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Abstract: Carbon-13 spin-lattice relaxation times T of almost all carbon atoms have been measured for the liquid salt
triethyl-n-hexylammonium triethyl-n-hexylboride (N2226B222¢) and an isoelectronic hydrocarbon analogue, 3,3-diethylno-
nane, over >100 °C temperature ranges, and for N222¢B2226, triethyl-n-hexylphosphonium bromide (P222¢Br), N222¢Br, and
LiB2226 in low-viscosity solutions. Successive increases in T of each carbon atom proceeding away from the quaternary cen-
ters of each jon and molecule indicate that most of the T';’s are governed by internal rotation about carbon-carbon bonds.
The slip model and microviscosity model modifications of the Stokes-Einstein equation for rotational diffusion provide rea-
sonable estimates of the effective NMR correlation times 7 of the innermost carbon atoms of each ion and molecule in low
viscosity media, but predict values of refr much too high for the innermost carbons of the highly viscous N2226B2226 at ambi-
ent temperature, This descrepancy and the activation energies for 1 /7 in neat Naz2¢Ba226 indicate that at low viscosity the
T:’s of these most hindered carbons are determined largely by overall tumbling, but at high viscosity internal rotation about
the N-C and B-C bonds dominates their T’s. The high viscosity of N222¢B222¢ not only slows overall reorientation of the
ions but also raises the activation energies E, of the internal rotations which effect relaxation in N3326B2226 compared to E,’s
in 3,3-diethylnonane. Effective correlation times of benzene and toluene as 20% solutions in N3322¢B222¢ provide approximate
confirmation at high viscosity that r¢g’s for reorientation about individual axes of small, rigid molecules are linearly related
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to shear viscosity.

Triethyl-n-hexylammonium triethyl-n-hexylboride
(N2226B2226) is the least viscous of a series of tetraalkylam-
monium tetraalkylborides which are liquid at room temper-
ature.? Njs6B2226 resembles a charged alkane; each ion is
isoelectronic with 3,3-diethylnonane, differing only at the
quaternary center atom. Ironically it is miscible in all pro-
portions with most organic solvents, but immiscible with
hexane, which it resembles structurally, and immiscible
with water, nature’s ubiquitous solvent for ions. The
charged centers of the N222¢ and B2z ions are shielded by
alkyl groups, and they can interact with each other or with
other components of a solution only by coulombic, ion-di-
pole, ion-induced-dipole, and London dispersion forces. The
consequences of electrical charge in an alkane are dramatic:
N2326B2226 is 8% more dense and >100 times more viscous
than 3,3-diethylnonane at 25 °C, and it has essentially zero
vapor pressure at 100 °C.

This paper reports a study of the rotational behavior of
ions in liquid N2226B2226 by carbon-13 NMR spin-lattice
relaxation. Comparisons of T'1’s of neat N222¢B2226 to those
of less viscous solutions and those of structural analogues
allow a qualitative analysis of how its structure affects both
overall tumbling and internal rotations, Because of its high-
ly temperature-dependent viscosity, liquid Nj2:6B2226 is a
convenient medium for study of the influence of viscosity on
both kinds of motion. Viscosity effects on carbon-13 T’s
have been reported for alkylammonium trifluoroacetates in
D>0,? aromatic molecules in organic solvents,*5 dioxane in
H,0,% and synthetic polymers in organic solvents.” In most
of these previous studies, viscosity effects were determined
on Ty’s of only one component of a solution rather than a
neat liquid. Since shear viscosity is a macroscopic property,
it does not necessarily provide a measure of the viscosity in
the microscopic environment of a single solution compo-
nent. In Na326B222¢ viscosity effects have been determined
on T of almost every carbon atom.

Experimental Section

Lithium triethyl-n-hexylboride (LiB333¢) and triethyl-n-hexylam-
monium triethyl-n-hexylboride (N2226B222¢) were prepared as de-
scribed previously.? The batch of N3226B2226 used for 13C NMR

experiments was yellow due to slight autoxidation. Viscosities of
N2226B2226 are reported elsewhere.?

Triethyl-n-hexylphosphonium Bromide (P222¢Br). A solution of
0.26 mol of redistilled 1-bromohexane and 0.21 mol of triethyl-
phosphine (Aldrich) in 100 ml of dry acetonitrile was refluxed 12 h
in a nitrogen atmosphere. The solvent was removed in vacuo, and
the remaining solid was recrystallized twice from acetone to give
0.129 mol (62%) of P232¢Br, mp 110-111 °C (uncorrected). The
solid was collected and transferred in a nitrogen atmosphere glove
bag because it was hygroscopic. Anal. (C;;H23BrP) C, H, Br. 'H
NMR and ir spectra were consistent with the assigned structure.

Triethyl-n-hexylphosphonium triethyl-n-hexylboride (P2226B2226)
was prepared from LiBjjz¢ and P22y¢Br by the method used for
N2226B2226.2 Anal. (C24HsgBP) C, H.

3,3-Diethylnonane. A Grignard reagent was prepared by concur-
rent addition of 0.22 mol each of 3-chloro-3-ethylpentane® and
1,2-dichloroethane to excess Mg powder in dry, refluxing tetrahy-
drofuran and filtered through a fine glass frit. To the colorless fil-
trate was added with stirring 0.036 mol of 1-bromohexane and
then 1.0 mmol of Li;CuCly solution in THF. In contrast to previ-
ous reports of Li;CuCls-catalyzed coupling of Grignard reagents
to primary alkyl bromides,!° this reaction was slow, and a sizable
amount of the alkyl halide dimer, n-dodecane, was formed. Prog-
ress was monitored by GLC, and after 30 h at room temperature
much 1-bromohexane remained. The mixture was refluxed 56 h,
during which another 0.112 mol of 1-bromohexane was added in
three portions. When consumption of the 1-bromohexane stopped,
the mixture was hydrolyzed with saturated aqueous NH4Cl, dried
over MgSQy4, and distilled. Fractions with bp’s 165-220 °C were
collected and analyzed by GLC to contain an 18% yield (based on
1-bromohexane) of 3,3-diethylnonane and 10% yield of n-dode-
cane. Purification of the distillate by preparative GLC ona 10 ft X
0.375 in. column of 20% Apiezon L on 60-80 Chromosorb W at
245 °C gave the 2-ml sample used for '3C NMR spectra, which
verified the expected structure. Its viscosity is estimated to be 1.4
cP at 30 °C by comparison to viscosities of other C,3 alkanes.!!

Carbon-13 NMR spectra were obtained at 25.16 MHz on a Var-
ian XL-100-15 instrument equipped with Digilab FTS-NMR-3
Fourier transform accessory and at 15.00 MHz on a JEOL FX-60
instrument. All spectra were proton noise decoupled. Spin-lattice
relaxation times were measured by the inversion-recovery method.
In the pulse sequence (180°-7-90°-1), seven or eight values of 7
were selected to give four to six useful data points for each carbon
atom, ¢t was 2 5 times the longest 7'} of any proton-bearing carbon
atom, and » = 100-500. At 25 MHz 16K data points and at 15

Ford | Triethyl-n-hexylammonium Triethyl-n-hexylboride



2728

Table I.

Carbon-13 Chemical Shifts and 13C-3!P Coupling Constants

8, ppm from TMS (Jisc_sip, Hz)

Compd (CH3 CH2)3 X H2 CH; CHz CHz CHZ—CHg
P3226Br@ 6.2(5.0) 12.6(48.8) P 18.5(46.7)  21.8(4.3)  30.5(15.1) 31.1 22.4 13.9
P2226B2226® 7.1(5.5) 13.6 (48.5) P 19.4 (~51)  23.0(3.4)  31.9(~16) 323 239 15.4

13.2 20.2 B 29.2 29.8 37.7 345 24.7 15.9
3,3-Diethyl-~ 8.5 28.8 C,382 364 242 31.8 334 24.1 15.1
jnonane¢

90.375 m in CDCl3, 30 °C, internal TMS. # Neat liquid, 34 °C, external TMS in acetone-dg. ¢ Neat liquid, 28 °C, external TMS in ace-

tone-ds.
Table II. Carbon-13 Spin-Lattice Relaxation Times (7, s) of N222¢B222¢ and Its Analogues
Expt Compd Solution vo, MHz T, °C (CH3;—CH;)5—X~—CH,—CH,—CH,—CH,—CH;—CHj;
1 N2226B2226 Neat 25.2 11 0.33 0.04 N 003 005 008 014 024 0.4
2 28 0.40 0.09 N 006 0.06 0.15 023 0.38 1.33
3 28 0.41 0.06 N 0.05 0.07 0.10 020 033 1.03
4 15.0 32 0.36 0.05 N 0.05 0.09 0.10 0.18 026 1.07
5 25.2 46 0.67 0.11 N 0.12 0.14 0.23 0.37 0.62 1.87
6 70 1.03 0.19 N 0.23 0.26 0.35 0.6l 1.2 3.0
7 94 1.70 0.35 N 039 043 0.68 1.19 1.93 44
8 120 3.2 0.71 N 0.98 1.09 1.55 2.5 4.0 8.7
9 2.7 m C¢Hg 25.2 28 0.56 0.11 N 0.10 0.19 023 0.38 0.64 1.64
10 15.0 32 0.51 0.11 N 008 0.13 0.18 032 048 1.90
11 2.4 m C¢HsCH; 25.2 28 0.45 0.11 N 0.10 0.10 0.17 024 046 153
12 0.44 m in CDCl3 30 1.59 0.44 N 0.39 0.81 0.86 1.40 2.2 39
13 Njz26Br 0.40 m in CDCl3 30 1.40 0.47 N 0.52 0.66 0.95 1.52 2.1 3.0
14 Py3Br 0.5 m in CDCl, 15.0 32 2.7 0.81 P 054 0.80 0.88 1.5¢ 2.0 2.3a
15 P26Bjiz¢ Neat 34 1.20 0.25 P 009 0.14 0.19 025 0.38 1.32
1 Nj26B2226 Neat 25.2 11 0.44 0.04 B b 0.07 012 017 030 092
2 28 0.79 0.12 B b 0.17 0.14 028 043 1.52
3 28 0.75 0.11 B b 0.10 0.13 028 040 1.23
4 15.0 32 0.73 0.13 B b 0.10 0.13 022 0.3l 1.14
5 25.2 46 1.25 0.28 B b 020 0.26 046 0.71 2.1
6 70 2.1 0.48 B 0.28 034 038 081 1.2 3.6
7 94 3.0 0.49 B 0.66 0.55 086 1.42 2.2 4.9
8 120 5.7 1.64 B 1.43 1.41 1.9 2.7 4.6 8.5
9 2.7 m Ce¢Hg 25.2 28 1.00 0.27 B 0.25 021 026 042 0.66 1.75
10 15.0 32 1.03 0.20 B b 022 020 041 0.6l 1.70
11 2.4 m C¢HsCHj; 25.2 28 1.01 0.20 B 0.13 0.16 020 043 057 1.70
12 0.44 m in CDCl; 30 2.2 0.75 B 0.54 0.71 090 1.61 2.1 5.1
15 P3y26B22¢ Neat 15.0 34 0.76 0.13 B b 0.10 0.14 027 039 1.43
16  LiBj26 1 m in D,O 32 2.2 0.59 B 0.51 052 065 096 1.6 4.2
17 Hydro- Neat 25.2 =35 0.51 0.15 C 0.17 020 021 027 037 055
carbon®
18 -18 0.68 0.18 C 022 027 033 044 057 1.03
19 10 2.0 0.69 C 1.0 1.0e 1.06 1.33 1.64 2.6
20 30 2.7 1.12 C 1.3 1.49 1.60 2.1 2.6 3.8
21 51 39 1.7 C 2.3 2.4 2.9 3.7 4.7 5.7
22 71 5.3 2.6 C 3.0 3.2 3.7 5.1 b b
23 71 6.1 2.9 C 39 3.7 39 6.0 7.0 9.9

@ These values are less reliable because of overlapping resonances. » Could not be determined from spectra available. ¢ 3,3-Diethylnonane.

MHz: 8K data points were used. Pulse widths were checked period-
ically and were generally 30 us on the XL-100-15 and 24 us on the
FX-60 for a 90° pulse. Sample temperature was determined and
maintained to £2 °C. Scatter in the In (4= — A,) vs. 7 plots sug-
gested that temperatures probably fluctuated within that range
during the course of a run. T’s are considered reliable to £10% or
+0.03 s, whichever is greater.

All samples were prepared in a nitrogen atmosphere. Coaxial
cells which contained acetone-dg-TMS, DMSO-d4-TMS, or D,O-
dioxane in the central 5S-mm tube and the sample in the annular re-
gion of the 10-mm or 12-mm tube were used for liquid salts. The
3,3-diethylnonane was degassed and sealed in a 10-mm Pyrex tube,
which in turn was placed in a 12-mm nmr tube with acetone-de-
TMS in the annular region.

Results

Carbon-13 chemical shifts of triethyl-n-hexylphospho-
nium salts and 3,3-diethylnonane are in Table I. The as-
signments are based on chemical shift correlations of
branched aliphatic hydrocarbons'2!3 and analogy to 3C-
31P coupling constants reported previously for phosphonium
salts.'* Chemical shifts of N222¢B2226 appear in an earlier
paper.!3

Carbon-13 spin-lattice relaxation times of N2226B2226
and its analogues LiBzzzs, N2226Br, P2226Br, P2226B2226,
and 3,3-diethylnonane appear in Table II. Several qualita-
tive features of the data are noteworthy. (1) Relaxation
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Table III.  !3C NMR Correlation Times, 7eff, in ps

Expt® (CH3 CHy); X CH, CH, CH, CHy CH, CH;
3 38 390 N 470 330 230 117 71 15.1

7 9.1 67 N 60 54 34 19.6 12.1 3.6

9 28 210 N 230 123 101 61 36 9.5

12 9.8 53 N 60 29 27 16.6 10.6 4.0
15 12.9 93 P 270 170 120 93 61 11.8

3 21 210 B b 230 180 83 58 12.6

7 5.1 48 B 35 42 27 16.4 10.5 3.2

9 15.5 86 B 93 111 90 55 35 8.9
12 6.9 31 B 43 33 26 14.5 11.1 3.0
15 20.4 180 B b 230 170 86 60 10.9
20 5.8 21 C 18 15.6 146 11.1 9.0 4,1

2 For conditions see Table II. # Could not be determined from spectra available.

times 7', are always shortest at the innermost carbon atoms
and progress to higher values at each successive carbon
away from the center. (2) At all carbon atoms in
N2226B222¢ and in 3,3-diethylnonane T, increases as the
temperature increases. (3) At ambient temperature T, at
every carbon atom is shorter in the highly viscous neat mol-
ten salt than in less viscous mixtures with benzene, toluene,
or CDCl3. (4) At ambient temperature in media of equal
viscosity (experiments 12 and 20) 7,’s of the inner carbons
of 3,3-diethylnonane are longer than T’s of the correspond-
ing carbon atoms of Nj33¢B2226. (5) In every experiment
the T’s of all carbon atoms in the B22sg anion are longer
than those of corresponding carbon atoms in the Na2224 cat-
ion. This difference is most pronounced at the inner carbon
atoms, but it persists even at the terminal CHj; groups of
the n-hexyl chains. Although the T, values of many pairs of
corresponding carbon atoms in Nasss and Basx are the
same within experimental error, the fact that in 84 out of 90
such comparisons T is greater in the anion than in the cat-
ion is convincing statistically. In contrast, the 7’s of the
three pairs of corresponding carbon atoms farthest from the
charged centers in Pj326B2226 are identical within experi-
mental error (experiment 15). (6) The T)’s of carbons in
the ethyl groups of phosphonium ion P35 are longer than
those of ammonium ion N2, but the carbons in their
hexyl groups have more nearly equal 7T;’s. (Compare exper-
iments 13 and 14, and 4 and 15.)

Effective NMR correlation times resr in representative
experiments appear in Table III. The res values were calcu-
lated with eq 1 and 2 for relaxation effected only by dipolar
interaction with the protons directly bound to each carbon
atom.!3 In eq 1 and 2, NV is the number of directly bound
carbon atoms, yy and y¢ are the magnetogyric ratios, wy
and wc are the Larmor frequencies in rad/s of 'H and '3C,
and 7 is the C-H distance taken as 1.09 A. Other mecha-
nisms for spin-lattice relaxation'® can be ruled out as fol-
lows. (1) Interaction with paramagnetic oxygen seldom is
important for T, values of <10 s, and the samples were pre-
pared under nitrogen. (2) The spin-rotation mechanism is
most effective for very small, spherical molecules which can
rotate rapidly in a liquid. Moreover, spin-rotation relaxa-
tion leads to a decrease in 7T, with increasing temperature,
opposite to what was observed. (3) Scalar coupling of 13C to
quadrupolar ''B or !*N would give a contribution to relaxa-
tion governed by eq 3, in which L'is ''B or 14N, A is the C-I
coupling constant in rad/s, S is the spin number of I, 7y is
the relaxation time of I, and wc and w; are the Larmor
frequencies. The frequency differences between !3C and !B
or '“N are too large and the likely quadrupolar relaxation
times for almost symmetrically substituted ''B and !N nu-
clei are too long for scalar relaxation to contribute to the

Table IV. T’s of Aromatic Carbon Atoms of Benzene and
Toluene in N2226B2226

Expt?® Tis
9 Benzene: 1.35
10 Benzene: 1.40
11 Toluene: ortho 1.00, meta 0.95, para 0.91

@ For conditions see Table II.

observed T, values of even the carbons bound directly to
boron and nitrogen.

1/Ty = Nh>yu?yc?r~Sres (1)
1 _ Nalyuly?r® [ Teft
T, 10 1 + (wn — we)?7esr?
37esr 6Teff ]
+ 2
1+ wc?7e? 1+ (wn + we)rer? &
1 242 TI
=gy ——1 3
T, 3 ( ) 1 + (we — wi)?7? 3)

7eff wWas calculated from eq 2 when 7, < 0.17 s in 25-
MHz experiments and from eq 1 when 7, > 0.17 s, the mo-
tional narrowing region in which (wc + wp)?7er? <« 1 and
eq 2 reduces to eq 1. At 25 MHz T reaches a minimum of
0.020 s when 7o & 5 X 1079 s and increases once more as
Test becomes still longer.!® All of the 7ef values in Table I1I
were taken from the fast rotation side of the 7, minimum in
eq 2 because an increase in temperature from 10 to 28 °C
for N2326B2226 caused increases in T for even the inner-
most carbons in the Ny ion. If 7.’s were on the slow
rotation side of the 7, minimum, increased temperature
would lead to smaller 7)’s.

In experiments 9-11, the T)’s of the aromatic carbon
atoms in solutions of about 20% benzene or toluene by
weight in N3j36B2s6 were determined also, as shown in
Table IV.

Arrhenius activation energies E, for the effective correla-
tion times in N356B222¢ and 3,3-diethylnonane are in Table
V. Experimental errors in T,’s of a few of the inner carbons
of N2226B2ase lead to considerable uncertainty in their £,
values (shown in footnotes of Table V), but most of the E,
values may be considered reliable to +0.3 kcal/mol for
N2226B2226 and to +0.2 for 3,3-diethylnonane.

Discussion

Segmental Motion. Two kinds of molecular motion can
effect spin-lattice relaxation of carbon atoms having direct-
ly bound protons by the dipolar mechanism. (1) Overall
tumbling by the small step diffusion model contributes
equally to 1 /NT) at every carbon atom of a spherical mole-
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Table V. Arrhenius Activation Energies (kcal/mol) for !3C NMR Effective Correlation Times

Compd“’ (CH3 CH2)3 X CHz CHz CHz CHz CH2 CH3
N2226B2226 4.7 6.4 N 6.5% 6.2¢ 5.9¢ 5.4 5.6 4.7
N2226B2226 5.0 7.0¢ B 6.0¢ 5.9/ 5.6 5.6 4.7
3,3-Diethylnonane 3.8 4.7 C 4.6 4.6 4.7 4.6 4.3

@ £0.3 for N2226B2226 and 0.2 for 3,3-diethylnonane unless otherwise noted. £ £0.8. ¢ £0.4, 4 Could not be determined from spectra

available. ¢ £1.0./ £0.6.

cule or ion. (2) The contribution to relaxation from internal
rotation about single bonds in principle is different at every
carbon atom. Consequently in large molecules all carbon
atoms which cannot undergo internal rotation and have di-
rectly bound protons usually have the same effective corre-
lation times, while values of T increase (and values of 7¢gf
decrease) progressively along an alkyl chain of a large mol-
ecule from short T, nearest the rigid part of the molecule to
long T at the terminal methyl group. This general behav-
ior'® has been observed previously in 1-decanol,'’ pro-
teins,'® phospholipids,'® synthetic polymers,’20 liquid crys-
tals,2! micelles,3-22:23 and C,o-C2g alkanes.?4.25

The data in Table II for salts in CDCl; solution resemble
those of previous reports of T,’s for alkylammonium salts
aggregated as micelles®?? in which the innermost carbon
atoms have 7| ~ 0.5 s and terminal methyl carbon atoms
have T, ~ 3 s. The data for neat N2236B232¢ at ambient
temperature, however, resemble 7'’s for alkyl chains bound
to high polymers2® in which no overall tumbling but only
segmental motion contributes to 7.

Several attempts have been made to describe the effects
of internal motion on nuclear magnetic relaxation.!26 Lev-
ine and co-workers?427 have considered alkyl chains both
attached to a spherical macromolecule which undergoes iso-
tropic reorientation and as part of a molecule with prolate
ellipsoid shape which reorients anisotropically. They con-
clude that overall tumbling in either case affects the rota-
tional diffusion constants of atoms up to five carbon-carbon
bonds removed from the center of mass. For more distant
atoms “the autocorrelation function is a single exponential
and the relaxation times are independent of the motion of
the molecule, provided that D; > Do (where D; is the diffu-
sion coefficient for rotation about the ith carbon-carbon
bond)”.2” When the alkyl chain is bound to a large body
undergoing slow isotropic reorientation, the diffusion coeffi-
cients increase successively for the first few bonds away
from the large body. When the alkyl chain is part of an an-
isotropically reorienting prolate ellipsoid, the diffusion coef-
ficients for internal rotation at all but the terminal carbon
atoms are about the same (for example in n-alkanes and »n-
alkyl bromides).2 In both isotropic and anisotropic sys-
tems, rotational diffusion about the terminal carbon-carbon
bond is substantially faster than about the internal bonds.

Although N333¢B2226 and 3,3-diethylnonane might be
crudely approximated as overall anisotropic prolate ellip-
soid rotors, their shape does not resemble n-alkanes. Instead
of the roughly equal diffusion coefficients about all internal
carbon-carbon bonds, molecular models suggest that rota-
tions about at least the first two bonds away from the qua-
ternary centers of N2a¢ are sterically hindered. As a result,
the rotational diffusion coefficients are expected to increase
successively along the bonds away from the center of mass,
making their overall and internal rotational behavior a com-
plex hybrid of the two systems treated by Levine. This trend
of decreased steric hindrance to internal rotation is support-
ed experimentally by the small decreases in Arrhenius E,’s
for effective correlation times of carbon atoms proceeding
away from the charged centers of N2226B2226 (Table V).

Table VI. Comparison of r(i,i — 1) for n-Hexyl Groups to
Solution Viscosity
Expt? Central Atom T(ii=1), ps n, cP
3 N 19.1 209
B 16.1
9 N 12.9 35
B 11.9
12 N 6.4 1.35
B 4.1
20 C 7.5 1.4

a See Table II for conditions.

The single exponential autocorrelation function for rota-
tion about a bond more than five bonds removed from the
center of mass corresponds to a correlation time which may
be approximated from the effective correlation times ob-
tained from the T, values of the jth and (i — 1)th carbons
(eq 4).2425 When i is the terminal CH; group, application
of eq 4 to T, data for n-alkanes,?425 alkyl bromides,?* alkyl
amines,? and alkylammonium salts® has led to 7(i.i — 1)
values in the 4-8 ps range (with a few anomalous excep-
tions) in solutions of low to moderate viscosity. However,
the data in Table VI for N222¢B2226, neat and diluted with
benzene, indicate that diffusion about the terminal carbon-
carbon bond of each Cg chain slows as the viscosity in-
creases. That increased viscosity slows internal rotation
about the terminal bonds is also suggested by the higher Ar-
rhenius E, for the terminal CH; correlation times in neat
N2226B2226 than in 3,3-diethylnonane. No theory is avail-
able at this time for viscosity effects on internal rotation.

[7(ii = D] = [resr(D)] 7Y = [7ers(i — 1)]7! (4)

Overall Reorientation. Though the terminal methyl
groups of the Cq chains of N333¢B2226 clearly have T’s gov-
erned by internal rotation, overall tumbling may also affect
carbon T)’s nearer the centers, particularly at the inner-
most methylene groups bound directly to the quaternary
atoms. If only overall tumbling affects the T’s of the inner-
most carbons of N3326B2226, it should be possible to calcu-
late their correlation times from an appropriately modified
Stokes-Einstein equation for rotational diffusion. The un-
modified eq 5, in which a is the radius of a spherical mole-
cule and 7 is the coefficient of shear viscosity, warks well
for large molecules in small molecule solvents but not for
small molecules. For nonspherical molecules 4wa3/3 is re-
placed by molecular volume.

7= 47ra317/3kT (5)

In a recent modification, the slip model, Hu and Zwan-
zig?® assume that nonspherical molecules can be approxi-
mated as prolate or oblate ellipsoids which have zero fric-
tional coefficients for rotation about the unique axis. The
frictional coefficients for rotation about the axes of a pro-
late ellipsoid perpendicular to the unique axis have friction-
al coefficients ranging from zero, in the limit of a spherical
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Table VII. Comparison of Experimental Correlation Times (resr, ps) for Inner Carbon Atoms to Those Calculated by
Modified Stokes-Einstein Equations
Conditions® 7, cP TL DT TL =7 Microviscosity model Exptl

N2226B2226, neat, 28 °C 209 1400 5600 8000 470 (N2226)
230 (Ba226)

N2226B2226; benzene, 28 °C 35 230 930 b 230 (N2226)
110 (B2226)

N226B2226, CDCl3, 30 °C 1.35 36 74 60 (N2226)

43 (B2226)
3,3-Diethylnonane, 30 °C 1.4 37 53 21

@ These are experiments 3, 9, 12, and 20 of Table II. & Not calculated because of ambiguity as to whether benzene or N222¢B222¢ is the

solvent.

molecule, to n/kT. in the limit of a needle-shaped molecule,
and depend only on the ratio of the lengths of the axes.

Application of the slip model to N222¢B222¢ and 3,3-di-
ethylnonane requires several approximations. (1) The iso-
electronic species have a volume of 232 A3, determined by
summation of atomic contributions to van der Waal’s vol-
umes.? (2) Each species is an ellipsoid with the ratio of
short axis to long axis of 0.64, determined from a model
based on standard bond lengths, 109.5° bond angles, a van
der Waal’s radius of 1.2 A for each methyl hydrogen atom,
and fully extended conformations of the Cg and Cs chains
of 3,3-diethylnonane. (3) Each ion in the liquid undergoes
rotational diffusion independently rather than as an aggre-
gate. With experimentally determined viscosities eq 5 divid-
ed by the correction factor?® of 0.114 for a prolate ellipsoid
with axial ratio 0.64 leads to calculated values of 7, the
rotational correlation time about the short axis.

The NMR correlation time for dipolar relaxation of an
ellipsoid rotor in which the C-H bonds are perpendicular to
the unique axis is given by eq 630 in which Dy and D are
the diffusion coefficients for rotation about the unique axis
and the axes perpendicular to the unique axis, respectively.
The relations 7, = 1/6D, and 7 = 1/6D)lead toeq 7. In
the slip model the frictional coefficient for rotation about
the long axis of a prolate ellipsoid is zero, which means that
71 > 7] at moderate to high viscosity. However, molecular
models indicate that the shape of N2226 and analogues is not
a smooth ellipsoid, and there should be frictional resistance
to rotation about the long axis. In the extreme, this friction
might make 7 = 7. The consequences of application of
these two assumptions about the relative values of 7 and
7. to calculated values of ¢ are shown in Table VII.

Teff = 1/24D + 3/4(2DJ_ +4Dy) (6)
rett=71/4+ 97, 7)/(87L + 471)) @)

A simpler, common modification of the Stokes-Einstein
equation for calculation of rotational correlation times is
multiplication of eq S by the microviscosity factor fr, de-
fined by eq 8 in which r and r, are the effective radii of the
solute and solvent, respectively.3! The effective radii are
usually taken as radii of spheres having the same molecular
volumes as the solute and solvent. Results of application of
the microviscosity factor to calculated correlation times of
N2226B2226 and 3,3-diethylnonane are also in Table VII.

= | ¢ 1 -!
fr= [ r + 1+ rs/r)3] ®)

Comparisons in Table VII of the calculated correlation
times to experimental reg values for the innermost carbon
atoms of N2226B222¢ and 3,3-diethylnonane with the short-
est relaxation times show that the crude theory and approx-
imations agree roughly with experiment for solutions of low

viscosity. This indicates that the model assumed for the size
and shape of N3326 and its analogues is reasonable, and that
overall tumbling is primarily responsible for spin-lattice re-
laxation of their inner carbon atoms at low viscosity. On the
other hand, agreement between theory and experiment is
poor for the highly viscous neat N2»2¢B22s6. Two possible
reasons for this discrepancy are: (1) the original assumption
that 7efr is governed only by overall tumbling and not by in-
ternal rotation may be wrong; (2) the sizes and shapes of
the ions may differ in the neat liquid salt and in solution
due to either ionic aggregation or conformational changes.
Although there is no good way to test the latter possibility,
additional experimental evidence is consistent with the for-
mer.

If the calculated 7 values for neat Nyj26B2226 are rea-
sonable, internal rotation about the N-C and B-C bonds
must be the principal motion affecting 7','s of the innermost
carbon atoms at ambient temperature. The Arrhenius E,’s
for 1/7eee of the innermost carbons support this possibility
because they are substantially smaller (6.4-7.0 kcal/mol)
than the corresponding E, values obtained from a plot of In
(n/T) vs. 1/T (9.0-12.7 kcal/mol). The assumption that
overall tumbling controls g predicts that 1/7eer and /T
should have the same temperature dependence, as they do
to within 0.1 kcal/mol for liquid benzene3? and within 1.0
kcal/mol for 3,3-diethylnonane. (E, for /T of several Cy3
alkanes averages 3.8 kcal/mol!! compared to £, = 4.7-4.8
kcal/mol for 75 of the innermost carbons of 3,3-diethylno-
nane),

Another observation that supports contribution of inter-
nal rotation to relaxation of the inner carbons of N»26B2226
is that 7',’s of the anion are consistently longer than those
of the cation. The greater length of the B-C bond (about
1.65 A)33 than of the N-C bond (about 1.52 &)34 should
provide more rotational freedom in the anion. The T,’s of
the inner carbons of the Pjy¢ cation (see Table II) are
longer than those of B1sss, presumably because of the still
greater P-C bond length (about 1.80 ;{).35 The differences
in T'’s of corresponding carbons of Njaag, Bazas, and Paaag
persist even in low viscosity CDCl; solutions. This suggests
that even though r¢gr values calculated for inner carbons at
low viscosity agree decently with experimental values, there
are significant internal as well as overall rotation contribu-
tions to their relaxation. Persistence of longer T in Baaag
than in Njs56 all the way out to the terminal carbon of the
Ce chain indicates that even motion of the methyl group is
slightly coupled to the motion of inner carbons, and that
coupled motion extends over more than the four or five
bonds previously implicated by Levine et al.2427

Relaxation of the inner carbons of 3,3-diethylnonane
must differ substantially from that of the Nj22¢ and Baae
ions. At the same macroscopic viscosity and temperature
(experiments 12 and 20) T,’s of the carbons of N3226, B2226,

Ford | Triethyl-n-hexylammonium Triethyl-n-hexylboride
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and 3,3-diethylnonane four to six bonds removed from the
quaternary center atoms are roughly the same, but the 7T,’s
of carbons one to three bonds removed from the center are
much longer in the hydrocarbon than in either ion. This dif-
ference at the inner carbons must be due to the charge of
the ions and can be explained by a greater microviscosity
near the centers of the ions than near the center of the iso-
electronic neutral hydrocarbon. It cannot be explained by
bond length effects on rotational freedom because the C-C
bond is only slightly longer than the N-C bond.

The nature of the motions responsible for spin-lattice re-
laxation in neat N3236B2226 may be summarized as follows.
At ambient temperature even the innermost carbon 7’s ap-
pear to depend on internal rotation. As the viscosity of the
medium is decreased, either by raising the temperature or
by dilution with solvent, overall tumbling becomes an in-
creasingly important contributor. Segmental motion domi-
nates relaxation of the carbon atoms more than one bond
removed from the quaternary center,

The Arrhenius activation energies for 1/7er of
N2226B2226 and 3,3-diethylnonane in Table V are compat-
ible with these conclusions. E, for each carbon of 3,3-di-
ethylnonane is (a) smaller than for the corresponding car-
bons in the isoelectronic N132¢ and Bjsag ions and (b) in the
range previously found for barriers to rotation about alkane
carbon-carbon bonds in liquids and gases.?® The higher
values of E, in N36B12s6 indicate that barriers to bond
rotation depend on the viscosity of the surrounding medium.
However, bond rotation is not as sensitive to the medium as
the translational motion measured by shear viscosity. (E,
for In n vs. 1/T of N23s6B222¢ is 8.4-12.0 kcal/mol at 0-80
°C.)? The larger differences between E, values of the inner
carbons and the methyl carbons in N3356B2226 than in 3,3-
diethylnonane also suggest that bond rotation is more hin-
dered at the centers of the ions than at the center of the hy-
drocarbon. This hindrance must be due to the same ionic
forces which make N332¢B222¢ 8% denser and >100 times
more viscous than 3,3-diethylnonane.

Reorientation of Benzene and Toluene in N222¢B2226. An-
isotropic reorientation of molecules in liquids has been stud-
ied extensively by NMR relaxation methods.?6-37 Recently
Bauer, Alms, Brauman, and Pecora (BABP)S found by a
combination of light scattering and '3C NMR spin-lattice
relaxation methods that rotational correlation times of
small rigid molecules about each axis were linearly related
to the viscosity of the medium by eq 9 in which C is a con-
stant in ps cP~!. For benzene in solutions where n < 3 ¢cP, C
= 0.0 for 7 and C = 3.5 for % Similarly for toluene C =
3.2 for 7, the reorientation time about the axis in the plane
of the ring passing through the methyl group, C = 12.5 for
7,. the axis in the plane of the ring orthogonal to x, and C
= 0.0 for 7. the axis orthogonal to the plane of the ring.

r=Cn+ 1 9)

The data in Table IV provide a test of the BABP correla-
tions for benzene and toluene at much higher viscosity. For
benzene at 35 ¢P 7, > 7|, and eq 7 can be approximated
by 7err = 7 /4. For toluene at high viscosity 7, > 72 > 7,
and eq 8 of BABP can be approximated by eq 10, where 7o,
m, and 7, are the effective correlation times for the ortho,
meta, and para carbon atoms. Figure 1 incorporates '3C
NMR T, data of benzene and toluene obtained in
N2226B2226 into the BABP plots of 7 as a function of 5. The
fit of the high-viscosity points is respectable. Also, the ap-
proximation of eq 10, that all ring carbon atoms of toluene
should have the same T, is borne out by experiment.
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Figure 1. Reorientation times of benzene and toluene as a function of
solution viscosity. Low-viscosity points are from ref 5. High-viscosity
points are in N2226B2226.

Bauer, Brauman, and Pecora® have compared experi-
mental viscosity dependences for rotational reorientation
times of benzene and toluene with those calculated by the
slip model modification of the Stokes-Einstein equation.
With appropriate approximations of the molecular geome-
tries, the model led to calculated coefficients C in eq 9
which agreed with experiment to within a factor of 1.5. The
ability of the slip model to provide good estimates of the
correlation times of benzene and toluene in N2226Baasg at
high viscosity but not of the correlation times of the inner-
most carbon atoms of Na22ysB2aze itself also supports the
conclusion that there is a sizable internal motion contribu-
tion to 7'y’s of all carbon atoms in neat N2226Bs236.
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Abstract: The absolute configuration of a series of optically active 2,6-disubstituted spiro[3.3]heptane compounds has been
elucidated. Application of Klyne's sector rule to spiro[3.3]heptane-2,6-dicarboxylic acid or Fecht acid (1) and of Lowe’s rule
to the spiro[3.3]heptane system suggested the R configuration for d-1. Use of the major theoretical models of optical activity
also resulted in an assignment of the R configuration to d-1. This assignment supported the result obtained previously from
an x-ray study of d-1, which on the basis of the (small) anomalous scattering of oxygen and carbon tended to the R configura-
tion for d-1. Definite proof of the chirality could be obtained when a well-crystallized barium salt of d-1 had been prepared.
X-ray work on this compound showed beyond any doubt that d-Fecht acid (1) has the S configuration. Renewed x-ray work
on the acid itself confirmed the S configuration of d-1. A discussion is given on the striking invalidity of empirical rules and
theoretical models for establishing the chirality of these particular spiro systems.

Optically active spiro[3.3]heptane-2,6-dicarboxylic acid
or Fecht acid (1) has been used by Wynberg and Houbiers? as
starting material in the synthesis of a number of enantiomeric
2,6-disubstituted spiro[3.3]heptane derivatives. Our current
interest? in this series of compounds encouraged us to solve the
intriguing problem of configurational assignment to 1 and its
derivatives. Knowledge of its chirality would establish the
absolute configuration of this whole series of compounds.

Very recently we proposed the R configuration for dextro-
rotatory Fecht acid (see Figure 1) on the basis of three different
types of experiments: (a) ORD and CD measurements in-
cluding the application of Lowe’s rule® to d-1 and other con-
figurationally related 2,6-disubstituted spiro[3.3]heptane
derivatives,? (b) special solvent effects of d-Fecht acid (1),
and (c) x-ray diffraction of d-1 using anomalous scattering.”
In the present study we wish to report unambiguous evidence
for establishing the absolute configuration of 1 and related
compounds. The larger part of this study describes the as-
signment, along different lines, of the chirality to d-Fecht acid
(1). After the Experimental Section, sections II-V deal with
the conventional application of some empirical rules and the-
oretical models of optical activity. Section VI describes the
determination of the absolute configuration by x-ray work.

Section VII brings forward clear consequences for the appli-
cability of the rules and models mentioned above.

1. Experimental Section

Boiling points are uncorrected. Melting points were determined on
a Mettler FP, apparatus at a warm-up rate of 0.2 °C/min. Ultraviolet
spectra were recorded on a Zeiss PMQ II apparatus. NMR spectra
were obtained on a Varian A60 instrument using tetramethylsilane
as an internal standard. Microanalyses were performed in the ana-
lytical section of our department under the supervision of Mr. W. M,
Hazenberg. Optical activity was measured on a Zeiss Lichtelektrisches
Prazisionspolarimeter 005 using 10-cm cells for compounds 2, 4, and
7, and 5-cm cells for compounds 5 and 13. Concentrations are given
in grams/100 ml. The ORD spectrum was taken on a Bendix Ericsson
Polarmetric 62, provided with a 150-W xenon lamp and a 1-cm cell.
The measurements were taken at room temperature. Ellipticity was
measured with a Roussel-Jouan Dichrograph II, provided with a
deuterium lamp.

I-Spiro[3.3]heptane-2,6-diamine (2) was prepared from /-spiro-
[3.3]heptane-2,6-diammonium chloride (12) with [®]s75 —6.0°,
[®]s0s —15.5° (c 2.8, water), in 50% yield according to the method
of Lowry and Baldwin.? The obtained optical rotation of 2 was: [®]s7s
—4.2°, [®]405 —10.4° (¢ 3.1, chloroform).

{-Spirane 12 was obtained from d-spiro[3.3]heptane-2,6-dicar-
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