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Abstract: The stepwise (one-electron) chemical oxidation of the tetraphenylethylene donor and its substituted
analogues @) can be carried out by electron exchange with aromatic cations or antimony(V) oxidants to
selectively afford the cation radicaD(*) initially and then the dicationd{?*). The ready interchange of the

latter establishes the facile disproportionation (i.&;72= D?" + D) that was originally examined by only
transient electrochemical techniques. The successful isolations of the crystalline salts of the tetraanisylethylene
cation radical {™) as well as the tetraanisylethylene dicatidA™] allow X-ray diffraction analysis (for the

first time) to quantify the serial changes in the molecular structure upon successive oxidations. Five structural
parametersd, |, 0, ¢, andq) are identified as quantitative measures of changes in bogetQg, C,—anisyl)

lengths, dihedral (=Cg)/torsional (anisyl) angles, and quinoidal (anisyl) distortion attendant upon the removal
of first one-electron and then another electron from the tetraanisylethylene framework. The linear variation
of all five parameters in Chart 3 point to a strongly coupled relaxation of tetraanisylethylene (involving
simultaneous changes dfl, 0, ¢, andq) to a severely twisted dication. Most noteworthy is the structure of

the cation radical™ with d, I, 0, ¢, andq values that are exactly one-half those of the dication. The complex
molecular changes accompanying the transformat@n:= D™ — D2" bear directly on the donor properties

and the disproportionation processes of various tetraarylethylenes.

Introduction (eq 2)¢ Such interchanges between paramagnetic ion radicals

Tetraphenylethylene and its ring-substituted analogues are Kas
bifunctional electron donors (or acceptors) by virtue of both 2 ArC=CAr,
aromatic and olefinic centers present as either electron-rich (or
electron-poor) reservoirs. As such, various tetraarylethylenesand diamagnetic dications are pertinent to the mechanistic
have enjoyed widespread application to reaction types as diversedelineation of homolytic (free radical) and electrophilic (ionic)
as reduction, oxidation, photocyclization, halogenation, oxy- Pathways, most certainly as they apply to electron transfer and
genation, eté:2 Especially noteworthy are the highly hindered acid catalysis, respectively.
electron-rich analogues, which are known to result in intensely ~ The thermodynamics of the redox disproportionation in eq 1
colored solutions upon treatment with various electrophiles (Cl  (0r €q 2) derives from the corresponding (one-electron) poten-
Bra, I, and ICI) as well as Brgnsted and Lewis acids. tials, i.e.,AG® = F, (E°, — E®1), whereE"; andE®; refer to the

Of particular relevance to tetraarylethylenes are the facile StEPWise oxidation (or reduction) of first the tetraarylethylene
disproportionations of the (one-electron) oxidation product, in donor and then the tetraarylethylene cation radical (or anion

. . ical)® It is i i
the form of the tetraarylethylene cation radical on one hand (eq "adical)” It is important to note that owing to the overall
1)5 and the anion radical as the reduction product on the other propelle_r shape of tetraarylethy_le_nes, their conformatlor_l W|_II

play an important role in determining these redox properties in

oxidation as well as reductich.However, little is definitively
known quantitatively about the conformational and/or structural

— ArC-CAr,”

+  ArC=CAr, 2)

K
2 AC=CAr,” ——= AnC-CAr,” + AnC=CAr, (1)
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Figure 1. UV—vis absorption spectra of (A) the cation radical and (B) the dication from the oxidation of tetraanisylethiten¢etratolylethylene
2 (- - -), and dianisylditolylethylen& (- - -) with 1 and 2 equiv of EA** SbCk], respectively, in dichloromethane at 26.

changes that take place when a tetraarylethylene is convertedsuccessive one-electron transfers from the tetraarylethylenes in

to its cation radical (or anion radical) and thence to the dication Chart 1, of which we identified three oxidants as follows.

(or dianion). Although X-ray crystallographic determination I. Chemical Oxidation of Tetraarylethylenes to Their

is the most direct approach to molecular structure, it has not Cation Radicals and Dications. A. Via Electron Exchange

been applied to the disproportionation, largely due to the with Aromatic Cation Radicals. The cation radicals of the

difficulty in growing suitable single crystals of both the cation methano- and ethanoanthrancene derivatiés™ andEA™,

radical (or anion radical) and the dication (or dianion) of the respectively, are selective organic oxidants with reversible

same tetraarylethylerié. reduction potentials that differ by only 190 mV, as listed in
Of the various redox systems extant in the literature, we Chart 213 As such, the treatment of tetraanisylethylebewith

identify the oxidation/disproportionation of tetraanisylethylene _ _

as the potentially most viable for X-ray diffraction analysis. For Chart 2. Aromatic Oxidants

example, tetraanisylethylenel)( can be electrochemically ~o ~0

oxidized to its cation radicall{™) and to its dication1?") which

are both rather persistent in dichloromethane solutions in the (.@’) (.@.)

presence of 0.2 M supporting electrolyte Moreover, quantita- ) )

tive analysis of the anodic behavior affords values of the h >
disproportionation constant (see eq 1) in solvents of various MA™ EA"™

polarities!2 Thus our first task in this study is to confirm the o

ready redox disproportionation by a wholly chemical method ~Ered L11 130 (Vs SCE)

(without the complications of added sat)ltimately to allow ) o
the isolation of crystalline cation-radical and dication salts of 1 equiv of MA™* in dichloromethane (under an argon atmo-
tetraanisylethylene for direct X-ray diffraction analysis. To Sphere at 25C) immediately yielded a bright blue solution,
establish the scope of the structural requirements and facilitatethe UV—vis spectrum (Figure 1A) of which showed the
the ease of isolation of the one- and two-electron oxidation characteristic twin absorption bands at 560 and 941 nm of
products, we prepared the series of tetra- and diarylated ethylendetraanisylethylene cation radicdl’¢)."> Quantitative spectral
analogues identified in Chart 1, where An and Tol are analysis of the blue solution (logseo = 4.28 in Table 1)
p-methoxy- andp-methylphenyl groups, respectively. indicated that the electron exchange in eq 3 was displaced
completely to the right. In a similar vein, the treatment of a
Chart 1. Olefinic Donors

An  An Tol Tol An Tol toroma ! romA @
> < > < solution of 2 equiv of MA** at 25 °C with 1 equiv of
An 1 An Tol 2 Tol Tol 3 An tetraanisylethylene immediately yielded a dark green solution

(Figure 1B) which upon quantitative spectral analysis showed
the formation of 1 equiv of tetraanisylethylene dicatiBh (Amax

‘):(‘ @I =567 nm, logemax = 4.59) in quantitative yield (eq 4). Indeed
An An An
4 5

2+

1+ 2MAT — 1 + 2MA )

the distinctive pair of absorption spectra in Figure 1 indicated
that the cation radicall(*) and the dication J?*) could be

The requisite isolation of the various cation radicals and the generated cleanly via the discrete one- and two-electron
dications as crystalline salts for X-ray diffraction analysis called transformations in eqs 3 and 4, respectively, without admixture
for a selective (yet sufficiently powerful) reagent to effect of one with the other.

Results and Discussion

(10) There are no reports extant in which the cation-radical and dication ~ (13) Prepared as the crystalline hexachloroantimonate salt via the SbCI

structures of the same donor are available for direct comparison. oxidation of 9,10-dimethoxy-1, 4: 5,8-dimethano-1,2,3,4,5,6,7,8-octahy-
(11) (a) Phelps, J.; Bard, A. J. Electroanal. Cheml976 68, 313. (b) droanthraceneMA) and 9,10-dimethoxy-1,4:5,8-diethano-1,2,3,4,5,6,7,8-
Aalstad, B.; Parker, V. DJ. Electroanal. Chem1982 136, 251. octahydroanthracen& ). 14
(12) Svanholm, U.; Jensen, B. S.; Parker, V.JDChem. Soc., Perkin (14) Rathore, R.; Kochi, J. KI. Org. Chem1995 60, 4399.

Trans. 21974 907. (15) Compare Buck et al. in ref 4a.
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Table 1. Absorption (UV-Vis) Spectra of Cation Radicals and
Dication of Tetraarylethylenes and Related DofRors

Ethylene Cation Radical Dication
Donor nm (log e)b nm (log e)b
An\ An
1 Cc=C 560(4.28), 926 567 (4.59), 414°
/ \
An An
Tol  Tol .
2 £=C 516(4.18), 885 515 (-e-), 390%
Tol Tol
An\ [Tol
3 £=C 544(4.17), 904 525 (4.41), 438°
Tol An
An\ _ Ve
4 —/C_C\An 514(4.09),762(sh), 880 -e-
An An
5 £=6 546(4.16), 492(sh), 880 -e-

-e-

An
6 C:C\ 427(1.08), 658, >1100
An

a|n dichloromethane solution at 2&, unless otherwise indicated.
b Extinction coefficient in M1, ¢ See Figure 1 for other peaksNot
stable at room temperature; see text.

The stepwise oxidations of the analogous tettatylethylene
(2) and the anisyl/tolyl hybrid3) were only selectively effected
by MA** at 25°C. For example, dianisylditolylethylen&)(
reacted with 1 equiv oA ™ to produce the cation radicat
(Amax = 544 nm) in a manner much like that for tetraanisyl-
ethylene in eq 3. However, the electron exchange of tetratolyl-
ethylene 2) with 1 equiv of MA™ in dichloromethane
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antimony pentachloride (4.0 mmol) in anhydrous dichlo-
romethane at-50 °C immediately resulted in a dark green solu-
tion from which the crystalline dication salt readily precipitated
in quantitative yields upon the slow addition of a mixture of
anhydrous ether and hexane (eq'%)The microcrystalline

1 + 38bCly —> [1*(SbCk),] + SbCl )
precipitate was filtered under an argon atmosphere and dried
in vacuo. A quantitative spectrophotometric analysis of the
black solid (after dissolution of a known quantity in anhydrous
dichloromethane) showed the characteristictiNé absorption
spectrum of the dication salt of tetraanisylethylene which was
formed in 73% yield according to eq 5. The high purity of the
salt was further verified by iodometric titration (see Experi-
mental Section). The same procedure was also used in the
preparation of the highly pure dication salt of tetraarylethylene
3. The dark (red) crystal of the tetratolylethylene dication salt
[22F (SbCk™),] for X-ray crystallography was prepared ear-
lier from SbCk at —78 °C (see Supporting Information Avail-
able).

C. Triethyloxonium Hexachloroantimonate for the Prepa-
ration of Crystalline Tetraanisylethylene Cation-Radical
Salt. A suspension of [RD™ SbCk™] (1.5 equiv) and tetraani-
sylethylenel was stirred in dichloromethane afG for an hour,
during which the solution took on a dark blue coloration. The
UV —vis spectral analysis of the highly colored solution showed
the characteristic spectrum with a twin absorption banthat
= 560 and 941 nm (compare Figure 1) due to the tetraanisyl-
ethylene cation radical (vide supra), in essentially quantitative

yield (eq 6)!° The bright blue solution was cooled 20 °C,

2 1 + 3[E4,0" $bCly] — 2[17SbCl] + 3EtCl + 3ELO + SbCL,  (6)

proceeded only to 90% conversion (together with 10% unreacted 5,4 followed by a careful layering with diethyl ether. When

MA "), as judged by the quantitative spectral analysigof
(Amax= 516 nm, loge 4.18). Although the incremental addition
of another equiv oMA ** led to the complete conversion &f
to the cation radica™, it was insufficient to effect the further
oxidation to the dicatior22". The latter was readily achieved
by 2 equiv of the somewhat stronger oxid&#** (vide supra).
Solutions of tetraanisylethylene and the hybrid dicatigf’s

the two-phase mixture was allowed to stand undisturbee2ét

°C for a prolonged period, it deposited a well-formed crop of
very dark crystals interspersed with colorless crystals of
unreacted tetraanisylethyle?fe. A close scrutiny revealed a
mixture of two morphological types of essentially the same
(indistinguishably dark) color; and manual separation led to (a)
isometric prisms of the tetraanisylethylene cation radical salt

and3** (see Figure 1B) prepared in the same manner were stableypg (b) long thin plates of the tetraanisylethylene dication sal,

for several hours at 28C.16 However, treatment of the di-
anisylethyleneg—6 with 2 equiv ofEA™ led to highly colored

both structures of which were established by X-ray crystal-
lography (vide infra). Although a complete determination of

solutions of the corresponding cation radicals (see Table 1) ine exact stoichiometry was not possible, the (unanticipated)

which decomposed rapidly at room temperatird=rom spec-

codeposition of cation-radical and dication salts together with

tral changes such as these, it was easy to deduce the qualitativgnreacted tetraanisylethylene (from a solution consisting of only

trend in redox reactivity of tetraarylethyleneslas 3 > 2 for
cation-radical formation andl > 3 > 2 for dication formation.

cation radical) must have arisen from the crystallization-induced
disproportionation (eq At The treatment of dianisylditolyl-

Moreover, the same monotonic trend pertained to the steady

bathochromic shifts of the absorption bands of the tetraaryl-

ethylene cation radicals as well as those of the corresponding

dications in Figure 1, A and B, respectively.

B. Preparative Isolation of Tetraarylethylene Dications
with Antimony Pentachloride. The strongly oxidizing anti-
mony pentachlorid€ proved to be especially suitable for the
preparation and isolation of pure tetraarylethylene dications.
Thus, the treatment of tetraanisylethylehg1.0 mmol) with

(16) Red solutions of tetratolylethylene dicati@i() in dichloromethane
were not persistent at room temperature. The crystallineZal(§bCk)2]
was prepared at 78 °C and handled without allowing the temperature to
rise (see Experimental Section).

(17) Note, however, that the dicatidd™ was not kinetically persistent
(probably due to the presence of labileprotons on the ethyl groups).

(18) Bard, A. J.; Ledwith, A.; Shine, H. Adv. Phys. Org. Chenl976
13, 155.

[crystalztn]
2 [17°SbCl4]

(17 (SbCl),] + 1 ©)
ethylene3 with [Et;O" ShCk™] by the same procedure afforded
a quantitative yield of the cation radica8*¢), as determined
by quantitative (UV-vis) spectral analysis of the dichlo-
romethane solution. Cooling the solution t6@, followed by

a careful layering with toluene, led to dark crystals of the

dication salt B2t (SbCk™);], the structure of which was

(19) For the stoichiometry of the donor oxidation with antimony(V)
oxidants, see: Rathore, R.; Kumar, A. S.; Lindeman, S. V.; Kochi, J. K.
Submitted for publication.

(20) See Experimental Section in Supporting Information Available for
details.

(21) The dication actually crystallized from solution as the complex salt
[12*, SbCk~, SkCl;7] described in the Supporting Information Available.
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Figure 2. Spectral changes attendant upon the reduction ok4185 Figure 3. The UV—vis absorption spectrum, of cyclooctatetraene
M dication1?* (—) to its cation radical™ (- - -) by incremental addition cation radical8"™ (—) generated by treatment of 0.3 mig in
of 1.8 x 1073 M 1 in dichloromethane at 25C. dichloromethane with 1 equiv oMA ** SbCk™] (- - -) at 25°C.

by the oxidation of octamethylbiphenylene wikhA ** as in eq
established by X-ray crystallography (vide infra). Curiously, 3) indicated that electron transfer was quantitative, i.e.
the expected crystals of the cation-radical s&it SbCk~] were
not detected. We were also unable to prepare the crystalline  an,_  an An . An
salt of the tetratolylethylene cation radical using thes(Et ¢ + JOOQr — c=c + ®
= An An

SbCk~] procedure??

Il. Electron-Transfer Reactivity of the Tetraanisylethyl-
ene Dication (). The ready isolation of the crystalline salt

of tetraanisylethylene dication in eq 5 allowed its electron-

transfer reactivity toward the parent tetraanisylethylene and other ~, .
neutral donors to be examined directly, as follows. bicyclooctano-annelated cyclooctatetra€i(8, Eox = 0.75 V

A. Redox Conproportionation with Tetraanisylethylene vs SCE) with 1 equiv of tetraanisylethylene dicatidi*( in
Donor. When a dark green solution of tetraanisylethylene dicat- dichloromethane yielded immediately a dark red solution, the
ion was mixed with an equimolar amount of the neutral (color- YV ~ViS spectrum of which showed a nondescript, rather con-
less) donor, a dramatic color change to bright blue occurred finuous absorption from 500 to 1000 nm. However, spectral
immediately. U\-vis spectral analysis established the simul- subtra_ctlon of the tetraamsylethylene _catlon-rad|cgl absorption
taneous oxidation of and reduction o12* in quantitative yields (see Figure 1A) resulted in the well-defined absorption spectrum

(eq 8)2% and the uncluttered character of the electron transfer Shown in Figure 3 Withimax = 745 nm (logez45 = 3.66) and
442 nm (3.09) which coincided with the authentic spectrum of

7 7

C. Tetrakis-Annelated Cyclooctatetraene as Electron
Donor. The oxidation of a colorless solution of the tetrakis-

An,  An An  An An . An An  An the emerald_ green cation radicgtt* generated indepenplently
c—Cc + = ——» C=Cc + (=C ® from the oxidation of the cyclooctatetraeBeand 1 equiv of
An An - An An - An An An MA **asin eq 3. Itis interesting to note that the intense visible
was established by the pair of well-defined isosbestic points in
the UV—vis spectra (Figure 2) when a solution " was An, , 4n
- . c—C + 10)
treated with incremental amounts df [Note the final spec- Ah An
trum remained unchanged upon the additionlabeyond 1
equiv.] 8

B. Electron Transfer from Octamethylbiphenylene. The _ ) _ )
treatment of the electron-rich (colorless) donor octamethylbi- absorption of the cation radict* derives from the one-electron
phenyleneT, E° = 0.80 V vs SCE) with an equimolar amount QXIdatIOFI of the n_eutral dond without significant conforma-
of the dication1?* in dichloromethane resulted in an immediate tional change of its pronounced “tub-shaped” structire.
color change to a dark blue solution, the Uvis absorption Il Direct Measurement of Cation-Radical Dispropor-
spectrum of which consisted of a broad absorption showing a tionation. Since the conproportionation of tetraanisylethylene
pair of major bands afima = 600 and 930 nm. Spectral (1) with its dication (*") as described in eq 8 was the
subtraction of the tetraanisylethylene cation-raditaf)(absorp- ~ Microscopic reverse of the disproportionation of the cation
tion in Table 1 resulted in a well-resolved absorption band with radical (L") previously reported by Parker and others in the
Amax = 602 nm, 550 (sh) and logeo, = 4.08 of the blue course of electrochemical (anodic) OX|dat!0n of tetraanls.yleth-
octamethylbiphenylene cation radic@t().” Quantitative com-  Ylenei? we carefully measured the magnitudes of the dispro-

parison of the latter with an authentic spectrun7tf(prepared ~ Portionation constant (selisp in €q 1) in three solvents of
varying polarity in the absence of added salt.

(22) Although EtO" SbCk~ effectively oxidized tetratolylethyleng,
we were unable to isolate the crystalline salt2éf from the dark purple (24) Komatsu, K.; Nishinaga, T.; Aonuma, S.; Hirosawa, C.; Takeuchi,
solution. K.; Lindner, H. J.; Richter, JTetrahedron Lett1991 32, 6767. For an

(23) Note, however, that the analogous 1-adamantyl-dianisylcarbinyl efficient alternative synthesis @, see: Rathore, R.; Lindeman, S. V.;
cation 12" generated from the corresponding chloride by treatment with Kumar, A. S.; Kochi, J. KJ. Am. Chem. Socin press.

SbCE was not an effective oxidant of tetraanisylethylene (as in the (25) See: Nishinaga, T.; Komatsu, K.; Sugita, N.Am. Chem. Soc.
conproportionation exchange in eq 8). 1993 115 11642.
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2.4 Table 2. Disproportionation ConstanK(sy) for Tetraarylethylene
Cation Radicals in Different Solvents
Ethylene Solvent Kiisp Kisp
Donor (Spectral)®  (Voltamm.)®
S CH,Cl, 0.002 93x10%)
S An  An
o 1 c=c CH;CN 0.90 (0.84)°
[ / \
o An An
o CH,CL/CH;CN 0.21 0.26)°
<
Tol\ [Tol s
2 c=C CH,Cl, <1x10* (27x107)
Tol Tol
" A An\ /Tol 3
200 5; . == 3 = CH,Cl, 7.1x10%  (63x107)
0 790 990 Tol. An

Wavelength (nm)
Figure 4. The stepwise oxidation of tetraanisylethyleng.3 x 1075
M) with incremental additions of 0 to 1 equiv-) and 1 to 2 equiv
(---) of 2.3 mM [MA ** SbCk™] in dichloromethane at 25C.

2See Experimental SectiohCalculated from the cyclic voltam-
metric data in Table 3 using the Nernstian expressiap, =
exp(—0.03AE°) at 298 K, whereAE® = E,°* — E;° (mV). ¢ Taken
from ref 12.

The relative concentrations of the cation-radit& and the
dication 12* were measured in dichloromethane by following oxidized electrochemically at a platinum electrode as 503
the (UV—vis) spectral changes attendant upon the increasing M solutions in anhydrous dichloromethane containing 0.2 M
concentrations of tetraanisylethylene cation raditat)(gener- tetran-butylammonium hexafluorophosphate (TBAH) as the
ated in situ by oxidation with incremental amounts of the supporting electrolyte. The reversible cyclic voltammograms
aromatic oxidanMA ** according to eq 3. Since the resulting (CV) of the tetraarylethylene$, 2, and 3 with two closely
changes in the composite spectra (Figure 4) were rather complexcoupled reversible one-electron oxidation waves were consis-
(due to the overlapping bands bf* and12%), for clarity they tently attained at a scan rateiof= 200 mV s'%; they all showed
are best considered in two equal segments, i.e., (a) from 0 to 1the anodic/cathodic peak current ratia git, = 1.0 (theoretical)
equiv (shown by the solid lines) and (b) from 1 to 2 equiv at 25°C (see Figure 5). The internal calibration of the CV
(shown by the dashed lines) of addid **. In segment (a), peaks with added ferrocene then yielded the reversible oxidation
the concentration of cation-radichf* (Amax941 nm) increased  potential E°%) in Table 3 for the production of cation radical
steadily, and that ofi2* [Amax 567 nm, 654(sh)] was always via the one-electron redox couple and the dication via the two-
minor until 1 equiv ofMA** was added. In segment (b), the electron redox couple (eq 12). The values of first and second
concentration of the dicatiod?" increased steadily at the
expense ol ™ until 2 equiv ofMA ™ was added, at which point An An Eq()  An An o B, () AR

el 12
= = (3 == [C 12

all the 1** was consumed. Most importantly, the composite Aﬁc \n Ah An AL An

spectra at the intermediate points (at whieh equiv of MA **

had been added) were identical with those obtained in Figure 2 oxidation potentials of tetraanisyl and dianisylditolylethylene
from the conproportionation of?" with 1. [Note especially were separated by only 120 and 130 mV, respectively, whereas
the common isosbestic point at 740 nm.] Together, the spectraltetratolylethylene8 showed a significantly larger separation of
changes in Figures 2 and 4 thus establish the validity of the 270 mV.

reversible character of the redox (disproportionation) inter-

changes, i.e.
An An
Kdisp
21— 1¥ + 1 an An  An
1
It was particularly clear from the spectral results in segment

(a) that the cation radical was always the predominant species
in dichloromethane solution, i.e.1{] > [1?"]. Quantitative
analysis of the spectral changes in both segments (a) and (b) Tol  An
afforded the consistent values of the disproportionation constant >=<
Kaisp = [12][1]/[1**]? listed in Table 2. By contrast, the value An . Tol

of KgispWas significantly larger in acetonitrile and intermediate
in nitromethane solutio® Most importantly, the results in
Table 2 largely confirm the values &fsp in dichloromethane

and acetonitrile evaluated electrochemically by Parker and co-
workers (see Table 2, column ¥).Furthermore, the decreasing
magnitudes oKgisp for dianisylditolylethylene3 and tetratolyl-
ethylene2 fall in line with their decreasing donor strengths. To
quantitatively evaluate the latter, the anodic behavior of the
tetraarylethylene donors was examined.

M Tol>=<Tol

.
*Z\/

ECVOLT

0. 00 Tol Tol

IV. Electrochemical Oxidation of Tetraarylethylene and

Related Donors The various tetraarylethylenes in Chart 1 were Figure 5. Cyclic voltammograms of 5 mM tetraarylethylengs?,

and 3 (as indicated) in dichloromethane containing 0.2 M tetra-

(26) The peculiar CV behavior of tetraanisylethylene in nitromethane is butylammonium hexafluorophosphate at a scan rate &f 200 mv
subject to further study. s1(25°C).
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Table 3. Electrochemical Oxidation Potentials of the CHLCI,
Tetraarylethylenes and Related Dorfors e e e b
+1.50 0.00
Ethylene EoD) ES(I) A(mV)
Donor (Vvs. SCE) (Vs SCE)  Eo,I)-Eg(D)
R 0.79 091 120 CH,CN
{ 0.90 0.90 0P e e e LI
An An ( ) ( ) ) +1.50 0. 00
) Tol, _ T 1.10 137 270
Tol  'Tol (1.09) (1.20° (110)
An  Tol 0.89 1.02 130 ECVOLT)
3 £=C d
Tol  An (099) 099 © Figure 6. Osteryoung square-wave voltammograms of 5 mM tetraani-
An  — sylethylenel in dichloromethane and acetonitrile containing 0.2 M tetra-
4 c=c 1.00 1.11 110 n-butylammonium hexafluorophosphate at 25
— an
An\ An . . . .
5 c=C 0.98 L15 170 convenience, let us first characterize the tetraanisylethylene
3 . - . .
(0.96) framework in terms of the five (principal) parametei:|, 0,

A ¢, andq that are applicable to the defining structi@e We
6 @C:d SR NY 1.61° 440
An (117 OMe

a1n anhydrous dichloromethane (unless otherwise indicated) contain-
ing 0.2 M tetran-butylammonium hexafluorophosphate at a scan rate
v =200 mV s and 25°C. Values in parentheses are in acetonitrile.

b Single reversible CV wave witE%, — E3%, = 65 mV. ¢ Quasi-reversible An, ¢
CV wave at a scan rate= 200 mV s*. ¢ Single reversible CV wave \ — ﬁ;} ’
with ES, — E3, = 88 mV. ¢ Anodic peak potential. Irreversible CV wave C—D)- /!
aty =200 mV s, / ’ N
! 3
The anodic oxidation of the dianisylethylenésand5 also 9

showed two reversible CV waves that were separated by roughly o ] .

the same amount as that listed in Table 3 for tetraanisylethylene.then measure the distinctive changes in the ethylenic bond length

In other words, the mere presence of @ng-pair of anisyl  (d), the bond to the anisyl group)( the olefinic planarity @),

groups was sufficient to confer roughly the same stability to the anisyl coplanarityd), and the quinoidal distortiorg) upon

the ethylene dication (relative to the cation radi€al)The latter successive electron removals from tetraanisylethylene to effect

was not applicable to the geminally substituted.-dianisyl the serial transformationl — 1+ — 12+ as follows.

analogues which showed the first reversible redoxwave a1.17 A, Changes in Bond Lengths. Ethylenic Bondq). The

Vvs. SCE, but the second anodic wave separated by 440 mVprogressive increase in the ethylenic {&Cs) bond length from

was completely irreversibR. 1.359 A in tetraanisylethylend)to 1.417 A in the cation radi-
Solvent Effect. We further investigated the electrochemical ¢g| (1) and to 1.503 A in the dicationi{*) is illustrated in

behavior of 5x 10~3 M solution of tetraanisylethylene in three Figure 7.

different solvents. Thus in dichloromethane, two partly over-  Anisyl Bond (I). Such a significant increase in the (€

lapped reversible CV waves were observed (vide supra), whereasc;) bond is accompanied by a concomitant shortening of the

in the polar acetonitrile and nitromethane only a single reversible pond to the anisyl groug & C,—C,) from 1.492 A, to 1.460

wave was observedd. Such a pronounced solvent effectonthe A and to 1.411 (1.435) A inl, 1**, and 12*, respectively.

cyclic voltammograms ofl is pictorially demonstrated by  Moreover, the &C bonds within the anisyl groups also showed

Osteryoung square-wave voltammogréhiis Figure 6 (see also  distinctive changes, and the elongation of bond lengtat the

Table 3). expense ofl, was especially notable (see Table 4).
V. Structural Changes Proceeding from Tetraanisyleth-
ylene to Its Cation Radical and Then to Its Dication. The Table 4. S_elecged Bond Lengths in Tzftraanisylethyleﬂlﬁ {ts
successful isolation of both the tetraanisylethylene cation radical €ation Radical 1), and Its Dictation 1*")
(1*7) and the dication?") as crystalline salts in eq 7 allowed c—C Me
their molecular structures to be directly compared to the oo / /
. . _a C4 Cr—oO
molecular structure of the parent donay by X-ray diffraction \ /
analysis. As such, we are now able (for the first time) to
establ_ish the_ pre_cise changes in molgcular st_ructures upon the  Bond 1 1te 12+a
stepwise oxidation of an electron-rich olefin donor. For Me—O 1425 1436 1.451 (1.437)
(27) As indicated by the separatidn~ 120 mV that is the same as that 0-C; 1.372 1.357 1.330 (1.346)
in tetraanisylethylene. Ci—C, 1.391 1.399 1.413 (1.405)
(28) Ata CV scan rate as high as= 2 V s™1. Note also the monocation C—GCs 1.387 1.380 1.362 (1.373)
12" formed in eq 13 is a poor electron-transfer agént. Cs—Cy 1.397 1.413 1.434 (1.420)
(29) AlthoughE° (1) and E°o(Il) for tetraanisylethylene in acetonitrile Cs;—Ca 1.492 1.460 1.411 (1.435)
are not distinguished in Table 3, the differenceEd§«(Il) — E°ox(l) = 10 q(%)° 11 37 80 (51)
mV has been evaluated by Phelps and By digital simulation of the
cyclic voltammetric data. aFor the An group, the value for Anin parentheses (see text).

(30) Osteryoung, J. G.; Osteryoung, R.Anal. Chem1985 57, 101A. b See footnote 33.
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D++

Figure 7. Progressive changes in—C bond lengths inD =
tetraanisylethylene (top) upon oxidation to its cation radical (middle)
and then to its dication (bottom). [Note that the four An group®in
andD™* are equivalent, but only two pairs are equivalenbift].

0=30.5°

6-618°

Figure 8. Linear increase in the dihedral (ethylenic) anglen tetra-
anisylethylene (top), its cation radical (middle), and its dication (bot-
tom). The latter shows the inequivalency of/Aamd Arp in the dication.

B. Changes in Dihedral and Torsional Angles. Olefinic
Planarity (8). The perspective views along the ethylenig{C
Cp) bonds of tetraanisylethylene, its cation radical, and its
dication in Figure 8 underscore the increasing deviation from
planarity at the olefinic center, with the overall dihedral angle
increasing fromd = 4°in1,to 0 = 31° in 17, and tod = 62°
in 12+,

J. Am. Chem. Soc., Vol. 120, No. 28, B35y

D 52°
. s

D An

D++

Figure 9. Progressive increase in the anisyl coplanari$y) @s
tetraanisylethylene (top) is successively oxidized to the cation radical
(middle) and to the dication (bottom). [Note the difference betwgen
for An; and Any in D?' is presented in a displaced perspective].

Anisyl Coplanarity (¢). The conformation of an anisyl group
relative to the ethylenic (&-Cg) bond, as described by its
torsional anglep, progressively decreases from tetraanisyleth-
ylene @ = 52°) to its cation radicalg = 33°) and to its dication
(¢ = 19°).31 Itis important to note that all four torsional angles
in tetraanisylethylene are the same (withi5°) to describe a
neutral molecule with overalD, (local) symmetry. Although
the same is also true of the cation radital, the dication12+
has only a decreased symmetry@fand exists in essentially
a bisected conformatiorf(= 62°). As a result, thegeminal
anisyl groups in the dication are inequivalent, with one anisyl
group An. more coplanar than Anwith ¢ = 19 and 28,
respectively, as illustrated in Figure 9.

C. Increase in Quinoidal Distortion (g). Bond lengths of
the anisyl group show selective (progressive) changes attendant
upon the conversion of tetraanisylethylene to its cation radical
and then to the dication, as listed in Table 4. Indeed, these
substantial alterations in the principal bond lengths within the
anisyl group (as a result of electron removal) are associated
with the increasing contribution from the quinoidal structure
10. As such, we select changes in the aromatie C4 bond

\ + < > \ < > +
Ca OMe Cz OMe
/ /

relative to the G—C3 bond (see Table 4) as the most sensitive
indicator of the quinoidal distortion of the anisyl group. The

10

(31) For the anisyl group Anand¢ = 29° for the orthogonal anisyl
group An (vide infra).
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quinoid parameteq in Table 4 increases monotonically with
each electron removal in the ordét < 1+ < 12, By taking
tetraanisylethylene as the reference point, we find that all four
anisyl groups in its cation radical™ have essentially the same
values ofq = 32—39%. However, the situation in the dication
(12%) is quite different, and the inspection of the anisyl bond
lengths in Table 4 quickly reveal that the (relatively) coplanar
anisyl group An suffers substantially more quinodal distortion
(g = 82 and 83%) than An(q = 37 and 40%).

VI. Stereoelectronic Significance of the Structural Changes
of Tetraanisylethylene Upon Successive (One-Electron)
Oxidations. The profound molecular alterations of the tet-
raanisylethylene donorl attendant upon successive electron
removals to generate its cation radichf?) and then its dication
(12%) in Figures 7, 8, and 9 are most readily evaluated by a

Rathore et al.

+ 6 +
MeO{>EC—D—é:®:OMe
An
11

1*) represents one-half that required for dication (ile-; 121)
is @ most notable result.

VII. Mechanistic Implications of the Structural Changes
on Donor Strengths and Disproportionation. The linear
changes in Chart 3 of all the structural parameters attendant
upon the conversion of tetraanisylethylene to its cation radical
and then to the dication precisely parallel the energy changes
for effecting a pair of successive electron removals, as given

direct comparison of the quantitative changes in the structural by reversible oxidation potentials dE°o(l) = E°(ll) in

parametersl, |, 0, ¢, andq, as illustrated in Chart £ Most

Chart 3. Structural Parameters

A. Length Change B. Angle Change

0.90 -

acetonitrile solution (see Table 3 and Figuré®%)As such, we
conclude that the energy changes in the cation radical and
dication are also linear in this rather polar solvent; they lead to
the disproportionation constakisp of essentially unity in Table

2. However in dichloromethane, the second oxidation potential
is shifted slightly positive (Table 3), most likely due to a
significantly lower gain in the solvation energy of the dication
in the less polar solvert.

In the successive transformations:— 1 — 12+, the two
halves of tetraanisylethylene undergo a significant rotation about
the G,—Cjy bond, first byé = 31° and then to an overall =
62°. The latter relates to a more or less distonic dicatiéh

Q
3 ) k,
*‘-',; 1.43 < o045 |
o ] ) v
< £
(7]
ya g
o
136 ¢ ) 0.00 |, \ )
D D" p** D o’ p**
C. Quinoidal Distortion
= 69 |- .
R
- q
2
‘E’ LA n
o /
o
a
o
5y 1 1

striking is the consistent linear change (within experimental

consisting of an orthogonal pair of equivalent (positively
charged) Ar-C—An moieties. To quantitatively evaluate the
latter, we prepared the dianisyl monocatid#t as a crystalline
salt via an oxidative solvolysis (eq 1%). Indeed, X-ray dif-

Cl

| +
An,C—Ad  + SbCly ——>  An,C—Ad SbCly 13)

12
fraction analysis of the catioh2* revealed that only one anisyl
group (An) was almost coplanar with the,€Ad bond ¢ =

18°) and suffered significant quinodal distortiom# 74%)350.¢

and both structural parameters were essentially those observed

error) that all the structural parameters experience on proceeding” tetraanisylethgile_ne_dication (Chart 3). This structural similar-
from the neutral donor to the cation radical and then to the 'Y Of 12" and1*" indicates that only one anisyl group is suf-

dication, irrespective of the magnitudes of the slopes or their
algebraic sign. In other words, the structural paramedets

0, ¢, andq are mutually interdependent, and they all relate to
a single change in structure, which corresponds to the simul-
taneous (i) lengthening of the ethylenic bond, (ii) tightening of

the anisyl bonding, and (iii) flattening of the anisyl coplanarity.

ficient to effectively stabilize an-cationic center, as illustrated

in structurell. Such a conclusion also follows from the en-
hanced electron-donor properties of the hybrid dianisylditolyl-
ethylene3, with values ofE° () and E°o«(11) in Table 3, which

are essentially the same as those of tetraanisylethylene. Fur-
thermore, the latter analysis even extends to the 1,2-dianisyl-

Since this complex change also directly relates to the increasing&thylenest ands with values ofE"o«(1) and E°o(ll) which are
quinoidal distortion of the anisyl groups, the convoluted change ©NlY slightly shifted positive (Table 3, entries 4 and 5).

can be largely envisioned as a desire for maximum delocaliza-
tion of positive charge over a pair efcinal anisyl groups in

the illustrative structurd 1. It is particularly noteworthy that
this stereoelectronic change is also directly coupled to the
increasing orthogonality of the equivalent (ArC,—An,) and
(Any—Cg—Anz) moieties about the central,€ Cz bond toward

the bisected conformation. Indeed, the fact that the energy for

such a complex structural change to cation radical (Le=;

(32) The quinoidal distortion was evaluated as the difference between
bond lengthd; and d; (see9) relative to that in various quinomethane
structures with averaged valuesdif = 1.444(2) A anddy = 1.354(2) A
(by searching more than 50 compounds in the Cambridge data files); i.e.,
q(%) = 100 1 — dp)/(di’ — d2).

(33) The structural parametdrsp, andq for D = tetraanisylethylene in
Chart 3 are plotted as values averaged over all four anisyl groups.

Anisyl stabilization of the cationic charge (as described in
structurell) does not extend well to thp-tolyl group since
both E°u(1) and E°x(ll) in tetratolylethylene are significantly
more positive and the separatidnin Table 3 is substantially
larger than those in the dianisyl-containibg3, 4, and5 (but
not6)3%. However, a modicum of tolyl stabilization is apparent

(34) Based on the potentials in Table 3 which are referenced to ferrocene
as the common internal standard wiPox = 0.43 and 0.37 V vs SCE in
dichloromethane and acetonitrile, respectively.

(35) (a) Where Ad= 1-adamantyl. (b) As described in the Experimental
Section, the other anisyl group (4nin 12" is substituted with a 3-chloro
substituent. (c) The structural parameters are: jJAh = 1.415 A, d, =
1.356 A orgy = 74%, ¢ = 18.2 and (An) dy = 1.387 A,d, = 1.368 A
or g = 22%, ¢ = 63.7.

(36) Note that 1,1-dianisyl substitution asdiis not sufficient to stabilize
the dication (Table 3, entry 6).
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in the tetratolylethylene dicatior??*, as indicated by the
structural parametersd = 1.502 A1 = 1.423 A ¢ = 24.7°,

J. Am. Chem. Soc., Vol. 120, No. 28, B35

the ethylenic donor. The linear changes in the structural
parametersd, I, 6, ¢, andq as described in Chart 3) coincide

andg = 59% in relation to those in either the tetraanisylethylene with the incremental (linear) change in the energy requirement

dication 12" or the hybrid3?+.37

The rather expanded dihedral angle= 77° in tetratolyleth-
ylene dicatior2?" relative to either tetraanisylethylene dication
12+ (6 = 62°) or dianisylditolylethylene dicatioB%" (6 = 56°)

for electron removal, as indicated by values of the reversible
oxidation potential€®o«(la) = E°u(Il) in acetonitrile solution.

The coplanarity ¢) and quinoidal distortiond) of the anisyl
substituents are especially useful measures of the delocalization

indicates that the delocalization of two positive charges (as in (and stabilization) of positive charge in order to reduce the
11) is not a strong requirement for the attainment of a bisected values ofE°ox and lead to increased disproportionatiddy)
conformation in these dications. Although it may be tempting in eq 1. Structural analysis also indicates that a single anisyl
to attribute the bisected conformation of tetraarylethylene dica- substituent on an ethylenic carbon (as in varioy$-dianisyl-
tions to steric repulsion of the large aryl groups, it is noteworthy ethylenes) is sufficient to confer an optimal cationic stabilization

that a variety of other ethylenic dications with different substi-
tuents all exist in twisted conformations with large dihedél (

angles® Indeed, theoretical calculations of the simple (unen-
cumbered) ethylene dication predict a bisected structure with

structural parameter® = 90° andd = 1.46 A3° Significant

twisting of the ethylenic bond also pertains to the ethylene cation

radical measured in the gas phsd confirmed by theoretical

of an ethylenic donoD in its oxidative conversion to cation
radical ©*) and then to its dicationDf").

Experimental Section

The olefinic and aromatic electron donors 1,1,2,2-tetrakis(4-meth-
oxyphenyl)ethylenel),* 1,1,2,2-tetrakis(4-methylphenyl)ethyler, {4
3,4-bis(4-methoxy-phenyl)-hex-3-end) (° 2,3-bis(4-methoxyphenyl)-
bicyclo-[2.2.2]oct-2-eneq),*¢ 4,4-dimethoxybenzhydrylidene-adaman-

calculations!* Since the same elongation and twisting of the tane ),1¢ octamethylbiphenylene7)#” and tetrakis(bicyclo[2.2.2]-
ethylene bond have also been observed in the tetraphenylethyloctano)cyclooctatetraen®)t* have been described previously. The

ene dianiond = 1.49 A, 6 = 56°),2 the progressive change

McMurry coupling of 4-methoxy-4methylbenzophenone with titanium

from a planar to a bisected conformation may simply reflect the tetrachloride and zinc dust in tetrahydrofuran afforded 1,2-bis(4-

increasing trend for the minimization of Coulombic repulstén.

Summary and Conclusions
The successful isolation of tetraanisylethylefk {ts cation
radical (™), and its dication 127) as crystalline salts allows

methylphenyl)-1,2-bis(4-methoxyphenyl)ethyleBgiG 91% yield. Bis-
(4-methoxyphenyl)-1-adamantylmethyl chlorid€) was prepared from
the reaction of Grignard reagent derived frprhromoanisole and ethyl
1-adamantylcarboxylate to yield bis(4-methoxyphenyl)-1-adamantyl-
methyl alcohol which was in turn converted to bis(4-methoxyphenyl)-

X-ray diffraction analysis to establish the structural changes 1-adamantylmethyl chloride in excellent yield (92%), by treatment with
upon the successive removal of one then two electrons from excess thionyl chloride. Procedures for the oxidation of tetraaryleth-

(37) It is noteworthy that the structural parameters8ih confirm the
significant coplanarity§ = 18.2°) and quinoidal distortion = 83%) of
the anisyl group, certainly by comparison with those of the tolyl gratp (
= 36.5 andg = 39%). The other structural parameters 8t ared =
1.502 A,6 = 56.0’; for the anisyl groups, = 1.401 A,d; = 1.437 A,d,
=1.363 A, ¢ = 18.2, q = 83%); and for the tolyl groug,= 1.453 A, d;
=1.412 A, d, = 1.377 A ¢ = 36.5 degq = 39%.

(38) (a) Bock, H.; Ruppert, K.; Merzweiler, K.; Fenske, D.; Goesmann,
H. Angew. Chem., Int. Ed., Engl989 20, 1684. (b) Elbl-Weiser, K.;
Krieger, C.; Staab, H. AAngew. Chem., Int. Ed. Engl99Q 29, 211. (c)
Takanori, S.; Shiohara, H.; Monobe, M.; Sakimura, T.; Tanaka, S
Yamashita, Y.; Miyashi, TAngew. Chem., Int. Ed. Engl992 31, 455.
(d) Bock, H.; Naher, C.; Havlas, ZJ. Chem. Soc., Chem. Comm@A95
1111. See also: (e) Baenziger, N. C.; Buckles, R. E.; Simpson, T. D.
Am. Chem. Sod 967, 89, 3405.

(39) (a) Lammertsma, K.; Barzaghi, M.; Olah, G. A.; Pople, J. A.; Kos,
A. J.; Schleyer, P. v. RJ. Am. Chem. Socl983 105 5252. (b)
Lammertsma, K.; Schleyer, P. v. R.; Schwarz,Ahgew. Chem., Int. Ed.
Engl 1989 28, 1321 and references therein.

(40) Merer, A. J.; Schoonveld, ICan. J. Phys1969 47, 1731. Koppel,
H.; Domcke, W.; Cederbaum, L. S.; von Niessen,JMChem. Physl978
69, 4252. See also: Shiotani, M.; Nagata, Y.; Sohmd, Am. Chem. Soc
1984 106, 4604. Fujisawa, J.; Sato, S.; Shimokoshi,Ghem. Phys. Lett
1986 124, 391.

(41) (a) Lunell, S.; Eriksson, L. A.; Huang, M. Bl. Mol. Struct.
(THEOCHEM)1991, 230, 263. (b) Dewar, M. J. S.; Thiel, W. Am. Chem.
So0c.1977, 99, 4899. (c) Bellville, D. J.; Bauld, N. LJ. Am. Chem. Soc.
1982 104, 294. (d) Alvarez-ldaboy, J. R.; Eriksson, L. Airigstron, T.;
Lunell, S.J. Phys. Chem1993 97, 12737. For twisting in other cation
radicals see: (e) Clark, T.; Nelsen, S.F.Am. Chem. Sod988 110,
868. (f) Takahashi, O.; Kikuchi, Ql. Mol. Struct. (Theochem1P94 313,
207. (g) Gerson, F.; Lopez, J.; Krebs, A.; Wolfgang, A&gew. Chem.,
Int. Ed. Engl 1981, 20, 95.

(42) (a) Bock, H.; Ruppert, K.; Fenske, Bngew. Chem., Int. Ed. Engl
1989 28, 1685. Compare also: (b) Walczack, M.; Stucky, G. D.
Organomet. Chenml975 97, 313. Sekiguchi, A.; Nakanishi, T.; Kabuto,
C.; Sakurai, HJ. Am. Chem. Sod989 111, 3748. For the progressive

ylenes1—3 and dianisylethylened—6 to the corresponding cation-
radical (and dication) salts with aromatic cation-radical sdi&f
SbCh ] (Amax= 486 nm, logeags = 3.66 Mt cm™1) and MA ** SbCk ]

(Amax = 518 nm, loges;s = 3.86 Mt cm™) in dichloromethane,
preparative oxidation of tetraarylethylenes with Bt SbCk™] and
antimony pentachloride for the isolation and crystallization of dication
(and cation-radical) salts, oxidation of electron-rich dorigrg, and8

with tetraanisylethylene dication sat?[ (SbCk~),], measurements of
cation-radical disproportionation constant, and isolation and X-ray
crystallography of single crystals of various dication salts, cation-radical
and carbenium salts (discussed above), and neutral tetraarylethylenes
are described in detail in the Supporting Information Available.
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(43) We note that the loss af-electrons from the central & Cs bond
in various tetraarylethylene dications leads to an essentially singlé C
bond [for 12+ (d = 1.503 A),22* (d = 1.502 A), and3?* (d = 1.499 A)].
As such, the energy requirements for the change from a planar to the bisected
conformation (for whatever other reasons) are expected to be rather*$mall.
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