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Carbon-13 NMR Relaxation Studies of Cycloalkylidene Bisphenols, Methyl Ethers, and Simple
Benzoate Esters in Solution: Different Average Correlation Times for Dipole-Dipole and

Chemical Shift Anisotropy Relaxation
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Carbon-13 NMR relaxation of a series of cycloalkylidene bisphenol monomers and related compounds has been
examined. The following monomers were studied: cyclohexylidene bisphenol and its dimethyl ether, 4-tert-
butylcyclohexylidene bisphenol and its dimethyl ether, cyclopentylidene bisphenol, phenyl 1,3,5-tribenzoate,
and triphenyl 1,3,5-benzenecarboxylate. The motional properties of these compounds in solution have been
determined from their carbon T relaxation times. Phenyl motion is generally faster than overall molecular
tumbling except for the axial group of tBBP6. The order of phenyl mobilities was TPBC > PTB > tBBP6 eq
~ BP5 > BP6 > tBBP6 ax. In PTB and TPBC dipole-dipole (DD) coupling relaxes the protonated carbons,
and chemical shift anisotropy (CSA) is a major contributor for substituted carbons, especially at 150 MHz.
Different average diffusional correlation times were found for DD and CSA relaxation for the fast internal
phenyl motion. Small-angle rotational diffusion about the phenyl C; axis was inferred to be faster than overall
tumbling, but complete rotational averaging was slower. Three bond 13C-H coupling constants were measured
for PTB and TPBC. The !3C isotope-induced shift for H2 of PTB was 2.0 ppb. The activation energy for ring

inversion in BP6 was measured to be 11 £ 1 kcal/mol.

Internal molecular motion of bisphenol units in polymers plays
an important role in their dynamic mechanical properties.!-10
For example, modifying either the alkyl unit!-# or the aromatic
unit!245 can change glass transition temperatures and mechanical
loss peaks by over 50 K. Sundarajan? has shown that replacing
the isopropylidene group with the more rigid cyclohexylidene
group significantly inhibits the phenyl motion. Morbitzer and
co-workers' and McHattie et al.2 have shown that the bulk physical
properties of impact resistance and gas permeability can be
modified by changing the alkylidene unit. As part of our
systematic study of the influence of alkyl group mobility on
dynamic properties, we have studied a series of cycloalkylidene
bisphenol monomers, ethers, and polycarbonates.!! In this paper
we report the 12C NMR spectra and carbon T relaxation times
of the monomeric systems cyclopentylidene bisphenol, BPS;
cyclohexylidene bisphenol, BP6; and 4-tert-butylcyclohexylidene
bisphenol, tBBP6, and their methyl ethers, BP6M and tBBP6M.
The 4-tert-butyl substituent prevents ring inversion of the
cyclohexane ring, and the axial and equatorial phenyl groups are
distinguished. The symmetrical esters, triphenyl 1,3,5-benzen-
etricarboxylate (TPBC) and phenyl 1,3,5-tribenzoate (PTB), were
included to provide information about phenyl ester dynamics.

Carbon-13 T, Relaxation and Molecular Dynamics.!2-!5 Car-
bon-13 NMR 7, relaxation times are sensitive indicators of
molecular motion in solution on the time scale of microseconds
topicoseconds. They have been used to study dynamics in a wide
range of systems from small molecules to large polymers. For
protonated carbons, 13C relaxation times, T, are dominated by
the nuclear dipole—dipole interaction with the attached protons.
T, of a 13C nucleus in a 13CH,, group relaxed by interaction with
the attached protons is given by
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where ug is the permeability constant, k is the Planck constant
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divided by 2x, vy and vc are the magnetogyric ratios for 'H and
13C, respectively, rcy is the C-H internuclear distance, wy and
wc are the 'H and 1C resonance frequencies, respectively, and
J(w) is the spectral density function. When a molecule reorients
by isotropic rotational diffusion with diffusion constant D, the
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spectral density is given by

J(w) =27,/(1 + &’ 2) ()

where 7. is the rotational correlation time for each C-H dipole,
which is equal to (6D)-!. When a small organic molecule
undergoes rapid reorientation in solution, the extreme narrowing
condition, w?r2 « 1 is usually satisfied. Under this limit, eq 1
simplifies to

2, 232
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For an isotropically reorienting molecule, the rotational

correlation time is related to the solution viscosity and the radius

of the molecule by

Viewn _ 47rofown

= TkT T 3kT @

where 7 is the solution viscosity and o and ¥V are the mean radius

and the volume of the solute molecule, respectively. fow is the

Gierer-Wirtz!6 empirical factor which depends on the ratio of
solvent to solute radii, 7,/ro
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A detailed review of molecular rotation and anisotropic T
relaxation has been published.!®

The anisotropy of the chemical shielding tensor may also provide
the oscillating magnetic field required for spin—lattice relaxation.
Under the conditions of an axially symmetric shielding tensor
and extreme narrowing, the CSA contribution to the spin—lattice
relaxation is given by

1 _2 2,2 2
T,0A T 157C By (o0, )7 (6)

where By is the applied magnetic field and o) and o, are the
parallel and perpendicular components of the shielding tensor,
respectively. The CSA mechanism plays a significant role for
quaternary aromatic carbon relaxation, especially at high mag-
netic field.!2

When more than one mechanism is involved in the relaxation
of a particular nucleus and cross-relaxation between mechanisms
is ignored, the observed T is assumed to be given by the sum of
the relaxation rate from the individual mechanisms.!?

1 1

—_—=) — (7
I, 7T,
where summation is over the i different mechanisms. The neglect
of cross-relaxation contributions from DD and CSA mechanisms
under decoupled conditions has been validated by Farrar for
systems with a single correlation time.’

The contribution of each individual mechanism to the measured
T can be evaluated from the characteristics of that mechanism.
Only the dipole—dipole mechanism gives rise to double- and zero-
quantum transitions, W, and W,, respectively. For dipolar
relaxation of a 13C—-H spin system, the 13C nuclear Overhauser
effect (NOE) is observed when the protons are decoupled.

s
NOE=3
E( 6J(wy + we) — J(wy — we) ) ®)
Ye\6J(wy + we) + 3J(we) + J(wy — wg)

where Sdand S%are the 12C integrated intensities with and without
proton decoupling, respectively. The limits of the NOE are 2.988
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Figure 1. Proton-decoupled '*C NMR spectrum of tBBP6M in CDCl;
at 100.6 MHz.

for w72 « 1 and 1.154 for w?r.2 >> 1 where w is the largest
frequency in the spectral density, i.e., w = wy + wc. When 7,
=1.0 X 10-1%s and we = 150 MHz (i.e., w?r? = 0.22), the NOE
isestimated tobe 2.799 by eq 8. When molecular motion satisfies
the extreme narrowing limit, and the NOE deviates from its
maximum value, other mechanisms besides dipole~dipole con-
tribute to the observed T;. Quantitative NOE measurements
were only done for the polycarbonates derived from the bisphenol
monomers.!! Values greater than 2 were observed for all
protonated carbons, confirming dipole—dipole relaxation. For
the monomers reported here qualitative observations of relative
peak intensities showed essentially maximum NOE's for all
protonated carbons (Figure 1).

Contributions from chemical shift anisotropy can be isolated
by determining the applied field (B,) dependence of the measured
T,. The maximum contribution of the CSA mechanism to the
observed T relaxation of the protonated 13C nuclei in this work
is estimated by substitution in eqs 3 and 6 as 15% when wcir;?
=102 and (o) - ¢, ) = 200 ppm.

In a2 monosubstituted benzene, the T for the para carbon is
shorter than the T for the ortho or meta carbons of the same
phenyl ring.!® This occurs because rotational diffusion is most
rapid around the C, phenyl symmetry axis, which is coincident
with the C-X bond. The simplest model of anisotropic motion
has been developed by Woessner!? for axially symmetric molecules
based on the reorientation of a rigid ellipsoid. In this model, the
correlation times are expressed by two parameters, D; and D,,
which are the rotational diffusion constants about the major axis
(C; axis) and the two perpendicular axes (minor axes), respec-
tively.

_1/4, B ., C
’c‘E;(6+5+a+2+4a) ©)

where ¢ = D, /D, and the geometrical constants 4, B, and Care
given by the functions of the direction cosines of the angle between
the direction of the magnetic interaction and the major rotation
axis of the molecule.

A="/,3cos?8-1)
B = 3 cos? (1 - cos? §) (10)
C =3/, - cos? §)*

For a monosubstituted benzene, 8 takes the values 60° and
120° relative to the C, axis for the ortho and meta carbon—
hydrogen dipoles. In this case, the ratio of the correlation times



13C NMR Relaxation of Cycloalkylidene Bisphenols

TABLE I: 13C Chemical Shifts, Relaxation Times 7| (13C),
and Estimated Correlation Times, 7., for Substituted
Bisphenols and Their Methyl Ethers
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TABLE 2: 13C Chemical Shifts, Coupling Constants, and
Multiplicity, Relaxation Times T;(*3C) Measured at 50.3
MHz in CDCl, and the Estimated Correlation Time 7,

BP5¢
é (ppm) T (s)* 7¢ X 101 (s)

CiCq 13.4 3.1%0.1 1.8

C;Cs 39.4 2.7%0.1 2.0

C 55.0

CyCy 115.4 26%0.1 1.8

CyCy 128.5 2.6%0.1 1.8

Cy 140.9

Cy 155.8

BP6¢ BP6M¢
Te X 101 7o X 101
s(ppm) T (s)b (s) © 8(ppm) Ti(s) (s)
CiCs 235 15%01 3.7 227 12z01 4.6
C4 270 14%01 39 262 1.1%0.1 5.0
C:Cs 379 14%01 39 372 1201 46
CyCe¢ 1158 21%01 22 1135 1.7£0.1 2.7
CyCsy 1290 20%01 23 128.1 1.7%0.1 2.7
o 45.4 449
C; 550 24%£0.1¢
Cy 141.0 141.2
Cv 155.9 157.3
tBBP6 tBBP6M
8 X 101§ 7o X 1011

(ppm)  Ti(s) (s)  (ppm) Ti(s) @®)

CiCs 245 11£01 S0 236 070%002 78
Cs 278 2.5%0.1¢ 273 1.5%0.1°

C1Cs 383 12x01 46 376 060£003 9.1
Cq 49.1 1.1£01 50 482 063£002 8.7
C:Ce(E) 1154 22£01 21 1133 15401 3.1
(A) 1159 13£01 3.6 1137 074%001 63
CyCs(E) 1278 26£01 18 1272 1401 3.3
(A) 1297 12£01 39 129.1 071001 66
Lol 32.8 32.2

Ci 45.1 45.5

Cr 550 1.7£0.1°

Ce(A) 1372 (5.2 137.8 (3.6)

(E) 1442 (>6.5/ 1447 (5.2

Cr 155.6 157.3

9 Inacetone-dgat 50.3 MHz. ® Values for protonated carbonsare nT s
where n is the number of directly bonded protons. ¢ In acetone-ds at
100.6 MHz. 4 In CDCl;at 100.6 MHz. ¢ Spin-rotation as well as dipole—
dipole mechanisms may be involved in the methyl group relaxation.
fRelaxation times for the quaternary carbons are approximate because
the recovery delay was shorter than 5T).

for anisotropic motion to that in isotropic motion, 7./ g, is given

by
(g) _ ( T,(iso) ) _ PH26204313
To/pp \Ty(aniso)/pp  640* + 3526 + 160
For an aromatic carbon in a rotating phenyl group relaxed by
CSA, 6 is 90°, and ¢} = 0y; and ¢, = 033.% This gives

Te T,(iso) 5+¢
o) s \Tyaniso) ) s, 2% 40 1P
7o/ csa  \Ty(aniso) /g, o

Resuits

Spectral Assignment. The 13C chemical shiftsand T, relaxation
times for the cycloalkylidene compounds are given in Table 1.
Assignments were made based on multiplicities in off-resonance
spectra, peak intensities, and substituent effects in related
compounds. In 4-tert-butylcyclohexyl-substituted bisphenol,
tBBP6, and its methyl ether, tBBP6M, axial and equatorial
phenylene rings show different resonance frequencies (Figure 1).
The resonance of the ipso carbon (C4) in the axial position is
observed at lower frequency (7 ppm) than that of the equatorial

4 (ppm)* J (Hz)* Ty (s) 7e X 101! ()
TPBC
Ci 1269 =162,3=7(d,t) 0.53%0.03 8.8
C, 1302 '=163,7=8(d,d) 174009 2.8
C: 1221 =164,3 =38, 1.76 % 0.09 2.6
3= 4(d,d,d)
Cs 1512 (m) 15.6 % 0.8
Cs 1640 (m) 159+ 1.0
Ce 1318 () 89408
C; 1366 W=169,=6(d,t) 047002 9.9
PTB
C, 1344 U=161,J=7(d,t) 0.62%£003 7.5
C, 1292 1=163,37=8(d,d) 1.56%0.08 3.0
C: 1308 1J=163,=7(d,t) 1.52%0.08 3.1
Cy 1296 3=8(1) 160 1.0
Cs 1651 (m) 247+ 16
Ce 1528 (m) 9.3%0.5
C; 1138 =168, =5(d,t) 0.52%003 9.0

4 Chemical shifts were referenced to internal TMS. b The apparent
multiplicities are shown in parentheses. s = singlet, d = doublet, t =
triplet, and m = multiplet.

as observed for phenylcyclohexane where the axial ipso carbon
was 4.7 ppmtolower frequency.2! Different resonance frequencies
for the ortho and meta carbons were also observed for the axial
and equatorial phenylenerings. T)(1*C)values were used toassign
the different chemical shifts. The observed T;(Cy) in the axial
position is shorter than that for the equatorial. Therefore, each
frequency with shorter T for the ortho and meta carbons is
assigned to the axial phenylene ring. In both compounds, the
peaks for the axial phenylene ring were observed at higher
frequencies, 1.9 ppm for ortho and 0.4 ppm for meta carbons,
respectively. The average resonance frequency for each carbon
is comparabie to the corresponding chemical shift for BP6 and
BP6M, where cyclohexane ring flipping averages the confor-
mationally induced chemical shift differences (see below).

For assignments of the conjugated esters, the apparent
multiplicity and coupling constants from the proton coupled
spectrum were also used. !3C chemical shifts, the apparent
multiplicity, and approximate coupling constants from the proton-
coupled spectra together with T values are summarized in Table
2. Todifferentiate the resonance frequencies of the ipso carbons
inthe aromatic rings of the conjugated esters, the coupling pattern
of the 152.1-ppm region of the proton-coupled 3C spectrum of
PTB was analyzed as an A,BX system by spin simulation.22:23
The observed asymmetry in the spectrum, shown in Figure 2, was
simulated by including a long-range 13C isotope effect on the
proton chemical shifts. The analysis gave as A5(A~B) as 2.0 ppb
(0.4 Hz) with Jap = 2.12, Jox = 4.92, and Jpx = 0.81 Hz. The
root-mean-square (rms) error for the 12 assigned lines was 0.16
Hz. The 13C/12C-induced proton isotope chemical shift differ-
ences of benzene were reported2425 as 1A = 2,44, 2A = 1.34, 3A
=0.51,and A = 0.33 ppb. These results confirm that the 152.1
ppm resonance comes from Cq. A similar but less complete
analysis of the coupled spectrum of the resonance at 151.2 ppm
in TPBC confirmed it as C,.

Cyclohexane Inversion. The spectrum of BP6 was measured
asa function of temperature to determine the rate of ring inversion.
As the temperature was lowered (Figure 3), the aromatic
resonances broadened, and by —80 °C, the ipso carbons had
resolved into separate resonances at 136.4 and 143.8 ppm. The
process was analyzed using the McConnell formalism for two-
site exchange between equally populated sites.26 The activation
energy for the process was determined to be 11 £ 1 kcal/mol
from the coalescence temperature, 215 £ 2 K. Line shape
calculations and an Arrhenius plot gave estimates of AH* = 11
%+ 2 kcal/mol and AS* = 5 & 5 cal/(K mol). These values are
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Figure 2. (a) Coupling pattern of the 152.1 ppm region of phenyl 1,3,5-
tribenzoate. (b) Spin simulation spectrum with 65 = 0.0, ép = 0.4, x
= 7654, Jag = 2.12, Jax = 4.92, and Jpx = 0.81 Hz.
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Figure 3. Aromatic region of 50-MHz !*C NMR spectrum of BP6 as
a function of temperature (°C): (a)-34.5, (b) —47.5, (c) -55, (d) —61.0,
(e) -67.5, () -82.

similar to barriers determined for other 1,1-disubstituted cyclo-
hexanes.?” There is general agreement that the substituent pair
has very little influence on the inversion barrier. The measured
range is from 9.8 kcal/mol for 1,1-difluorocyclohexane to 11.4
kcal/mol for 1,1,4,4-tetramethylcyclohexane.

T Relaxations and Their Field Dependence. Carbon T
relaxation times were measured by the inversion-recovery method
and analyzed with a single-exponential curve fitting routine. T}
values are estimated to be accurateto £5%. The relaxation times
for TPBC and PTB were determined as a function of magnetic
field strength (Table 3 and Figure 4). The quaternary carbon
relaxations show a linear dependence on Bg? showing that chemical
shift anisotropy is the dominant relaxation field. The protonated
carbon relaxation rates increased monotonically with field. The
change is limited to about 10% between 50 and 150 MHz,
consistent with predominant dipole—dipole relaxation for these
protonated carbons.

The dipolar contribution to the observed relaxation times for
the quaternary carbons is calculated from the intercept of the
plot of (T1)~! vs By? (Figure 4). To check the accuracy of this
method, the dipolar contribution of the ortho protons to T;’s of
Cein the esters was calculated using eq 3. The overall correlation
time estimated from the T;(C;) and rcy = 2.14 A for the ortho
protons were used for this calculation. The calculated T,°P of
Cs(145,PTB; 135, TBPC) is the same as the dipolar contribution
to T observed from the intercept (13 and 12 s, respectively). To
calculate T,PP of Cy4, the correlation time estimated from 77 (C,,

Lee et al.

C;) was used because internal phenyl rotation is the dominant
motion for the dipolar relaxation of this nucleus. The C4~H
distances for this calculation were 2.14 A for ortho protons, 3.38
A for meta, and 3.85 A for para. The calculated 7,PP values
were the same order of magnitude as the 7,PP observed from the
intercept of Figure 4 (40 s vs 20 s for PTB and 45 s vs 26 s for
TPBC). Chemical shielding anisotropy dominated the observed
relaxation rates for the quaternary carbons at 14.09 T with
contributions of 73-90% (Table 4). The magnitude of the
chemical shielding anisotropy may be estimated from the slope
of the plot of (T})~! vs By? and the effective 7..

Discussion

The measured T values and estimated correlation times for
the protonated carbons of substituted bisphenols and their methyl
ethers are summarized in Table 1, and those values for conjugated
esters are given in Table 3. Correlation times for protonated
carbons were estimated from the isotropic rotational tumbling
model with eq 3. The C-H bond lengths used for estimation of
the correlation times were 1.09 A for aromatics and 1.12 A for
alicyclics. As (we + wp)?r? < 0.02, the extreme narrowing
assumption is valid in these systems. For the small molecules
studied, overall tumbling is the predominant motion responsible
for relaxation, and similar nT values are observed. For groups
with low internal rotational barriers, however, additional fast
motion reduced the efficiency of relaxation.

Based on molecular models, the cycloalkylidene bisphenols
are propellor-shaped and approximately spherical. The shape of
the esters depend on the bond angle at the ester oxygen. They
could exist as flat discs or globular units with the three pendant
rings on the same face of the central ring or as irregular oblate
ellipsoids with the pendant rings on opposite faces.

Overall Tumbling. The uniformity of the correlation times for
protonated carbons within each molecule shows that these
compounds tumble like spheres in solution toa first approximation.
Methyl and phenyl groups may have additional internal motion
about their respective C; and C, symmetry axes. With the
assumption of isotropic tumbling and eq 4, the size of the tumbling
molecule may be estimated using the overall rotational correlation
time. The viscosity of the solution was assumed to be the same
as that of the solvent,2® n(CHCI;) = 0.542 cP and n(acetone) =
0.316cPat 25 °C. Thesolvent radius was estimated as r,(CDCls)
= 2.57 A and r,(acetone-ds) = 2.49 A based on their van der
Waals volumes.?30 The correlation times of the overall molecular
tumbling estimated from the T’s of the cycloalkyl rings and
those of the central benzene rings in the conjugated esters were
used to calculate the initial estimate of the molecular radius ry
assuming fow = 1. This initial ro value and the solvent radius
r, were iterated to determine r; and fow with eqs 4 and S.
Converged values of ro and fgw are summarized in Table 5.

The estimated 7o values based on the overall molecular tumbling
rate are comparable to the molecular radii measured from X-ray
diffraction. The X-ray structures for the BP6, BP6M, tBBP6,
and tBBP6M have been determined.!!3! The X-ray distance
from C, in the cyclohexyl ring to the phenolic hydrogen is 7.2 A
including the hydrogen van der Waals radius of 1.2 A. In their
methyl ethers, the distance from C; to the center of the methyl
group is 7.7 A. The diameter of the cyclohexyl ring from C; is
about 5.1 A, and the average distance from the tert-butyl group
to C;is 7.2 A. Therefore, the origin of the rotational motion is
between C; of the cycloalkyl ring and the ipso carbons of the
aromatic rings.

This shows that a single molecule is the unit of motion and that
each ring within the molecule has the same effective length
independent of dihedral angle. The estimated rq increases with
increasing substitution among the bisphenols and their methyl
ethers except for the BP6M. As shown in eq 4, the correlation
time is directly proportional to the viscosity of the solution. The
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TABLE 3: T; (s) of the Conjugated Esters at Various Magnetic Fields in CDCl5*
TPBC PTB
705T 11.74 T 14.09 T 705T 11.74T 1409T
Cq 98%05 4.7+0.3 3.5+£02 8504 4903 38+0.2
Cs 10.1£0.5 43403 3.520.2 159+08 69405 5.1%03
Cs 6.9%+04 39%0.2 30£0.2 79+04 49+0.2 3.5%02
C 0.58 %05 0.51 £ 0.03 0.50 £ 0.03 0.62 £ 0.03 0.59 £0.03 0.58 £ 0.03
C, 1.72 £ 0.08 1.52 = 0.08 1.45 £ 0.07 1.55 2 0.08 1.42 £ 0.07 1.39 £ 0.07
Cs 1.79 £ 0.09 1.61+£0.08 1.52 £ 0.08 1.53 £ 0.08 1,43 £ 0.07 1.38 &£ 0.07
C, 0.54 £ 0.02 0.48 £ 0.02 0.48 £ 0.02 0.51 £ 0.03 0.53 £0.02 0.53 £0.02
4 Data at 4.70 T were given in Table 2.
0.40 TS ] T TABLE 4: Dipole-Dipole and Chemical Shift Anisotropy
2 Contributions to T; and Estimated Magnitude of CSA for the
23 a Quaternary Carbons of the Conjugated Esters
~
0a0 ) _- /J T (s Tiw®(s) TA() 7.X101(s) Ao (ppm)®
P TPBC
o & Cs 26(13%) 45  40(87%) 27 288¢
Q
§ o0 L 9.9 145¢
e Cs 27(13%) 4.0 (87%) 27 294d
= 9.9 148¢
o Cs 12(25%) 13¢ 4.0 (75%) 9.9 148
010 125x10°  383x10” PTB
130x10°  a72x10?  —[—C5 Cs 20 (19%) 40¢ 4.7 (81%) 3.1 2544
126x10°  836x10° —@—C6 9.0 142¢
0.00 | | | Cs 50 (10%) 5.7 (90%) 3(1) ﬁ(s):
0 50 100 150 200 Cs 13(21%) 14 48(13%) 90 136
B (Tesla®) @ T\DD estimated from the intercept of Figure 4 and T,CSA estimated
0.40 from (TySA)~1 = (T 6)~! = (T1PP)-!. The percent contribution to the
: I . | i relaxation rate at 14.09 T is given in parentheses. ® The CSA (Ao, ppm)
2 was determined from the slope of Figure 4 using eq 6 and r. as indicated.
3 ¢ Calculated dipolar contribution to T assuming 7. for overall tumbling
030 - ¢ _ motion from eq 3. 4 Estimated chemical shielding anisotropy assuming
) o % qd 7o for internal rotation. ¢ Estimated chemical shielding anisotropy
. m o assuming 7. for overall tumbling motion.
v o O
;§, 020 | ©/‘o H k© - TABLE 5: Average Correlation Times for Overall Tumbling
e = (7o), Ratio of Correlation Times (7./7,), Tumbling Ratios (o)
= - for Internal Phenylene Ring Rotation, Gierer-Wirtz Empirical
- - Factor (fow), and Radius of Solute (r,)
| Q-
0.10 s e o X101 () fowb  ro(A)  r/ro  o(Dy/Dy)
X A 1osx10® s0ext0’  —H—C4
.3 .2 BPS 1.8 0.30 4.8 1.06 1.0
& pexe, e Q@& BP6 39 039 68 057 3.5
0.00 . ' ' BP6M 4.7 0.35 6.2 0.57 35
0 50 100 150 200 tBBP6 4.9 0.40 7.2 0.40¢ 6.5
0.77¢ 1.9
B: (Teslaz) tBBP6M 8.5 0.40 13 0.38: 7.0
0.76 1.9
Figure 4. Plot of (71)™! vs (By)? of the quaternary carbons for (a, top) TPBC 8.8¢ 0.40 74 0318 9.6
TPBC and (b, bottom) PTB in CDCl;. 9.9 0.41 16 0274 12
. PTB 7.5¢ 0.39 7.0 0.40¢ 6.5
ratio of the viscosities of acetone and chloroform is 0.58. The 9.0/ 0.40 14 0.34% 8.3

ratio of ry’s of tBBP6 to tBBP6M was 0.58, consistent with the
solvent viscosities. However, that for BP6 to BP6M was 0.83.
This indicates that this estimate of the size of BP6M is too small.

The radius of the fully extended planar structure of the
conjugated esters based on the crystal structure of phenyl
benzoate’? was estimated as 9.9 A, including the van der Waals
radius of hydrogen. The minimum surface area structure is
globular with all three pendant groups on the same face of the
centralring. Itsradiusisestimated tobe ~5A. Theexperimental
value is in fact a statistical average over all possible molecular
conformations. With a single value for the correlation time, no
conclusive distinction can be made. The conclusions based on
the isotropic model must be treated with caution. However, as
shown below, the consistent set of parameters derived from an
effectively spherical model indicates that it is a reasonable
approximation.

The crystal structure of phenyl benzoate32 showed that the two
phenyl rings are transoid to each other along the ester C—O bond.
The dihedral angle between the planes of the phenyl ring and

@ Averaged over all protonated alicyclic carbons from T data of Table
1.  Calculated iteratively from eq 5. ¢ Ratio for the equatorial aromatic
protonated carbons to cycloalkyl protonated carbons. ¢ Ratio for the axial
aromatic protonated carbons tocycloalkyl protonated carbons. ¢ Estimated
from T of C; in Table 2./ Estimated from T; of C; in Table 2. # Ratio
for T of C; to the average T of C; and C;. * Ratio for T of C; to the
average T of C; and C;.

ester group (—COO) in the benzoate group was 9.8°. The ester
phenyl ring was twisted 65.1° with respect to the -COO plane.
A statistical analysis33.34 of the X-ray diffraction data of a related
series of compounds provides insight about the conformational
behavior of mobile systems. The structures of phenyl carboxylates
based on the Cambridge database of crystallographic data show
that the phenyl group is transoid along the ester C-O single bond.
This analysis also shows that the aromatic rings in RCOO-Ar
esters mostly have a dihedral angle between 60° and 90°. The
aromatic rings in Ar—-COOR! esters tend to orient close to the
plane of ester group. The partial double-bond character of the
C-O bond in the ester group is responsible for the planarity.
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Pheny] acetates and phenyl formates in solution also have a
transoid conformation and ~65° rotation of the phenyl ring
relative to the molecular plane.

Similar low-energy conformations can be reasonably assumed
for the estersin this study. Thetwoaromaticrings will be transoid
across the ester Cs—O bond. The benzoate group is close to the
same plane, and the other phenyl ring will be twisted approximately
65° relative to the plane of the benzoate group. The three phenyl
rings of TPBC or three benzoate rings of PTB need not be on the
same side of the central aromatic ring. Comparison of these
radii from model structures with ro’s obtained from the correlation
times, 7.5 A for TPBC and 7.2 A for PTB, suggests that the
conjugated esters are more globular than planar in solution. The
radii of PTB and TPBC are the same with experimental error,
but a slightly smaller radius is found consistently for PTB at all
positions. This might suggest a more globular shape for PTB
because of the bulkier benzoate groups and because the point of
flexibility is closer to the central ring in PTB than in TPBC.

Internal Phenyl Rotation. Fastinternal motion slows relaxation
for all methyl groups and “free” aromatic rings of the molecules
studied. The additional internal rotation along the C, axis results
in longer relaxation times for the ortho and meta carbons. The
shorter correlation times for these protonated phenylene ring
carbons given in Tables 1 and 2 result from internal rotation
superimposed on overall tumbling. From the ratio of 7./ 7, the
tumbling ratio, ¢ may be estimated from eq 11. As shown in
Table 5, the estimated tumbling ratio for this set of bisphenols
and methyl ethers is the same within experimental error. The
solvent effect on the anisotropy of the tumbling rate seems to be
comparable for the bisphenol in acetone solution and its
corresponding methyl ether in chloroform solution.

There are three notable exceptions, the phenyl rings in BP5
and the axial phenylene rings in tBBP6 and tBBP6M. In BPS5,
the correlation time for alicyclic motion is comparable to the
phenyl rotation time, and so there is no detectable differential
relaxation. It is not certain whether the observed correlation
time and hence effective 7o value are for internal libration or for
overall tumbling. The two time scales are of the same order of
magnitude. The o value of the axial phenylene ring in tBBP6
and tBBP6M indicates that internal rotation in the axial position
isrestricted. Ifthe moleculeissphericaland the overall tumbling
motion alone is responsible for the T relaxation of the axial
phenylene ring and the tert-butylcyclohexyl ring, the o value
should be 1 instead of 1.9. Some additional wobbling motion for
the axial ring may affect this T relaxation. The o value of the
axial phenylene ring (1.9) may represent the limit of the isotropic
model used in this study and/or the maximum error range. The
tumbling ratio of 7 for the equatorial phenylene ring indicates
flexible internal rotation along its C; axis.

The ¢ value estimated fro BP6 and BP6M was half of the value
of the equatorial phenylene ring in tBBP6 and tBBP6M. This
corresponds to the average of the anisotropic tumbling ratio of
axial and equatorial phenylene rings. In the limit of slow two-
site exchange by ring flipping the observed relaxationrate, 1 /7 o
of BP6 and BP6M is given by the fractional sum of the axial and

equatorial contributions
1 _ f . 1-f 1( 1 1 )
= + = =+ (13)
Tvg 2\T\, T

Tiobs Tia
where f is the fractional probability of the axial contribution,
which is !/, for this system. In TPBC and PTB there is an
interesting small but consistent variation in relaxation times at
the four magnetic field strengths studied. All the data are
internally consistent with the assumption that the benzoate group
acts essentially as an effectively planar single unit. C, and C;
relax at essentially the same rate, with C, relaxing slightly more
efficiently. The C,/C; differential is a little larger in PTB than
TPBC. This indicates that the remote C, para carbon and the
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central C; carbon are relaxed by overall isotropic tumbling but
that there is-a little more internal motion for the phenolic-linked
PTB relative to the benzoate-linked TPBC. For the internally
mobile ortho and meta carbons C, and C;, the C, rotation of the
benzoate group is rapid and approximately 10% slower than that
of the phenol group. This comparison for C; and C; indicates
that the benzoate group maintains its transoid geometry over the
rotation period.

The relaxation behavior of the quaternary carbons is partic-
ularly instructive. Asshownin Figure 4, their relaxation islinearly
dependent on the square of the magnetic field and dominated by
CSA, particularly at high field. The slopes are given by As?r,,
and the greatest difference occurs for Cs in PTB and TPBC. The
value of As must be essentially identical for this carbon in the
two compounds as the first point of difference is four bonds away.
Thus, the slope difference must come from 7., The value of 7,
is lower in PTB than TPBC, which again implicates greater
flexibility of the pendant benzoate group in PTB relative to the
more rigid benzoate on the central ring in TPBC. With 7. given
the value for overall molecular tumbling for TPBC, Ao is
calculated to be 148 ppm. This is in close agreement with the
value of 153 ppm recently measured directly for the carboxyl of
poly(hydroxy naphthoate).3® This confirms that the benzoate
group rotates as a rigid unit on the time scale of nanoseconds.

At4.7T, Cyand Cqrelaxation is governed by equivalent dipole—
dipole interactions with their ortho protons. C, in the pendant
ring relaxes more slowly than Cg in the central ring because it
is moving more rapidly. In striking contrast, this differential
relaxation is all but lost at 14.09 T where relaxation is dominated
by chemical shift anisotropy. Rotation of a phenyl group about
its C; axis provides an oscillating magnetic field, Ag, as the
shielding changes from o33 when the ring is perpendicular to the
field to 4y, when it is parallel. For the oxygenated ipso carbon
Ac is 120 ppm from 1,3,5-trimethoxybenzene as a model?¢ and
is 144 ppm for the carbon bearing ipso carbon in poly(ethylene
terephthalate).’” From these model systems the shielding
anisotropy for C4 and Cg in both esters generates an effective
field of about 20 kHz at 14 T, which approaches that of a directly
attached proton for DD relaxation. As an aside, the different
dependence on differential rotation of DD with © = 60° and
CSA with © =90° (eqs 11 and 12) is less than 5% until the ratio
of axial diffusion coefficients exceeds a factor of 10, which is not
the case here. The angular dependence of the dipole—dipole
relaxation follows (1-3 cos? 8). The angular dependence of the
CSA is more convoluted?? but is more sharply peaked at values
close to o33.

There are two key observations about the C4 and Cgrelaxation
in both PTB and TPBC: first, that the slopes in Figure 4 are the
same within 20% whereas DD relaxation at 4,7 T showed a factor
of 2 difference in their motion; second, that the value of 7. required
to match Ao with the experimental values above is that for overall
tumbling. This dichotomy between DD and CSA relaxation can
be resolved if one assumes that the rapid phenyl motion about
its C, axis inhibiting DD relaxation is low-amplitude libration
rather than isotropic rotational diffusion or the 180° flip required
for the full effect of CSA relaxation to be experienced.

A model for calculating the different average spectral density
functions for DD and CSA mechanisms for an aromatic ring was
presented by Stark et al.?® and by Tekeley?® in his treatment of
motional effects of DD relaxation in polycarbonates. The idea
that small-amplitude motion is superimposed on full pheny! flips
is not new. There is substantial evidence for combined motions
in crystals!® and in glassy polycarbonates. This appears to be
the first experimental observation of simultaneous libration and
flipping for a small molecule in solution. The experimental
barriers are in general agreement with the theoretical barriers
for phenyl benzoate reported by Bicerano and Clark,*! including
a flat potential around the equilibrium position for the phenolic
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ring. Thus, these benzoate esters show that motion about the
phenolic bond, C,~O in TPBC and C¢—O in PTB, is more rapid
than overall tumbling although the barrier to full rotation is at
least 3 kcal/mol. On the other hand, the benzoate, bond Cs-Cs
inTPBC and C,~C;in PTB, is rigid on the nanosecond time scale
of overall tumbling.

Conclusions

It has been shown that phenylene motion in cycloalkylidene
bisphenols and methyl ethers is generally faster than overall
molecular tumbling in solution. Thus, the barrier to rotation
must be less than 3 kcal/mol. By changing the cycloalkylidene
ring, it is possible to modify the phenylene dynamics in parallel
with the cycloalkyl ring dynamics. Thus, the order of fast
phenylene motion has been found to be BP5 > BP6 eq ~ tBBP6
eq > BP6 ax ~ tBBP6 ax. The tert-butyl group anchors the
cyclohexane ring, which in turn inhibits the motion of the axial
phenylene group. The equatorial phenylene group is unaffected.
The same differential motion is present in the simple cyclohexyl
system, and the average value is measured. Cyclohexane ring
inversion for the cyclohexylidene bisphenol is almost unaffected
by the phenyl substituents. The same differential phenylene
motion is found in the polycarbonates derived from these
monomers in both solution and solid state.!!

For the benzoate esters, PTB and TPBC, the phenolic C-O—
C-C linkage was found to be the most flexible segment of the
molecule with reorientation times which are faster than overall
molecular tumbling. The dipole—dipole and chemical shift
anisotropy relaxation processes for carbon in phenylene groups
rotating about their C; axes were found to have different average
diffusional correlation times. It was concluded that small-angle
diffusional motion of the phenyl groups was occurring faster than
overall tumbling but that full = flips were slower.

Experimental Section

Preparation of Materials. Phenyl 1,3,5-tribenzoate (PTB) was
prepared by the published procedure.424? 'H NMR 8.20 (d, 2
H); 7.66 (t, 1 H); 7.53 (t, 2 H); and 7.18 (s, 1 H). Triphenyl
1,3,5-benzenetricarboxylate (TPBC) was prepared by reacting
sodium phenoxide with 1,3,5-benzenetricarbonyl chloride (Al-
drich). Sodium phenoxide (12g,0.1 mol) was dissolved in diglyme
(80 mL) at 35 °C. To this mixture was added 1,3,5-benzene-
tricarbonyl chloride (8.8 g, 0.03 mol) dissolved in diglyme (6
mL). A white solid immediately formed upon addition. The
reaction was maintained at 35 °C for 24 h, poured into water
(500 mL), and extracted with ethyl ether. The ethereal layer
was washed several times with 10% aqueous NaOH, dried, and
evaporated to give cream crystals. Recrystallization from toluene
yielded TPBC (3.4 g).

Synthesis of 1,1-Bis(4-hydroxyphenyl)cycloalkanes. The fol-
lowing general procedure** was used for the synthesis of the
cycloalkylidene bisphenols. Phenol (22 g, 0.23 mol) was placed
ina 500-mL round bottom flask and melted. The cycloalkanone
(0.06 mol), 1-octanethiol (1.5 mL,0.01 mol), and calcium chloride
(2.0g,0.018 mol) were thenadded. HCl gas, produced by adding
sulfuricacid to sodium chloride, was bubbled through the solution.
After an hour, the solution had turned to a dark red solid. The
reaction was run for an additional 4 h. The solid was recrystallized
from 60/40 methanol/water to give a white solid. In some cases
it was necessary to remove excess phenol by steam distillation
prior to recrystallization. The starting cycloalkanones were
purchased from Aldrich. The carbon NMR shifts were given in
Table 1. Specific yields and characterization are as follows.

1,1-Bis(4-hydroxyphenyl)cyclohexane,* BP6, and 1,1-bis(4-
methoxyphenyl)cyclohexane,*> BP6M, were prepared by liter-
ature methods. 1,I-Bis(4-hydroxyphenyl)cyclopentane, BPS5:
15% yield; 'H NMR (acetone-de) 7.12, 6.72, AA’BB’; 2.21, m;
1.64, m.
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1,1-Bis(4-hydroxyphenyl)-4-tert-butylcyclohexane, tBBP6: 80%
yield; H NMR 8.13, s, OH; 8.02 s, OH; 7.20, 6.78, AA’BB’
aromatic; 6.99, 6.61, AA’BB’ aromatic; 2.67, bd d, H,.; 1.82 bd
t, Hae; 1.68, m, Hj; 1.21, bd t, Hy; 1.17, m, CHj; 0.74, s, C4Hs,.

1,1-Bis(4-methoxyphenyl)-4-tert-butylcyclohexane, tBBP6M,
was prepared by the same procedure at BP6M. tBBP6 (2.0 g,
6.5 mmol), Mel (2.6 mL, 17.8 mmol), potassium carbonate (4.0
g, 4.0 mmol), and acetonitrile (80 mL) were placed in a 250-mL
round-bottomed flask and refluxed for 20 h. The solvent was
evaporated to give a yellow oil and white solid. Both were dissolved
in acetonitrile and recrystallized to give tBBP6M (1.9 g, 87%,
mp 77 °C). 'H NMR (CD;COCD;) 7.25, 6.80, AA’'BB’
aromatic; 7.05, 6.70, AA’BB’ aromatic; 3.70, s, OMe; 3.65, s,
OMe; 2.65,bd d, Hj; 1.82 bd t, Ha,; 1.64, m, Hj; 1.16, m, CH;;
0.73, S, C4H9.

NMR Spectra. Samples were approximately 5 wt % solutions
in CD3;COCD:; for bisphenols and in CDCI; for the other samples
in 5-mm NMR tubes. For the T} measurements of PTB and
TPBC, the solutions were degassed by the freeze—~pump—thaw
method and sealed.

13C spectra were obtained on a Varian Gemini-200 operating
at 50.3 MHz, a GE QE-300 operating at 75.6 MHz, a GE
OMEGA-400 operating at 100.6 MHz, and a Varian YXR-500
and a VXR-600 operating at 125.7 and 150.9 MHz, respectively.
Allspectra except for the NOE data were collected with continuous
broad-band proton decoupling. A typical data acquisition time
was 1 s and data size, 32K. The spectral window was optimized
to just contain all the resonance frequencies including solvent
except on the Gemini-200. A fixed spectral window (300 ppm)
was used for Gemini-200 because of its fixed filter bandwidth.
A 1-Hz exponential weighting of the FID was used.

Spin-lattice relaxation times for all carbons were determined
simultaneously by the inversion-recovery pulse sequence (PD-
180°-7-90°). The magnetization recovery time, PD, was set
greater than 5 times of the longest T, to be measured. The pulse
delay time, =, was varied from T)/4 for the shortest T, to 4T
for the longest 7). Usually, 8-11 different  values were used
depending on the range of T; to be measured. Composite 180°
pulses were used on the Varian spectrometers.

Data were analyzed by the nonlinear least-squares method
provided by the software in each spectrometer. The single-
exponential decay function for T relaxation time was modified
in the GE OMEGA-400 software to correct for incomplete
inversion by the 180° pulse.

y=A{l-(W+1) exp(-7/T))} (14)

where y is the observed signal intensity at 7, 4 is the amplitude
atr =, and W= -(4at r = 0)/(A4 at 7 = ) which is the
correction factor for incomplete inversion. The observed signal
intensity for each carbon was well fitted with eq 14. The error
range in T) values was less than 5%. The estimated A4 values
were 1.00 £ 0.01 with a worst case error of 0.0015. The Wvalues
depended on frequency offset from the transmitter. For aromatic
carbons, W was =0.85. For the aliphatic carbons, W ranged
from 0.25 to 0.75.
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