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ABSTRACT

The properties of the aromatic trichlorocyclopropenium ion (C;ClY) are
described. Evidence from vibrational spectroscopy indicates that the C—C
bonds in C,Cl} are unusually short and strong. C;Cli undergoes Friedel-
Crafts condensation reactions with aromatic hydrocarbons; with phenols,
diarylquinocyclopropenes are obtained, which upon oxidation yield novel
triquinocyclopropanes which show highly unusual electronic spectra. The
seven-ring analogue to C,Cl3, heptachlorotropylium ion {(C,C17), is obtained
from octachlorobicyclo[3,2,0]heptane and aluminium chloride at 150° to 175°.
C,Cl7 undergoes chemical reactions similar to those of C,C13. Water converts
C,C7 ALCl; to octachlorocycloheptatriene, which upon solvolysis with
sulphuric acid is transformed to perchlorotropone.

The compound octachlorofulvalene, C,,Cls, and its bromo analogue
C,oBrg have been investigated. Both compounds show strong bathochromic
shifts of electronic bands, due to twisting of the rings about the central double
bond. C,,Clg is a strongly electron-deficient molecule which serves as a
powerful n-type charge-transfer acceptor toward aromatic hydrocarbons.

The charge-transfer spectra are discussed.

The chemistry of the chlorocarbons—fully or highly chlorinated organic
compounds—is now undergoing a renaissance, in which many of the most
interesting findings centre about the cyclic conjugated perchloropolyenes.
Monocyclic members of this family are shown in Figure 1. Of these species
only hexachlorobenzene was known before 1964. Within the last six years
the stable species C;Cl3, C,Cl7 and C4Clg have been isolated (the cations
as salts) and the transient existence of C,Cl,, CsCl and C5Cl; has been
convincingly demonstrated?.

The family of species in Figure 1, like the cyclic polyenes from which they
are derived, can be classified as aromatic if they contain 4n + 2 and anti-
aromatic if they contain 4n pi-electrons. Thus C,Cl3, CsCl5, C4Cls and
C,CI7 can be considered aromatic and so are expected to be stabilized, but
C,Cl,, CsCI3 and CgClg are antiaromatic and should be destabilized, at
least when planar. However, the chlorine substituents may perturb the
carbocyclic pi system either by withdrawing electronic charge inductively

379



ROBERT WEST

a cl cl cl
‘. a : a
cl cl C l o
. a
cl a
. . cl cl
cl cl cl Cl
©) a a
cl Tl
o«
cl o a
cl |
Cl Cl
cl cl
a

Figure 1. The monocyclic conjugated chlorocarbons.

through the C—Cl sigma bonds, or by direct participation of the non-
bonding pairs on the chlorine in pi interaction with carbon. Fragmentary
evidence suggests that both effects may be significant in certain delocalized
chlorocarbons?.

This paper will discuss the chemistry of two of these species, C,Cl3 (I)
and C,C1F(II), both of which can be considered aromatic according to the
usual rules. In addition, in the final section of the paper the chemistry of the
interesting conjugated molecule octachlorofulvalene will be described.

I. TRICHLOROCYCLOPROPENIUM ION

This simple aromatic species was first synthesized® in 1964, by chloride
abstraction from tetrachlorocyclopropene (III), with aluminium chloride or
other powerful Lewis acid-halide acceptors:

C,Cl, + MCl, - C,Cl3,MCl;
111 M = Al,Ga,Fe;also SbCl;

The starting material (II) is synthesized by dehydrohalogenation of
pentachlorocyclopropane by warm concentrated aqueous potassium hydrox-
ide solution in a two-phase system?>. Pentachlorocyclopropane is obtained
by addition of dichlorocarbene to trichloroethylene; but the latter olefin
is rather unreactive toward carbene addition, so most methods for carrying
out this reaction give only very small yields. However, when sodium tri-
chloroacetate is thermolysed in dimethoxyethane at 80° in the presence of
trichloroethylene, pentachlorocyclopropane is produced in 25 per cent

yield*.
H ~ C=C /Cl Na*CCl,CO0~ H\ ¢l /(,l KOH Cl Cl
— .
o Ta  (ChocHk c/ﬁz\a V<c1

Cl - cl
111
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Tetrachlorocyclopropene prepared by this route is now available commer-
cially in the USA. It shows promise as a vapour-phase fumigant as well as
being useful as a chemical intermediate.

Substitution reactions on III normally take place with ring opening but
with boron tribromide, III gives BCl; and tetrabromocyclopropene?. This
reaction probably takes place through the formation of I as an intermediate
and successive Br—Cl exchange reactions:

Cl Br Br Cl Cl Br Br Br

\ \ )(\

\
___\ - Br Br —‘\Br Br _—\Br

-
v/ L/ /

ALK

T Br
Partially fluorinated cyclopropenes can also be prepared from 111, by treat-
ment with SbF, in the presence® of SbCls, or with KF in tetramethylene
sulphone?:

BBr, BBr,

F Cl F F

svc’\“'\ ol
oty Cl1 Cl

NAAA

These halogenated cyclopropenes can all serve as precursors to trihalo-
cyclopropenium ions, when treated with appropriate halide acceptors,
ie.:

3c14,111

C,Br, 2% C,Br{, AlBr]
C5CLF-2%C,CLF*, AICI;

At the time it was prepared C,Cl3 was the simplest aromatic species
known, having just six atoms and D, (triangular) symmetry®. The bonding
in I was investigated using vibrational spectroscopy and normal coordinate
analysis. Observation of the infra-red spectrum presented no difficulty, but
to determine the Raman spectrum measurement in solution in liquid
sulphur dioxide was required. The resulting Raman spectrum is shown in
Figure 2. Observed frequencies are given in Table 1.

There are six constants in the Urey-Bradley force field used for the

381




ROBERT WEST

Raman spectrum of C; Clg AlCly in SO,

T
cicld  alel
CsCly
| L | . | . [ . |
1000 800 600 400 200
S0,
C;Cl3
o
N
&
l
! Il L 1 I N U 1 ) -
1800 1600 1400 1200 1000

Frequency,cm™

Figure 2. Raman spectrum of C;C13 AICI; in liquid sulphur dioxide, showing polarization.

calculation and only five fundamental frequencies were observed, so one con-
stant must be assumed ; but fortunately the chlorine atoms are so far apart

that the nonbonded interaction constant can be taken as zero’. The results

of a Urey-Bradley calculation are shown in Table 2, together with those
from a partial normal coordinate analysis for the corresponding brominated
ion, C;Br3. In Table 3, the C—C and C—Cl stretching force constants are
compared with those for other known aromatic species. Note that both
Ko and K are decidedly higher than for chlorobenzene; indeed K¢

for C;Cl} is markedly higher than for any other known aromatic species.

Consistent with this is the x-ray finding by Sundaralingam, that the C—C
distance in triphenylcyclopropenium ion is shorter than that in benzene®.

Table 1. Vibrational frequencies for C;Cl3

cm™!? Infra-red Raman Assignment
200 S — E
459 — s, pol 4,
735 s vw E

1312 v§ s, dep E

1348 s — —

1791 — m, pol A
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Table 2. Force constants for C;X 7, millidynes/A”

Species C,Cls C;3Bri
Kcc 6.31 6.46
Kex 2.99 2.15
Heee —0.248 (—0.248)*
Heca 0.385 (0.275)
Feo 0.808 (0.674)
Caa ©) ©)

* Values in parentheses are assumed.

Why should the C—C bond in cyclopropenium ions be so strong? Simple
Hiickel calculations predict a pi bond order of 0.667 for cyclopropenium,
identical to that for benzene. The sigma bonding in cyclopropenium ions
is probably external to the ring and ‘bent’ even more strongly than in cyclo-
propane or cyclopropene (Figure 3); if so the sigma bonds should be weaker

Table 3. C—C and C—Cl stretching force constants for aromatic

species
Species K¢ Kcx p
CeHg 5.59 4.67 0
5.15 4.79 0.35
CsH3 5.39 4.79 0.21
C¢Clg 4.81 2.30 0.37
C;Cly 6.32 2.99 0

p = Resonant constant.

than in benzene. But bending of the sigma bonds may bring the carbon atoms
closer together, allowing for much increased overlap of p orbitals on adjacent
carbon atoms. According to this model the unprecedented bond strength
in C,Cl3 arises from the increased pi- bondmg in cyclopropenium ions,
which more than makes up for the decreased sigma bond strength.

In I, contributions from the chlorine atoms to the pi-bonding may also
aid in raising both C—Cl and C—C bond strengths and force constants.

Figure 3. Schematic drawing of orbitals forming C—C bonds in cyclopropenium ions, indicating
overlap external to the three-membered ring.
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Nuclear quadrupole resonance measurements of Lucken and Mazeline®
give a value of 0.35 for the asymmetry parameter # for the 33Cl nuclei in’ 1.
This asymmetry parameter can be related directly to the partial double
bond character, which is found to be 0.16. Both the asymmetry parameter
and the bond order are higher than for any other known carbon—chlorine
compound. The data suggest that about half of the positive charge on the
ring (3 x 0.16) is delocalized through the pi system on to the chlorine
atoms?®.

The chemistry of I has been reviewed elsewhere?, so only those reactions
which lead to compounds of some theoretical importance will be treated
here. Hydrolysis of the tetrachloroaluminate salt of I, by flooding with water,
leads to the regeneration of III in good yield’. Apparently water first attacks
the AICI; counterion rather than C5Cl3, forming chloride which converts
I to C;Cl,. However, very slow solvolysis of I, preferably as the hepta-
chlorodialuminate salt dissolved in dichloromethane, leads to the explosive
liquid, dichlorocyclopropenone'®. The reaction is best carried out using
alcohol, and the first product is the AICl, complex of the cyclopropenone.
Further alcoholysis of the complex converts it to an alkoxychlorocyclo-
propenone'’, but the last chlorine atom is removed simultaneously with
ring-opening. Upon cautious warming dichlorocyclopropenone is converted
to a spirolactone :

. Cl

cl O:AIC], 0 o0w 0
_ ROH H,0 A
: ,AICI; FHZ—CI: — _
Cl
Cl Cl Cl Cl Cl Cl Cl Cl
ROH
0]
RO 1

However, this reaction may take place with mild detonation above 0°, so
quantities of dichlorocyclopropenone greater than 1g should never be prepared.

The trichlorocyclopropenium ion undergoes a useful and important
FriedelCrafts type reaction with aromatic hydrocarbons, leading to succes-
sive replacement of chlorine atoms with aryl groups to form arylhalo- and
eventually triaryl-cyclopropenium ions. (The final step to give Ar,Ci
requires, so far at least, an activated aromatic compound.) The arylated
cyclopropenium ions give a variety of products on hydrolysis. Thus ArC,ClS
yields the aryltrichlorocyclopropene or the arylhydroxycyclopropenone!?.
This is by far the most convenient synthesis of arylhydroxycyclopropenones,
which are strong protonic acids. Hydrolysis of Ar,C,Cl* yields diaryl-
cyclopropenones; the aryl groups can be the same or different, so this is a
flexible and general method for synthesis!2.
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Especially interesting products are obtained when C,Cl3 is allowed to
react with phenols. If a diarylchlorocyclopropenium ion, for instance, is
treated with a phenol, the productisa p- hydroxyaryldlphenylcyclopropemum
salt, as expected. The latter, however, contains a phenolic proton easily
removed by treatment with mild base, forming an orange or yellow diaryl-
quinocyclopropene!3.

Ar Ar Ar Ar
C4H,0H R;N
Ar,C,Clt i
OH O

Diarylquinocyclopropenes are relatively little-known; at the time our
work was carried out, only two examples were known, both obtained by
more laborious syntheses'® . Starting from C5Clj it is now possible to
prepare these substances quite convemently
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If all three aromatic groups allowed to react with I are phenols (preferably
2,6-disubstituted), tris(p-hydroxyaryl)cyclopropenium ions are formed ; these
readily lose protons to form bis(hydroxyaryl)quinocyclopropenes. The latter
undergo reversible oxidation to yield a remarkable new class of compounds,
the triquinocyclopropanes (V)!3.

OH

1.0

0.75

Absorbance

| ) | |
300 500 700 800
Wavelength, mu

Figure 4. Electronic spectrum of hexa-t-butyl triquinocyclopropane (V, R = t-butyl)in -
dichloromethane.
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The triquinocyclopropanes are intensely violet coloured substances,
remarkable in that their electronic absorption spectra extend throughout
the visible and into the near infra-red; the strongest bond occurs at about
A = 770 nm, with log ¢ = 4.7. The electronic spectrum of V, R = tert-butyl,
is shown in Figure 4. Compounds of this class are derivatives of 3-radialene,
but are much more stable than normal 3-radialenes; some triquinocyclo-
propanes will withstand heating to over 200°. The anion-radical and dianion
corresponding to V have also been prepared!®. The e.s.r. spectrum of the
anion-radical shows a symmetrical 7-line pattern (Figure 5) consistent with
complete delocalization of the unpaired electron over the four-ring system.

10e
—_

Figure 5. Electron spin resonance spectrum of anion radical of V(R = t-butyl).

Both neutral triquinocyclopropanes and their dianions have singlet ground
states, in agreement with simple molecular orbital calculations.

II. HEPTACHLOROTROPYLIUM ION

Tropylium ion, C;H7, is well known as a stable, six-n-electron cation.
Following isolation of C;Clj, attention was turned to synthesis of the
seven-membered ring analogue, C,Cl7, Starting material for this synthesis
was the bicyclic compound made from hexachlorocyclopentadiene, tri-
chloroethylene, and aluminium chloride!’. Dehydrohalogenation leads to
octachlorobicyclo[3,2,0]heptadiene (VI), which reacts with aluminium

| Cl Cl g Ci ClCI 1 Cl Cl ala
C HCCI = CCl, CI(H) KOH
— _— Cl
AICI, \ H(CD) \
Cl Cl A ¢ e
cl Cl al Cl Cl
VI

chloride on warming. Below 150° the bicyclic compound is regenerated on
hydrolysis, and above 180° complete fragmentation occurs, but in the inter-
mediate 30 deg. temperature range isomerization takes place to hepta-
chlorocycloheptatrienium heptachlorodialuminate, which hydrolyses to
octachlorocycloheptatriene (VII)'®, This is a colourless crystalline com-
pound, m.pt 86°, which reacts with AlCl; to form the yellowish tetrachloro-
aluminate salt of II. Similar 1:1 salts are formed between VII and SbCls,

387



ROBERT WEST

SnCl, or FeCl,. The salts of II have essentially identical infra-red spectra
above 600 cm ™}, consisting of just four bands at 1252(w), 1180(s), 750(w) and
700(s), in cm ~ . At lower frequencies, bands characteristic of the halometallate
ions are observed (Figure 6). All of these salts regenerate VII upon treatment
with water.

1180 700

Figure 6. Infra-red spectrum of C,Cl3 Al,Cl;, as mull in petroleum oil.

Models indicate that lone pairs on adjacent chlorine atoms would inter-
fere strongly in the ion II if it were planar. The geometry of II is unknown,
but it seems to have much of the aromatic character of tropylium ions
generally. It is at least as stable with respect to VII and Lewis acids as C3C15
is with respect to its parent chlorocarbon C;Cl,. The chemical reactions of

Cl Cl cl al Cl Cl a a
2AICI,
Cl _ Cl ,ALCly
1 Cl Cl Cl
Cl Cl
VI
l 155°
Cl A Cl
Cl Cl Cl Cl
H,0 ,ALClY
Cl Cl Cl Cl
Cl Cl Cl Cl
VII II

I are as yet little known, but appear to resemble those of C;Cly. For
example, II reacts with aromatic hydrocarbons to give Friedel-Crafts sub-
stitution. With phenols, loss of a proton takes place to yield quinotropones.
It seems probable that C,Cl7 will prove a valuable intermediate in the
synthesis of other novel delocalized structures, just at C;ClJ is.
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Cl

ArOH
Cl Cl

Halogen exchange reactions of VII also take place, probably through the
intermediate formation of II'°. When VII is warmed with boron tribromide,
seven of the eight chlorine atoms are replaced by bromine, giving C,Br,Cl
(VIII). The remaining chlorine probably is in the geminal position and resists
replacement for steric reasons. Solvolysis of VII with concentrated sulphuric
acid yields perchlorotropone, which has also been synthesized by an inde-
pendent photochemical method. Similarly, sulphuric acid treatment of
VIII yields perbromotropone, which can also be made!® from perchloro-
tropone and BBr; :

Cl cl Br Cl
Cl Cl Br Br
BBr,
Cl Cl Br Br
cf 1 B B
VII VIII
H,SO, H,S0,
0 0
C Cl Br Br
BBr,
Cl Cl ' Br Br
cl cl Br Br
hy
Q
cl
cl
e
cl

ITI. Octachlorofulvalene(X) and Its Charge-Transfer Properties

This fascinating chlorocarbon was first prepared by V. Mark?® via
dehalogenation of decachlorobi(2,4-cyclopentadien-1-yl), IX, which can be
synthesized from hexachlorocyclopentadiene and copper or copper(r)
chloride. Mark used triethyl phosphite in the final step, but a slightly better
yield can be obtained with stannous chloride dihydrate in acetone?':
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Cl Cl

Cl
Cl Ci
Cu llgrom Q (EtO),P or Q
or CuCl EtOH G SnCl, 2H, O
acetone
Cl Cl a d

IX X

X has also been obtained by gas-phase dechlorination of hexachlorocyclo-
pentadiene at high temperature?2. Compared with other fulvalenes, X is
remarkably inert and quite different in physical and chemical properties.
Fulvalene itself is an orange-coloured material so unstable that it cannot
be isolated, but X is easily obtained as beautiful blue-violet crystals.

The chlorination of X has recently been investigated, and the several
products have been isolated and identified with the aid of nuclear quadrupole
resonance spectroscopy?’

Cl ¢l 1 Cl Cl
. C cl cl al cl
CwoCls,  char + Q
X ci cl c
cral a cl cl
CIOClIO CmC11o
cl,
cl,
{ 3
Cl Q ¢l Cl Cl ClCl
a
& 14, MLpt23 169°
cla cla cadca
C,oCla _ CoCly,

The perbromo analogue, octabromofulvalene (XI), has also been syn-
thesized, directly from hexabromocyclopentadiene?*

Br. B Br Br
Br ~ r Br Br, Br
CuBr, MeéOCH,CH,O0Me—H,0
s PO
3-5 min, 0°
Br Br Br Br
Br Br
X1

The perbromo compound XI is less stable thermally and more reactive
chemically than X, but the two compounds show quite similar spectral
properties. The electronic spectra of these substances are shown in Figure 7.
Both compounds show a strong band near 400 nm, and a broad band
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between 600 and 650 nm. In contrast, fulvalene itself and simple substituted
fulvalenes show their longest wavelength absorption near 415 nm.

The striking bathochromic shift for X and XI compared to ordinary
fulvalenes may reflect in part contributions from nonbonded electrons on
halogen, but are probably due principally to twisting of the central C—C
double bond joining the rings. A two-dimensional x-ray study of X has
indicated a dihedral angle of 41° between the two rings?®, which are twisted
out of the preferred planar configuration by steric repulsions of the chlorine
atoms at the 2, 2, 5 and 5’ positions. Nonplanarity of the fulvalene rings has

5.0

40

2.0

1.0
200 400 600
A,nm

Figure 7. Electronic spectra of octahalofulvalenes in dichloromethane solution. ———
CoClg(X);————= ,C,oBrg(X1).

E

previously been associated with bathochromic shifts of electronic transi-
tions in fused-ring fulvalenes?®. The molecular structure of XI is not yet
known, but the steric interactions should be even greater than in X, so the
inter-ring angle will be of considerable interest.

Fulvalenes generally are electron-deficient molecules possessing an unfilled
pi-orbital, and in octachlorofulvalene, according to HMO calculations, this
orbital is at even lower energy than in fulvalene itself (Figure 8)*”. Consistent
with this is the finding that X forms charge-transfer complexes, acting as a
pi-acid. This property allows a spectacular demonstration of colour changes
upon charge-transfer complex formation. Solutions of X in noninteracting
solvents such as dichloromethane are blue. Addition of benzene or toluene
changes the colour to green ; mesitylene gives a yellow colour ; phenanthrene,
a yellow-brown; and with pyridines, red!

Spectral changes upon charge-transfer complex formation with X are subtle.
The electronic spectrum of X contains bands at 390 nm (log ¢ = 4.60) and
604 nm (log ¢ = 2.40). In the presence of moderate pi-donors such as benzene
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and toluene, these bands are unchanged except for some broadening and
detensification of the shorter wavelength band (Figure 9). In mesitylene,
however, the 390 nm band of X is significantly broadened on its longer
wavelength side. Such one-sided broadening must be due to the presence of
a new band in the 400475 nm region of the spectrum (illustrated in Figure
9). A set of similar curves is obtained when the spectra of X are plotted as one
increases the concentration of an aromatic compound (Figure 10). In both of
these cases the concurrent broadening of the 390 nm band of X and ‘filling
in’ of the absorption minimum near 475 nm shifts the 1., to longer wave-
lengths and so gives rise to the observed colour changes®’.

e \

N——
+1%

@

c 0

o

@ = mﬁ_\‘\\____

Figure 8. Schematic representation of the m molecular orbitals for fulvalene (left), twisted
fulvalene (centre), and octachlorofulvalene(X) (right).

The spectral absorption in the 475 nm region was studied as a semi-
quantitative measure of the effects of various donors on the spectra of X.
A Log ¢ (at 475 nm, relative to cyclohexane) was measured as a function of
donor/acceptor mole ratio for a large number of donors. The results of this
study are summarized in Table 4 and Figure 11. In non-aromatic solvents,
including dioxane and acetone, the spectrum of X gives no indication of strong
charge-transfer complex formation. The slight spectral changes which are
observed with dioxane probably arise from solvent shifts or n-donor charge-
transfer. On the other hand, n-donors give rise to large values of A log ¢,
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Figure 9. Variation in the electronic spectrum of C,,Clg(X) with solvent; methylene

chloride; ———— benzene; ...... toluene; —- —- — - — - mesitylene. The position of the new band

appearing in the presence of excess mesitylene, and attributed to the charge-transfer absorption,
is also shown.

5.0
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Figure 10. Variations in the electronic spectrum of octachlorofulvalene with increasing donor
concentration. (C,,Clg/phenanthrene in CH,Cl,; mole ratio: 61 , 279 —— - - 552 -.-.).
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indicating the formation of strong molecular complexes. The data suggest
the following sequences of donor potency :

pentamethylbenzene, durene > hexamethylbenzene, mesitylene >
xylene > toluene > ¢-butylbenzene > benzene, chlorobenzene

and

benzopyrene > phenanthrene > pyrene > naphthalene >
acenaphthene.

In general this is the same order of donor strength which is observed in other
charge-transfer complex formation?®:2°, Hexamethylbenzene and ace-
naphthene are less effective donors than expected, probably because of
steric hindrance to complexation.

0.6

0.5)

01
F
| {

1.5 2.0 3.0 4.0
Log (mole donor/mole acceptor)

Figure 11. Charge-transfer complexes of octachiorofulvalene. Variation in log & (at 475 nm)
with mole ratio of donor to acceptor, for monocyclic aromatic donors.

Theoretically, increasing the concentration of a donor compound in a
dichloromethane solution should lead to gradual changes in the spectrum
of X until essentially all of the C,,Clg is converted to the charge-transfer
complex; beyond this point no further spectral changes should occur. The
data in Figure 11 show that no such levelling off of the 4 log ¢ versus mole
ratio curves is observed below donor/acceptor ratios of 10* and apparently
does not occur significantly even at mole ratios of 10 This observation
leads to the conclusion that the equilibrium constants for charge-transfer
complex formation,

Kc; =(C, ,Clg-donor)/(C, ;Clg)(donor)
394
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cannot be greater than 1073, These values of K¢ are approximately three
orders of magnitude smaller than those commonly observed in charge-
transfer complex formation (for example, for the very stable tetracyano-
ethylene-mesitylene complex Kcp = 17.3, and the relatively unstable
iodine-benzene complex has Ko = 1.5 x 1071)3°,

Table 4. Effects of n-donors on the electronic spectrum of octachlorofulvalene

Donor Mole ratio® loge Aloge
(475 nm) (475 nm)
Cyclohexane® 8.37 x 103 2.03 0.00
CH,Cl,® 2.79 x 10* 2.10 +0.07
CHCI,® 1.12 x 10* 2.05 +0.02
CCl,b 111 x 10* 2.03 0.00
1,4-Dioxane® 228 x 10* 2.16 +0.13
Ph—CF,* 121 x 10* 2.31 +0.28
Ph—H? 9.60 x 103 2.32 +0.29
Ph—CI® 1.08 x 10* 231 +0.28
Ph—CH,® 9.04 x 10° 2.84 +0.81
Ph—C(CH,);® 6.46 x 103 2.64 +0.61
CH,—CcH,—CH,® 76 x 103 3.09 +1.06
Mesitylene® 6.29 x 103 3.31 +1.28
p-CsH,(OCH,),* 212 x 102 2.11 +0.08
p-C4H(OCH,),* 599 x 102 2.18 +0.15
p-CyH,(OCH,),* o175 x 103 2.29 +0.26
1,3,5-CcH3(OCH,),° 6.65 x 102 2.34 +0.31
Acridine® 5.72 x 10 2.08 +0.05
Acridine* 3.84 x 102 2.30 +0.27

* Donor/acceptor.
® Donor used as the solvent.
¢ Spectrum run as solution in dichloromethane.

Although a large number of pi-donors were employed with X, in no case
was it possible to observe the charge-transfer absorption band directly.
With weak donors such as benzene and toluene this band apparently falls
almost directly beneath the intense 390 nm band of X. With better donors
(such as benzopyrene) absorption by the donor molecule (which must be
present in large excess because of the low Ky further obscures observa-
tion of the charge-transfer band. However, for moderately strong pi-donors
the charge-transfer band must lie between 400 and 475 nm, and this allows
a rough comparison of the acceptor strength of X with that of other pi-acids.
Data for a number of acceptors with various donors are given in Table 5.
From this table it appears that X is a slightly more powerful acceptor than
p-benzoquinone, and is comparable in pi-acid strength to chloranil or
1,2,3-indanetrione?’.

Although X is a relatively good pi-acceptor, it is not so strong as might
be predicted from MO calculations. The energy of the charge-transfer
transition, Ecr, is commonly given* as

Ecy=IP —EA+C

where IP is the ionization potential of the donor, EA is the electron affinity
of the acceptor, and C is a constant denoting all other forms of energy
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(solvation, etc.) changing upon complex formation. The electron affinity of
X (LUMO at —0.4p, see Figure 8) should, from MO theory, be even greater
than for tetracyanoethylene (LUMO —0.348)°. The reason why X is a poorer
pi-acid than TCNE probably lies in the C term and reflects the nonplanarity
of X which prevents close approach of the pi-system of the donor. The fact
that the equilibrium constants for charge-transfer complex formation to X
are two or three orders of magnitude smaller than typically found for such
complexes is consistent with this explanation. Thus octachlorofulvalene is
a unique example of a powerful but strongly sterically hindered pi-acid?’.

Table 5. Charge-transfer absorption maxima for various complexes, nm

Substance Benzene Mesitylene Naphthalene Phenanthrene Pyrene Ref.
Tetracyanoethylene 385 — 560 540 720 31
Chloranil 339 427 390,480 473 435,
599 32
1,2,3-Indanetrione — — — 400 481 29
X ~350 400475  400-475 400-475 — 27
p-Benzoquinone 284 344 367 — 448 32
Maleic anhydride — — 325 354 384 33

Although the twisted molecular form of X apparently limits its effective-
ness as a charge-transfer acceptor, the geometry of X should favour its out-
right reduction to an anion radical or dianion. Imamura and Hoffmann have
pointed out®® that while fulvalene and its derivatives should prefer a planar
ground state, the fulvalene dianion (isoelectronic with biphenylene) should
prefer a nonplanar ground state. Hence the nonplanarity of X should add
a driving force to the ability of X to accept electrons in the ground state.

Treatment of octachlorofulvalene with Na-K alloy in tetrahydrofuran
at room temperature in an e.s.r. tube gave rise to a purple solution showing
a single, rather sharp e.s.r. signal (Aw, = 2.4 G; Figure 12a)at g = 2.0048 +
0.0002. The intensity of this signal slowly decreased with time, and within
a few hours the signal disappeared entirely. Electrolysis of a solution of X
in tetrahydrofuran with added tetra-n-butylammonium perchlorate at room
temperature or at —50° and with 1-2 pnA current led to a similar purple
solution and to the appearance of a similar e.s.r. signal (Aw, = 2.5 G;
Figure 12b) at g = 2.0043 + 0.0001. Continued electrolysis of this sample
at somewhat higher currents (5-8 pA) caused the signal to decay slowly
until it finally disappeared after about an hour. Numerous attempts to
regenerate the radical species by reversing the leads to the electrolysis cell
were unsuccessful.

The radical observed in both of these experiments is believed to be the
anion radical of X. Both of these species were generated under ‘minimal’
reaction conditions (short contact times and low currents), and the species
obtained by alkali metal reduction is remarkably stable even at room tem-
perature (t, ~ 1 h). The species obtained by electrolysis disappears easily
upon further reduction, presumably to give the dianion of X. Reductions of
both X and its anion radical are apparently irreversible, however; both the
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anion radical and dianion of X decompose to nonradical products when
attempts are made to oxidize these species®”.

Finally treatment of X with extremely powerful pi-donors appears to
lead to ground-state charge-transfer, effecting oxidation of the donor and
reduction of X. Two donors of this class have been studied; 2,6-lutidine

T Q

—
2.4G

b
2.56

11.86

Figure 12. Electron spin resonance spectra, a, reduction product from octachlorofulvalene

with sodium-potassium alloy in tetrahydrofuran; b, electrolytic reduction product of octa-

chlorofulvalene in tetrahydrofuran; ¢, reaction product of octachlorofulvalene and N,N,N',N'-
tetramethyl-p-phenylenediamine.

and N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD)??. When 2,6-
lutidine is mixed with X in dichloromethane solution an e.s.r. spectrum for
the cation radical of the amine is observed, but no signal due to the octa-
chlorofulvalene. With TMPD, X gives a strong, broad e.s.r. line (Figure 12¢)
which may be characteristic for the ion-pair between TMPD cation-radical
and the anion-radical of X. Further research on charge-transfer properties
of X and related molecules seems most desirable.
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