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The overall and intramolecular rotational diffusion behavior of
1,3,7,10-tetramethylbenzo[c]cinnoline was determined from lon-
gitudinal *C NMR relaxation and {*H}-"C NOE measurements
in dilute chloroform solution. The four methyl groups in this com-
pound represent three different situations of sterical hindrance.
One pair of methyl groups is in close mutual sterical contact,
forming the ends of an open six-membered ring. Assuming com-
pletely anisotropic overall molecular tumbling combined with a
120° jump model for the internal methyl rotations the jump rates
of methyl groups were evaluated and compared to earlier results
on different sterically hindered compounds, in particular with re-
spect to a potential cogwheel-like intermethyl interaction. To char-
acterize intermethyl interactions in different sterical situations,
a new gauge—the ““methyl interaction volume” —is introduced.
Implications for correlated rotational diffusion of methyl groups

are discussed. © 1997 Academic Press

INTRODUCTION

Internal rotations of methyl groups are the fastest intramo-
lecular rotations in organic molecules. The slowdown of
this motion through sterical hindrance is of high theoretical
interest in the context of motional correlation and still unre-
solved questions of methyl tunneling. To our knowledge
compounds of the 4,5-dimethylphenanthrene type (1 in Fig.
1), which have previously been the subject of studies with
respect to the skeletal deformation caused by the steric inter-
action of the substituents (1, 2) and the effect of ring distor-
tion on the electrophilic aromatic reactivity (3), have never
been used before to assess the influence of the sterical hin-
drance on the internal rotation of the methyl groups.

The primary goa of thiswork was to compare the internal
rotational diffusion constants of both ‘‘unhindered’’ methyl
groups and mutually strongly sterically hindered methyl
groups attached to the samerigid molecular framein solution
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state. A juxtaposition of methyl groupsin an open six-mem-
bered ring bears the potential of a cogwhed interaction. The
effect of such an interaction on the internal jump rates is of
special interest in view of the possibility of correlated methyl
rotation. To our knowledge comparison of the internal rota-
tional diffusion constants of sterically free and cogwheel-
like interacting methyl groups in a single molecule has not
been attempted previously.

Among the compounds suitable for such an investigation
1,3,7,10-tetramethylbenzo[ c] cinnoline (11) was chosen
mainly for reasons of availability, solubility, and stability.
Its synthesis will be described elsaewhere.

The evaluation of *3C dipolar longitudinal relaxation data
is the most common approach to overall and intramolecular
motions [see, eg., (4-9)]. In the following section we
briefly summarize the theory relevant in this particular con-
text.

THEORY

13C relaxation in solution is predominantly caused by in-
tramolecular dipolar interactions with protons. In the limit
of extreme narrowing, the longitudinal relaxation time
through the dipolar pathway, T4, Can be determined from
the overall longitudinal relaxation time T, and the hetero-
nuclear Overhauser effect n (10):

1 _ 1m0 [1]
Tig  T1 Mmax

As will be shown below, all experiments were run under
extreme narrowing conditions, so that Eq. [1] holds.

The effects of overall and internal rotations on dipolar
relaxation times have been derived analytically by Woessner
(11-13). His approach uses a number of approximations
based on symmetry properties of the overall motion and the
relative orientation of the axis of internal rotation to symme-
try axes of the overall molecular rotation. The most genera
case, totally anisotropic overall molecular motion together
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FIG. 1. 4,5-Dimethylphenanthrene (1)
dimethyl-1,4-methanonaphthalin (111).

with any number of internal methyl group rotations at arbi-
trary positions in the molecule, has been treated by Bluhm
(14). From this work the relaxation rate of aspin | relaxing
through dipolar interaction with a single spin Sis given by
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The dependence of the spectral density functions J,,(w)
for the reorientation of the | Svector on therotational correla
tion times was derived in Ref. (14) and is reproduced in the
Appendix to this paper (Egs. [A1l] —[A6]).

The inverse problem of calculating the overall and intra-
molecular rotational diffusion constants from the dipolar re-
laxation rates cannot be solved analytically. Therefore nu-
merica methods must be applied. For this purpose we devel -
oped a computer program (using Think Pascal 4.0 (15)
under MacOS 7.5.2). The formulas derived by Woessner
(11) used to calculate the dipolar **C relaxation caused by
"H nuclei attached to the rigid structure with anisotropic
overall molecular motion are given in the Appendix (Egs.
[A7]-[A9]).

The effect of the *H nuclei attached to internally rotating

II

, 1,3,7,10-tetramethylbenzo[ c] cinnoline with its two helical enantiomers (11), and 1,2,3,4-tetrahydro-5,6-

fragments on the **C dipolar relaxation timesis cal cul ated by
Bluhm's equations (14) given in the Appendix (Eq. [Al]).

The program starts from a random or arbitrarily chosen
set of rotational diffusion constants and calculates the *C
dipolar relaxation times. The sum of squares of deviations
of the calculated from experimentally derived T,4q valuesis
minimized using a steepest-descent approach while varying
the overall and internal rotational diffusion constants. For
the model compound |1 eight T4y Values were used to deter-
mine three overall and four internal rotational diffusion con-
stants. The T4y Values of the nonprotonated carbon atoms
were not used in these calculations because of their high
uncertainty (Table 1), asin a similar study (9).

Chemical exchange between the two enantiomers of oppo-
site helicity (see Fig. 1) is too slow at the measurement
temperature to contribute to the relaxation rates. Thisis cor-
roborated by the inversion barrier of a similar compound,
4,5-dimethylphenanthrene (1), which was determined to be
67.3 kJmol ! (1), corresponding to an inversion rate of 0.4
s™!at 260.5 K.

Due to the limited number of *C—'H vectors and the
intrinsic properties of the model compound, a number of
simplifying assumptions had to be made which will be dis-
cussed in the following:

—Therotational diffusion axis system was assumed to coin-
cide with the inertial axis system, athough this is not necessar-
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ily s0 [see (16) and references cited therein] . But at the actual
error level of the experimental data (Table 1) a differentiation
between the two axis systems as performed in Ref. (9) is
not possible. These deviations mostly influence the calculated
overdl rotational tumbling rate of the molecule. Internal rota-
tional diffuson constants calculated from these data do not
depend significantly on small changes in the orientation of the
axis sysem (9), as will be shown below.

—Bluhm’ s approach (14) alows for methyl group jumps
between three different sites, two of which are equivalent.
The most general model introduces three different jump rates
per methyl group instead of one. Determining this large
number of parameters requires more independent and highly
accurate experimental Tyqq Values [at a 1% error level ac-
cording to Ref. (16)]. The model compound used does not
have a sufficient number of CH vectors which in addition
are nearly coplanar. Therefore a model with three equivalent
jumping positions was assumed by setting all three jump
rates for each methyl group equal as in the study of (9).

—For proton-decoupled methyl carbons the effect of
cross-correlation of proton—proton dipolar interactions on
the NOE is neglected. This is justified when the jump rate
of the internal rotation is not more than 20 times higher than
the overall rotational diffusion constants (17—22). As will
be seen bel ow, this condition isnot met for the freely rotating
methyl groups 3 and 7, which most probably leads to an
underestimation of their rotational diffusion constants.

We have aso run preliminary *H multiple-quantum-fil-
tered experiments (23, 24) which did not show any indica-
tion of cross-correlation effects—most probably because in
this motional regime the effects are expected to be very
small as can be seen from the results in Ref. (25).

—Bluhm’s treatment (14) is only valid if diffusion ef-
fects dominate over inertia effects for the overall molecular
tumbling as well as for the internal rotations. This assump-
tion is also problematic for the most freely rotating methyl
group 3. This error has, however, little influence on the
sterically hindered methyl groups, which are of prime inter-
est in this study.

—Another restriction, which is inherent to Bluhm's ap-
proach (14), is that completely independent molecular mo-
tions are assumed. So far the experimental data show no
evidence for correlated methyl rotation. Should such a corre-
lation be discovered later, the model might need to be ad-
justed accordingly.

—Dueto thelow signal-to-noise ratio at the concentration
used it was not possible to access additional experimental
information such as *C multiplet asymmetry. This would
alow one to include the CSA relaxation pathway [ as done
in Ref. (26)] and provide additional parameters, thus in-
creasing the accuracy of the model.

EXPERIMENTAL

All experiments were carried out on a Bruker Avance
DRX-600 spectrometer equipped with a 5-mm inverse

(*H, *C, N, *P) quadrupole resonance probe with x, vy,
z gradients and a Q switch (which was however not used
in these studies). All measurements were performed at
260.5 + 0.5 K.

Seven milligrams of 11 was dissolved in approximately
0.8 ml of CDCl; (Uetikon, =99.95% 2H), and oxygen was
removed by severa (approximately 10) freeze—pump—thaw
cycles, until the amount of solvent was decreased to approxi-
mately 0.5 ml, giving a final concentration of ~0.06 mol
liter . The sample was sealed in vacuo. The low concentra-
tion was used to avoid intermolecular stacking interactions.
The temperature of 260.5 K was chosen in order to slow
down the overall tumbling to within the diffusion range (but
still in the extreme narrowing) so that it is not dominated
by inertial effects (10).

13C longitudinal relaxation times were measured by the
inversion-recovery method, using an inversion pulse of 24.4
us and a decoupling field (WALTZ) of 2.5 kHz centered at
4.5 ppm with power gating to 1.25 kHz during a recycle
delay of 24 s. The relaxation times were obtained by fitting
the peak height to a monoexponential decay using the com-
puter program MacCurveFit (27). NOE values , were deter-
mined from differences of decoupled **C spectra with and
without *H irradiation during the recycle delay of 45 s (with
an acquisition time of 1.8 s). The experiments were repeated
five times with different delay lists after reshimming and
retuning and averaged to decrease the experimental error.
The inverse-gated decoupling experiments used 1024 tran-
sients, and the inversion-recovery experiments 512 transients
per variable delay. Twenty-five different delays ranging from
1 ms to the length of the recycle delay were used. All data
points obtained were fitted simultaneously.

Complete assignment was achieved via inverse gradient-
enhanced HC correlation spectra [ one-bond correlation via
double INEPT transfer using sensitivity improvement,
Bruker pulse program ‘‘invieagssi’’ (28-30), al Bruker
software from the xwinnmr 1.1.1 release], long-range 2D
HC correlation via heteronuclear zero- and double-quantum
coherence, with low-pass J filter to suppress one-bond cor-
relations, without decoupling during acquisition, using
gradient pulses for selection (Bruker pulse program
“‘inv4gplplrnd’’) and long-range HH-COSY spectra ( Bruker
pulse program ‘‘cosydclr’’).

Table 1 summarizes the assignments, the T, relaxation
times, the NOEs n, and the dipolar relaxation times T,y for
all carbon atoms of compound 11.

The molecular geometry used in the calcul ations was opti-
mized using the cff9l force field if Insight 11 (31). Figure
2 depicts the optimized structure of the molecule together
with itsinertial axis system as calculated by Insight 1. These
coordinates (given in Table 2 for reference purposes) and
the experimental relaxation data in Table 1 constitute the
input to the minimization program.
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TABLE 1
13C Chemical Shift 6, Longitudinal Relaxation Time T;, NOE
n, and Dipolar Relaxation Time Ty4q at 150 MHz **C Resonance
Frequency and 260.5 + 0.5 K for Each Carbon Atom of II*

o T, Tida ATigg
Caom  (ppm) © n ©® C) A%
4a 146.6 5.10 0.17 61 +16 26%
6a 144.7 5.46 0.06 188 +125 66%
3 137.9 3.88 0.26 30 +5 16%
7 135.6 5.17 0.32 32 +5 15%
2 134.7 115 1.68 135 +0.08 6.0%
1 133.8 5.35 0.40 27 +3 12%
9 132.8 121 1.63 148 +0.08 5.7%
10 131.2 5.28 0.43 24 +3 12%
8 128.6 0.96 1.64 12 +0.2 13%
4 126.1 133 174 15 +0.1 6.6%
10a 120.8 4.67 0.07 129 *72 56%
10b 118.8 4.72 0.08 115 +55 48%
1-CH, 22.0 1.96 194 20 +0.1 5.1%
10-CH;3 21.9 1.89 1.99 19 +0.1 5.0%
3-CH; 21.0 4.12 1.56 53 +0.3 6.3%
7-CH, 17.6 4.07 1.80 45 +0.3 5.6%

2 This table comprises the averages of five NOE measurements and the
results from three inverson-recovery series at 150 MHz and 260.5 + 0.5 K.

RESULTS AND DISCUSSION

The parameters of overall molecular tumbling calculated
by the approach outlined above are given in Table 3 with
respect to the axis system defined in Fig. 2. The correlation
timesy, 7y, 72, 7+, and 7_ calculated from the experimental
data according to Eq. [A4] (in the Appendix) are given in
Table 4.

To assess the quality of the fit the experimental dipolar

FIG. 2. Optimized 3D structure of |1 and itsinertial axes obtained with
the cff91 force field of Insightll. The Cartesian coordinates are given in
Table 2.

TABLE 2
Cartesian Coordinates of Optimized Structure of Il with
Respect to Its Inertial Axis System

Atom x (A) y (A) z(A)
N-6 1.007 2.016 —0.006
C-4a —1.069 1.107 0.114
C-6a 1.537 0.772 -0.023
c3 —3.346 0.482 0.111
c7 2,912 0.788 -0.171
c2 —2.921 -0.784 -0.273
c1 —1595 -1.133 —0.433
c9 2.819 —1581 0.220
C-10 1.445 —1570 0.379
c8 3,537 —0.437 —0.088
c4 —2.380 1.452 0.258
C-10a 0.756 —0.370 0.094
C-10b —0.607 -0.189 —0.080
C (1-CHy) ~-1.384 -2513 -1.017
C (10-CHy) 0.863 —2.874 0.878
C (3-CHy) —4815 0.792 0.275
C (7-CHy) 3.705 2.056 ~0.390
N-5 —0.246 2.176 0.185
H (10-CHy) -0.124 —2.745 1.343
H (10-CHy) 0.794 -3633 0.083
H (10-CHs) 1.504 ~3.302 1.667
H-8 4618 -0.498 —0.204
H-9 3.367 -2512 0.360
H (7-CHy) 4.770 1.851 —0.569
H (7-CH2) 3.332 2617 -1.262
H (7-CHy) 3.641 2722 0.486
H-2 —3.691 —1528 —-0472
H (1-CHy) ~0.396 —2.628 —1.482
H (1-CHa) ~1529 -3.310 —0.270
H (1-CHy) —2111 -2.703 -1.825
H (3-CH2) 4977 1.708 0.860
H (3-CHy) ~5.302 0.934 ~0.705
H (3-CHy) —5.344 -0.021 0.796
H-4 —2.649 2.485 0.462

longitudinal relaxation times are compared to those back-
calculated from the minimization results for the overall and
internal motions in Table 5.

In the theory of diffusion on which our calculations are
based it is assumed that the duration of a jump is short
compared to the time between two jumps. A simple test of
the validity of this assumption is the x test [see
(10, 32, 33)]. The value of x is defined as

5 KT

"R 3]

Xi

where the subscript i refers to Cartesian axes. The arbitrary,
but generally accepted, classification is that with x > 5 the
assumption of diffusion control isjustified, which isthe case
for the experiments carried out.

The internal rotational diffusion constants W, calculated
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TABLE 3
Overall Rotational Tumbling Rates R for Il Derived from the
Experimental Data in Table 1 with Respect to the Inertial Axis
System and the Geometry Given in Fig. 2 and Table 22

TABLE 5
Comparison of Experimental Dipolar Longitudinal Relaxation
Times with Those Back-Calculated on the Basis of the Minimiza-
tion Results

Axis R (rad®s™) AR I (kg m?) % Ax
X 3.50 x 10° +0.20 x 10° 1.07 x 1074 46.0 +2.7
y 1.89 x 10° +0.10 x 10° 245 x 1074 56.3 +3.0
z 9.92 x 10° +1.00 x 10° 321 x 104 94 +1.0

2 The first column gives the calculated rotationa diffusion constants R..
The second column contains the error margin for R, which was estimated
by repeating the minimization with relaxation parameters set to the limits
of their respective error ranges. In the third column the cal culated moments
of inertia are given. The fourth and fifth columns list x (defined in Eq. [3])
and its error margin arising from the propagation of errorsin R and T.

are summarized in Table 6. The correlation timesfor interna
rotations are (14) 7, = (3W,) 1.
A x test is dso applicable to interna rotations, with xw

defined as (17)
3 1 [kT
- 2pepg =
Xw =5 w v

As can be seen from Table 6 methyl group 3 appears
to be rotating under inertial rather than diffusion control.
Therefore the calculated jump rate determined for this
methyl group must be regarded with caution. The two steri-
cally ‘‘free’’ methyl groups exhibit significantly different
jump rates. The slowdown of methyl group 7 can be attrib-
uted to the effect of ortho substitution. The data on methyl
jump rates in ortho- and meta-xylene at 263 K (17) aso
corroborate this: The methyl jump rate in m-xylene is given
as 4.65 x 10%? s ', whereas in o-xylene it equals 2.72 X
10" s™*, afactor of 17 lower. Thejump rates of the sterically
free methyl groups 3 and 7 in compound 11 differ only by
a factor of 7, probably due to the lower Van der Waals
volume of the nitrogen atom (7 A3) compared to that of a
methyl group (22.7 A®) (34). Methyl group 3 is surrounded
only by hydrogen atoms at the ortho position, whose Van
der Waals volumes are even smaller.

The sterically hindered methyl groups 1 and 10 are rotat-

[4]

TABLE 4

Overall Correlation Times 7, 7y, 7,, 7+, and 7_ Calculated
from the Experimental Data in Table 3

™ 3.87 x 101
7y 477 x 1071
s 222 x 101
. 221 x 101
T 6.29 x 101

C atom TSS TSR + (exp.)
No. C)] (s 6]

2 1.39 135 +0.08
9 1.46 1.48 +0.08
8 1.26 115 +0.15
4 1.52 15 +0.1
1-CH; 2.00 2.0 +0.1
10-CH; 1.89 1.89 +0.09
3-CH; 4.98 53 +0.3
7-CH3 4.49 4.5 +0.25

ing more than 40 times slower around their C; axes than the
““‘unhindered’’ methyl groups 3 and 7. The difference in
jump rates between CH;-1 and CH;-10 isinsignificant at the
experimental error level and therefore cannot be used to
draw conclusions on the existence or absence of correlated
(cogwheel type) rotation. Activation parameters can be cal-
culated from the jump rates using (7, 17)

Vo = RT*In[ = KTy |
2W, '\ e

where Iy, is the moment of inertia of a methyl group. V,
characterizes the hindrance of the intramolecular rotation
(7, 17) relative to asterically *‘free’”” methyl group. It corre-
sponds neither to the activation energy nor to the potential
barrier of methyl rotation. The jump rate of CH5-10 corre-
spondsto an activation parameter V, = 12.2 kJmol ~*, which
is to our knowledge among the highest barriers determined
so far for methyl group rotation [a compilation of methyl
group rotational barriers can be found in Ref. (17)]. Com-
parison of activation parameters from different sources must
be done with caution, because the numerical values depend
strongly on the underlying motional models (6, 17). A study
performed with the same motional model as is used here
(9) reports 10.1 kJ mol ~* for CH5-11 and 8.8 kJ mol * for
CHs-10 of 1,2,3,4-tetrahydro-5,6-dimethyl-1,4-methano-
naphthalene (111). The molecular environment of CHs-11 is
similar to that of the two methyl groups in o-xylene. Appar-
ently, the intermethyl repulsion in our model compound (11)
is compensated mostly by the distortion of the aromatic skel-
eton rather than leading to mutual penetration of the space
occupied by methyl groups, which should result in cogwheel
interactions. Another important fact that must be borne in
mind is that many earlier studies have been performed on
neat liquids for sensitivity reasons, while dilute solutions
have been used here to avoid intermolecular effects.

In order to be able to compare the mutual penetration of

[3]
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TABLE 6
Jump Rates of Internal Methyl Group Rotation Calculated from Experimental Data®

CH; W (s AW (s Xw Axw Ti AT, Vo (kJ mol ™) AV, (kJ mol™)
1 4.8 x 10%° +0.2 x 10% 83 +3 6.9 x 1072 +0.3 X 107 %2 12.0 +0.1
3 2.0 x 10% +05 x 10" 20 +0.5 17 x 107% +04 x 1072 39 +0.6
7 29 x 10" +0.2 x 10" 13.6 +0.1 1.1 x 107% +0.1 X 107 %2 8.1 +0.3
10 4.3 x 10" +0.15 x 10" 92 +3 7.7 x 1072 +0.3 X 107 122 +0.1

2The error margins are estimated in the same way as for the overall rotationa diffusion constants. x values are given, based on Iy, = 5.2 X 107¥
kg m? (9). The error margin of x takes into account the errors arising from the uncertainties of W and T. 7; values are the correlation times of the
internal rotations and V, is the activation parameter for the internal rotation.

methyl groups between different molecules from their three-
dimensional structures, we need a new measure. Existing
measures of methyl sterical hindrance such as the apparent
overlap (2) refer to a static, planar canonical structure.
Therefore they convey little information pertaining to the
fraction of sterical hindrance which is relieved by skeleta
distortion and thus has no direct significance for the methyl
rotation barriers or mutual penetration. The ‘*methyl group
interaction volume'’ Vyw we use is defined by the intersec-
tion of two methyl volumes. Each methyl volume encloses
the Van der Waals volumes of the constituent atoms as aver-
aged by rotation around the methyl C; axis (see Fig. 3).
Sinceit is calculated from athree-dimensional structureitis
a better gauge for the fraction of sterical hindrance affecting
methyl rotation. X-ray crystallographic structures, if avail-
able, are superior to structures from molecular mechanics
calculations, since most molecular mechanics parameter sets

FIG. 3. Cross section of the methyl group volume used for the calcula-
tion of Vyuw, which is composed from a methyl C-centered sphere with
radius 1.7 A [Van der Waals radius of carbon (34)] and an ‘‘oblate’
centered at the center of gravity (G) of the three methyl protons with a
height of 2.4 A, which is enclosing all spheres with radius 1.2 A [Van der
Waals radius of hydrogen (34)] at any possible methyl H position.

are not optimized for this kind of interaction. In contrast to
using a spherical approximation of the volume occupied by
a single methyl group, Vyu aso takes care of the relative
orientations of methyl axes. It turned out that in order to
account for differences in the fitting of the methyl hydrogen
atom positions into X-ray electron density maps, idealized
methyl geometries must be used to calculate V. The posi-
tions of methyl protons are calculated from the positions of
the methyl carbon and of the atom it is attached to. A compi-
lation of methyl group interaction volumes of compounds
used in related studies is given in Table 7 and related to
jump rates of methyl groups in similar environments. From
this table it becomes clear that compounds anaogous to
4,5-dimethylphenanthrene like |11 have an extremely high
intermethyl penetration and are therefore suited best to the
investigation of intermethyl interactions.

To estimate the effect of deviations of the rotationa diffu-
sion principal axis system from the inertial frame on the
jump rates of methyl groups, the minimization was repeated
for several relative orientations of these frames. The results
show that the orientation of the diffusion tensor bears little
influence on the jJump rates of the sterically hindered methyl
groups. Within +10° for each of the three Euler angles and
their combinations no deviations larger than 0.4 x 10°s™*
for the jump rates of the sterically hindered methyl groups
1 and 10 were found. Even for the sterically free methyl
group 7 deviations are not too severe (up to 0.6 x 10*s™1),
though outside the experimental error margin. The values
for methyl group 3 contain large systematic errors due to
the violations of other assumptions as mentioned above and
should therefore be ignored in this context. The considerable
changesin the overall tumbling are anumerical consequence
of changing the reference system and do not indicate physi-
cally different rotational diffusion behavior.

CONCLUSION

We have for the first time determined jump rates of steri-
caly closely interacting methyl groups in an ‘‘open six-
ring’”’ juxtaposition as found in compounds of the 4,5-di-
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TABLE 7
Methyl Group Interaction Volumes® for Several Compounds of Interest, Representing the Structural Types Indicated in the Last
Column, Where Available Jump Rates Extrapolated to 260 K Are Also Given

Vum Compound Substructure
Compound (X ray) Ref (A3 W (s (jump rates) Ref. type
4a-Allyl-3,5,7,8,10-pentamethyl- (37) 18 227 x 10* o-Xylene (17) o-Xylene
4a,5-dihydroisoalloxazine
1,8-Dimethylnaphthalene (38) 1.8
(+)-3,3"-p-Chlorobenzylidene- (39) 2.7 6.2 x 10" Camphor @) Geminal
bis(bornan-2-one) 99 x 10%
9,10-Dihydro-4,5- %) 2.9
dimethylphenanthrene
4,5-Dimethyl phenanthrene @ 3.6 43 x 10% I This paper “*Open six-ring”’
48 x 10%
3,4,5,6-Tetramethylphenanthrene 0] 32
@ The volume of a single methyl group determined according to Fig. 3 is 33 Az,
methylphenanthrene type. The methyl interaction volumes APPENDIX

we introduced as a gauge for mutual penetration of methyl
groups appear to be in qualitative agreement with the ob-
served jump rates (with the cautionary restriction that for
none of the compounds were both a crystallographic struc-
ture and jump rates available, and thus structures of similar
compounds have been compared). By extrapolating from
the slowdown in methyl rotational diffusion occurring be-
tween m- and o-xylene (Table 7) one would expect that in
the case of the sterically hindered methyl groups in com-
pound Il a more pronounced slowdown should occur. Sur-
prisingly the jump rates determined actually lie only dightly
below those of gemina methyl groups in terpenes (7).

It might be speculated that the relief of steric strain by
distortions of the molecular skeleton is not the only reason
a further slowdown of methyl rotational diffusion in com-
pounds of this type is prevented. With increasing methyl
interaction volume cogwheel-like synchronized jumps can
be taken into consideration. Although the probability of such
concerted motions is lower than for a normal single methyl
120° jump, the fraction of synchronized methyl jumps would
experience a lower barrier, thus increasing the observed
jump rate. The fraction of concerted jumps will increase at
lower temperatures. Our current experimental data do not
provide direct evidence for such a mechanism and attempts
to find evidence for cross-correlation effectsin proton NMR
spectra so far have been unsuccessful. Tang and co-workers
(35, 36) have investigated this problem by multiple-quan-
tum *H NMR in an oriented phase. They used 1,8-dimethyl-
naphthalene as a model compound, which has a smaller
methyl group interaction volume than Il (Table 7). We
believe that compounds of the type studied here are better
suited to future investigations of correlated methyl rotational
diffusion, for which the results presented here will also serve
as a starting point.

The dipolar spectral density of a spin pair undergoing
totally anisotropic overall rotational tumbling and rotational
diffusion around a single internal axis was given by Bluhm
(14) as

AL2R(w? + 36L2) + Byl2(w? — 36L2)

Jh(w) = Kh

CioisT1s
1+ wrig

CiorTar
1+ w?r3;

Cio071
1+ w32

ConsTos
1 + wZT %5

ConrTor
1 + WZT %T

CooT2
1+ w?r2

Ca0157 35
22
1 + w T 3s

CaoirTar
2 2
1+ w T3T

Cso073
1+ w?r?

 [A]]
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where al A, B;, and C; are coefficients depending on mo-
tional and geometrical parameters. Their definitions are also

given in Ref. (14). The correlation times occurring in Eq.
[A.1] are defined as follows:
1,1 01 1.1

1

T+1 T+ TT Tis T1 Ts
1 1 1 1 1 1

—_— =+ =, —=—+ —
Tys T+ Ts Tor T2 TT
1

1 1 1 1
= — 4+ — , _ = — 4+ —
T_T T_ TT T2s T2 Ts
1 1 1 1 1 1
_— = — 4+ — , —_ = — 4+ —
T-s T- Ts Tsgr T3z T7
1 1 1 1 1 1
— s, === [A2]
Tat T1 Tt T3s T3 Ts
R and L are defined by
R R+ R+ R
3
2 _RR+ R13R3 + RR: (A3]

T1, T2, T3, T+, and 7_ are defined by

TIlZ4R1+ R2+ Rg, 7_51: R1+ R2+4R3
6(R + VRZ — L?).

[A4]

Tgl Rl + 4R2 + R3,

7';1

They belong to the overall tumbling, whereas the correla-
tion times for the internal rotation, 7+ and 75, are defined

by

lz2W:|_‘i‘W2, l=2W‘i‘W2,

TT Ts

[A5]

where W, W,, and W, are the jump rates as defined by
Tsutsumi (40). The constants K, are defined by

Ko =§
Ky = %
Ky = 1%- [AG]

Woessner’s formula for the spectral density of the dipolar
interaction between two spinsin arigid fragment with totally
anisotropic reorientation is (11)

C.7. C_7_ Cr,
J =K
h(w) h<1 + w2 14+ wEm?2 14+ w2
Csz C37'3
A7
1+ w22 1+ sz§> [A7]
with al 7; as aready given in Eq. [A.4] and
C.=d-e¢ C,=6l""n"2
C_.=d+e, C; =6l"?m’'?
C, = 6m’?n’?, [A8]
where
1 14 r4 14
d=§(3(l +m*+n'?)—1)
l 14 12412
e:é(él(BI + 6m’'“n'c — 1)
+ 6,(3m'* + 6l"°n’'? — 1)
+ 65(3n"* + 61"’m’'? — 1))
R -R
5 = —— A9
Fom [A9]

and|’, m’, and n’ arethe direction cosines of the internuclear
vector intherotational diffusion axis system of the molecule.
R and L are defined in Eq. [A3].
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