This model is founded
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on the deliberately complete disregard of a number of fac-
tors, such as differences in force constants, in electronic
configuration, and in geometry at the central atom. In
short, all distinctions between the individual molecules
have been neglected, with the single exception of differ-
ences in Z-Mes bond length.

There are two fundamental assumptions behind this
model. First, it is assumed that the differences in magni-
tudes of the activation energies for stereoisomerization of
the compounds 2 are principally due to steric interactions
involving the carbon and hydrogen atoms of the mesityl
rings. Second, the assumption is made that differences in
these intramolecular interactions arise mainly from differ-
ences in the bond lengths r(Z-Mes).

It is evident that this model is exceedingly simple in con-
cept and in application; this simplicity is of course its most
attractive feature. It was recognized that vindication for the
above assumptions would have to come from the results of
the calculations. Fortunately, as will be shown below, this
simple model proved capable of yielding results sufficiently
in harmony with existing information so that the effort re-
quired for any refinement to achieve closer agreement be-
tween calculated and found values of activation energies
would far outweigh any possible gains.

Description of Calculations

The method employed was the one developed by us in
connection with our study of 1.4 To allow a “semiquantita-
tive” comparison of the different flip mechanisms, a crude
approximation of the transition states was conceived and
implemented into the computer program; thus, during mini-
mization, the motion of each mesityl ring can be con-
strained such that the plane of the ring maintains a given
dihedral angle ¢ with respect to the plane containing the
central C-H and C-Mes bonds. For the transition states,
two particular orientations were required: (1) ¢ = 0°, for a
flipping ring, and (2) ¢ = 90°, for a nonflipping ring.22
Thus, in the zero-ring flip, three rings maintain orientation
2; in the one-ring flip, one maintains orientation 1, and two
maintain orientation 2; in the two-ring flip, two maintain
orientation 1 and one orientation 2; and in the three-ring
flip, all three rings maintain orientation 1. For the calcula-
tion of ground-state structures, the dihedral angles of the
rings were not constrained.

Using these idealized transition states and the molecular
model described above, energies were calculated?? for the
ground and transition states for several values of r(C-Mes)
in the range 1.4-2.2 A. These limits were chosen since they
represent roughly the range of bond lengths covered by the
actual trimesityl compounds. The extremes of this range ap-
proximate the C-Z bond lengths in, for example, triphen-
ylamine [#(C-N) = 1.42 A24] at the short end and triphen-
ylbismuthine [#(C-Bi) = 2.24 A25] at the long end.

The input for every calculation was the parametrization
and structure of 1 used in our previous study,* except that
the preferred length26 of the C-Mes bond, ro(C-Mes), and
the input length of the C-Mes bond [set equal to ro(C-
Mes)] were assigned arbitrary values between 1.36 and 2.10
A. The specific preferred lengths used were ro(C-Mes) =
1.36, 1.50,27 1.60, 1.80, 2.0, and 2.10 A. During minimiza-
tion of the ground states, the bonds relaxed in response to
internal forces to yield bond lengths r(C-Mes) in the range
1.4-2.2 A. Ground-state and two-ring flip conformations
were determined for all preferred bond lengths studied;
three-ring flip conformations were determined for all except
ro(C-Mes) = 2.0 A; zero- and one-ring flip conformations
were calculated for only three and four values of ro(C-
Mes), respectively, for reasons which are discussed below.
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During minimization, the central carbon was held fixed
at the origin, and the methine hydrogen was restricted to
motion along the input methine C-H bond axis. For the
ground state calculations, all other atoms were allowed full
freedom of movement. For the idealized transition states,
each six-membered aromatic ring obeyed constraint 1 or 2.
Since movement of the individual aromatic carbons might
destroy the required orientations of the rings, the atoms of
each mesityl ring were only moved as groups so that the
rings retained regular planar hexagonal geometry through-
out minimization. Methyl groups and hydrogens attached
to the rings were not constrained during minimization. In
order to maintain the appropriate ring orientations in the
transition states, a special routine was included in the pro-
gram to move the mesityl groups in spherical coordinate
space, with the methine C-H bond defining the z axis;* this
enables the relaxation of the bonds to the central carbon
and angles at the central carbon while maintaining con-
straint 1 or 2. Further details, including a description of the
empirical force-field parameters and the computer program
employed, are given in our previous paper.*

Results

The bond lengths r(C-Mes) calculated for the ground
states are given in Table I. Tabulated alongside these are
the strain energies computed for the idealized transition
states. These values are all relative to the ground-state ener-
gy for each bond length; ground-state energies are not listed
since they are relative to an arbitrary zero and hence are
meaningless.

Principal structural features of calculated conformations
are given in the remaining tables. Table II lists those of the
ground states; Tables ITI-VII list those of the transition
states.

The following discussion of the calculated energies and
conformations considers first the relationship between ex-
perimentally determined activation energies and calculated
energies for the transition state of the threshold mechanism.
Second, an analysis of the structural changes of the transi-
tion states accompanying the change in r(C-Mes) is per-
formed with the aimof gaining insight into the intramolec-
ular interactions which most affect the changes in steric en-

ergy.

Comparison of Experimental Barriers with Calculated
Energies of the Threshold Mechanism

Examination of Table I reveals that, over the entire
bond-length range, the lowest calculated transition-state en-
ergy is that of the two-ring flip. This result represents the
first explicit indication that the two-ring flip is the thresh-
old mechanism for an entire class of triaryl compounds,
namely, those of the form (Mes);Z. The present computa-
tions thus corroborate previous arguments that the two-ring
flip pathway is the lowest energy enantiomerization mecha-

Table I, Calculated Energies (kcal/mol) for Idealized
Transition States
Zero- One- Two- Three-
ro(C—Mes), r(C-Mes),» ring ring ring ring
A A flipe flip flip flip
1.36 1.43 39.4 97.5
1.500 1.55 46 31.0 80.0
1.60 1.64 [62] 41 26.7 68.5
1.80 1.82 [60] 35 19.0 45.2
2.00 2.02 12.2
2.10 2.1 [44] 34 9.8 23.1

@ Average bond length acalculated for ground state (see Table II).
® For ri(C-Mes) = 1.50 A, results are for calculations on 1, ref 4f.
¢ See text for discussion of zero-ring flip energies.
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Figure 1. Circles: experimental?® activation energies for stereoisomeri-
zation of (Mes)3;Z. Triangles: energies calculated for idealized transi-
tion states of the threshold mechanism in the model (Mes)3Z system
(Z = CH). r = length of the Z-Mes bond. For a given value of r, the
energy values on the dashed line are 0.645 times the corresponding
values on the solid line (see text).

nism in trimesityl systems and provide firm support for the
suggestion?s that the two-ring flip is the preferred mecha-
nism in all similar compounds.

When plotted as a function of r(C-Mes), the two-ring
flip energies lie on a smooth curve which is roughly parallel
to the trend of experimental barriers?® (Figure 1). That the
trends of calculated and experimental threshold energies
are parallel demonstrates the fundamental soundness of our
approach. Indeed, the only discrepancy between the calcu-
lated and experimental values is that the former are consis-
tently higher than the latter, the deviations being greatest
for short bond lengths. The discrepancy can be attributed to
artificial constraints imposed upon the molecule by the ide-
alized transition states (such as maintaining ¢ at 0 or 90°).
When these constraints were relaxed in the calculation of
the detailed isomerization pathway of 1,*f the resulting en-
ergy (20 kcal/mol) was in excellent agreement with experi-
ment (21.9 kcal/mol).4¢

Although it is in principle possible to determine a de-
tailed pathway for each value of r(C-Mes), in order to im-
prove the calculated barriers, not only would such a proce-
dure be costly and time consuming, but it would also be
contrary to the spirit in which the present model was con-
ceived, i.e., a model characterized by the deliberate neglect
of details. The same effect was achieved simply and directly
by making the assumption that the percentage error intro-
duced by the artificial constraints is the same for all values
of r(C-Mes). With this assumption, the results* of the
computations on 1 can be used to determine a correction
factor which can then be applied to the energies of the ide-
alized two-ring flips for all other systems. The ratio of the
energy of the calculated transition state of 1 (20 kcal/mol)
to the energy of the idealized two-ring flip of 1 (31 keal/
mol) has been used for this purpose; this factor, 20/31 =
0.645, transforms the solid curve to the dashed curve in Fig-
ure l.

It is evident that the corrected line faithfully follows the
experimental data. One can make predictions, based on the
dashed curve, of activation energies for several compounds
of special interest. A fascinating example is trimesitylamine
(3), which has not yet been synthesized. The C-N bond
length in triphenylamine is 1.42 A;24 a reasonable guess of
r(C-N) in 3, by analogy with the difference in C-Ar bond
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Figure 2. Calculated energies for the idealized one-, two-, and three-
ring flip transition states. Energies are relative to the ground state for
each bond length. Squares: one-ring flip. Triangles: two-ring flip. Cir-
cles: three-ring flip. r = calculated length of the C-Mes bond.

lengths between triphenylmethane (1.53 A)2 and 1 (1.54
A),3%2 is 1.43 A. The isomerization barrier, as predicted
from Figure 1, should be 25-27 kcal/mol. Such a high bar-
rier suggests the possibility that 3 should be resolvable and
optically stable at room temperature. It is also possible, by
extrapolating the curve in the other direction, to make pre-
dictions about compounds with very long Z-Mes bond
lengths. Two such compounds are (Mes);SnH and
(Mes);Bi. For the former, an upper limit to the activation
energy of 8 kcal/mol has been determined.?' For the latter,
Rieker and Kessler? report only that nmr line broadening
was not observed in the available temperature range. By as-
suming the Z-C bond lengths in methylstannane (2.14 A)32
and triphenylbismuthine (2.24 A),25 activation energies of
5-7 and 3-5 kcal/mol can be predicted from Figure 1 for
(Mes)3SnH and (Mes)3Bi, respectively. These results are
consistent with the experimental observations.

Analysis of Structure and Energy of the Idealized Transition
States

In Figure 2, the calculated energies of the idealized one-,
two-, and three-ring flip transition states are plotted against
r(C-Mes). As noted above, the two-ring flip energies are
consistently the lowest. The three-ring flip energies, though
much higher than the two-ring flip energies, nevertheless
follow a similar trend: both curves gradually flatten as
r(C-Mes) increases and appear to move asymptotically
toward some small energy value. The one-ring flip and zero-
ring flip (not included in Figure 2, for reasons outlined
below) behave differently. There are extended regions in
which steric energy remains practically constant despite the
change in bond length. For the zero-ring flip, this occurs be-
tween 1.64 and 1.82 A (Table I); for the one-ring flip, this
occurs between 1.82 and 2.11 A.

The following analysis, which is intended to provide in-
sight into the energetic behavior depicted in Figure 2, fo-
cuses on the variations in structure which result from the
change in central bond length. An alternative analysis in
terms of trends in component energies was not made for two
reasons. (1) The only clear-cut trends in component ener-
gies are those which are also obvious from structural
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Table II. Calculated Ground-State Conformations
r( C-Mes), A HC-Mes),* A CC-C? (deg) H-C-Cr (deg) H-C-C,~C,¢ (deg)
1.36 1.428 118.1 97.8 41.2
1.428 117.8 97.9 40.2
1.430 118.8 97.3 41.7
1.50¢ 1.550 117.0 99.0 40.2
1.551 (1.539)/ 117.9 (115.9) 98.7 (101.8)/ 41.4 (37.7)
1.549 118.1 98.9 40.5
1.60 1.640 117.0 100.0 41.5
1.639 116.8 100.2 40.9
1.640 117 .4 99.6 41.4
1.80 1.825 116.3 101.4 41.8
1.825 116.0 101.5 41.3
1.826 116.5 101.0 42.0
2.00 2.015 114.7 103.7 42.1
2.015 114.0 104.0 42.9
2.016 114.5 104.1 42.9
2.10 2.111 114.0 104.4 43.3
2.110 114.0 104.4 42.2
2.112 114.4 104.0 43 .1

@ Bond length calculated for each of the three rings. * Angles between the bonds to the rings at the central carbon. ¢ Angles between the
C-H and C-Mes bonds at the central carbon. ¢ Angle representing the amount of twist of the rings with respect to the methine C~H bond;
equivalent to the angle ¢ defined in the text. ¢ Results for ro(C-Mes) = 1.50 A are those calculated for 1 in ref 4f. / From crystal structure of

1, ref 30a.

changes; for example, increases in angle strain energies are
mirrored by increased angle distortions. (2) Energy differ-
ences of less than | kcal/mol, which are often observed, are
certainly not beyond the range of error in force-field par-
ametrization, Schleyer and coworkers?! have observed for a
number of hydrocarbons that the calculated structures are
*...remarkably consistent despite the wide variety of force
fields employed,” whereas component energies “vary con-
siderably” for different force fields. Thus, any strain com-
ponent analysis presented here might prove to be valid only
for the particular force field used in these calculations and
therefore of limited significance.

It should be noted that despite our belief in the validity of
the present analysis in terms of structural changes, we do
not place any heavy emphasis on the exact conformations
calculated for the idealized transition states. Just as the cal-
culated energies were consistently too high, reflecting the
artificiality of the idealized transition states, so too the con-
formations are expected to deviate, though in a less obvious
way, from the correct structures. We therefore focus our at-
tention in the discussion on the trends in calculated geome-
tries, and deviations from these trends, seeking only to de-
rive a gross, qualitative interpretation of the interactions
which lead to these trends.

Ground State. Whereas calculated ground-state energies
are meaningless in absolute terms since they are relative to
an arbitrary zero, ground-state structures are listed in
Table II. It is seen that each structure is a propeller possess-
ing approximate threefold symmetry, and that bond angles
and bond lengths deviate less from their preferred positions
as ro(C-Mes) increases. All of this is intuitively reasonable.

For comparison, some dimensions reported for crystalline
1302 are included in Table II alongside the calculated di-
mensions of 1, The two are in general agreement; it is likely
that what discrepancies there are can be attributed (at least
in part) to crystal packing forces, which are not considered
in the type of calculations done here. On the other hand,
bond-angle deformations at the central atom appear to be
generally overestimated. In the case of 1, the computed
value of 117-118° for the C-C-C angle is only slightly in
excess of the value (115.9°) determined3%2 by X-ray analy-
sis, but for trimesitylphosphine (4) the discrepancy is more
serious. On the basis of Table I, a trimesityl compound
with r(Z-Mes) equal to r(P-Mes) in 4 [1.83 A,3%0 essen-
tially the same as r(P-C) in triphenylphosphine3?] should
possess a C-P-C angle of roughly 116°. However, the X-

Table III.  Angle Deformation in the Two-Ring Flipe
nC-Mes),? C(F)-C-
A C(F)» H-C-C(F)» H-C-C(F)» H-C-C(NF)y»
1.43 105.7 107.2 83.5 97.2
1.55¢ 107 .4 106.7 82.7 97.2
1.64 109.0 107.5 83.0 98.5
1.82 112.8 105.7 84.7 100.5
2.02 117.2 95.5 93.2 103.0
2.11 117.8 95.2 94.7 104.7

@ r(C-Mes) is the average bond length calculated for the ground
state (see Table II). The dihedral angles refer to C(F) and C(NF)
as the atoms bonded to the central carbon in flipping and nonflipping
rings, respectively. ® In degrees. ¢ Results calculated for 1, ref 4f.

ray structure of 430® shows C-P-C bond angles of 108-
111°, i.e., substantially smaller than calculated.?* This dis-
crepancy is inevitable from the nature of our model.

Two-Ring Flip. In Table III are listed values for some an-
gles in the calculated two-ring flip conformations; C(F) and
C(NF) are the atoms bonded to the central carbon in flip-
ping and nonflipping rings, respectively.

Two important trends may be discerned. First, C(F)-
C-C(F) decreases as r(C-Mes) decreases. Second, of the
two angles H-C-C(F), one increases by about 12°, whereas
the other decreases by the same amount over the range of
bond lengths, reflecting a shearing motion of the two flip-
ping rings. The latter two angles appear to approach 95° for
large values of r(C-Mes). The last angle, H-C-C(NF),
changes in a predictable fashion, following almost exactly
the pattern displayed by the H-C-C angles in the ground
state (Table II).

The behavior of the angles involving the flipping rings
can be accounted for by considering the principal nonbond-
ed contacts in these systems, viz., those in which the ortho-
methyl groups participate. As r(C-Mes) becomes smaller,
the interaction between the flipping rings and the ortho-
methyl groups of the nonflipping ring must increase. In re-
sponse to this, the molecule can distort in such a way that
C(F)-C-C(F) becomes smaller, as Table I1I indicates. An-
other consequence of shortening the C-Mes bond is greater
contact among the four ortho-methyl groups on the flipping
rings. These contacts would tend to open the C(F)-C-C(F)
angle, were it not being forced closed by the interactions de-
scribed above. The molecule therefore adopts a second
mechanism, the shearing motion of the flipping rings, to re-
lieve the second type of strain. The reason that the H-C-
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Table IV. Angle Deformation in the Three-Ring Flips

H(C-Mes).* A C(F)-C-C(F)? C(F)-C-C(F) C(F)-C-C(F) H-C-C(F)» H-C-C(F)t H-C-C(Fy
1.43 122.0 118.1 119.2 98.7 84.2 95.2
1.55¢ 119.8 119.9 120.0 99.0 85.7 91.0
1.64 118.2 120.5 121.1 95.7 89.5 90.0
1.82 120.7 119.5 119.7 92.0 90.7 90.0
2.11 120.2 119.2 120.4 92.2 91.2 91.2

a=¢ Footnotes correspond to those in Table III.

C(F) angles approach 95° is that the distal4f methyl groups
of the adjacent flipping rings are in very close proximity.
Since the rings may not rotate in the idealized transition
states, there is a tendency to equalize the strain at the prox-
imal*f and distal positions by flattening the structure at the
central atom. Even for the longest bond length used, the dis-
tal interactions prevent the attainment of the preferred an-
gles. This tendency is even more pronounced and more
clearly exhibited in the three-ring flip structures.

Three-Ring Flip. Energies for the three-ring flip are not
only considerably higher than two-ring flip energies, but
they are also more sensitive to changes in bond length. This
is again rationalized by analysis of the conformational
changes at the central carbon (see Table IV). Note first
that the three angles C(F)-C-C(F) for each bond length
are practically equal. This is a result of the need to distrib-
ute evenly the strain imposed by the three flipping rings. In
particular, due to the strain introduced by the distal ortho-
methyl groups, the angles remain roughly at 120°, regard-
less of the value of r(C-Mes), over the entire range from
1.43 to 2.11 A. Again there is shearing by two of the rings,
as evidenced by the H-C-C(F) angles, though not quite as
much as in the two-ring flip.

In the two-ring flip, as the bond length is shortened, the
molecule adjusts to the greater strain by suffering greater
angle distortion at the central atom [i.e., diminution of the
C(F)-C-C(F) angle and augmentation of the C(F)-C-
C(VF) angles]. This mechanism of strain relief is not avail-
able to the three-ring flip. Because of the need to equalize
the strain on the three equivalent rings and the need to min-
imize the interactions between the ortho-methyl groups on
opposing rings, the structure tends toward planarity at the
central carbon. Apparently, the three-ring flip is so crowded
that it attains the optimum geometry (all three central an-
gles 120°) even for the longest bond lengths studied (Table
IV). Hence, when the bond length is shortened, no reduc-
tion in strain can be achieved by further distortion of the
central angles. The result is that the strain is shifted to
other parts of the molecule, especially the C-Mes bonds
and the angles at the ortho positions on the rings. Table V
compares distortions of these structural components for the
two- and three-ring flips. The stretching of the C-Mes bond
and the bending of the angles 8 are consistently greater in
the three-ring flip than in the two-ring flip. It might be ar-
gued that the two-ring flip exhibits smaller distortions of
these components, because it is able to undergo more out-
of-plane distortion of the methyl groups on its flipping rings
than in the three-ring flip; this would be rationalized by
noting symmetry differences between the two transition
states. However, examination of the out-of-plane angles has
revealed no clear evidence that either transition state is
more subject to this type of distortion than the other. For
example, when r(C-Mes) = 1.43 A, the out-of-plane angle
of the distal methyl group on one of the flipping rings of the
two-ring flip is 16.5°; for the corresponding methyl group in
the three-ring flip, the angle is 15.0°. On the second flip-
ping ring of the two-ring flip, the distortion of the distal
methyl group from the plane is 4.4°, while for the remain-
ing two rings in the three-ring flip, the angles are 8.0 and

Table V. Comparison of Strain Components in Two- and
Three-Ring Flips

~Two-ring flip?.c— ~Three-ring flipb-4—
5 o ﬁpv de - pr Bwl,
HC-Mes),*A  Ar, A deg deg Ar, A deg deg

1.43 0.10 110 109 0.18 107 103
1.55¢ 0.07 113 111 0.12 106 104
1.64 0.06 113 112 0.11 107 107
1.82 0.05 115 114 0.08 110 110
2.1 0.03 118 117 0.04 115 115

o Average bond length calculated for the ground state (see Table
IT). ® Ar is the difference between the calculated bond length in the
transition state and r(C-Mes), averaged over the three C-Mes
bonds. § is the angle defined by an ortho-methyl group, an ortho
gromatic carbon, and a meta aromatic carbon; the subscripts p and
d denote proximal and distal positions, respectively. ¢ Angles are
averages for the flipping rings only. 4 Angles are averages for all
three rings. ¢ Results calculated for 1, ref 4f.

8.1°. It is apparent, in this case, that neither transition state
is distinguished from the other by the magnitude of its out-
of-plane distortions. The remaining angles likewise indicate
no uniform trend.

The steepness of the three-ring flip curve compared with
the two-ring flip curve follows simply from the nature of the
potentials used in the force field. Typically, they are para-
bolic;* hence the slope of the potential is proportional to the
amount of strain present. Since the total potential function
of a molecule is essentially a sum of this type of potential,
the total energy should exhibit similar behavior. Therefore,
the three-ring flip energies, which are higher than the two-
ring flip energies, are more sensitive to changes in factors
which affect the amount of strain, particularly »(C-Mes).

Zero- and One-Ring Flips. These two transition states are
treated together since they share in common an important
characteristic: both idealized transition states entail the
placement of two methyl groups in essentially the same
location. This situation is obviously unreasonable and led us
to omit the calculation on the zero-ring flip in our previous
paper*f “on simple steric grounds.” The present calculations
vindicate this decision. The strain caused by three pairs of
overlapping methyl groups causes such distortion of the
central angles (see Table VI) that the resulting geometry
does not even remotely resemble the idealized zero-ring flip.
In fact, although each ring faithfully obeys constraint 2, the
angles H-C-C(NF) are bent so that the resulting structure
appears?’ to be a two-ring flip. For a clearer picture of how
such a conformation is attained, let us imagine that associ-
ated with each ring is an axis which contains the central
carbon atom and which is perpendicular to both the C-Mes
and C-H bond vectors. For /(C-Mes) = 1.64 and 1.82 A,
two of the rings rotate about these axes in such a way that
the H-C-C angles decrease, while the third ring rotates in
such a way that the angle increases. This motion does not in
any way affect the requirement (constraint 2) that the
planes of the rings be perpendicular to the planes of the C-
H and C-Mes bonds, yet the result of this motion, coupled
with some additional lesser distortions of the central C-C-
C bond angles, is that the C-H bond vector is coplanar
with, and almost exactly bisects, one of the C-C-C angles,
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Table VI, Angle Deformations in the Zero-Ring Flip
HC-Mes),* A C(NF)-C-C(NF)» C(NF)-C-C(NF)» C(NF)-C-C(NF)» H-C-C(NF) H-C-C(NF)? H-C-C(NF)
1.64 130 114 114 65 66 169
1.82 139 118 103 74 66 166
2.11 105 114 113 127 128 50
@ Average bond length calculated for ground state (see Table II). ® In degrees.
Table VII. Angle Deformations in the One-Ring Flip
H(C-Mes),* A C(NF)-C-C(NFy C(F)~C-C(NFy» C(F)-C-C(NF) H-C-C(F)* H-C-C(NF) H-C-C(NF)*
1.55 103 130 120 94 59 142
1.64 104 129 120 96 60 139
1.82 109 126 117 100 62 133
2.1 140 103 97 120 93 106

@ Average bond length calculated for ground state (see Table I1). ® In degrees. © Results calculated for 1, ref 4f,

and that the two attached rings lie perpendicular to the
plane defined by that angle. They thus resemble flipping
rings. For r(C-Mes) = 2.11 A, an equivalent result is
achieved by increasing, rather than decreasing, the values
of two H-C-C angles, while decreasing, rather than in-
creasing, the third. This motion also takes place about the
axes described above, so that constraint 2 is once again
maintained. The energies of these calculated conformations
bear no relationship to the zero-ring flip energies. The re-
sults corroborate this: for r(C-Mes) = 1.64 A, the “zero-
ring flip” energy is lower than the three-ring flip energy
(Table I), contrary to reason and intuition, but not surpris-
ingly since it is well known that excessive angle bending
(>25°) leads to unreliable results,?! and the values of H-
C-C(NF) given in Table VI represent distortions of 40° or
more, in some cases, from preferred angles.*f

A similar situation occurs for the one-ring flip, which
also has overlapping methyl groups. However, only one pair
of methyl groups is in this condition, as opposed to three
pairs in the zero-ring flip. In this case, the structure is driv-
en not to a two-ring flip but to a propeller, even though the
rings obey the proper constraints. The deformations in the
one-ring flip can be visualized much as were those of the
zero-ring flip. For r(C-Mes) = 1.55, 1.64, and 1.82 A, rota-
tion of the nonflipping rings about the axes containing the
central carbon and perpendicular to the H-C-C plane re-
sults in shearing of the two rings (Table VII, columns 6 and
7). The three rings now have the same sense of twist, not
with respect to the C-H bond (they are all still either paral-
lel or perpendicular to the H-C-C plane) but with respect
to an axis perpendicular to the reference plane of the dis-
torted conformation and containing the central atom; thus,
the structure has a propeller conformation. For r(C-Mes)
= 2.11 A, the minimization pathway selected by the pro-
gram is different. Overlap of the methyl groups is, at this
bond length, sufficiently small that shearing by the two
nonflipping rings is no longer the most efficient mechanism
for strain relief; note that the distortion of the H-C-C(NF)
angles is much less for this bond length than for the other
bond lengths (Table VII). Rather, the greatest deformation
occurs in the C(NF)-C-C(NF) angles. The effect of this
change in minimization pathway is that the final conforma-
tion in fact appears to be a one-ring flip and not a propeller.
It is probable that the energy for this last-structure is rea-
sonable, while the remaining values become more unaccept-
able as bond length decreases. It is expected that the calcu-
lated energies err in the negative direction, that is, they are
too low, since eliminating the excessive angle bending would
create greater nonbonded interactions. These observations
bring into question the crossover of the one- and three-ring
flip energies depicted in Figure 2. Does the crossover actu-
ally occur, and if so, where? Since uncertainties in the cal-

culated one-ring flip energies have not been resolved, the
curve through the appropriate points in Figure 2 is repre-
sented as dashed.
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Possible Manifestation of the Hammond Postulate!

W. J. le Noblet and T. Asano

Contribution from the Department of Chemistry, State University of New York, Stony Brook,
New York 11794. Received July 11, 1974

Abstract: In this paper, we attempt to reach an understanding of the phenomenon that among those reactions which are pro-
moted by the application of hydrostatic pressure, the most highly hindered ones tend to be accelerated most. The example
discussed here is the Menshutkin reaction of methyl, ethyl, and isopropyl iodide with pyridine and with 2,6-dimethyl-,
-ethyl-, isopropyl- and -rert-butylpyridine; the known activation volumes for these reactions in acetone steadily become more
negative as the interfering groups are made larger. We now report the partial molal volumes of the free bases and the alkyl-
ating agents in acetone and methanol and of the N-methylpyridinium iodides in methanol. The data do not support the
Gonikberg theory, according to which the progressive shrinking of the transition state with increased hindrance is due to “in-
terpenetration” of the interfering groups. Instead, the observations can be accounted for by the Hammond postulate, accord-
ing to which the transition states in the more hindered reactions should be more “product-like””. We also report an anomal-
ously large volume increase from 2,6-diisopropyl- to -tert-butylpyridine in methanol and conclude that hydrogen bonding to

the latter base is extremely weak or absent altogether.

Among chemists interested in the effects of pressure on
the rate constants of reactions in solution,? it is a well-
known fact that pressure induced accelerations are general-
ly greatest for sterically hindered reactions. These accelera-
tions are related to the activation volume by the expression

-3 1n k/3p = AV*/RT

AV* is therefore negative in a reaction promoted by pres-
sure,? the more so the greater the acceleration. Some ex-
treme examples have been noted; in fact, Okamoto has en-
countered sterically hindered reactions under pressure
which are apparently not detectable at 1 atm at all.# This
generalization—the greater the hindrance, the greater the
acceleration—is of obvious interest in that it may have syn-
thetic applications, and hence in several high pressure labo-
ratories further examples have been sought and discovered.
Most of these instances have centered around the Menshut-
kin reaction; most recently, a report from our laboratory’
listed the systematic increase in the pressure-induced rate

accelerations as the number of carbon atoms is increased in
the reaction of methyl, ethyl, and isopropyl iodide with pyr-
idine and 2,6-dimethyl-, -ethyl-, -isopropyl-, and -tert-
butylpyridine. The observations in this report may be sum-
marized by the statement that AV,! becomes more negative
by about 2 cm?/mol for each additional methylene group
near the reaction site.

To date, only the late Gonikberg and his coworkers have
ventured an explanation of this phenomenon.® They assume
that the length of the newly forming C-N bond is equal in
the transition states of all these reactions (and 10% longer
than the normal equilibrium value), and that no distortions
occur except in the flattening methyl group, and they pro-
pose that the increasingly negative activation volume is due
to “overlapping volumes”, i.e., to increased “interpenetra-
tion” of the interfering groups. This proposal was supported
by calculations showing that these assumptions can produce
remarkably good agreement with experiment.” This agree-
ment must be largely fortuitous, however, First of all, the
assumption of a bond length in the transition state only 10%
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