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needles of 11 (2.9 g, 70%), mp 245 °C.

C. Iodination with Iodocyanogen. C.1. A solution of ICN
(1.53 g, 10 mmol) in absolute ether (25 mL) was added to the
stirred solution of 8 (3.28 g) in absolute chloroform at room
temperature. Stirring of the red solution was continued for 5 days,
and the red powder was then filtered off, washed with ether, and
dried to afford 2,2',4,4’,6,6’-hexapiperidin-1-yl-1,1’-bicyclo-
hexadienylium bis(diiodocyanide) (12b) (2.52 g, 42%), mp 154-155
°C. Anal. Calced for CuHggNg(I,CN)s: C, 43.50; H, 5.48; 1, 41.77;
N, 9.22. Found: C, 43.60; H, 5.37; I, 41.71; N, 9.19.

The filtrate was evaporated to dryness, leaving a dark brown
residue (2.5 g), mp 135 °C, which was purified by recrystallization
twice from n-heptane/activated carbon to afford the educt 8, mp
and mixed mp 182-184 °C (lit.!* mp 183-184 °C).

C.2. A solution of ICN (3.06 g, 20 mmol) in absolute ether (50
mL) was dropped into a stirred suspension of 8 (3.28 g) in absolute
ether (50 mL) at room temperature. The separated red powder
of 12b was filtered off at several times (after 8 h, 515 mg; after
32 h, 770 mg; after 56 h, 290 mg; and after 4 weeks, 1.85 g). Total
yield of 12b: 3.43 g (56%), mp 152-155 °C.

C.3. A solution of ICN (6.12 g, 40 mmol) in absolute ether (100
mL) was dropped into a stirred solution of 9 (6.66 g, 20 mmol)
in absolute chloroform (250 mL) at room temperature. After an
additional 3 days of stirring of the dark brown solution, the
resulting brown powder of the dimeric o-complex 13 (60 mg), mp
120-125 °C, was filtered off. Further fractions of red-brown-
colored product were filtered off within 2 weeks in periods of
several days; total yield, 240 mg. The melting points of these
fractions increased continuously to 140-145 °C (fourth and fifth
fractions)-—obviously the anion of the ¢-complex 13 changed, e.g.,
to CN-, I,CN-, and I3, respectively. Anal. Caled for
2,2,4,4',6,6’-hexamorpholin-1-yl-1,1’-bicyclohexadienylium bis-
(triiodide) (13d) CgsH5NgOg:(13), (fifth fraction): C, 30.28; H, 3.81;
N, 5.87. Found: C, 30.43; H, 3.87; N, 5.75. The filtrate was
evaporated to dryness, leaving a brown-colored powder (9.2 g),
mp 170 °C. Recrystallization of 4.2 g from dimethylform-
amide/acetonitrile (1:1) afforded 9 as light yellow colored product,
which was filtered off, washed with methanol and ether, and dried,
yielding 1.2 g, mp 310-315 °C (lit.!* mp 308-312 °C).

Reactions of the Dimeric ¢-Complexes 12 and 13.
2,2',4,4',6,6’-Hexapiperidin-1-yl-1,1’-bicyclohexadienylium
Diperchlorate (12¢). A solution of 10% aqueous sodium per-
chlorate (40 mL) was added to a shaken solution of 12a (1.0 g)
in water (100 mL). The precipitated yellow-colored product (0.81
g), mp 210-212 °C, was filtered off after 1 h, washed with water,
dissolved in dimethylformamide (17 mL), treated with activated

carbon, and filtered. Ether (50 mL) was then slowly added to
the filtrate, yielding the diperchlorate 12¢ as fiery-red-colored
product (0.77 g), which was separated by filtration and recrys-
tallized again from dimethylformamide/ether to afford 12¢, mp
215-216 °C. Anal. Caled for Cu,HggNg(Cl0Oy)y: C, 59.07; H, 7.79;
Cl], 8.31; N, 9.84. Found: C, 58.97; H, 7.75; Cl, 8.48; N, 9.93.

2,2',4,4',6,6'-Hexapiperidin-1-yl-1,1’-biphenyl (14). A. A
solution of sodium hydroxide (1.5 g) in water (15 mL) was added
to a shaken solution of 12a (163 mg) in water (20 mL). The
resulting precipitate of colorless 14 was separated by filtration
after 30 min, washed with water, and dried, to give 130 mg, mp
270-310 °C. The product was purified by recrystallization twice
from dimethylformamide, yielding a mp of 319-321 °C. Anal.
Caled for CuHgNe: C, 77.25; H, 9.88; N, 12.87. Found: C, 77.27;
H, 9.83; N, 12.86.

B. A solution of 5% aqueous NaOH (2 mL) was dropped into
a shaken solution of diperchlorate 12¢ (342 mg) in dimethyl-
formamide (10 mL). Water (100 mL) was added after 30 min,
and the resulting precipitate of 14 was filtered off, washed with
water, and dried, yielding 205 mg (78% ), mp 310-315 °C, which
was recrystallized from dimethylformamide to afford a mp and
mixed mp of 319-320 °C.

C. A solution of 5% aqueous NaOH (20 mL) was added to a
filtered and shaken solution of bis(diiodocyanide) 12b (2.1 g) in
dimethylformamide (80 mL). The resulting precipitate, separated
by filtration after 1 h (0.99 g, mp 285-320 °C) and recrystallized
from dimethylformamide, was identified as 14, mp and mixed mp
320-322 °C.

2,2',4,4',6,6’'-Hexamorpholin-1-yl-1,1’-bipheny] (15). A so-
lution of 5% aqueous NaOH (15 mL) was added to a shaken
solution of the bis(triiodide) 13d (200 mg) in dimethylformamide
(10 mL). The resulting colorless precipitate of 15 (84 mg) was
recrystallized from dimethylformamide (2 mL), yielding colorless
crystals of 15, mp 344~-346 °C. Anal. Caled for C3qHgNgOg: C,
65.02; H, 7.88; N, 12.65. Found: C, 64.89; H, 7.80; N, 12.62.
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The dipotassium salt of the tetraphenylethylene dianion (12°) has been studied by H and *C NMR spectroscopy
and 7-MO calculational techniques. Analysis of one-bond and three-bond carbon—carbon coupling constants
permits a description of the geometry of the contact ion pair of 12, We find a linear relationship between =
bond order and carbon~carbon coupling constants, which provides information concerning the torsional angles
about those bonds. The preferred geometry of 1% is one in which the C,~C,, torsional angle is closer to the C.~C,,
torsional angle of neutral 1 than to 90°, with the estimated range of this torsional angle being 8.4-28°.

Control of redox reactivity requires a secure chemical
basis for discriminating between single and multiple
electron transfer. Although the problem can be ap-
proached thermally by employing differentially electron-
ically populated transition metal complexes, we sought to
find redox catalysts that could be activated photochemi-
cally to induce selective two-electron transfer.

In that vein, we were attracted to tetraarylethylenes, a
family that included several members known to be reduced
electrochemically via two-electron transitions. The con-
ventional explanation involves an overpotential for at-
tachment of the first electron caused by a required geom-
etry change. That is, the radical anion formed by adding
a single electron was thought to have twisted slightly from
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Figure 1.

Table I. '"H NMR Chemical Shift Data for 1 and 1%

H 1¢ 1% (24 °C)* 1% (-80 °C)® Ac®

2,6 7.05 6.98 1.61, 6.34 +0.56, —0.71
3,5 7.00 6.45 6.48, 6.43 -0.52, -0.57
4 7.06 5.56 5.56 -1.49

¢ Proton chemical shifts relative to residual THF-dg protons at &
3.58. ?Chemical shift difference in ppm.

the planar ethylenic geometry of the neutral parent. The
addition of a second electron to the radical anion requires
a large geometric deformation so that it occurs at a po-
tential less negative than that initially required.

Since electron attachment and detachment can be ini-
tiated photochemically, we considered photochemically
initiated electron transfer driven geometric isomerization
to be a viable route for forming multiple electron transfer
catalysts. It became important then to establish the
magnitude of the geometric change encountered in the
dianion, and to this end we have investigated spectro-
scopically the tetraphenylethylene dianion.

Tetraphenylethylene dianion (12°) has been examined
previously by IR,! 'H NMR,"? and electrochemical/con-
ductance®!? measurements. There is substantial dis-
agreement concerning the C,~C, (“ethylenic”) torsional
angle (Figure 1). In fact, values ranging from 0° (planar)
to 90° (orthogonal) have been reported.!"!® The abnor-
mally large disproportionation constant, Ky, for the re-
action

Kais
2TPE- —— TPE?* + TPE

was viewed as evidence for a nearly 90° C,-C, torsional
angle in 12-.%71° Large steric interactions and coulombic
repulsions are thought to be alleviated by twisting about
the C,—C, bond. In none of these studies was the C,—C,
torsional angle discussed or probed (Figure 1).

We describe herein the geometry of 12~ established by
IH and ¥C NMR spectroscopy and carbon—carbon cou-
pling constants (Joq) of bis-1°C,,13C_~labeled 12~ and a
model system, 1%C,-labeled «,a-diphenyl-o/,o’-bis(4'-tert-
butylphenyl)ethylene (527) (Figure 1). #-MO calculation
methods were used to correlate = bond order and car-
bon-carbon coupling constants. A relationship between
7 bond order and Jc is also discussed.
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Table II. *C NMR Chemical Shift Data for 1 and 1%~

C 1¢ 1% (24 °C)* 1% (-80 °C)° Ad®
a 141.96 96.48 95.92 -45.48
1 144.74 148.44 147.71 +3.70

2,6 132.13 117.45 115.88, 118.11 -14.68
3,5 128.40 128.62 127.83, 129.01 +0.22
4 127.17 106.88 106.36 -20.29

¢Carbon chemical shifts relative to THF-dg carbon at § 67.4.
bChemical shift difference in ppm.

Results and Discussion

TPE Dianion NMR Spectra. We chose potassium as
the reducing agent/counterion for three reasons: (1) the
decreased polarizing ability of large cations has been shown
to give better shift-charge correlations;!? (2) the pertur-
bation of MO energy levels decreases with an increase in
cation radius;'* and (3) the dipotassium salts of arene
dianions exist as contact ion pairs in ether solvents and
changes in the structure of the ion pair as a function of
temperature are negligible.!*

Upon reduction with potassium, the 'H NMR spectrum
of 1 changes from a multiplet centered at 7.03 ppm to one
exhibiting three sets of signals!® (Table I): a triplet at 5.56
ppm (H,), a multiplet at 6.45 ppm (H;;), and a broad
doublet at 6.98 ppm (H,¢). We ascribe these new signals
to the diamagnetic dianion, 12, Dramatic changes are also
seen in the 13C NMR spectra (Table II) of 12 relative to
1. Both carbon and proton resonances were assigned by
COSY'® and CH correlation spectra.l” As the dianion
solution is cooled, the 'H resonance at 6.98 ppm (H,g)
broadens, coalesces at ca. 40 °C, and appears as two
doublets centered at 7.61 and 6.34 ppm at —80 °C. Also,
the multiplet at 6.45 ppm (H;5) broadens and appears as
two separate absorptions centered at 6.48 and 6.43 ppm
at 80 °C. The triplet at 5.56 ppm remains unchanged
throughout this temperature range (Table I). Similar
changes upon cooling are seen in the 1*C NMR spectra. At
-80 °C the ortho and meta carbons appear as four separate
absorptions, as would be expected if the dynamic process
involves phenyl ring rotation. At low temperature the
C,-C, rotation is frozen out on the NMR timescale. The
two ortho and two meta protons as well as the carbons of
the phenyl rings become magnetically nonequivalent
(Table II). This higher C,-C, rotational barrier in the
dianion is in agreement with 7-MO calculations discussed
below which predict an enhancement of the C;—C, bond
order upon occupation of the LUMO of 1 by reduction.

Line shape analysis (GENXCH program)!® of the tem-
perature-dependent 'H NMR spectra of 12 allows esti-
mation of the C,—C, rotational barrier. A lower limit for
the barrier height is estimated as AH*® = 12.4 kcal/mol
with AS* = 8.8 eu. The relatively small AS* is an indi-
cation that large changes in the solvation are not occurring
over the temperature range studied. Furthermore, the
intrinsic 'H and *C chemical shifts were constant over the
temperature range used, showing that the number of
species and the structure of the contact ion pair remains
constant. Similar thermodynamic values have been re-
ported for the rotational phenomena of o-terphenyl dian-

(13) Eliasson, B.; Edlund, U. J. Chem. Soc., Perkin Trans. 2 1983, 79,
1837.

(14) Reference 13 and references cited therein.

(15) Neither the appearance nor the assignments for the 'H NMR
gpectra in ref 1 and 2 are consistent with our 'H NMR, COSY, and CH
correlation spectra.

(16) Bax, A.; Freeman, R.; Morris, G. J. Magn. Reson. 1981, 42, 164.

(17) Bax, A.; Morris, G. J. Magn. Reson. 1981, 42, 501.

(18) GENXCH is a line-shape analysis program, which was included with
the Nicolet graphics data station.



4388 J. Org. Chem., Vol. 53, No. 18, 1988

ion, AH* = 13 kcal/mol,'® and the diphenylmethyl anion,
AG* = 11.7 kcal/mol.®% The ortho protons are dramati-
cally deshielded relative to the expected upfield shift in-
duced by dianion formation. This may be attributed to
severe van der Waals repulsion by the protons on the
neighboring rings (Figure 1). The ortho proton on the
geminal phenyl ring (distance between geminal ortho
protons = d, =~ 2.270 A by MM2 calculations) produces
a greater effect (3(Hg) = 6.34 ppm, distance between vicinal
ortho protons, d, ~ 2.541-3.327 A by MM2 calculations
at various distortions (8.4-88.4°) of the C,—C, torsional
angle, see below). An additional way to observe the effects
of steric hindrance is to measure the longitudinal relaxation
time: sterically crowded protons are expected to show the
shortest 7. Indeed, inversion-recovery experiments show
that the ortho protons of 1>~ have the shortest relaxation
time, T,. Further evidence that the dynamic process is
caused by C,-C, rotation is obtained from the 'H NMR
spectrum of bifluorenylidene dianion,? 62~ (Figure 1),
which showed no temperature dependence within the same
temperature range.

The relationship of calculated charge density as a
function of torsional angles for 12 is ambiguous as the
correlation coefficients of these plots remain constant for
various C,~C, torsional angles. Therefore, we chose to
analyze the structure of the contact ion pair of 1~ via
stereochemical analysis of carbon—carbon coupling con-
stants.

Stereochemical Analysis via Carbon—Carbon Cou-
pling Constants. The observation of long-range car-
bon-carbon coupling constants provides some informative
insight into the bonding situation in 12~ It has been ob-
served?# that %Jc, - decreases in the order: trans-stilbene
(Je,c; = 5.0 Hz) > cis-stilbene (%Jg,c = 8.6 Hz) > 1
(Je,c, = 1.4 Hz) > 9,10-diphenylphenanthrene Cde,cp =
1.1 Hz), while 2J,c remains constant: 2.2, 2.1, 2.6, 2.1
Hz, respectively, for the same series. The decrease in
8Jc,c, for this series parallels the increase in the phenyl
ring torsional angle (¢¢, ¢ ): ~0°, ~28°, ~48°, ~60°.2%
Thus, *J¢, ¢, follows a Karplus-like relationship similar to
that observed for %Jy;; couplings with torsional angle. This
correlation holds for a variety of carbon frameworks.%¢
However, the relationship does not hold for olefins unless
they are fully conjugated systems, suggesting that the
coupling is transmitted through the r-framework.?** Berg
and co-workers have proposed an empirical relationship,
eq 1‘223

3Jc,hcu/ = 6.06(COS ¢C2—Ca’)2 - 1.05 (HZ) (1)

The 1*C, signal of bis-13C,,'3C_-labeled 1%~ (at room
temperature) appears as a doublet of doublets with cou-
pling constants of 2.64 (+0.1) and 2.53 (£0.1) Hz. The
coupling constants *J¢, ¢, and %/, ¢, in 1% then have values
of 2.64 and 2.53 Hz, respectively, or vice versa. Since
neither value is significantly different from %Jq, ¢ in 1 (2.64
Hz), 2ch,c,, is not sensitive to torsional angle or bond order,
in agreement with the series discussed above. However,
regardless of the assignment, 3%J_ ¢ - in 12 must be ~1.0

Hz larger than %J¢, ¢ in 1 (1.4 Hz) ‘and must have a value
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Table III. C-C Coupling Constants for 5, 5>, and 5-H,

compd c-C 1Jee®  model system b
5 a—o/ 76.6 1 0.942
a-1 54.6 0.171
52 a—a’ 60.6 0.307
a1 64.5 0.551
5-H, a—a’ 33.9
a-1 42.2

®One bond carbon-carbon coupling constants (£2 Hz).
bCalculated = bond order, see text for relevant geometries.

between cis-stilbene and 1. Assuming eq 1 holds for ions,
it follows that the phenyl ring torsional angles of 12" lie
between those of cis-stilbene and 1 (i.e., ~28 to ~48°).
Unlike the series above, however, the torsional angle in 1%
is a composite of twisting about both the C,—C, and C,—C,
bonds. If the magnitude of the 3J¢, ¢ coupling constant
is indeed related to the planarity of the »-system, and
hence to a composite of torsional angles, eq 1 should now
be expressed as

3Jc,c, = 6.06 [cos (¢ c,) cos (¢, c,)]? - 1.05 (Hz) (2)

Substitution of eq 2 with 3J¢, ¢ = 2.64 or 2.53 Hz and
¢c,c = dc,—c, = 30° (the origin of this value is discussed
beiow), yields a C,~C, torsional angle, ¢¢_c,, of 25.7° or
27.4°, respectively, for 1%,

The dependence of eq 2 on olefinic torsional angle is
convincingly shown by examining the pertinent vicinal C-C
coupling constants of bis-13C,,'3C ~labeled 6 and 6>, X-ray
crystallography has shown that ¢¢ ¢ of 6 has a value of
42°% and that of 62, 2(Li*~TMEDA), is 48°.2%¢ Com-
pound 6 shows *J¢, . = %J ¢, = 1.90 & 0.2 Hz (*Jc(caled)
= 219 Hz). In 6%, 2K* % ¢ = 1.65 + 0.12 Hz and %J, ¢,
= 1.8 Hz (width at half height) with 3/yc(caled) = 1.66 .
Thus, 3J( is a sensitive tool for the estimation of various
torsional angles in these systems.

Molecular Orbital Calculations and Correlation of
lJc with # Bond Order. The =-MO calculations used
here have been described previously.?* This program
requires a reasonable input geometry in order to calculate
molecular properties. In 1 the C,—C, “ethylenic” torsional
angle was assumed to be 8.4° (planar), while a C,-C,
torsional angle of 48° was used. These two values were
taken from X-ray crystallographic data for 1.2 Calcula-
tions on 12~ were performed assuming no perturbation of
the MO’s by the potassium counterion. A 30° C,—C,
torsional angle was used for 12~ because molecular me-
chanics (MM2) calculations show that at a 30° C,-C,
torsional angle the “inner” ortho protons (H,) of gem-
phenyl rings are separated by 2.270 A, slightly less than
the sum of the van der Waals radii for two hydrogens (2.4
A).%®  This value agrees with the C,—C; torsional angle
calculated for the radical anion of 1 from its variable
temperature absorption spectra.?’

No C,-C, carbon—carbon coupling could be observed
for bis-13C,,13C-labeled 1 or bis-12C,,13C -labeled 1%~
Therefore, we chose a model system that is asymmetric
about the ethylenic double bond, ¥C,-labeled 5, to probe
the geometry about the C,-C, bond. The C,~C, and
C,-C, carbon—carbon coupling constants may then be
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Figure 2. Plot of Jcc vs 7 bond order for 1/1 dianion. A straight
line was obtained: Jcc = 27.3p + 50.6, r = 0.9925.

determined directly from the 3C NMR spectra. The
carbon-carbon coupling constants thereby obtained are
shown in Table III. The C,~C, coupling constants of
bis-13C,,'3C-~labeled 1 and its dianion appeared as mul-
tiplets (virtual coupling) and are a sum of one- and two-
bond coupling constants, 'J¢, ¢, + 2Jc ¢, These sums (56.6
Hz for bis-13Cu,13CaI-Iabeleda 1 and 66.7 Hz for bis-
18C_,13C -labeled 1%) are within experimental error of the
analogous coupling constants of 5 (57.2 Hz) and 5% (66.1
Hz). Thus, the tert-butyl groups in 5 and its dianion do
not alter the carbon—carbon coupling constants observed
in 1 and 12, Inspection of Table III shows that C,~C,
“ethylenic” bonding, as measured by !J¢_c_, in 5% is in-
termediate between the C,—~C, bond in 5 and the C,-C,
bond in 52" and is within the typical C(aromatic)-C(aro-
matic) coupling constant range.??¢ There is a linear rela-
tionship (Figure 2) between the magnitude of each ob-
served coupling constant in 5 and 52" and the bond order
calculated by the Dewar 7 semiempirical method? for 1
and 1%, The linearity of the plot is unaffected by a change
in the C,~C, torsional angle of 12~ from 8.4° to 25.4°, which
may imply that twisting from near planarity occurs in a
wide potential well. Having corrected for the intercept of
the plot in Figure 2 (50.6 Hz), we suggest that the mag-
nitude of the C,~C, coupling constant in 5% is consistent
with 38% [(60.4 - 50.6)/(76.6 ~ 50.6)] of the double-bond
character of the neutral hydrocarbon remaining intact
upon dianion formation. This is in good agreement with
the calculated bond-order changes that indicate that 33%
(0.307,/0.942) of the double-bond character is retained upon
reduction. Thus, the 7 interaction (overlap) between the
two halves bisected at the center of the “ethylenic” C,~C,
bond is considerable, and ¢¢_c is between 8.4° and 25.4°.

Rehybridization Effects. Quenching 5%~ with water
gives the tetraarylethane, 5-H,, a compound in which both
C, and C, have been rehybridized to sp®. In 5-H,, the
C,—C, coupling constant is reduced to 33.9 Hz (typical of
sp®—sp? coupling: Joc[CH;—CHj;] = 34.6 Hz),”® while the
C,-C, coupling constant is reduced to 42.2 Hz (Joc[Ph-
CH;] = 44.2 Hz).?® If rehybridization toward sp® upon
reduction of 1 were the dominant factor influencing the
C,-C, and C,-C,, coupling constants in the dianion, then
both the C,~C, and C,~C, coupling constants would be
lower in 12~ than in 1 by analogy with ethane and toluene.
Rehybridization of the “ethylenic” carbons in the dianion
is therefore not consistent with the observed coupling
constants.

Relatively small changes are seen in the carbon-hydro-
gen, Joy, and carbon-carbon, Jogrom)clarom)s cOUpling
constants (double-quantum coherence method?®) in the

(28) Graham, D. M.,; Holloway, C. E. Can. J. Chem. 1963, 41, 2114,
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4849,
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Table IV. C-H Coupling Constants® for 1 and 1>

C-H 1 1
2,6 159.0 153.7
3,5 158.8 149.5
4 160.7 158.0

440.5 Hz.

Table V. C(Aromatic)-C(Aromatic) Coupling Constants®

for 1 and 1*-
c-C 1 1
1-2 58.3 55.7
2-3 56.2 57.7
3-4 55.6 54.6

4+0.7 Hz.

phenyl rings (Tables IV and V, respectively) upon reducing
1 to 1#. 'Jcy changed by an average of 3.6%, while *J¢ ¢/
and J¢, ¢, changed an average of 21.1%. This may be an
indication that the change in coupling constants observed
here are caused by enhanced orbital (OB) and spin dipolar
(SD) contributions to the coupling constant relative to the
contact term, since Jgy is primarily determined by the
contact term (FC).22b

Coulombic, Resonance, and Steric Interactions.
Electrostatic repulsion develops between the ethylenic
carbons as 1 is reduced to 12, Historically*!? and intui-
tively this interaction seems to be a driving force for the
twisting about this bond in the dianion. A simple esti-
mation of the energy difference between planar and or-
thogonal 1%~ can be obtained by calculating the repulsion
integrals for each species. Utilizing STO-3G p orbitals as
the model basis set (neglecting effects of the counter ions),
and bond lengths and electron densities from the =-MO
calculations, the coulombic repulsion energy, E,qp, for or-
thogonal 1% (¢¢, ¢, = 90°, ¢¢, ¢, = 30°, ¢ = 1.327, r¢_¢,
= 1.512 A) is 14.87 eV and for planar 1> (¢¢ ¢ = 0°, ¢¢,c
=30°,q = 1.286, rc ¢ = 1459 A) E,, = 1458 eV: AE,,,
= 0.29 eV = 6.7 kcal/mol. Thus near-planar 1% contains
6.7 keal/mol less coulombic repulsion energy between C,
and C, than orthogonal 12-, primarily because less charge
is localized at the C, and C, positions in the near planar
geometry. The electrostatic repulsion energy will also
decrease as the C,—C, torsional angle decreases since the
electron density at the ethylenic carbons diminishes with
increasing interaction with the phenyl rings. The differ-
ence in resonance stabilization (as estimated by the dif-
ference in calculated heats of formation as calculated by
Dewarpi) between near-planar and orthogonal 12~ is ~-8.2
kcal/mol. Therefore, based on coulombic repulsion and
resonance stabilization, near-planar 1% is about 15 kcal/
mol more stable than orthogonal (¢¢ ¢ = 90°, ¢¢, ¢, =
30°) 1%,

One source of stabilization of orthogonal 12" is the relief
of steric interactions between the vicinal phenyl rings upon
rotation about the “ethylenic” bond. If this steric inter-
action may be approximated as twice the steric interaction
in cis-stilbene (~2.3 keal/mol),% it would have a value of
~5 kcal/mol. This leaves a residual 10 kcal/mol stabi-
lization energy for near-planar 1%

@

Conclusions

We suggest that there is a linear relationship between
7 bond order and carbon—carbon coupling constants in a
series of structurally related conjugated arenes and dian-
ions (existing as contact ion pairs), which affords the

(31) Fischer, G.; Muszkat, K. A.; Fischer, E. J. Chem. Soc. B 1968, 156.
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torsional angles about respective bonds. Also, the preferred
geometry of 12 is one in which the C,~C, torsional angle
is closer to the C,-C,, torsional angle of 1 than to 90°, with
the estimated range of this torsional angle being 8.4-28°.
These results are in agreement with several X-ray struc-
tures?Pb of bis(Li*~-TMEDA) arene dianions, which show
that in each case the “olefinic” torsional angle is less than
10° more twisted than in the corresponding neutral species.
The surprisingly low “olefinic” torsional angles are readily
explained by a simple electrostatic model.?

Simple 7-MO calculations of = bond order and electron
density are correlated both with proton® and carbon!833
chemical shifts and with vicinal H-H coupling.?* The
generality of this relationship remains to be tested, and
further studies in this area are ongoing in this laboratory.

Experimental Section

Instrumentation. 'H and !3C NMR spectra were recorded
on General Electric GN 500 and QE 300 spectrometers or on
Varian EM390 and FT80 instruments. Melting points were de-
termined on a Fisher-Johns melting point apparatus and are
uncorrected.

General Methods. Tetraphenylethylene (1) was purchased
from Aldrich, recrystallized from chloroform/ethanol, and sub-
limed prior to use. a,a-Diphenyl-o/,o’-bis(4-tert-butyl-
phenyl)ethylene (5) and !°C,-labeled-5 were prepared by
TiCly/Zn dust coupling reaction of 4,4’-di-tert-butylbenzophenone
(4) and benzophenone/carbonyl-'3C labeled benzophenone
(Aldrich) according to a procedure by Mukiayama.?® A large
excess of 4,4’-di-tert-butylbenzophenone was used to insure
maximum yield of the unsymmetric product. The product was
purified by fractional crystallization and fractional gradient
sublimation, mp 209-210 °C: 'H NMR (THF-dg) 6.92 (d, J =
8.27 Hz, 4 H), 6.95-7.05 (m, 10 H), 7.11 (d, J = 8.27 Hz, 4 H),
1.08 (s, 18 H); ¥C NMR (CDCl,, TMS) 149.15, 144.20 (d, J = 54.64
Hz), 140.97 (d, J = 76.60 Hz), 140.72, 140.01, 131.38, 130.94, 127.47,
126.06, 124.33; mass spectra 444/445 (M™*); high-resolution mass
spectrometry elemental analysis: m/z caled 444.28170, m/z meas
444.27912, error (mamu/ppm) —2.58/5.80.

4,4’-Di-tert-butylbenzophenone (4) was prepared by the
reaction of (4-tert-butylphenyl)magnesium bromide and 4-
cyano-tert-butylbenzene (3) followed by acid hydrolysis. Re-
crystallization from ethanol gave white needles, mp 136-137 °C
(1it.% mp 134.1~135.5 °C).

4-Cyano-tert-butylbenzene (3) was prepared by the action
of CuCN on 4-bromo-tert-butylbenzene (2) in DMF according
to the procedure of Friedman and Schecter:¥ bp 100-105 °C (0.5

(32) Streitwieser, A., Jr.; Swanson, J. T. J. Am. Chem. Soc. 1983, 105,
2502.

(83) Olah, G. A,; Mateescu, G. P. J. Am. Chem. Soc. 1970, 92, 1430.

(34) Jonathon, N.; Gordon, S.; Daily, B. P. J. Chem. Phys. 1962, 36,
2443.

(35) Mukiyama, T.; Sato, T.; Hanna, J. Chem. Lett. 1973, 1041.

(36) Cristol, S. J.; Hayes, R. A.; Haller, H. L. J. Am. Chem. Soc. 1946,
68, 913.
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Torr) [lit.% bp 132-133 °C (21 mm)]; IR (neat) 3010, 2920, 2880,
2240, 1640, 1520, 1480, 1420, 1385, 1290, 1125, 865 cm™; 'H NMR
(CDCl,, TMS) 6 7.53 (s, 4 H), 1.33 (s, 9 H).
4-Bromo-tert-butylbenzene (2) was prepared by adding
bromine to a stirred mixture of tert-butylbenzene and iron filings:
bp 60 °C (0.5 Torr) [lit.* bp 228-229 °C (740 mm)}; 'H NMR
(CDCl;, TMS) 5 7.38 (d, 2 H), 7.10 (d, 2 H), 1.23 (s, 9 H); 3C NMR
(CDCl,, TMS) & 149.76, 131.01, 127.01, 119.18, 34.26, 31.14.

Bifluorenylidene (6) was prepared from fluorenone in a
manner identical with the procedure for the preparation of the
TPE derivative discussed above and was purified by recrystal-
lization from ethanol, mp 193-194 °C (lit.** mp 182-183 °C).

[Carboxy-'°C]biphenyl-2-carboxylic acid was prepared by
cannulating the Grignard reagent of 2-bromobiphenyl onto solid
13C0,, followed by aqueous acid workup. Crystalline product was
obtained by addition of pentane to the crude oil and was used
without further purification.

[Carbonyl-'*C]fluorenone was prepared by heating 1.0 g of
[carboxy-13C}biphenyl-2-carboxylic acid in 25 mL of poly-
phosphoric acid at 130 °C for 10 min with stirring. Cooling and
aqueous workup afforded the labeled fluorenone in 78% yield,
mp 83-85 °C (lit.** mp, 84 °C). The ®C NMR spectrum was
identical with that reported in the literature.*!

['3C,,'3C ,IBifluorenylidene was prepared from [carbonyl-
13C)fluorenone in a manner identical with the procedure for the
preparation of the TPE derivative discussed above and was pu-
rified by recrystallization from ethanol: *C NMR (CDCl;, TMS)
6 141,01 (C,), 138.28 (J = 58.7 Hz (C,)), 141.31 (J = 2.87, 1.90
Hz (C,)), 119.85 (J = 1.90 Hz (Cy)), 126.81 (J = 2.52 Hz (Cy)),
129.12 (Cy), 126.74 (J = 1.90 Hz (C¢)).

THF-d was purchased from Aldrich and used as received.

Dianion Generation. All sample preparations were carried
out under inert atmosphere and vacuum conditions. A preweighed
sample was added to the apparatus consisting of a 5-mm NMR
tube at the top of which was sublimed a 10-fold excess of po-
tassium mirror attached to a vacuum stopcock. Following addition
of solvent, no fewer than five freeze-pump-thaw cycles were
performed, and the NMR tube was sealed off just above the metal
mirror. The progress of the reaction was followed by 'H NMR
spectroscopy. The original peaks soon collapsed, and new, broad
absorptions appeared. Within 1 week, well-resolved absorptions
were recorded which were attributed to the diamagnetic dianions.
All chemical shifts are relative to residual hydrogens in the THF-dg
solvent.
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