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Electron donor-acceptor interactions between inorga-
nic complexes and organic donors and acceptors have
been studied by visible absorption spectroscopy and
electron spin resonance techniques. Attention has
been concentrated on interactions between transition
metal dithiolene complexes (D) and quinone acceptors
(A) In many cases complete transfer of charge to
give D* and A~ occurs in solution.

Introduction

There has recently been considerable interest in
interactions between transition metal complexes and
strong organic acceptors such as tetracyanoethylene or
benzoquinones. This interest covers the preparation
and properties of these complexes,! and their role
as intermediates in substitution reactions? and in ho-
mogeneous catalysis.’ We have studied electron do-
nor-acceptor interactions between metal complexes,
particularly dithiolenes, and organic acceptors and
donors.

Interaction between a donor complex, D, and an
acceptor, A, may give a simple molecular complex
D.A., or may as a result of complete transfer of char-
ge give the two ions D* and A~. The molecular
complex D.A. is normally, if somewhat proleptically,
termed a «charge transfer complex ». This title
rfefers to the characteristic specttum in the visible-
ultraviolet region of the spectrum arising from transi-
tions from a largely non-bonding ground state with
some admixture of the excited state D* . A~ to a lar-
gely ionic excited state with some D .A character.
The formation of D* and A~ rather than an essenti-
ally D . A ground state depends on ionisation potentials
and electron affinities, and on solvation effects. The
separate ions will obviously be favoured in a strongly
solvating (high Z or Er value*) solvent. These phe-
nomena have been widely observed in organic systems,
but only rarely reported for inorganic systems. Exam-
ples of the formation of D .A molecular complexes
from metal complexes include the reaction of metal-
oxine complexes with acceptors such as tetracyano-
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ethylene and p-chloroanil,’ while interaction between
tetrahalogenometallate (MX,"~) anions and paraquat
lead to D* plus A~ for MXs*~=FeCl"~, but to D . A
for most of the other MXs"~ studied.® In the present
paper we report evidence from visible absorption and
e.s.r. spectroscopy for interactions of the type D+A—
D*+ A~ between a variety of dithiolene complexes
of transition metal ions and organic acceptors, espe-
cially 2,3-dichloro-5,6-dicyano-p-benzoquinone, and for
a selection of other inorganic complex - organic accep-
tor or donor systems.

Results and Discussion

Wavelengths of maximum absorption of new bands
which appear in the 500-700 mp region on mixing
dichloromethane solutions of dithiolene complexes, e.g.
bis-maleonitriledithiolatonickel(1I), Ni(mnt),"~, formu-
la I:*
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and of 2,3-dichloro-5,6-dicyano-p-benzoquinone (here-
after abbreviated to Q) are reported in Table I. The
constancy of values in this Table, independent of the
nature of the transition metal, the nature of the li-
gand, the charge on the complex, and the gegenion
present, suggest that a common species, presumably
Q-, is generated in all cases. Table 11 suggests simi-
lar behaviour for the acceptors 7,7,8,8-tetracyanoqui-
nodimethane (TCNQ) and tetracyanoethylene (TCNE).
The observed spectra are thus internal transitions of
A~ rather than charge-transfer D . A—»D* . A™, since
the latter would vary with D. Confirmation that the
observed spectra do arise from A~—A~* transitions
comes from comparison (Table III) with known A~
spectra generated by established donors such as N,

(*) Actual oxidation states of transition metals in mdleommledl
thiolato complexes are of course difficult to define, since there is
much electron dclocalisation betwecn metal ion and ligands. In
this paper we use the convention that each mnt ligand bears a
2- charge.

(6) A. ]. Macfarlane and R. J. P. Wiliiams, J. Chem. Soc. (A),
1517 (1969).
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Table I. New bands observed in the region 500-700 mu on mixing dichloromethane solutions of 2,3-dichloro-p-benzoquinone and
maleonitriledithiolato, M(mnt);"~, or 1,2-diperfluoromethylethylenedithiolato, M(scf),"~, complexes.

(EtN).
(EtN),
(EtN):
(EtN):
(EtN),
(EtN),

(Et.N)iNi(mnt)z

(i) Metal variation (M")

(ii) Metal variation (M)

(Et.N)
(Et.N)
(iii) Ligand variation

(iv) Gegenion variation

Co(mnt)z
Ni(mnt),
Cu(mnt),
Zn(mnt)z}
Pd(mnt),
Pt(mnt);]

Pd(mnt)z{
Pt(mnt),]
(Et,N):[ Ni(scf);]
(nBu,N),;[ Ni(mnt),]

544 584
544 585
542 584
544 585
542 583
540 584
no new bands
(540) (588)
542 584
544 586
544 585

N, N’, N’-tetramethyl-p-phenylenediamine (TMPD) or
iodide. Table III also illustrates the effect of ionisat-
ion (redox) potential variation in donors. Bis-maleoni-
triledithiolatonickel(I1), Ni(mnt);?~, formula I above,
is a fairly reluctant donor, giving anions only with
the strongest acceptors TCNQ, TCNE, and Q, but
the bis-(1,2-diperfluoromethylethylenedithiolato)nickel-
(Il) complex, Ni(scf),;*-, formula II below, with its
more favourable redox potential,” also generates A~
from the two dichloro-p-benzoquinones. Neither com-
plex is a sufficiently powerful donor to generate A~
from p-benzoquinone or toluquinone.
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C
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[
C
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Bis-maleonitriledithiolatonickel(I1I), Ni(mnt),~, gi-
ves no A~ with Q; the corresponding palladium(III)
and platinum(1II) complexes do give some A~ from
Q, though in the former case with considerable reluc-
tance. These observations are consistent with the ex-
pected stabilities of the respective metal(1V) comple-
xes which would be produced as D*.

The generation of the respective anions from Q,
from TCNE, and from p-chloroanil by the addition of
a variety of dithiolene complexes, in dichloromethane
solution, was confirmed by observation of a strong

Table Il. New bands observed on mixing dichloromethane
solutions of 7,7,8,8-tetracyanoquinodimethane (TCNQ) or te-
tracyanoethylene (TCNE) with maleonitriledithiolato com-
plexes, M(mnt)*~, or 1,2-diperfluoromethylethylenedithiolato
complexes, M(scf):"".

(i) TCNQ (EtN).[Ni(mnt), 748 765 849
(EtN):[ Cu(mnt), 747 762 sh 848
(Et,N):| Zn(mnt), 749 763 sh 850
(ii) TCNE  (Et:N):[ Ni(mnt), polybanded 374 470
(Et.N);[ Cu(mnt), polybanded  390*-470
(EtN).| Zn(mnt), polybanded  420*470
(Et,N),[ Pt(mnt). polybanded 376 470
(Et;N);[ Ni(scf).] polybanded 366 470

* lower wavelength absorption dominated by bands due to
unchanged complex or excess of quinone,

(7) 1. A. McCleverty, Progr. Inorg. Chem., 10, 49 (1968).
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e.s.r. signal at the appropriate g value. E.s.r. spectro-
scopy should also give some information about the
nature of the D* species generated from the dithiolene
complex in the cases where D* is paramagnetic, and
indeed a spectrum appropriate to Ni(mnt);~ was ob-
served from mixed dichloromethane solutions of Ni-
(mnt);>~ and Q. The es.r. results from these and
related experiments will be reported fully elsewhere.?

The stoichiometry of interaction was investigated
for several maleonitriledithiolato complexes, in each
case with Q as acceptor. This quinone was chosen
since its anion has one band (580-590 mp) which oc-
curs in a region where neither the donors used nor
the neutral quinone molecule absorb significantly. Ab-
sorbance of mixed donor-acceptor solutions are repor-
ted in Table IV. The results indicate a 1: 1 stoichio-
metry showing that in the simple

-

D+A D+ + A"~

model used to represent these systems the equilibrium
lies at, or very close to, the right-hand side. Unfor-
tunately these results cannot be checked directly aga-
inst the molar extinction coefficient of Q- in dichloro-
methane solution since this quantity could not be de-
termined. TMPD* absorbs in the same region as Q~,
so TMPD cannot be used to generate Q- at known
concentration; weaker donors than TMPD do not
generate Q- in dichloromethane; and all the alkali
metal iodides are too insoluble in dichlomethane for
this approach to be used. However it is possible to
determine the extinction coefficient for Q- in acetone
using iodide as donor, and to compare this with that
using Ni(mnt);?>~ as donor in the same solvent. The
agreement is reasonable, and the extinction coefficient
for Q™ generated by Ni(mnt);*~ is similar in acetone
and in dichloromethane (Table V).

Average molar extinction coefficients, calculated as-
suming 1:1 stoichiometry from the results given in
Table IV, are given for each donor complex in Table
VI. The overall consistency of values in Table V
and VI strongly supports the 1:1 stoichiometry indi-
cated by Table IV.

Although most of this investigation has been devoted
to maleonitriledithiolato complexes we have examined

(8) J. B. Raynor, to be published.
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Comparison of new bands for mixed solutions prepared from bis-maleonitriledithiolatonickel(I1), Ni(mnt);*~, or from bis-

(1,2-diperfluoromethylethylenedithiolato)nickel(I1) Ni(scf),~, and organic acceptors with those for established acceptor anions;

N = no new bands observed.

Donor Solvent Bands Ref.
(i) TCNQ (Et:N):[ Ni(mnt),] CH,Cl, 748 765 849 _—
TMPD MeOH 744 844 10
I- THF 750 772 835 11
(i) Q (Et.N);ENi(mnt)z] CH;CL 540 585 —
(EtN),| Ni(scf):] CH,Cl; 544 586 —_—
TMPD CH.Cl, ( ~ 540 sh) ( ~ 580 sh) *
(EtN):[Ni(mnt).] acetone 552 594 —_
phenylenediamine acetone - 550 595 —
I- acetone 554 593 —
(iii)  p-chloranil (EtN); Ni(mnt)z] CH,Cl, + 450 —
(Et:N):| Ni(mnt), acetone + 447 _
(EtN)s[ Ni(scf), ] acetone 419 446 —_
TMPD acetone 419 446 -
(Et,N):[ Ni(scf),] MeOH 424 452 —
TMPD MeOH 426 452 10
(EtN);[ Ni(scf):] MeCN 420 447 —_
TMPD MeCN 422 448 10
(iv) TCNE (Et;N):[ Ni(mnt),] CHCl, 374 to 470 § —_—
TMPD CH,Cl, 370 to 470 § -
TMPD aq, MeOH, MeCN 370 to 470§ 10
(v)  2,5-dichloro-p-benzoquinone (Et:N).[ Ni(mnt).] CH,Cl, N —
(EtQN)z Ni(SCf)z CHzCl: 418 442 sh —_—
(Et,N):[ Ni(scf), acetone 420 450 sh -
(Et.N)[ Ni(scf), MeOH 415 442 sh —_—
TMPD aq 444 10
(vi)  2,6-dichloro-p-benzoquinone (Et:N),[ Ni(mnt);] acetone N —_
(Et,N):[ Ni(scf):] acetone 426 450 —
I- acetone 425 450 —
(EtN):[Niscf): ] MeOH 425 (445-450) _
TMPD MeOH 427 453 10
(vii) p-benzoquinone (Et:N):[ Ni(mnt).]
(EtN):[Ni(scf),] CH.Cl,, acetone N —
(viii) toluquinone (Et.N)zENi(mnt)z] \
(ELN)[Ni(sch.] ¥ CH,Cl,, acetone N —

* Overlaps TMPD* spectrum;
sh = shoulder.

Table IV. Absorbances at 585 mp (ODss) of dichlorome-
thane solutions of bis-maleonitriledithiolato complexes,
M(mnt);?~, and 2,3-dichloro-5,6-dicyano-p-benzoquinone, Q,
at 25.0°. Concentrations quoted in column headings are the
values before reaction.

10' o' 10t 10
[Ni(mnt);z'] [Q] ODss [Cu(mnt~] [Q] ODss
M M M M
1.92 0.38 0.24 1.92 038 0.25
1.92 1.15 0.62 1.92 1.15 0.70
1.92 1.92 1.01 1.92 192 1.09
1.92 270 098 1.92 270 117
1.92 3.08 .1.09 1.92 347 1.09
1.92 347 0.97 1.92 384 1.19
1.92 3.84 1.11 1.92 423  1.11
1.92 81 097 1.92 8.07 1.09
3.84 0.77 0.38
3.84 154 0.78
3.84 231 1.16 10°* 10*
3.84 3.08 1.53 [Pd(mntz] [Q] ODss
M M
10* 10* 1.54 185 0.96
[Zn(mnt)z" ] [Q] ODsss
M M
1.92 5.70 1.15

# [Ni(mnt),]*~ has a strong absorption in this region;

§ polybanded at 9-10 mp intervals;

a variety of inorganic compounds to see which are
able to donate electrons to 2,3-dichloro-5,6-dicyano-
p-benzoquinone to generate Q, generally in dichloro-
methane. Many mixed halide-phosphine complexes,
including [Pt(PPh;);F](HF;), cis-Ni(PPh;);Cl;, Co-
(PPhs),Cl;, Pd(PPh;),Cl; (though not Au(PPh;)Cl), and
carbonylphosphine compounds, e.g. cis-Ru(CO);-
(PPhJ)zClz, Fe(CO);(PPh;)z, and Ni(CO)z(PPhs)z do ge-
nerate Q-. The simple carbonyls M(CO), M=Cr,
Mo, W, do not. With metal-phosphine-halides, M-
(PR;3),X;, electron transfer often takes place from the
cis isomer but not from the frans. In many casea
only a relatively small amount of Q- is generated,
indicating that the equilibria D+A=D*A~ or D. A
= D*+4+ A~ lie towards the left. Thus the addition
of between 5 and 20 X 10~* M solutions of Q in dichlo-
romethane to 1.15x10°*M cis-bis-(tri-n-buthylphos-
phine)platinum(II) chloride gives absorbances of about
0.1 to 0.2 at 585 mu.* Using the molar extinction
coeflicient for Q™ calculated earlier, and assuming the
equilibrium to be D . A=D*+ A, one can calculate

(*) Absorbances due to Q- formation can only be estimated approx-i
mately here, since at these -relatively high concentrations of reactants ab-
sorbances due to unchanged donor and acceptor separately interfere.
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Table V. Determination of the molar extinction coeOcient, €ws or €ss, in dichloromethane and acetone respectively, of the 23-

dichloro-5,6-dicyano-p-benzoquinone anion, Q-

Donor Solvent 10'[Q .M ODysss  ODsgs €sos  Esgs
iy acetone 2.83 1.61 5700
(Et:N),[ Ni(mnt),] acetone 291 1.82 6200
(Et,N),[ Ni(mnt),] CH.Cl, 1.94 1.19 6100

Table VI. Estimates of the molar extinction coefficient, s,
for the 2,3-dichloro-5,6-dicyano-p-benzoquinone anion, Q-,
in dichloromcthane from Table 1V results.

Complex Esis
(Et,N).[ Ni(mnt),] 5300
(Et.N), Cu(mnt)z% 6000
(Et.N)z{Zn(mnt)z 6000
(Et:N),[ Pd(mnt); ] 6200

9

ween [Ni(S:Cx(CF3),).]° and pyrene or perylene.
Working in acetone, which we have found easier to
free from oxygen than dichloromethane, we have also
generated TMPD™* by the action of acceptors HgCl,,
VO(acac);, and cis-Pt(py).Cls on TMPD.

The expected electron transfer takes place between
Ni(mnt);>~ and HgCl;, as shown by our observation
of the characteristic e.s.r. signal due to the nickel(III)

Table Vil. Solvent effects on the visible absorption bands of the 2,3-dichloro-5,6-dicyano-p-benzoquinone anion. N = no evidence
for Q- in these cases; I = donor insoluble; Er values from reference 8.

Donor
Solvent E: (Et.N);[Ni(mnt),] [ (PPh;);PtF](HF.) cis—[ (PPh;),PtCl,]
MeNO, 46.3 546 587 544 583 547 587
MeCN 46.0 548 590 546 586 549 589
Acetone 42.2 552 594 554 594
CH.C!, 41.1 544 585 542 582
PhCl 375 1 (540) 585 N
C:Hs 345 1 N N

an equilibrium constant K=10"* M~! for this case.
Alternatively if the equilibrium D4+A=D*+ A" be
assumed, then K=107% On either assumption the
contrast with the Ni(mnt);*~ case, where K=1, is
clear.

No system studied here gave absorption bands
which could be unequivocally assigned to a charge-
transfer band of a complex D . A. Absorption bands
of the reaction components obscure much of the region
where such absorption would be expected. How-
ever in view of the similarity of our systems to others
where charge-transfer bands have been observed we
feel it justifiable to interpret our results in terms of
such intermediate D . A complexes.

Solvent effects on acceptor anion spectra were brie-
fly studied. The results in Table VII, as well as re-
levant results included in Table III, show that solvent
effects are small, and moreover do not correlate with
the standard spectroscopically-based solvent parame-
ter Er. The significant feature of Table VII is not the
variation of wavelengths of maximum absorption with
solvent, but rather the non-appearance of the anion
spectrum in poor solvents such as benzene, where
there will be negligible stabilisation of D* and A~ by
solvation (cf. Introduction).

In all the preceding cases electron transfer has ta-
ken place from an inorganic donor to an organic accep-
tor. We have also sought examples of the converse
process, donation from an organic donor such as
TMPD to an inorganic acceptor. Two examples are
already well established - oxygen with TMPD gives
TMPD*O,-, while electron transfer also occurs bet-
complex Ni(mnt);” in mixed dichloromethane solu-
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tions of these inorganic donor and acceptor species.

Experimental Section

The transition metal-dithiolene complexes were kin-
dly supplied by Dr. J. B. Cornell. Other metal com-
plexes were prepared by standard literature procedu-
res. Organic acceptors were obtained from Koch-
Light. All solvents were dried and purged with nitro-
gen before use.

Visible absorption spectra were run on a Unicam
SP800A, Beckmann DK-2A, or Beckmann DB-G, spec-
trophotometer. The wavelength calibrations of these
instruments were periodically checked using standard
holmium and didymium glass filters. In the stoichio-
metric experiments solutions were thermostatted at
25.0° in the cell holder of the SP800A, through which
was circulated water from a constant temperature bath
controlled by contact thermometer and relay.

Electron spin resonance measurements were obtain-
ed on a Varian Associates E3 spectrometer.
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