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The radical ions from bis(2,4,6-tri-tert-butylphenyl)-1,3-diphosphaallene were investigated through EPR
spectroscopy, cyclic voltammetry, and pulse radiolysis. Cyclic voltammetry indicated an oxidation potential of

2.0 V vs. SCE and a reduction potential in the range —1.97 to —2.10 V vs. SCE, depending on solvent. Whilst

the starting compound does not significantly absorb beyond 300 nm, the absorption spectrum of the radical

cation is characterised by bands centred at ca. 320 and ca. 410 nm: according to EOM-CCSD calculations on the
unsubstituted diphosphaallene the latter band should be due to a transition from the SOMO to the second LUMO,
while the former might result from the overlapping of three different transitions. The EPR spectra recorded in the
present study upon reduction of the title compound are far more complex than those recently published, and
significant differences have been observed upon chemical or electrochemical reduction. A higher spin density on
the phosphorus atoms is observed in the anion than in the cation, in agreement with the different nature of the
SOMO in the two species predicted by UB3LYP calculations on the model compound diphenyl-1,3-diphosphaallene,
which also predict for both ions the existence of cis and trans geometrical isomers, the latter being more stable. In
both radical ions the unpaired electron is mainly localised in the PCP moiety, namely in a r-allylic type MO in the
cation and in a ¢ MO in the anion. These pictures of the SOMO are opposite to those recently published following

MP2 calculations on the unsubstituted diphosphaallene.

Introduction

1,3-Diphosphaallenes are peculiar compounds because of the
presence of the two orthogonal carbon—phosphorus double
bonds. These compounds are also characterised by a remark-
ably low stability, and since its first synthesis in the early
eighties, bis(2,4,6-tri-tert-butylphenyl)-1,3-diphosphaallene® 1
remains the only isolated member of the family. This is most
probably attributable to protection of the two C=P double
bonds by the very bulky trisubstituted aryl rings. The structure
of this compound has been investigated through X-ray dif-
fractometric studies:* it was found that the P=C=P system
slightly deviates from linearity and that the two aryl groups are
orthogonal with respect to each other.
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Ab initio MC-SCF calculations on these compounds were
carried out using HP=C=PH as a model,® the structure of the
only compound actually isolated being forbiddingly complex
for this type of approach. Despite the drastic simplifications of
the model, the calculations led to results in substantial agree-
ment with the structural investigation.

In the course of our studies on the reactions of organic and
organometallic free radicals with unsaturated species, some of
us have recently examined the addition of different radicals to
diphosphaallene 1 and have established that the regioselectivity
of these reactions is strongly dependent on the nature of the

attacking radical.* Thus it was found that electrophilic alkoxyl
("OR) and alkylthiyl ("SR) radicals attack one of the two
equivalent phosphorus atoms affording very short-lived phos-
phavinyl o radical adducts with general structure 2, while
radicals centred at a Group IV element such as silicon ("SiRj;),
germanium ("GeR;) or tin (‘SnR;) attack the central carbon
atom to give relatively persistent phosphinyl radical adducts
with general structure 3 (see Scheme 1).
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We then set out to investigate through a multi-disciplinary
approach involving cyclic voltammetry, EPR spectroscopy,
pulse radiolysis and MO calculations the radical ions resulting
from the one-electron oxidation and one-electron reduction of
1. We were still in the course of these investigations when a
paper® appeared reporting an EPR and theoretical investig-
ation of the radical cation from 1 or (1*),} shortly followed by a
second one by the same authors reporting on the corresponding
radical anions.® We were somewhat surprised to find some

+ Starred numbers refer to the diphosphaallene with 100% "*C at the
central position.
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significant differences from our results at both the experimental
(EPR) and theoretical (MO calculations) levels, the disagree-
ment being particularly severe in the case of the reduction.
While the conflicting results of the MO calculations might
reflect the choice of different models (compound 1 is a very
complex system and it must be approximated at least to the
diphosphaallene bearing two unsubstituted phenyl rings in
order to carry out the calculations), the difference in the EPR
spectra can only originate from the use of more favourable
experimental conditions. In particular our spectra were charac-
terised by a better resolution and a more complex pattern, the
intriguing implications of which could not be overlooked.
Besides, although in both previous investigations > the radical
ions were generated through electrochemical procedures inside
the cavity of the EPR spectrometer, no clear details were given
as to the actual electrochemical behaviour of diphosphaallene
1. We therefore completed our studies and report here the
results of the EPR investigation on the oxidation and reduction
of diphosphaallenes 1 and 1%, along with those of the cyclic
voltammetry study; the absorption spectrum of the radical
cation, generated through pulse radiolysis in CH,Cl, and CCl,
solutions, is also described. We believe that the present experi-
mental results combined with those of MO calculations provide
a clearer cut and, we trust, more correct picture of the radical
ions from this interesting diphosphaallene.

Results
Cyclic voltammetry

The electrochemical behaviour of 1 has been studied by cyclic
voltammetry at various temperatures in THF, ACN and
CH,Cl, containing 0.05 M (C,H;),NPF as supporting electro-
lyte, using a disc ultramicroelectrode (UME) of 10 pm diameter
as working electrode.

Oxidation. The interpretation of the cyclic voltammetric
curve (cvc) observed for the oxidation of 1 in THF is rather
difficult. However, the higher intensity of the cvc observed in
the presence of the diphosphaallene with respect to that for the
base solution, just before the discharge of the latter, would
indicate the oxidation of 1 to take place at ca. 2 V vs. SCE.

Fig. 1 (trace a) shows the cve recorded in CH,Cl, at 25 °C for
a scan rate v=500 V s~! utilising the same UME. Due to the
low solubility of 1 in this medium and to the oxidation of
the base solution, the peaks appearing in the cvc are scarcely
evident. However, by subtracting the current due to the base
solution, the curve (b) is obtained which clearly exhibits an
oxidation peak Ia together with a cathodic peak Ic. The couple
of peaks Ia/lc can be confidently attributed to the redox couple
1/4, on the basis of the results of the digital simulation of the
cve and of the comparison with the behaviour of a suitable
internal standard. As a matter of fact, the digital simulation of
the curve shows that the higher value found for the difference
between the cathodic peak potential E, and the anodic peak
potential E,, for the couple of peaks Ia/Ic with respect to that
expected for the one-electron reversible process 1 =4 + e, is
compatible with the uncompensated ohmic potential drop of
the relevant medium. The number of electrons involved in the
process, i.e. one, was obtained as described in the Experimental
section. The lower intensity of the cathodic peak Ic as com-
pared to that of the anodic peak Ia, along with the presence of
inflections in the reduction pattern at potentials more negative
than that corresponding to peak Ic, suggest that the radical
cation 4 is very short lived, either owing to its fragmentation or
to its participation in a chemical reaction. A digital simulation
of the cv curve (b) in Fig. 1 was carried out hypothesising that
oxidation is followed by an irreversible first-order reaction (EC
mechanism) and assuming that the product of such a reaction is
also electroactive (at more negative potentials). The simulated
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Fig. 1 (a) Cyclic voltammetric curve observed at 25 °C for 1 in methy-
lene chloride at a scan rate v =500 V s™'; working electrode: Pt UME
with a 10 pm diameter. (b) Curve obtained by subtracting from curve (a)
the current due to the base solution. (c) Digital simulation of curve (b).

curve (c) agrees quite satisfactorily with the experimental trace,
providing support to the proposed electrode mechanism. A
value of E,,(1/4) = 1.93 V was obtained, while the rate constant
for the decay of the cation was estimated as kg = 103 s7'.

Reduction. Fig. 2 shows the cvc’s recorded in THF at —70 °C
(a) and 25°C (d) with a scan rate v=100 V s™!, while curves
(b) and (e) result from subtraction of the contributions due to
the base solution. Under the experimental conditions this scan
rate is close to the upper limit beyond which severe distortions
of the curves occur due to capacitive current and to an
uncompensated ohmic potential drop in solution. Curves (b)
and (e) exhibit two cathodic peaks Ic and Ilc, with relative
heights dependent on temperatures. At —70 °C, anodic partners
Ia and IIa are observed for both cathodic peaks, their lower
height with respect to that of the latter peaks providing an
indication of the occurrence of irreversible chemical reactions
coupled to the electron transfer. Through the same procedure
used in the oxidation, both the electrochemical steps were found
to correspond to one-electron processes, and on this basis the
two reduction peaks have been associated with the formation of
the diphosphaallene radical anion 6 and diamagnetic dianion 7,
respectively. Besides peaks Ia and Ila, small additional peaks,
whose pattern depends on whether the scan is inverted after the
first or the second reduction peak, and appearing as inflections
in the voltammetric curve are observed in the oxidation scan.
The lower intensity of peaks la and Ila as compared to that of
peaks Ic and IIc and the presence of the additional anodic
peaks are a clear indication that chemical reactions are coupled
to both the reduction processes. Information about the reac-
tions taking place have been obtained from the dependence of
the cve’s on temperature and scan rate. In particular, as the
temperature is increased, peak Ilc decreases, becoming very
small at 25 °C, at which temperature peak Ic always appears
chemically irreversible for the experimentally adopted scan rate.
The height of IIc also decreased on decreasing the scan rate at a
given temperature.

The overall reduction process outlined in Scheme 2 is pro-
posed in order to explain the observed behaviour. Curves (c)
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Fig. 2 (a) Cyclic voltammetric curve observed at —70 °C for 1 in THF at a scan rate v=100 V s™'; working electrode: Pt UME with a 10 pm
diameter. (b) Curve obtained by subtracting from curve (a) the current due to the base solution. (c) Digital simulation of curve (b). (d) The same
as for curve (a), but at 7'=25 °C. (e) Curve obtained by subtracting from curve (d) the current due to the base solution. (f) Digital simulation of

curve (e).
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and (f) shown in Fig. 2 were calculated assuming that the
reduction process proceeds as outlined in Scheme 2. These
simulated curves were in substantial agreement with the
experimental traces (b) and (e), respectively, and led to values
of E,(1/6)=—2.05V, E,(6/7)=—2.45 V, k; =300 s~', and
k,=800 s !. From the slope of the linear Arrhenius plot
obtained through the simulation of cvc’s at different temper-
atures, the same activation energy value was derived for the
two processes, i.e. E, =8 + 2 kcal mol™".

The CV behaviour of 1 in ACN, a solvent where the faradaic-
to-capacitive current ratio is more favourable owing to the
greater solubility of the compound and where the lower resist-
ivity allows the use of higher scan rates thus permitting a better
characterisation of the electrode process, provided further sup-
port for the proposed mechanism for the reduction of 1. At
25°C with v=1000 V s! two one-electron reduction peaks
were evidentiated upon subtraction of the contribution of the
base solution, the first being reversible and the second irrevers-
ible at the accessible scan rates (see Fig. 3). The analysis of the
CV behaviour as a function of scan rate, temperature and
reversal potential was again found consistent with the mechan-
ism shown in Scheme 2, and the simulated curves calculated
accordingly led to values of E,;,(1/6)=—2.02 V, E,,(6/7)=
—2.25V, k; = 1000 s™", and k, = 5000 s .

EPR Spectroscopy

Both the radical cation and the radical anion of the diphos-
phaallene 1 (or 1*) could be directly observed by means of EPR
spectroscopy. Although temperature did not seem to signifi-
cantly affect the persistence of the cation signal, in our experi-
ments it proved critical in the case of the alkali metal reduction.

The best spectra of radical cations 4 (or 4*) were obtained by
chemical oxidation, i.e. by adding a small amount of iodoso-
benzene bis(trifluoroacetate), IBTFA, to a thoroughly argon
purged solution of 1 (or 1*) in 1,1,1,3,3,3-hexafluoropropan-
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Fig.3 (a) Cyclic voltammetric curve observed at 25 °C for 1 in ACN at
a scan rate v= 1000 V s'; working electrode: Pt UME with a 10 pm
diameter. (b) Curve obtained by subtracting from curve (a) the current
due to the base solution. (c) Digital simulation of curve (b).

2-0l” (HFP) at room temperature. In this case the signal (see
Fig. 4a) consisted of a 1:2:1 triplet (3.21 mT) due to the two
phosphorus nuclei, each line being further split into a multiplet
with an apparent line separation of 0.118 mT because of the
interaction of the unpaired electron with protons of the two
2,4,6-tri-tert-butylphenyl moieties (see Table 1). When starting
from 1* a doublet splitting (3.71 mT) from the '*C nucleus was
also observed. Several computer simulated spectra produced
with different sets of parameters satisfactorily matched the
experimental pattern: it was thus impossible to establish
whether the observed hyperfine structure is originated by coup-
ling of the unpaired electron with all the hydrogens from the
tert-butyl groups as well as the meta aromatic hydrogens, or
only by coupling with the hydrogens of the ortho tert-butyl
groups.

Electrochemical oxidation (ca. 2.0 V vs. SCE) of 1 (or 1*) in
THF inside the cavity of the EPR spectrometer led to the
observation of spectra (a 1:2:1 triplet) of the radical cation 4
(a 1:~3:~3:1 quartet for 4*) that were substantially consistent
with those already reported (see Table 1), although indicative of
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Fig.4 EPR spectra observed upon oxidation of 1 with IBTFA in HFP
(a), and electrochemical oxidation of 1 (b) and 1* (c) in methylene
chloride.

a further hyperfine structure that could not be properly
resolved.® On the other hand, when THF was replaced with
methylene chloride the observed spectra indicated the simul-
taneous presence of two radicals (see Figs. 4b and 4c¢) with
spectra characterised by rather different linewidths but exhibit-
ing nearly identical g-factors and similar couplings with the two
phosphorus atoms and the carbon-13 nucleus. The two species
were present in comparable amounts and did not exhibit any
significant variation of the spectral pattern when the temper-
ature was varied.

The electrochemical reduction of 107* M THF solutions of 1
(and 1%) resulted in the detection of spectra consistent with
those observed previously (see Fig. 5a), i.e. an unusually shaped
1:2:1 triplet (triplet of doublets), exhibiting two outer lines
much broader than the central one(s), only under low reso-
lution conditions (high magnetic field modulation, ie 0.25
mT). At variance with the previous report,® the narrower
central line (or doublet) clearly exhibited signs of an additional
doublet splitting, which became more evident by lowering the
field modulation to 0.075 mT (see Fig. 5b). A further reduction
of the field modulation (0.0075 mT) revealed the existence of a
far more complex hyperfine pattern (Fig. 5c), indicating inter-
action of the unpaired electron with some of the hydrogens of
the 2,4,6-tri-tert-butylphenyl moieties. The dependence of the
spectral pattern on temperature paralleled that already
described, and below —30 °C the outer lines of the triplet were
broadened beyond detection. The spectra may be viewed either
as the overlapping of two independent signals, i.e. a broad trip-
let (triplet of doublets) and a sharper singlet (doublet) with a
slightly lower g-factor, or asa 1:2:1 triplet (triplet of doublets)
due to a single radical with broad outer lines and with the
central line (doublet) that, owing to a second order splitting of
ca. 0.18 mT, is partially resolved into its nuclear singlet and
nuclear triplet components, the former being much narrower
than the latter.

We wish to emphasise that in all our experiments disconnect-
ing the electrolytic apparatus (two electrode cells of different
geometry, see Experimental) from the power source resulted in
a remarkable increase of the intensity of the EPR signals which
remained detectable for up to several hours.

Rather surprisingly, absolutely identical EPR spectra were
obtained by similar electrochemical reduction of 3,3-dichloro-
1,2-diphosphiranes 8 (or 8*), intermediates in the synthesis of 1
(or 1%).

When the electrolytic experiments were carried out by using
voltages between —2.5 and —5.0 V, a very strong, long-lived
and well resolved 1:2:1 triplet was observed, which proved
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Fig.5 EPR spectra observed upon electrolytic reduction at room tem-
perature of 107> M THF solutions of 1* with different field modulation
amplitude (ma) settings: (a) ma= 0.25 mT; (b) ma=0.1 mT; (c)
expanded central group recorded with ma = 0.075 mT.

independent of the nature of the starting compound. This
signal originated from a radical where the unpaired electron is
coupled with two nuclei having spin 7 = 1/2 (¢ = 0.176 mT), with
a set of 18 equivalent hydrogens (a3 = 0.007 mT), a set of nine
equivalent hydrogens (aqyq = 0.036 mT) and characterised by a
g-factor of 2.0049;. Under high field modulation conditions,
the triplet signal collapsed to an intense single line. The very
small value of the triplet splitting and the absence of any effect
from the *C nucleus when using 1* could hardly be reconciled
with the starting diphosphaallene, and we attribute this signal
to an adventitious species 9 that, despite the reducing nature
of the medium, we identify as the 2,4,6-tri-tert-butylphenoxyl
radical, whose known spectral parameters account very satis-
factorily for the observed spectrum.?

A single narrow line with a g-value close to that of the free
electron was observed upon reaction of 1 (or 1*) with a
lithium—mercury amalgam in THF at 7'< —40 °C, either in the
absence or in the presence of some 12-crown-4 ether; the same
spectra observed upon electrochemical reduction in THF and
due to radical 6? (or 6?*) were instead observed at 7> —40 °C.
In open contrast with this finding and with the previous report,5
very different EPR spectra were observed by allowing 1 (or 1%)
to react with a sodium—potassium alloy mirror in THF at very
low temperature. In this case the spectrum consisted of a nor-
mal 1:2:1 triplet, further split into smaller doublets in the case
of the *C-enriched substrate (see Table 1 and Fig. 6a,b), and is
believed to reflect the formation of a radical ion pair 10 (or 10%)
between the radical anion from the diphosphaallene and an
alkali counterion. This spectrum was critically dependent on
temperature: in order to observe it, the reaction of the diphos-
phaallene solution with the metal mirror had to be carried out
at or below 193 K. The presence of some dibenzo-18-crown-6
ether was also necessary in order to complex the alkali counte-
rion formed in the reduction.’ Once the ion pair had been gen-
erated, its spectrum remained visible on raising the temperature
but its intensity became vanishingly small above 243 K. If the
sample was allowed to warm to room temperature, the signal
due to the 2,4,6-tri-tert-butylphenoxyl radical 9 developed
again with time. In no case did re-cooling of the solution result



Table 1 EPR Hyperfine spectral parameters (hfs constants in mT) for the radical ions observed upon chemical or electrochemical oxidation and

reduction of 1*

Method Solvent Radical Amount (%) ap anc g T/IK
Chem. Ox.“® HFP-IBFA 4* 100 3.21 3.71 2.00264 298
EL Ox.5 THF 4* 100 3.10 3.10 2.0025, 298
El Ox.* THF 4* 100 3.05 3.20 2.0026, 298
EL Ox.* CH,Cl, 4% 53.5 3.02 3.35 2.00265 298
El Ox.* CH,(Cl, 5% 46.5 3.6 3.50 2.0026, 298
EL Red.® THF 6%? 100 7.64 0.96 2.009 298
EL Red.** THF 6*? 100 7.68 1.09 2.00865 298
Na/K Red.” THF 10* 100 6.20 1.45 2.0048, 193

“ This work. ® Additional hyperfine structure from an undefined number of hydrogen atoms: see text. © The couplings of radicals 4* and 5% in

methylene chloride can be interchanged.
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Fig. 6 Spectra observed upon metal reduction of 1 (a) and 1* (b) in THF at 193 K, and at room temperature (c) with the expanded second derivative

of the central line.
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in the reappearance of the spectrum of 10 (or 10*), thus indicat-
ing that one of the partners of the ion pair, namely the radical
anion, is irreversibly degraded as the temperature is raised. The
observation of 9 suggests that loss of an aromatic moiety is
among the possible decay pathways.

Pulse radiolysis

Oxidation of 1 to its radical cation 4 could also be achieved
by pulse radiolysis (PR) in electron scavenging solvents like
chloromethanes, i.e. CCl, or CH,Cl,, and the combination of
UV-vis kinetic absorption spectrometry with pulse radiolysis
(PR-KAS) allowed its spectral characterisation and the deter-
mination of its stability at room temperature, as well as the
monitoring of the formation process of the radical cation and
of the reactions in which it could possibly be involved.

Pulse radiolysis is based on the effects of a wave of fast elec-
trons crossing a material. The process, which is outlined in
Scheme 3, results in the generation of excitations and ionis-
ations. In particular the interaction of radiation with methylene
chloride produces the excited molecule, CH,Cl,*, the radical
cation, CH,Cl,"", and the corresponding electron, e”. The elec-
trons escaping the electric field of the positive ions are captured
by other methylene chloride molecules in an electron attach-
ment process which eventually results in the production of
chloride ions and neutral radicals. It must be emphasised that,
at variance with what is found in water or other polar solvents,
no solvated electrons capable of directly acting as reducing
agents are isolated in chlorinated solvents. The radical cation
CH,Cl,"" after a few picoseconds fragments to the closed shell

CH,CI" cation and a chlorine atom, which can abstract hydro-
gen producing HCI and dichloromethyl radicals. While for the
purpose of our investigation HCI can be ignored, particular
attention has to be paid in order to avoid the chlorination of 1
by chlorine atoms, which are very reactive towards 7 systems.
Experimentally this is achieved by keeping the solute concen-
tration below 1073 M; under these conditions chlorine atoms
are consumed through hydrogen abstraction from the solvent in
less than 100 ns (k = 1.04 x 107 dm® mol ! s~ 1).101

The species involved in electron transfer reactions are the
cationic fragment CH,CI* and the chloro-substituted radical,
CHC," (CCl,* and CCly’", respectively, for CCl,). Due to its
very high electron affinity, CH,CI* acts as a strong oxidising
agent towards the majority of organic materials; if the oxid-
ation potential of the solute is low, dichloromethyl CHCI," and
trichloromethyl CCl;’ radicals can also be responsible for oxid-
ation processes. Although it is known that electron transfer
between the ionic fragments CH,CI™ or CCl;" and aromatic &t
systems can occur at ultra-diffusional rates,'> we have observed
that this type of electron transfer is not efficient in the presence
of 1, the ionic fragments following instead their natural annihil-
ation with the molecular anion (see Scheme 3). Indeed, as is
explained in detail in the following sections, oxidation of 1
occurs on a longer time scale.

Oxidation in CH,Cl,. The UV-vis absorption spectrum of 1
in CH,Cl, exhibits two strong absorption maxima at 225 and
275 nm and a weak one at 350 nm [see Fig. 7(a)]. After irradi-
ation with electron pulses it showed a dramatic change with
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Fig. 7 (a) Time resolved absorption spectra observed during pulse
radiolysis of 1 in argon purged CH,Cl,. Inside the frame: time elapsed
after the pulse. An isosbestic point is present at 385 nm.
[1]=0.98 x 10™* M, optical path=2 cm, normalised dose =109 Gy.
Inset: original absorption spectrum of [1]=1.60 x 10™* M in CH,Cl,,
optical path = 0.1 cm. (b) Pulse radiolysis oxidation in CH,Cl,. Scatter
line: optical curve obtained at 405 nm by irradiating a sample of
[1] = 9.8 x 1075 M saturated with argon, optical path = 2 cm, pulse dur-
ation = 50 ns, irradiation dose = 109 Gy. Full line: best non-linear fitting
of a two-consecutive-first-order reaction model, fast component,
k=623 x10° s7!, slow component, k=7.21 x 10* s™". Inset: residual
errors between experimental and fitted values.

new absorptions centred at 320 and 405 nm. The time evolution
of the spectrum demonstrated the lack of persistence of the
latter band and the continuous growth of the one centred at 320
nm, while in the period between 3 and 8 ps an isosbestic point
emerged at 385 nm. Fig. 7(b), showing the variation of absorb-
ance at 405 nm observed during the oxidation of 1, suggests
that the reaction does not reach completion, because the first
formed species immediately transforms into the less absorbing
cation 4. An analysis of the trace using a non-linear fit routine
reveals that the overall process can be divided into two stages,
with rate constants of 6.36 x 10° dm® mol's™! and 7.21 x 10*
s~ respectively.

Oxidation in CCl,. The formation of the cation 4 in CCl, is a
cleaner process than in CH,Cl,. As shown in Fig. 8(a), there is
a continuous increase in the optical density from 300 to 550 nm,
with two bands peaking at 315 and 410 nm. Fig. 8(b) shows the
time evolution of the absorbance at 410 nm together with the
linear fitting analysis. The rapidly decaying spike at the begin-
ning of the oxidation curve is attributed to the fast natural
annihilation of CCl;* which absorbs in this region. A bimolec-
ular rate constant ky= 5.64 X 10° dm® mol ! s™! for the form-
ation of 4 could be derived from the slope of the linear fitting.

The finding that the optical density in CCl, is about 4 times
higher than in CH,Cl,, is a consequence of the different radi-
ation yields of the oxidising radicals in the two solvents.
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Fig. 8 (a) Time resolved spectra during pulse radiolysis of 1 in argon
purged CCl,. Inside the frame: time elapsed after the pulse. No isosbes-
tic points can be seen. [1] = 1.01 x 107* M, optical path = 2 cm, normal-
ised dose=112 Gy. Inset: original absorption spectrum of [1]=
1.52 x 10~* M in CCl,, optical path = 0.1 cm. (b) Pulse radiolysis oxid-
ation in CCl,. Scatter line: optical curve obtained at 405 nm by irradiat-
ing a sample of [1]=1.01 X 10™* M saturated with argon. Optical
path = 2 cm, pulse duration = 50 ns, irradiation dose = 122 Gy. Full line:
curve obtained by fitting linearly a first-order reaction model. Inset:
linear fitting, slope = 5.70 x 10°s™ .

MO Calculations

Molecular orbital (MO) calculations have been performed to
get information on the structure and the *C and *'P hyperfine
splitting constants of the 1,3-diphosphaallene radical ions and
on the nature of the optical transitions observed in the UV-vis
region of the radical cation.

In our recent studies on the structural and magnetic proper-
ties of localised organic and organometallic radicals we have
found ™ that experimental hfs constants can be closely repro-
duced by ab initio methods with moderate-sized basis sets
estimating electron correlation effects simply with the Meoller—
Plesset perturbation theory at second order (MP2) when the
doublet state is described by one dominant electronic config-
uration. Otherwise, the quadratic configuration interaction
method with single and double substitutions (QCISD), which
requires much more computational resources, must be used to
obtain reliable hfs constants."* Unfortunately, calculations at
the UMP2 level on systems as large as the title diphosphaallene
are prohibitive, even if the trisubstituted aryl groups are
replaced by simple phenyls in order to simulate the electronic
properties of the aryl groups and to partially account for their
steric hindrance. It was recently shown ' that through the use
of the density functional theory (DFT) at the UB3LYP level
reliable EPR hfs constants can be computed with a modest
computational effort, although the average deviation from
experiment is slightly larger than that obtained with the
UQCISD method.'® We have therefore carried out calculations



Table 2 Optimum structural parameters® and relative stabilities for the cis-like and trans-like conformations of the HPCPH radical cation com-

puted with different methods employing the 6-311(d,p) basis set

Method r(P-C) r(P-H) /CPC /HPC w(HPPH) AE/kcal mol ™!
cis-like

UB3LYP 1.658 1.433 164.4 94.2 453 0.0

UQCISD 1.666 1.421 163.8 93.7 45.0 0.0

MCSCF? 1.668 1.433 157.3 95.6 47.0 0.0

trans-like

UB3LYP 1.655 1.433 179.7 94.5 1334 0.61

UQCISD 1.665 1.421 179.7 93.9 133.6 0.63
MCSCF? 1.665 1.433 178.9 95.7 132.9 0.50

“Bond lengths in angstroms, bond and dihedral angles in degrees. * From ref. 5.

on the diphenyl-1,3-diphosphaallene Ph—P=C=P-Ph and on its
radical ions at this level of theory.

Structures. The structural parameters P=C = 1.645 A (1.633),
£PCP =174.3° (172.6), LCPCyp, = 100.8° (100.1) of the neutral
diphenyl derivative (C, symmetry) computed at the B3LYP/6-
311G(d,p) level of theory are in accord with the corresponding
averaged values determined for 1 by X-ray diffraction? reported
in parentheses. In particular, the cumulenic structure of the
PCP moiety constrains the two phenyl rings to be nearly
perpendicular with respect to each other [the torsion angle
w(CPMP'P>C™?) between the CP*-P! and CP™-P? bonds is
computed to be 89.2°] as observed experimentally. Tonisation
removes the molecular orbital constraint so that steric
hindrance could be important in determining the structural
parameters. Semiempirical calculations performed on 1 at the
AMI level showed® that in the anion 6 the planes of the sub-
stituted aryl groups are nearly orthogonal to the CPC,, plane.
The same arrangement of the aryl groups has been obtained by
us in preliminary calculations performed on the radical cation 4
at this semiempirical level of theory. Thus, in the DFT calcul-
ations on the model diphenyl-1,3-diphosphaallene radical ions
we have kept the phenyl groups frozen in this conformation to
simulate the steric hindrance of the fert-butyl groups.

Upon full optimisation of the other structural parameters of
the radical cation the phenyl groups initially tend to assume a
full trans configuration (w = 180°); subsequently, the ring
carbon atom linked to P! strongly interacts with the central
carbon atom to form a three-membered ring [1(C-C™") = 1.535
A, LCP'C™ =46.7°]. At variance with experiment, the hfs
constants computed for the cyclic structure predict two largely
different asip splittings (asp, = 1.14, asc = —1.18, and asp, = 3.38
mT). The steric hindrance exerted by the trisubstituted aryl
group should hamper this strong asymmetric interaction in the
radical cation of bis(2,4,6-tri-tert-butylphenyl)-1,3-diphospha-
allene.

We then re-optimised the radical cation enforcing a C,
symmetry and assuming the phenyl rings to have a hexagonal
structure. Under this symmetry constraint, the radical cation in
its more stable arrangement adopts a full trans conformation
(w =180°), with a linear PCP backbone. A local minimum cor-
responding to a cis-like structure was computed to lie 2.3 kcal
mol ! higher in energy, with a barrier of 9.6 kcal mol ™! between
the two conformers. In this cis-like arrangement the PCP
fragment is significantly bent (LPCP=166.9°) and the two
substituents are sizeably rotated with respect to each other
(w0 =46.8°). These results disagree with those previously
obtained through MCSCF/6-311G(d,p) calculations carried
out on the unsubstituted HPCPH radical cation (C, sym-
metry),” which predicted the trans structure to have the two
substituents rotated with respect to each other by only 132.9°
and to be less stable than the cis-like structure (w =47°).
Because of this discrepancy, we then carried out UB3LYP and
UQCISD calculations on the HPCPH radical cation to

compare the theoretical results obtained at different levels of
theory. Interestingly, Table 2 shows that the structural and
energetic properties of this radical cation computed both at the
UB3LYP and UQCISD levels are in accord with those deter-
mined previously employing the MCSCF method. The energy
barrier for the cis—trans isomerisation (9.51 and 8.73 kcal
mol ™!, respectively) is similar to that computed previously at
the CASSCF/6-31G(d,p) level.® This indicates that the
approximation of replacing the aryl groups with hydrogens is
too drastic because the electronic effect of the phenyl groups
largely influences the structural properties of the radical cation.

Optimisation of the radical anion (C,; symmetry) shows that
the addition of an electron produces a rotation of the phenyl
groups around the C-P bond similar to that found in the radical
cation. The radical anion is predicted to adopt a C, trans-like
conformation (w = 140.5°), the P-C-P backbone being nearly
linear (L PCP = 177.0°), as found for the radical cation. A local
minimum with a cis-like structure (C, symmetry, o = 45.0°) lies
only 0.03 kcal mol™" higher in energy separated by an energy
barrier of 8.1 kcal mol™!. These results are again in contrast
with those obtained previously on the unsubstituted HPCPH
radical anion ® which predicted the C, symmetric structure to be
a transition state between two equivalent and rapidly inter-
converting C; asymmetric structures. It should be remarked
that in the unsubstituted HPCPH radical anion the stability of
the two isomers is reversed as is found for the radical cation, the
cis-like conformer being computed to be more stable than the
trans-like conformer by 0.24 kcal mol ™.

All in all, the present calculations suggest that only the full
trans conformers should be thermally populated in the bis-
(2,4,6-tri-tert-butylphenyl)-1,3-diphosphaallene radical cation
4, whereas in the corresponding radical anion 6 both the cis-like
and trans-like conformers should be detectable.

Electronic configuration. The hyperfine structure of these rad-
ical ions depends mainly on the shape of the singly occupied
MO (SOMO). The previous spatial representation of the
SOMO of the unsubstituted HPCPH radical ions appears to be
different from that found in our calculations for both ions from
PhPCPPh, and a brief discussion on this point is necessary.

According to our calculations the unpaired electron in the
PhPCPPh radical cation occupies a 7 allylic-type non-bonding
MO. There are three electrons in the m allylic framework and
four electrons on the o framework mainly localised at the P
atoms.

The electronic configuration of the frontier MOs can be
represented as

2 2 2 1~ 0 %0
onp.”, ONp_7, T, My, Oc’s TF

where onp, and onp_ are the in-phase and out-of-phase com-
binations of the phosphorus lone pairs, 6 is mainly localised to
the 2po orbital of the central carbon atom, wt, ., and n* are
the 7 allylic-type MOs. In o the 2po orbital is significantly
mixed with the phosphorus lone pairs.
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Table 3 Optimum structural parameters and relative stabilites for the frans-like conformation and the full frans conformation in the ¢ and =«
electronic configurations of the HPCPH radical anion computed at the UQCISD/6-311G** level

r(P-C) r(P-H) £/ CPC £/ HPC w(HPPH) AE/kcal mol™
trans-like 1.677 1.428 178.0 101.4 147.0 0.0
Full trans (o) 1.683 1.426 180.0 100.6 180.0 0.0
Full trans () 1.653 1.471 180.0 108.1 180.0 30.6

“ Bond lengths in angstroms, bond and dihedral angles in degrees.

In the previous calculations, the o- and m-type MOs in the
populated conformers (cis-like and trans-like) were found to be
mixed.> However, the spin populations p reported for the
HPCPH cation (p¢ ca. 0.49 and pp ca. 0.18 for both conformers)
suggest that the electronic configuration should be represented
by

onp, % onp % oc!, my°, n*?
that is, there are five electrons of o-type and two electrons of «
allylic-type.

Our calculations show that in the anion the unpaired electron
occupies the o MO. Although the ¢ and © MOs are partially
mixed at the minimum, the electronic configuration can be
approximately represented by

2 2 2 2 1 0
ONp.~, ONp_", T°, Tyy , Oc ,TC*

Also in this case the spatial representation of the SOMO (c-
like configuration) is in contrast with that described previously
in which the unpaired electron occupies a 7 allylic-type non-
bonding MO (n-like configuration) where the negative charge
should be located on the central carbon atom:

onp, % onp 2 %, 62, My, 0

We have already shown that the radical cation has a pure ©
configuration, where the ¢ and 7 orbitals are not mixed, since
the energy minimum occurs in the full frans conformation. A
similar electronic configuration might be obtained in the anion
adding two electrons to the low-lying 6. MO (empty in the
cation). This electronic arrangement is, however, expected to be
much less stable than the one in which one electron is added to
the o empty MO and the other one to the SOMO (7).

The optimised structural parameters for the unsubstituted
HPCPH radical anion have been compared with those obtained
for the two electronic ¢ and 7 configurations in the full trans
conformation, where they are not mixed, to firmly establish the
nature of the electronic configuration in the radical anion.
Table 3 shows that at the UQCISD/6-311G** level the optimum
structural parameters at the frans-like minimum are similar
to those optimised for the o electronic configuration but
largely different from those optimised for the m electronic
configuration.

It should be noted that the ¢ configuration in the full trans
conformation is computed to be more stable than the n con-
figuration by 29.8 kcal mol ™" and lies only 0.8 kcal mol™" higher
in energy than the frans-like minimum. These findings are in
line with the simple MO considerations reported above and
indicate that the diphosphaallene radical anion has a o-like
electronic configuration.

B3C and *'P hfs constants. The values of theoretical hyperfine
coupling constants should be averaged over the thermally pop-
ulated vibrational states. Significant vibrational contributions
to the hfs constants derive from rotation or inversion motions
having energy barriers less than 3 kcal mol™'.'” Thus, the effect
of the Boltzmann average over the rotational states for the
trans—cis isomerisation on the value of the hfs constants
should be small since the energy barrier to rotation is computed
to be sizeable in both ions (>8 kcal mol™?). In the trans-like
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conformer of the radical anion the energy barrier to the
roto-inversion motion connecting two equivalent conform-
ations is however computed to be only 2.9 kcal mol~!. Thus, the
hfs values has been averaged over this mode.

Yy

\“fé:

Ph ! Ph
Ph | Ph

(Roto-inversion motion)

In the cation the 3'P hfs constant (@ = 3.24 mT) computed
at the absolute minima, i.e. for the full trans structure, is in good
accord with that experimentally observed, whereas calculations
largely underestimate the *C constant (asc = —1.45 mT). The
significant discrepancy with experiment should be ascribed to a
deficiency of the model radical in balancing electronic and
steric effects present in the trisubstituted aryl groups (see
above). These theoretical hfs values are significantly different
from those computed previously from projected UMP2 spin
density (PMP2/6-311G**) for the unsubstituted HPCPH
radical cation in the frans-like conformation (asc=3.0 mT,
anp=5.03 mT). In the light of the present calculations the
arithmetical average over w in the range 10-170° (asc = 4.3 mT,
asp=3.50 mT) reported in the same study does not have any
physical meaning corresponding to a free rotation motion
about the C-P bonds. The main discrepancy between the two
theoretical approaches occurs for the '*C constant which is
computed to have opposite signs in the two cases. This may be
due to the different structural conformations found for the
HPCPH and PhPCPPh radical cations. In fact, in planar allylic-
type radicals, where the direct spin contribution vanishes, a
negative hfs constant due to the spin polarisation is expected for
the central atom, while upon rotation about the PC bonds the
direct contribution should overcome the spin polarisation
component.

In the radical anion the experimental hfs constants should be
compared with those computed for both the cis- and trans-like
conformations since the energy difference between the two con-
formers is small. In this case the "*C constant computed for the
cis-like (asc=1.63 mT) and trans-like (asc=1.40 mT) con-
formations are equally in accord with the experimental value
determined both in the chemical and electrochemical reduction.
On the other hand, the 3P constant is significantly under-
estimated in the cis-like conformation (asp = 3.52 mT), the dis-
crepancy with experiment largely decreasing in the trans-like
conformation (asp =5.01 mT), with a reasonably small devi-
ation from the experimental value observed upon chemical
reduction. Agreement slightly improves when the roto-
inversion motion about the central carbon atom is taken into
account ({aspy=5.17 and 5.26 mT at 193 and 298 K, respect-
ively) since the *'P hfs value increases significantly with increas-
ing o [asp(w = 180°) = 6.35 mT]. The discrepancy remains large
if the theoretical *'P hfs constant is compared with that meas-
ured in the radical upon electrochemical reduction. The effect
of the roto-inversion motion is computed to be small for the
3C constant ((auc)=1.44 and 1.47 mT at 193 and 298 K,
respectively).



Since in the previous study on the HP=C=PH radical anion it
was concluded that this species should rapidly interconvert
between two equivalent asymmetric C; trans-like conform-
ations, we have compared the hfs constants computed with the
two different theoretical approaches for the trans-like conform-
ation. The a.p value computed for the PhPCPPh radical anion
in the trans-like configuration is significantly smaller than that
computed previously at the PMP2/6311+G** level for the
unsubstituted HPCPH radical anion [7.64 mT, average value
of the two unequivalent phosphorus atoms (@uwp, =2.21 mT,
aspy =13.06 mT) in the C; symmetry]. The deviation is, how-
ever, much smaller if the symmetric C, conformation is con-
sidered (axp = 6.49 mT). As found for the radical cation the hfs
constant at the central carbon atom is computed to have oppos-
ite signs in the two theoretical studies. In this case the discrep-
ancy can not be due to structural effects, the optimum value of
the dihedral angle @ being similar in the unsubstituted and
diphenyl substituted diphosphaallene radical anions. Hence,
the observed discrepancy may be due either to the electronic
effect of the phenyl rings or to the different theoretical
approach employed in the two studies. We have computed the
B3C constant at the UB3LYP/6-311+G** level as well as at the
more reliable UQCISD/6-311+G** level for the unsubstituted
HPCPH radical anion at the geometry optimised previously at
the UMP2/6-311+G** level.® Interestingly, the values com-
puted at the UB3LYP (as. = 1.61 mT) and UQCISD (aus-=1.73
mT) levels are very similar to that computed at the UB3LYP/6-
311G** level for the diphenyl diphosphaallene radical anion
and have opposite sign to that computed previously from
the projected UMP2 spin density (asc = —2.89 mT). As a con-
sequence, the magnetic properties of diphosphaallene radical
ions obtained from the projected UMP?2 spin density should be
considered with extreme caution.

Optical transitions. The optical spectrum (transition wave-
lengths 4 and oscillator strengths f) of the radical cation has
been computed with the EOM-CCSD/POL method which was
shown to reproduce well the UV-vis spectra of small mol-
ecules.”® Such a calculation is not conceivable even for the
diphenyl derivative owing to the large computational resources
required by this approach, so the optical spectrum has been
computed for the unsubstituted HPCPH radical cation con-
strained in the full zrans conformation (w = 180°), ie. in the
more stable conformation adopted by the diphenyl derivative.
The optical spectrum of the parent neutral compound has also
been computed for comparison.

Table 4 shows that the theoretical results are in fairly good
accord with experiment. More importantly, calculations predict
for the radical cation a transition in the visible region (4 > 400
nm), while in the corresponding neutral molecule the longer
wavelength transitions are computed to occur near 300 nm.

In particular, the calculations indicate that in the radical cat-
ion the lowest energy transition from the SOMO [allylic-type
non-bonding =,,(b,) MO localised on the phosphorus atoms]
to the LUMO [oc(b,) MO] should not be detectable in our
experimental conditions since it is predicted to occur in the near
infrared region with very weak intensity. Calculations also sug-
gest that the absorption in the visible region (/.. ~410 nm)
might be assigned to excitation from the SOMO to the second
LUMO [antibonding 7*(a,) allylic-type MO]. The assignment
of the second band (4,,, =315 nm) is not straightforward: it
extends to 4 <300 nm and its intensity appears to be greater
than that shown by the first band. The calculations suggest that
this broad band could probably originate from the overlapping
of three transitions, the most intense of which is due to excit-
ation of an electron with  spin from the doubly occupied n(b,)
bonding MO to the SOMO, and the other two transitions main-
ly involve electron transfer in the ¢ plane from the P lone pair
[onp(a,) MO] to the 2pc empty carbon atomic orbital [c(b,)
MO].

Table 4 Vertical optical transitions (wavelengths A and oscillator
strengths f) for HPCPH and its radical cation constrained in the full
trans conformation computed at the EOM-CCSD/POL level along with
experimental 4, value for 1 and 4

Symmetry Alnm I Exp/nm
Neutral
308 0.0054
275
A 300 0.0022
A 264 0.0022 225
Cation
A, 842 0.0002
B, 430 0.0112 405,410°
B, 317 0.0055
A, 286 0.0125 320,%315°
B, 282 0.0068

“In CH,Cl,. * In CCl,.

In the neutral parent compound 1 the first intense absorption
at 275 nm should include two transitions computed at ca. 300
nm. Thus, the total intensity is computed to be much greater
than that for the transition predicted at shorter wavelength (264
nm) in accord with the CH,Cl, experiment. Both bands are
due to transitions from the nearly degenerate doubly occupied
n-type MOs to the nearly degenerate antibonding n*-type MOs.

Discussion

For the sake of simplicity it is advisable to discuss the radical
ions separately.

Radical cation

The cyclic voltammetric curves observed for the oxidation of 1
either in THF or CH,Cl, are not well defined; yet there is little
doubt that the oxidation potentials can not be lower than ca.
2.0 V vs. SCE. It is not possible to compare this value with that
previously reported in the literature (1.5 V), because it was not
stated with respect to which reference electrode the latter poten-
tial had been measured.’

The EPR spectra of 4 (or 4*) recorded in THF substantially
agree with the earlier published data. Our calculations suggest
that the radical cation adopts a sort of allylic-like structure and
predict a phosphorus splitting very close to the experimentally
measured value. On the other hand, the predicted *C splitting
is about one half of the experimental value, this being possibly
a consequence of approximating the tri-zert-butyl substituted
phenyl groups to unsubstituted phenyl rings (see previous sec-
tion). The lowest energy conformation should correspond to a
full trans arrangement with a P'-Ph', P>-Ph? dihedral angle
(w = 180°) significantly larger than that predicted by earlier MO
calculations (ca. 135°).° A cis-like conformation is predicted to
correspond to the second-lowest energy minimum, with a
dihedral angle (46.8°) similar to that calculated previously.’

Model radical cation

Ph
Trans (w = 180°)

Cis-like (w = 46.8°)
The dashed line represents the PCP plane

On the other hand, the EPR spectrum in hexafluoroisopro-
panol indicated additional coupling of the unpaired electron
with the hydrogens of the two substituted aromatic rings, a
feature not observed previously possibly because of the poorer
resolution of the spectra in THF solution. Several sets of
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parameters have been found to provide a satisfactory simul-
ation of the hyperfine pattern exhibited by each individual line
of the main triplet (quartet) in the experimental spectrum.
Although good simulations were obtained assuming a w-like
distribution of the spin density, it can not be excluded that only
the tert-butyl groups in the ortho-positions of the aromatic
rings undergo a through-space interaction with the unpaired
electron. Actually, while the allylic-type orbital implies substan-
tial spin density on the two phosphorus atoms, the two aro-
matic rings are almost perpendicular to the SOMO, that is in an
arrangement favouring through-space interactions while pre-
venting conjugative delocalisation. A rough estimate of the
hydrogen couplings can be obtained by the AM1 method. Only
the direct contribution due to the unpaired electron distribution
in the SOMO has been evaluated using the restricted open
approach since at the unrestricted level the spin contamination
is too large (S* = 1.57). In the full-trans conformation the aver-
age value of the hydrogen couplings of the terz-butyl groups is
0.071 mT in the ortho-position and essentially null in the para-
position. Interestingly, while a small rotation (10°) of the phenyl
groups about the orthogonal conformation does not modify
significantly the average value (0.067 mT), this is lowered to
0.045 mT for larger rotations (30°). The coupling of the meta
protons is computed to be 0.049 mT, but the spin polarisation
contribution could significantly modify this value. Thus, these
semiempirical calculations suggest that the observed hyperfine
pattern should be due to through-space delocalisation of the
unpaired electron to the 36 hydrogens of the terz-butyl groups
in the ortho-position and, possibly, to through bond delocalis-
ation to the 4 meta hydrogens.

The EPR experiments in methylene chloride deserve a special
comment. Indeed the EPR spectra observed upon oxidation of
1 (or 1%) indicate the simultaneous presence of two radicals 4
and 5 (4* and 5%), characterised by very similar spectral param-
eters, which are both in line with those expected for the radical
cation. In principle the spectra might be attributed to the trans
and cis isomers of 4 corresponding to the two energy minima
predicted by calculations. Such an assignment would however
contrast with the observation of a single radical species upon
oxidation of 1 (or 1¥) in THF as well as in hexafluoroisoprop-
anol, and with the fact that the trans conformer is predicted to
be by far more populated than the cis. The possibility that one
of the radicals originates from an impurity is rather unlikely in
view of the fact that the two species are present in the same
amount and are characterised by the same spectral parameters
when working with either 1 or 1*, which have been synthesised
via two independent routes. The further possibility that one of
the radicals is an adventitious species resulting from a reaction
between the initially formed radical cation 4 (or 4*) and the
solvent must also be considered, although it appears unlikely in
view of the fact that their relative amounts do not vary with
time and with the initial concentration of the substrate. Besides,
the nature of the paramagnetic species 5 which would be
formed through any such reaction is rather obscure as its EPR
spectral parameters are not substantially modified with respect
to those exhibited by 4. We therefore suggest that the spectra
observed in CH,Cl, are due to the radical cation 4 and to its
“solvated” form 5, or, better, to a complex between the radical
cation and a solvent molecule, formed possibly through
coordination of the two phosphorus atoms of 4 by the chlorine
atoms of a CH,Cl, molecule.

The time evolution of the absorption at 320 and 405 nm char-
acterising the UV-vis absorption spectrum of radical cation 4
in methylene chloride is consistent with the two step process
outlined in eqns. (3) and (4).

CHCl, + 1— [1°* -+ - CHCL |’ 3)
11
[1° -+« CHCL> | —> 4 + CHCl," @)
11
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In the first step the dichloromethyl radical attacks the P=C=P
double bond system causing the formation of a dipolar inter-
mediate 11. In fact, this first process is a pseudo-first order
reaction, due to the excess of 1 with respect to the oxidising
radicals, and proceeds with a rate close to the diffusional limit
(k3 =6.36 x 10° dm* mol ' s7!). The second and slower process
(ky=7.21 x 10* s7") is identified as the definite intramolecular
exchange of an electron between the two components of the
dipole.

The time evolution of the similar UV-vis absorption spec-
trum observed in carbon tetrachloride can be interpreted as the
occurrence of a simple outer-sphere electron transfer process
between trichloromethyl radicals and 1, also occurring at a
nearly diffusion controlled rate (ks = 5.64 x 10° dm® mol !s™1),

CCly" +1——> 4 + CCl, (5)

The intensity ratio between the two peaks at 315 and 410 nm
in CCl, is reversed with respect to that observed in CH,Cl,. This
observation is in line with the fact that the intermediate adduct
11, as charge transfer complexes usually do, contains the same
bands of the two incipient ions, differing only in intensity.
While in CH,Cl, the 405 nm peak of the adduct bleaches as the
charge separation proceeds, and simultaneously the peak at 320
nm of 4 becomes more and more intense, in CCl, both bands
grow in parallel and are fully developed in 9 ps. We therefore
believe that in the latter case their intensity ratio is more likely
to represent the probability ratio of the two electronic trans-
itions in the radical cation 4.

Ab initio calculations carried out on the HPCPH simplified
model suggest that these absorption bands should be attributed
to t>SOMO and SOMO-—second LUMO transitions for
which 4,,, values of ca. 290 and 430 nm are predicted. The
higher wavelength absorption is also predicted to be the less
intense of the two. In agreement with experiment, these calcu-
lations exclude any absorption by 1 beyond ca. 310 nm.

As reaction (5) is assumed to be an outer-sphere electron
transfer (ET) process, it should be possible to use Marcus
theory to evaluate the corresponding rate constant in order
to compare it with the experimental value. A fundamental
prerequisite in this respect is the knowledge of the standard
free energy change AG® for reaction (5), which can be evaluated
(in kcal mol™) from eqn. (6), where E°cq'ico,- and E°, are

AG® = _23-06[Eocc1;/cc1; - E°4/1] (6)
the standard reduction potentials of the appropriate redox
couples. While the value of E°,, is known from the electro-
chemical experiments described above (E,,, is considered equal
to E° within the usual assumptions) although in a solvent
different from that in which ks has been determined, the value
of E’cqicc,- 18 not available. On the other hand, Marcus
theory can be used in order to obtain an approximate estimate
of E°cqica, from the experimentally determined rate con-
stant ks;. As a matter of fact, by utilising this theory
(see Appendix) the resulting standard potential E°cqy jcq,- in
CCl, is estimated in the range 1.6-1.3 V vs. SCE.

Radical anion

The reduction cvc’s exhibit two reduction peaks with an E),
difference of ca. 500 mV; their characteristics suggest that the
electrons are strongly interacting, the extent of the interaction
being typical of the coupling of two electrons in the same redox
orbital. In view of the fact that the interactions between two
electrons introduced in the two phenyl groups should be small,
the two redox processes should be essentially centred in a
molecular orbital for which the highest charge density is located
in the central part of the molecule, i.e. the PCP fragment. This
is substantiated by the results of theoretical calculations



performed on the dianionic species at the B3LYP/6-311G**
level which predict for this species a full trans conformation
(w =180°) with the two extra electrons located in the same o
MO. The paramagnetic dianion (triplet state) lies 1.0 eV higher
in energy. In turn, the diamagnetic dianion is computed to be
3.1 eV less stable than the radical anion. This value is much
greater than that found experimentally (ca. 0.5 eV). However
the simple Born theory' predicts that the interaction with
solvent should stabilise the dianion species with respect to the
radical anion by 1.9 and 2.1 ¢V in THF and ACN respectively.
The radius of the diphenyl derivative has been employed in the
calculation since it is intermediate between those of the unsub-
stituted and bis(2,4,6-tri-tert-butylphenyl) derivatives so as to
simulate the actual distribution of the molecules of solvent
around the negatively charged species. Thus, taking into
account solvation, the instability of the dianion with respect to
the radical anion decreases to about 1.0 €V, i.e. in better accord
with experiment.

As already mentioned, in our hands the EPR spectra
obtained by reduction of 1 (and 1*) proved much more complex
than previously reported,® and their rather intriguing discussion
requires that at least three different hypotheses be considered.

A first possibility is that the observed spectra result from the
overlapping of the signal due to the radical anion 6 (or 6%), a
broad “normal” 1:2:1 triplet (triplet of doublets), with a
narrower doublet (doublet of doublets) of multiplets. In this
case the reversible disappearance and reappearance of the outer
lines on lowering and raising the temperature would imply the
existence of an equilibrium between the radical and a dia-
magnetic species (a dimer?), shifted in favour of the radical at
higher temperatures, a feature more characteristic of neutral
free radicals than of radical anions. It is however hard to pro-
pose a structure for the radical responsible for the sharper cen-
tral signal, the only clear point being that it should still contain
the central carbon atom of the starting compound(s), as indi-
cated by the variation of the spectral pattern on isotopic substi-
tution. Besides, it seems at least odd that in the radicals from
the *C enriched derivative the '*C splitting of the central signal
is the same as that of the outer lines. Anyway, even if this were
the case, the phosphorus splittings would be sizeably larger than
that computed for both the cis-like and trans-like conform-
ations and also larger than the maximum value (6.32 mT) com-
puted for the full trans conformation which, however, lies 2.9
kcal mol™! higher in energy. Furthermore, calculations suggest
that both conformers should be detectable.

A second hypothesis, apparently in line with the previous
report,’ is that all the observed lines belong to the same spec-
trum, and that the unusual spectral pattern reflects dipolar
broadening of the lines associated with the triplet state of the
two equivalent phosphorus nuclei, similarly to what was
observed previously for the radical cation of a diaryl diphos-
phine?*?! or for 1,1-difluorobenzyl radical.?* In this case, how-
ever, it seems difficult rationalising the hyperfine structure
exhibited by the central group under higher resolution condi-
tions. Actually, the best fitting (in fact a very good one) between
the experimental and the computer simulated traces was
obtained by assuming that the unpaired electron, besides inter-
acting with the two *'P and the '*C (when present) nuclei, is also
coupled with two sets of nine equivalent hydrogens (0.047 and
0.082 mT, respectively) and a single hydrogen (0.328 mT).
Although the 3'P and *C hfs constants are reasonably consist-
ent with previous values attributed to the radical anion 6 (or
6%),5 a justification of the additional hyperfine pattern would
require the interaction of the unpaired electron with only one
aromatic ring which, in addition, should be blocked in such a
way that only one of the meta hydrogens and only two out of
the three tert-butyl groups exhibit an hyperfine coupling. Such a
set up should lead, in contrast with experiment, to the observ-
ation of two unequivalent phosphorus splittings. Actually the
0.328 mT doublet cannot originate from two unequivalent

phosphorus couplings, because in this case all the spectral lines
should exhibit a normal intensity.

All the above points seem to cast serious doubts on the attri-
bution of the observed spectrum to the radical anion 6 (or 6%),
yet the disconcerting observation that the electrolytic reduction
of the 3,3-dichloro-1,2-diphosphirane 8 (or 8*) affords the
same spectrum detected with 1 (or 1*) might instead be viewed
as lending further support to this identification. Compound 8 is
in fact converted to the diphosphaallene 1 by reaction with
methyllithium in THF,' and it is possible that, as outlined in
Scheme 4, the electrochemical process is actually a mimic of the
synthetic reaction.

CCl, _ CCl, . /C\CI pe
Ars—P—P i At —= |Ars=P—P-uiAr [— > |Are—p—p-iAr | — >
8
/C\CI - - /C\ Ar+ -
- /
—— |ArmP—PAr | — [Arm—P—P-iAr L»/P:C:P -
Ar
Ar 1
Al
— /P:C:P
Ar 6
Scheme 4

Also for this second hypothesis, agreement with MO calcu-
lations is very poor. In addition to the already discussed dis-
crepancy in the phosphorus hfs constant, the meta hydrogen
splittings are computed to be much smaller (<0.07 mT, in par-
ticular 0.01 and 0.05 mT in the cis-like conformer, and 0.01 and
0.06 mT in the trans-like conformers), than the doublet experi-
mentally observed (0.328 mT). Furthermore, AM1 calculations
show that the spin density at any hydrogen of the ters-butyl
groups is much smaller than that at meta hydrogens, thus sug-
gesting that a hydrogen of the tert-butyl groups can not be
responsible for the observed doublet.

In this context, the increase of the EPR spectral intensity
detected after interrupting the electrochemical reduction of
either 1 or 8 should also be considered. In principle this might
be viewed as a consequence of the experimental set-up, our
EPR electrolytic cells only having a working electrode and a
counter electrode, but no reference electrode. The consequent
impossibility of achieving exact control of the working elec-
trode potential could lead to the formation of substantial
amounts of the dianion 7 at the expense of the radical anion 6.
Upon interruption of the current, a comproportionation might
take place between the dianion and compound 1 to form the
radical anion 6. It should however be recalled that the rates of
decomposition of the dianion 7 and of the radical anion 6 have
been determined as 8 x 10* and 3 x 10? s™!, respectively; this is
in contrast with the fact that the spectra can be observed over a
long time interval after the electrolysis interruption.

The third possibility stems from the EPR spectra observed by
chemical reduction. Whether or not the spectra observed at
room temperature are due to the radical anion, those recorded
at low temperature by reduction of 1 with the Na-K alloy in
the presence of a crown ether should be due to an ion pair 10
(see Table 1) between the radical anion and an alkali counterion,
the latter being externally complexed by the crown ether. The
additional doublet splitting observed when replacing 1 with the
isotopically marked 1* would also be consistent with this
assignment. The normal 1:2:1 shape of the triplet spectral pat-
tern should be attributed to a different conformational prefer-
ence of the ion pair with respect to the free anion, also reflected
in the different values of the hfs constants measured for the two
species. On the basis of MO calculations performed previously
on the unsubstituted radical anion this would mean that the ion
pair is locked in the symmetric C, structure (asp=6.49 mT),
while the free anion inverts rapidly between two equivalent
asymmetric C; structures (average aw, value=7.64 mT).
Although the agreement with experiment (asp=6.2 and 7.68
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mT, respectively) would be very good, the present calculations
indicate that this agreement is fortuitous. They confirm that this
radical anion has to be considered as a fluxional system due to
the quasi linearity of the PCP linkage: the C, structure lies only
0.1 kcal mol ™! higher in energy above the symmetric C, struc-
ture but the average value of the P constants (aswp = 5.05 mT,
anp; =4.33 mT and aup, = 5.77 mT) increases little with respect
to that computed for the C, structure (as=p=15.01 mT). The
optimum values of the torsion angles in the asymmetric struc-
ture (CPMP'CP? = 60.4°, C*"P2CP! = 161.3°) determined at the
UB3LYP/6311G** level are similar to those found previously
for the unsubstituted HPCPH radical anion at the UB3LYP/6-
31+G** level (H'P'CP*=60.2°, H*P>CP' = 157.2°). Further-
more, while we recall that the hfs constants computed from
projected UMP2 spin density should be considered with cau-
tion, we emphasise the good agreement between the 3'P and *C
hfs constants calculated for 6* in the trans-like conformation
and those we experimentally measured. According to these cal-
culations, the relatively large phosphorus splitting is due to the
positive contribution to the s spin density from the 3s compon-
ent of the phosphorus lone pairs in the SOMO (o), a contribu-
tion which is absent in the m-type radical cation 4.

Calculations predict that also for the radical anion a trans
and a cis conformation correspond to an absolute and a relative
energy minimum, the dihedral P’~Ph',P>-Ph? angle for the trans
conformer being lower than in the corresponding conformer of
the radical cation. The energy difference between the two con-
formers is computed to be small so that both species should be
detectable in the free anion. In the ion pair the trans-like struc-
ture could be largely preferred since there is a much larger space
to allocate the counterion complexed with the crown ether.

We therefore believe that the spectra observed on Na-K
reduction of 1 and 1* can be safely attributed to the corres-
ponding radical ion pairs 10 and 10*, despite a previous
statement that “. . . electrochemical and chemical reductions of 1
lead to EPR spectra exhibiting the same hyperfine structure . . .”.5
In this respect, the observation of a hyperfine splitting from
the metallic counterion would have been useful for an
unambiguous identification of the ion pair. In the present case
the non-observation of a metal splitting is not surprising in
view of the presence of dibenzo-18-crown-6 ether, and it is
unfortunate that experiments carried out with different crown
ethers or without a crown ether altogether did not result in the
observation of any spectrum at low temperature, and afforded
the spectrum of radical 9 at higher temperatures (7' > 0 °C).

Model radical anion

Trans-like (w = 145.9°)

Cis-like (w = 45.0°)

The dashed line represents the PCP plane

On the other hand, the observed thermal lability of these
species is consistent with the results of the CV experiments
which show that the first reduction peak, corresponding to the
formation of the radical anion, is reversible at low temperature
but becomes irreversible as the temperature is substantially
raised. In this light we are also dubious about the identification
of the radical anion 6 (6*) as the species responsible for the
EPR spectrum detected upon electrolytic reduction of 1 (or 1*)
at room temperature, the intriguing complexity of the high
resolution spectra casting further doubts on this assignment.

The reduction of 1 with lithium was instead in line with the
previous report,S and the failure in detecting spectra similar to
those observed upon Na-K reduction when using lithium as
reducing agent either in the absence or in the presence of a
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suitable crown ether is in our opinion a consequence of the
different experimental conditions. Actually, lithium was used
combined with mercury in order to have a wider and cleaner
contact surface, but the amalgam reacted with 1 only above
—40 to —30 °C,{ leading under these conditions to the observ-
ation of spectra identical to those observed in the electrolytic
experiments and not consistent with the radical anion of 1.

As a concluding remark, we wish to point out that while
the diphosphaallene H-P=C=P-H certainly is an inadequate,
oversimplified model to calculate the magnetic and structural
properties of the radical ions, it proves adequate to predict the
electronic properties (optical transitions) of the title compound
and the corresponding radical cation under the constraint that
for the latter the geometry optimised for Ph—P=C=P—Ph is used.
This reflects the fact that the optical transitions essentially
involve the P=C=P moiety of the molecule.

Experimental

The normal and 2-'3C labelled bis(2,4,6-tri-tert-butylphenyl)-
1,3-diphosphaallenes 1 and 1* were synthesised according to
described procedures.* All other chemicals were commercially
available, as were the solvents which were used after dehydr-
ation by standard methods.

Cyclic voltammetry

Tetraethylammonium tetrafluoroborate (TEATFB) or tetra-
butylammonium hexaf horophosphate (TBAHFP), puriss. from
Fluka, were employed as supporting electrolytes and used as
received. ACN (UVASOL, Merck), THF (LiChrosolv, Merck)
purified as previously described,”® and CH,Cl, (Fluka) were dis-
tilled into the electrochemical cell prior to use, using a trap-to-
trap procedure. The other solvents were transferred under
argon from the original air-tight containers into a Schlenk flask
containing activated 4 A molecular sieves and kept under vac-
uum until use.

The one-compartment airtight electrochemical cell had high-
vacuum glass stopcocks fitted with either Teflon or Kalrez
(DuPont) O-rings in order to prevent contamination by grease.
The connections to the high-vacuum line and to the Schlenk
flask containing the solvent were obtained by spherical joints
also fitted with Kalrez O-rings. The pressure in the electro-
chemical cell prior to the trap-to-trap distillation of the solvent
was typically 2.0-3.0 X 10~° mbar. The working electrode con-
sisted of a platinum disc ultramicroelectrode (Goodfellow, 10
pm diameter) sealed in glass, the counter electrode was a plat-
inum spiral, and the quasi-reference electrode was a silver spiral
whose drift was negligible for the time required for a single
experiment. Both the counter and the reference electrode were
separated from the working electrode by ca. 0.5 cm. Potentials
were measured with the ferrocene standard and are always
referred to SCE.* E,, values correspond to (E, . + E,,)/2 from
CV curves. Ferrocene was also used as internal standard for
checking the electrochemical reversibility of a redox couple.

The number of electrons corresponding to an electro-
chemical process was determined by comparison to ferrocene,
and, independently, from the value of the limiting current
Iim = 4nFDca (where n is the number of electrons, ¢ the con-
centration and « the radius of the UME) at a disc ultramicro-
electrode (a=12.5 pum), the diffusion coefficient value D
having been obtained from a chronoamperometric experiment
performed at the same electrode. By monitoring i over a time
window embracing the transient and the steady state regions,
iim Was obtained while D could be determined from the slope of
the plot of i(f)/iyy, vs. t 122

1 Below this temperature only a narrow single line with g = 2.0022, was
observed, probably due to solvated electrons.



Voltammograms were recorded with a custom-made high-
gain potentiostat?® controlled by either an AMEL Mod. 568
programmable function generator or an ELCHEMA Model
FG 206 F, an AMEL Mod. 865 A/D converter, a Hewlett-
Packard 7475A digital plotter and a Nicolet Mod. 3091 digital
oscilloscope. Minimisation of the uncompensated resistance
effect in the voltammetric measurements was achieved by the
positive-feedback circuit of the potentiostat. The DigiSim 2.1
software by Bioanalytical Systems was used for the simulation
of the CV curves.

EPR Experiments

Spectra were recorded on an upgraded Bruker ER200D X-
band spectrometer, equipped with a dedicated data system, a
variable temperature device, an NMR Gaussmeter for field
calibration, and a frequency counter for the determination of
g-factors. The latter were calibrated with respect to that of the
perylene radical cation in conc. sulfuric acid.

Chemical oxidation was carried out in a fused silica sample
tube (id = 1 mm) by adding a small amount of iodosobenzene
bis(trifluoroacetate) to an argon purged solution of either 1
or 1* in 1,1,1,3,3,3-hexafluoropropan-2-ol (HFP). Chemical
reduction was carried out at low temperature in a vacuum-
sealed Pyrex tube by passing over a sodium—potassium mirror
a THF solution of either 1 or 1* to which some dibenzo-18-
crown-6 ether had been added.

Combined electrochemical-EPR experiments were per-
formed at room temperature directly inside the spectrometer
cavity using a 0.15 mm thick flat cell with a platinum gauze and
a mercury pool or a platinum wire as electrodes, and operated
through an AMEL 2051 general-purpose potentiostat. Oxida-
tions were carried out in methylene chloride or THF, reductions
in THF or DMF, using tetrabutylammonium perchlorate
or tetrabutylammonium tetrafluoroborate as electrolytes (ca.
107 M).

Pulse radiolysis

Methylene chloride (Merck pro analysis) was treated as previ-
ously described. Purging of oxygen was achieved by saturating
the solution with argon. Pulse radiolysis with optical detection
was performed by using a 12 MeV electron linear accelerator
(Linac).*”*® The radiation dose per pulse (10-50 ns) was moni-
tored by means of a charge collector plate placed behind the
irradiation cell and calibrated with an O, saturated aqueous
solution containing 0.1 M KSCN and by taking G X &s5y nm
=2.15%10* (100 eV) ™! mol ! dm?® cm™!. This dose was then
corrected for the different electron density of the individual
chloromethane with respect to water. 1 Gray (Gy) of irradiation
dose corresponds to an absorbed energy of 1 J kg™!. Spectral
data were normalised to the same dose per pulse. The optical
detection system employed the R955 Hamamatsu side-on
photomultiplier and a double grating monochromator with 5
nm bandwidth (£2.5 nm) throughout the spectral measure-
ments. Absorbance sensitivity was of the order of 1 x 1073, A
remote controlled shutter limited the exposure of the samples
to any effect of the analysing light. All the irradiations were
made at room temperature in Spectrosil® cells 2 cm long and
samples were renewed after each pulse. The electron beam was
adjusted to the same shape and size as the cell by means of
focusing magnets. Transient waveforms were captured by a
Tektronix Transient Digitizer 7912AD and then processed with
PC software for spectral and kinetic analysis.”® The rise time
was ca. 2 ns. Pre-irradiation spectra were checked by means of a
Hewlett-Packard 8452A diode array spectrophotometer.

MO Calculations

Calculations have been carried out on the diphenyl-1,3-
diphosphaallene and on its radical ions with the B3LYP

method employing a valence triple-{ basis set supplemented
with polarisation functions, p-functions on hydrogens and
d-functions on heavy atoms (6-311G(d,p)),**** using the
GAUSSIANY4 system of programs.®* In this method, which is
based on the Density Functional Theory, the exchange func-
tional is a linear combination of Hartree—Fock, local, and
gradient-corrected exchange terms (B3)** and the correlation
functional is a non local gradient-corrected term (LYP).*
Geometries have been optimised using an analytical gradient
technique and hyperfine coupling constants have been evalu-
ated as expectation values from the computed spin density
matrices. Preliminary calculations on the radical anion have
also been carried out augmenting the basis set with diffuse
s- and p-functions on heavy atoms (6-311+G(d,p)).*® On the
highly symmetric linear full frans conformation the magnetic
properties change little on adding diffuse functions on heavy
atoms, the "*C and *'P constants being computed to be 2.32 and
6.35 mT, respectively, at the UB3LYP/6-311G** level and 2.29
and 6.23 mT at the UB3LYP/6-311+G** level. Thus, diffuse
functions are not included in the calculations to save comput-
ational time.

Hfs constants for the radical anion in the zrans-like conform-
ation have been averaged over the thermally populated states of
the roto-inversion mode which has been approximated with a
one dimensional double-minimum potential:

V(0) = ko*2 + b6*2 + vexp(—cd?)

The Hamiltonian has been set up in the basis of the eigen-
functions of the harmonic oscillator®” using a reduced mass
1=3.7810"* g cm®. The values of the potential energy para-
meters (k=0.0158 au rad™2, b =0.057 au rad™*, v=0.0069 au,
¢ =18.2 rad?) have been determined from a best fitting of the
roto-inversion energy computed varying J from 0 to 45° at 5°
intervals and the hfs constants have been expanded in an even-
power series of § using a polynomial of 14" degree.

Geometries and energies have been also computed for the
unsubstituted derivatives with the unrestricted quadratic con-
figuration interaction method with single and double substit-
utions (UQCISD)* employing the same basis set. In this case
hfs constants have been evaluated from generalised density
matrices computed with the Z-vector method.*® Optical transi-
tions have been computed on the unsubstituted radical cation
with the equation of motion coupled cluster method with single
and double substitutions (EOM-CCSD)* using the ACES II
program.*! The polarised basis set (POL)**** developed by
Sadlej for high-level-correlated calculations of molecular elec-
tric properties has been employed in these calculations. This is a
triple-{ basis set with sufficient diffuse character to describe
both Rydberg and valence excited states augmented with two
sets of polarisation functions.
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Appendix — Estimate of E°ccycc,- by means of
Marcus theory

In order to obtain an approximate estimate of the as yet
unknown Ecc,co,- value from the experimentally measured
ks, Marcus theory was used. Since ks < 0.1 k, (the diffusional
rate constant for the formation of precursor complex), the
Marcus equation can be written in a simple version* as eqn. (7),
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ky=Z exp{—[(1/4)(1 + AG”'[J)*RT]} 7

where k., is the rate constant of the electron transfer reaction,
Z=10"M"'s! is the pre-exponential factor (adiabatic ET),
A is the reorganisation energy, and AG®' is the corrected free
energy change of the reaction. The reorganisation energy con-
sists of inner-sphere, A, and outer-sphere, 4,, terms. Assuming
that the configuration changes of both reactants are sufficiently
small, 4; can be neglected, and the outer-sphere reorganisation
energy, which arises mainly from solvation, can be evaluated
from eqn. (8),* where r, =2 A and r, = 8 A are the radii of CCl,

o= 3312 [(112r) + (12r5) — (Urpl[(1m?) — (/)] (8)

and 1, respectively, approximated as hard spheres, and
r, =71, + r,. The refraction index n=1.459 and the relative
permittivity (formerly known as dielectric constant) ¢ = 2.24 are
the values for the present solvent (CCl,) at 25 °C. A value of
1.64 kcal mol ! is calculated for A, from eqn. (8), and by intro-
ducing this value for A, and the experimental value for k5 in
equation 9, obtained by rearranging eqn. (7), a value of 1.70
kcal mol ™! was obtained for AG®'.

AG® = J{[(RTIn(ZIk)I(AH]"* — 1} )

By correcting AG®' for the electrostatic free energy change
A upon ET in the transition state, using eqn. (10) and (11),

AG® = AG° + A4 (10)
A=(331.2er ) (Z, — Zy — 1) (11)

where Z, and Z, are the charges of the acceptor and donor
respectively (0 for both), f=1 (i.e. zero ionic strength), a value
of 16.48 kcal mol™ is obtained for AG°. In order to evaluate
E°cayica, in CCl,, knowing AG®, it is necessary to introduce
in eqn. (4) the value of £°,,; determined in the same solvent. We
are now facing the problem of converting data valid for one
solvent to values for another solvent. One simple hypothesis is
that the variation of redox potentials by changing the solvent
can be accounted for by the dielectric continuum Born model ¥
according to which the variation in E,,, for the redox couple 4/1,
upon switching from CH,Cl, to CCl,, is given by eqn. (12),

AE,, = (1/F){(331.2/2) [(l/gcch) - (1/8CH1C12)]}(1/F4) (12)

where Fis the Faraday constant (23.07 kcal V-'mol ™), r,=8 A
is the radius of the species formed and the other symbols have
the same meaning as defined above. The use of eqn. (12) gives
for AE,;, the value of 0.3 V, so that from the experimental value
of 1.97 V for E,, 4, determined in CH,Cl,, an estimated value
of 2.27 V is obtained for E,;, 4, in CCl,. Inserting this value into
eqn. (6), along with the estimated value of 16.48 kcal mol ™! for
AG°, the value of 1.56 V is obtained for E°cq e, If
instead the value of 1.97 V, uncorrected for the change of the
solvent, is used E°cq,cc, 15 evaluated as 1.26 V.

On the basis of the above treatment, in spite of the severity of
the approximations made, it can be deduced that the as yet
unknown value for E°cccc, should not differ much from
1.45 V vs. SCE, the midpoint potential of the range 1.6 — 1.3V
vs. SCE.
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