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Summary

A series of 3-substituted 1,2,3-triferrocenylcyclopropenes was synthesized
and investigated by !3C NMR spectroscopy and cyclic voltammetry. The latter
shows three reversible waves associated with stepwise oxidation of the three
iron sites; the spacings indicate weak interaction between the ferrocene groups
in the corresponding mixed-valence species. 3-p-Tolyl-1,2,3-triferrocenylcyclo-
propene rearranges thermally at a much greater rate than does its phenyl analog,
tetraphenylcyclopropene.

Introduction

There has been much interest in recent years in the physical and spectroscopic
properties of ‘‘mixed-valence” ferrocenes, that is, substances containing two
ferrocene subunits, in which one iron nucleus is the ferricenium and the other
in the ferrocene oxidation state [1]. Strong interaction between the two sites
is associated with the appearance of a variety of phenomena not exhibited by
isolated ferrocene or ferricenium units. Such phenomena include new electronic
transitions, enhanced electrical conductivity in the crystal state, etc. It has been
observed [2] that AE°, the difference between the first and second electrochem-
ical anodic oxidation potentials of a biferrocene, provides a good qualitative
measure of the degree of interaction between the two ferrocene units in the
corresponding mixed-valence ferrocene, hence voltammetry is a good way of
surveying polyferrocenes for possible interesting mixed-valence behavior.

In the course of previous study [3,4] of the electrochemical reduction of the
triferrocenylcyclopropenium ion (I), we had occasion to prepare a series of tri-
ferrocenylcyclopropenes (II) by nucleophilic attack upon I. In the present
manuscript we discuss the anodic electrochemical behavior of such substances,
including a few not previously reported, and the results of initial attempts to
prepare mixed-valence salts of these substances.

0022-328X/81/0000—0000/% 02.50, © 1981, Elsevier Sequoia S.A.
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Results and discussion

Compounds Ila—IIc were prepared as previously described [3], by the action
of sodium borohydride, cyanide, and methoxide, respectively, upon I. Com-
pounds IId and Ile were prepared in straight-forward fashion by reaction of
methyllithium and p-tolylmagnesium bromide, respectively, with I. 1,2-Diphenyl-
3-ferrocenylcyclopropene (III) and 1,3-diphenyl-2-ferrocenylcyclopropene (IV)
(as an inseparable mixture) were prepared by sodium borohydride reduction of
the diphenylferrocenyl cyclopropenium ion [14].

CgHs CeHs
Fc CeHs
H H

csHs Fe¢
(Im) (I)

Because the '3C NMR spectra of compounds II display certain characteristic
features which are useful for structural elucidation, and which indeed have
previously been so used [4], we feel it worthwhile to summarize their spectra
briefly. The resonances of the ring carbons of IIa—IIc and some related sub-
stances are shown in Scheme 1. It may be seen that the ring carbons of a ferro-

SCHEME 1
13C NMR ASSIGNMENTS FOR SUBSTITUTED CYCLOPROPENES
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cenylcyclopropene always appear at higher field than the corresponding phenyl
substance, presumably because of the greater electron-supplying power of the
ferrocenyl substituent. Compounds IIa—IIc exhibit similar features for the
ferrocene carbons: (a) an eight-line multiplet with two of the lines of distinctly
lower intensity and higher field than the other six, and (b) of the two most
intense lines, the larger is at lower field by 0.4—0.9 ppm. We assign the two up-
field lines to the substituted ferrocene carbons (bound to the three-membered
ring) [3] and the two most intense lines as the two kinds of unsubstituted cyclo-
pentadienyl ring. !3C NMR spectra were not obtained for IId and Ile.

Electrochemistry

Anodic voltammetry was carried out on compounds ITa—IIe (except Ilc,
which was too unstable) at a platinum disc electrode in acetonitrile containing
0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP). In general, three
reversible one-electron waves, corresponding to stepwise oxidation of the three
iron nucleii, are observed (Fig. 1). Although adsorption and precipitation
phenomena complicate some of the voltammograms, especially those measured
at the slower sweep rates, voltammograms such as those shown in Fig. 1 can be
obtained if a freshly cleaned electrode is used and the voltammogram is mea-
sured on the first cycle; the electrode must be cleaned between voltammograms
measured at different scan rates.

It was of interest to us to know accurately the three oxidation potentials of
each compound, inasmuch as the difference in redox potentials of the individual
ferrocene subunits in diferrocenes has been shown to be correlated to the degree
of interaction between the subunits in the mixed-valence species [2]. It was
clear however that direct measurement from the voltammograms of AE°, the
spacing between individual voltammetric peaks, could not afford data of high

od Ie
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Fig. 1. Cyclic voltammograms of triferrocenylcyclopropenes at 1 Vs~1,
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TABLE 1
CYCLIC VOLTAMMETRIC BEHAVIOR OF TRIFERROCENYLCYCLOPROPENES ¢

Compound Scan Rate E, ¢ 5 9 B ¢ s, 4d E3 ¢ s3 d
Ila 10 0.03 62 0.18 84 0.35 57
5 0.03 64 0.20 83 0.37 59
2 0.02 72 0.18 ki 0.36 65
1 0.03 66 0.19 71 0.37 62
0.2 0.04 60 0.20 70 0.38 59
IIb 10 0.20 93 0.34 69 0.49 67
5 0.19 74 0.32 656 0.48 71
2 0.19 83 0.33 63 0.48 62
1 0.19 71 0.32 63 0.47 66
0.2 0.18 79 0.32 63 0.47 69
I1d 10 0.03 74 0.21 91 0.40 71
5 0.02 78 0.20 84 0.38 82
2 0.03 656 0.20 82 0.39 76
1 0.02 65 0.20 89 0.38 62
0.2 0.02 71 0.21 84 0.38 69
ile 10 0.06 72 0.24 113 0.44 67
6 0.03 86 0.24 94 0.43 75
1 0.02 106 0.24 78 0.42 68
0.2 0.03 59 0.23 93 0.39 62

@ Potentials are measured relative to sillver/0.01 M silver nitrate; add + 0.3 V to correct to S.C.E. ¥ Volts
s~1. ¢ Computed oxidation potentials (see text). d Slope of plot of log[I/(I1 4y — )] vs. E.

accuracy, because of both the closeness of the peaks in some cases and the well-
known inaccuracies associated with measurement of peak potentials in general
as a consequence of their relative broadness. For this reason we developed a
computer-based method for accurate determination of the three individual
oxidation potentials from voltammograms such as those shown in Fig. 1. Inas-
much as we feel that the method is of considerable interest in its own right, we
intend to describe it in detail elsewhere. Briefly, it consists of convolution

[5,6] of the linear sweep voltammogram (forward sweep only) to produce a
voltammogram with the same shape as a polarogram with three overlapping
waves, followed by a multi-parameter least-squares fit [7] of the convoluted
data to the theoretical equation for such a polarogram. In Table 1 are presented
the results of such analysis for each of the cyclopropenes as measured over a
range of scan rates. In addition to the various oxidation potentials, the slopes of
the plot of log [I/(I4 — I)] vs E for each wave, where I and I, are the instan-
taneous and total convoluted currents, are also tabulated as a guide to the
reversibility of the wave; a slope of 59.2 mV is expected for a reversible process
at 25°C.

A number of conclusions may be reached by inspection of the data in Table 1.
First, the compounds generally undergo three reversible one-electron oxida-
tions; this is evident from (a) the scan-rate independence of the oxidation poten-
tials, (b) the values of the log [I/(I4 — I)] slopes, and (c) the general appearance
of the voltammograms. The p-tolyl derivative IIe deviates somewhat from this
generalization; its voltammetry is complicated by anodic filming, which is a
problem with all of the compounds but especially this one, and is especially
noticeable at low scan rates.

Secondly, we note the relative insensitivity of both the first oxidation poten-
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TABLE 2
OXIDATION POTENTIALS OF 3-X-1,2,3-TRIFERROCENYLCYCLOPROPENES

Compound X E; (V)@ E; —E; (V)@ E; —E3 (V)@
Ila H 0.03 0.15 0.17
IIb CN 0.19 0.14 0.15
114 CH 0.02 0.18 0.18
Ile p-CH3CgHg 0.03 0.20 0.18

2 E,, = the nth oxidation potential, in acetonitrile relative to silver/silver nitrate reference.

tials and the spacings (in volts) between the first and second, and second and
third, oxidation potentials to the nature of the substituent at C(3) (Table 2).
The magnitudes of the latter spacings are significant: statistical theory for a sub-
stance with three identical, non-interacting electroactive sites predicts [8] that
such a substance will exhibit three waves with AE, , = AE, ; = (RT/F)In 3 =
0.028 V. The actual spacings are greater than this value for all of the compounds
studied, demonstrating that the ferrocene groups do interact with each other,
However, the extent of interaction is weak. For example, in biferrocenyl (V)

P9 ¢

Fe

& © ¢

and bisfulvalenediiron (VI) the two redox waves are separated by 0.33 and
0.59 V, respectively [2]. Since strong intervalence interaction appears to be
associated with a large separation between redox potentials, we may expect to
see only weak intervalence character in the mixed-valence species derived from
the compounds in Table 1. This appears to be the case, judging from the low
electrical conductivities of the mixed-valence salts we prepared (vide infra).

Rearrangement of 3-aryl-1,2, 3-triferrocenylcyclopropenes

When Ile is heated for two hours under nitrogen at 50°C in CHCl,, it is trans-
formed to the extent of about 95% into two substances (30 : 10), which may
be separated by column chromatography over alumina. Microanalytical and
mass spectral data establish these substances as isomers of the starting material.
The 200 MHz NMR spectrum of the slower-moving major product shows three
strong resonances of equal intensity at § 3.7, 4.0, and 4.2 ppm, arising from
unsubstituted cyclopentadienyl rings; each of these three resonances consists of
two peaks in the ratio of 57 : 43. This contrasts sharply with the spectrum of
IIa—TIle, in all of which the two types of unsubstituted cyclopentadienyl rings
appear as two singlets in 2 : 1 ratio. By analogy with the known thermal rear-
rangement [9] of 1,2,3,3-tetraphenylcyclopropene (VII) to 1,2,3-triphenylindene
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(VIII), and because the NMR spectrum indicates retention of the p-tolyl moiety
(two overlapping AB quartets in the aromatic region), we assign this material
structure IX as a 57 : 43 mixture of stereoisomers about the asymmetric carbon.
By the same token, and because (a) integration indicates retention of only three
aromatic protons, and (b) it also exhibits three types of unsubstituted ring
(three sharp resonances of equal intensity at 3.7, 3.9, and 4.2 ppm), we assign
structure X to the faster-moving isomer. Rearrangements of this sort are fairly
common in the cyclopropene series [10]. Substances IX and X may reasonably
be understood as arising by thermal ring-opening of Ile to a diradical XI (well-
precedented in cyclopropene chemistry). Closure of XI by intramolecular
homolytic attack on either the ferrocene (path a) or tolyl (path b) substituents,

Tol
G Y FC
F‘
¢ Fc
A Fc Fc
Fe H

e ——& T~ —_
L]
Tol
(X1) (Fc = ferrocenyl,
Tol = p—tolyl (IX)
Fc
b ‘ Fc
CH3 H Fc
(X)

with subsequent aromatization, would generate IX or X, respectively [9]. Ther-
mal opening of cyclopropenes is well-known; the driving forces are presumably
relief of the ca. 56 kcal of cyclopropene ring strain {11] and formation of an
allylic m-system, as in XI.

Compound Ile rearranges enormously faster than its phenyl analog VII. The
half-life of IIe at 50°C is ca. 30 minutes, while from literature data [9] VII may
be estimated to have a half-life of ca. 10'! minutes at 50°C meaning that Ile
rearranges faster than VII by a factor of roughly 108—10°. We are unable to
account in detail for this large difference (although much of it is undoubtedly
steric in origin) but are not surprised by it, in view of our previous discovery
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that hexaferrocenyl-bis-cyclopropenyl (XII, X = ferrocenyl) has a half-life under
one hour at room temperature [4], while its phenyl counterpart (X = C¢Hs)
requires temperatures on the order of 150°C in order to rearrange at comparable
rate [12].

Attempted synthesis of mixed-valence species

Because the first and second oxidation potentials of the various triferrocenyl-
cyclopropenes are very similar, one would expect it to be difficult to prepare a
single-oxidized mixedvalence compound. This turned out to be the case. Thus,
reaction of Ile with tetracyanoquinomethane (TCNQ) afforded a substance
(XII) with formula corresponding to Ile** 2(TCNQ),, rather than the expected

X
X X

(XI)

[13] IIe* (TCNQ),". Similarly, oxidation of IIa by TCNQ afforded a substance
whose analysis corresponded to IIa** 2(TCNQ), . On the other hand, oxidation
of ITe by molecular iodine did afford a singly-oxidized substance, Ile* I~. The
electrical conductivities of these materials are unexceptional (see Experimental).
Although this was predictable from the voltammetric results, it was disap-
pointing, inasmuch as we had hoped that the presence of the third iron nucleus
would permit increased dispersal of charge in the mixed-valence species and
consequently strong mixed-valence interaction.

Experimental

Materials

Triferrocenylcyclopropenium and 1,2-diphenyl-3-ferrocenylcyclopropenium
tetrafluoroborates and cyclopropenes Ila—IIc were prepared by literature pro-
cedures [3,14].

NMR spectra

Proton spectra were measured at 200 MHz using the Varian XL-200 spectro-
meter at Wesleyan University. '3C NMR spectra were measured on the Bruker
WH-270 spectrometer at Yale University.

Preparation of 3-methyl- and 3-p-tolyl-1,2,3-triferrocenylcyclopropene (IId—Ile)

These materials were made by reaction of excess p-tolylmagnesium bromide
or methyllithium with triferrocenylcyclopropenium tetrafluoroborate (I) in
tetrahydrofuran at —78°C. These reactions were characterized by a change in
color from the intense red of I to the orange of the products. Reactions were
worked up by pouring into water, extraction with ether, and final drying and
evaporation of the ether. The crude material was then purified by dry column
chromatography on alumina.
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3-Methyl-1,2,3-triferrocenylcyclopropene (IId) is an orange solid, m.p.
142°dec; 'H NMR (CDCI4%): singlet, 1.7 (8 H); singlet, 4.3 (5 H); singlet, 4.1
(10 H); mult. 4—4.6 ppm (12 H). Anal. Found: C, 66.92; H, 5.17. C3;H;,Fe;
Calcd.: C, 67.37; H, 4.99%.

3-p-Tolyl-1,2,3-triferrocenylcyclopropene (IIe) is an orange solid, m.p.
155°C; 'H NMR (CDCl;, 6): singlets at 2.0 (3 H), 3.62 (5 H), and 3.68 (10 H),
multiplet, 3.69—4.3 (12 H), AB quartet at 6.9 and 7.4 ppm (4 H). Anal. Found:
C, 71.17; H, 5.06. C4oH34Fe; Caled: C, 70.41; H, 5.02%.

1,2-Dipheny!l-3-ferrocenylcyclopropene (III) and 1,3-diphenyl-2-ferroceny!-
cyclopropene (IV)

Sodium borohydride reduction of diphenylferrocenylcyclopropenium tetra-
fluoroborate [3] afforded a mixture of cyclopropenes III and IV chromatographi-
cally inseparable but consisting of a 1 : 8 mixture of III : IV, as shown by the
relative intensities of the cyclopropene ring protons at § 2.96 and 3.10 ppm
(these appear at 2.73 and 3.21 ppm in II and triphenylcyclopropene, respec-
tively). The '3C NMR peaks for the 3-membered ring carbons (Scheme 1) could
be observed only by extended accumulation in the presence of the relaxation
reagent chromium acetylacetonate [15].

13C NMR spectroscopy

IIa: Eight lines were observed: 67.3 and 67.8 ppm (both weak), 69.6 (most
intense), 68.9 (second most intense), and 69.2, 69.4, 69.8, and 69.9 ppm.

IIb: Eight lines were observed in addition to those in Scheme 1: 66.9 and 67.5
ppm (both weak), 69.6 (most intense), 69.2 (second most intense), and 68.8,
69.0, 69.8, and 70.2 ppm.

Ilc: Eight lines were observed in addition to those in Scheme 1: 67.3 and 67.4
ppm (both weak), 69.9 (most intense), 69.0 (second most intense), and 69.2,
69.7, 70.0, and 70.1 ppm.

Voltammetry

Cyclic voltammetry was carried out using a Princeton Applied Research
Model 170 electrochemistry system. Voltammograms were recorded on a Hew-
lett- Packard X-Y recorder or, when sweep rates of 1 V sec™! or faster were
employed, a Tektronix model 564B storage oscilloscope. The working electrode
was a Beckman platinum disk electrode (4 = 0.23 cm?®), polished before each
run with Buchler 0.03 um lapping compound. The reference electrode was a
silver/0.01 M silver nitrate electrode constructed from a length of glass tubing
sealed at one end with a short length of porous Vycor by means of a longer
piece of heat-shrink Teflon tubing. The solvent was Fisher HPLC grade aceto-
nitrile containing 0.1 M tetrabutylammonium hexafluorophosphate. For con-
volution (semi-integration), Polaroid slides of the oscilloscope trace were pro-
jected onto a large (1 m X 1 m) sheet of graph paper, permitting 560—75 points
to be taken with good precision.

Electrical conductivity measurements
For conductivity measurements 100—150 mg of finely powdered material
were formed into a disk in a press at 3000—4000 psi. The disks so formed had a
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black mirror-like appearance. They were mounted on a quartz wafer and elec-
trical contacts were made with copper wire leads attached by conductive epoxy
resin. A constant D.C. potential was applied along the axis of the disk, and the
resulting current was measured with a Kiethley microammeter. The conduc-
tivity was measured of several crystals from different preparations. Diameter
and thickness of the crystal were obtained by microscopic measurements. The
conductivity (o) is given by g = IL/VA, where I is the current in amperes, V is
the applied voltage, L is the length between two loads on the diameter, and A
is the area of the disk.

Mixed-valence salts of IIa or IIe were prepared by refluxing the cyclopropene
and tetracyanoquinodimethane (TCN@) or iodine in hot acetonitrile for 30
min. The black complexes precipitated as microcrystalline powders; they were
washed successively with cold acetonitrile, dichloromethane, and diethyl ether,
and dried in vacuo. The stoichiometry of the TCNQ product was not affected
by variations in the ratio of TCNQ to cyclopropene employed. IIa?* 2(TCNQ),
and the corresponding derivative of IIe exhibited conductivities of ca. 5 X 1075
Q7! em™! at room temperature. IIa’l™ exhibited a lower conductivity, ca.

1078 Q' em™,
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Appendix

Measurement of E%’s from the cyclic voltammograms was carried out in the
following manner:

(a) The voltammetric currents on the forward (anodic) sweep were digitized
manually from a large-scale plot produced as described in the Experimental sec-
tion;

(b) the currents were convoluted [5] with the function ¢t !/? using a series
expansion recommended by Evans [6];

(c) the currents were then fitted to the equation

kl kz'—'kl 1 _k2
I=14 0 + 0 + 0
1 + exp[(Ef —E)/S,] 1+exp[(E—E)/S,]1 1+exp[(E$—E)/S,]

where k, = I,/I4 and k, = (I, + I,)/I4 using a standard multi-parameter least-
squares technique [7]. The computer program used accepts as input a set of
current-potential points, convolutes the voltammetric currents (i) to produce a
new set of convoluted currents (I), then finds the values (by a variational pro-
cedure) of E,, E,, E;, Sy, S3, S3, and I,, I,, and I, (the three respective E%’s,
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slopes and currents) which represent the best fit of the experimental data to
the theoretical equation. Running times on a DEC-20 computer are 15—30
seconds,
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