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is assumed, with JaB(gem) = —13 Hz, Jaa(vic) = 4.7 Hz, and
Jap(vic) = 7.1 Hz. This pattern is consistent with the mode
of coordination of the macrocyclic ligand in VII and also
indicates a staggered conformation for the dimethylene chain,
with a small difference in environment between the axial and
equatorial hydrogens. This difference is most probably due
to the deshielding of the axial hydrogens by electrons in the
dz: orbital of the nickel(II) ion as predicted by Buckingham
and Stevens.!4 Warner, Rose, and Busch!5 have also noted
the difference between axial and equatorial protons of a di-
methylene chain in a nickel(II) complex containing a ma-
crocyclic ligand.

When NiTBK is heated with ethylenediamine under similar
or more forcing conditions to those used with NiDMK, no
reaction takes place and NiTBK is recovered unchanged from
the reaction medium. [t is thus apparent that the reactivity
of the coordinated CO groups in complexes containing ligands
of type III is dependent on the attached R group. Since the
nature of the R group will affect the electron density at the
carbon atom of the CO group, the extent of nucleophilic attack
at that carbon atom may also be affected. The C(CH3)3 group
is both electron releasing and bulky and this results in the CO
group of NiTBK being less susceptible to nucleophilic attack
than the CO group in NiDMK or NiMMK with methyl and
phenyl substituents, respectively. We may thus conclude that
reactions with amines proceed via attack of the amine at the

Inorganic Chemistry, Vol. 14, No. 2, 1975 313

carbon of the coordinated CO group, followed by elimination
of a water molecule. This may be preceded by initial coor-
dination of the amine as a unidentate ligand to the nickel. The
role of the metal ion in condensations of this type is both that
of an electron-withdrawing species and that of a template,
holding the CO groups in cis orientation such that macrocyclic
ligands may be produced by reaction with a suitable diamine.

Registry No. NiDMK, 53385-20-9; NiDMM, 53385-21-0; NiTBK,
53385-22-1.
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Zinc and cobalt tetraphenylporphyrins each form 1:1 molecular complexes with the strong acceptor Ni(S2C2(CF3)2)2, Ni(tfd)a.
The optical absorption, infrared, and electron spin resonance spectra.of these 1:1 complexes have been studied. Zn-
(TPP)Ni(tfd)2 is a Mulliken-type donor—acceptor complex with a neutral ground state showing an intermolecular
charge-transfer band at approximately 1900 nm (5.26 kK). Co(TPP)Ni(tfd)2 is a covalent compound having a Co—S bridging
bond but nevertheless has a charge-transfer band (intramolecular) at- 1370 nm (7.30 kK). The complexes disproportionate
in solution, to an extent dependent on the solvent polarity. Solution thermodynamic data are presented.

Introduction

Metalloporphyrins have been studied widely in recent years
because of the importance of these compounds as model
systems involving photosynthesis, electron-transport, and other
biologically important phenomena. Receiving perhaps the
greatest attention have been the redox properties and the axial
coordination tendencies of these compounds.!-5 We were
interested in the possibility of synthesizing donor-acceptor
complexes of metalloporphyrins and chose to investigate re-
actions of the zinc and cobalt tetraphenylporphyrins with
bis(cis-trifluoromethylethylene-1,2-dithiolato)nickel, Ni(tfd)2
(1), which had previously been shown to be a strong acceptor

CF
F3C\C/S\ /S\C/ 3
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1

capable of forming donor—acceptor charge-transfer complexes
in either neutral or ionic ground states.6-8 The zinc and cobalt
complexes were chosen on the basis of their published oxidation
potentials, which suggested that they might act as donors when

* To whom correspondence should be addressed at the Department of
Chemistry, University of Vermont, Burlington, Vt. 05401.

F3C 3

mixed with Ni(tfd)2.° A neutral ground-state donor-acceptor
complex was formed between Ni(tfd)2 and the zinc complex,
but a covalent compound was obtained from the reaction of
the nickel and cobalt complexes. In spite of the formal
difference in the two types of compounds formed, a near-
infrared charge-transfer band was found in each case, indi-
cating that relatively low-energy excited-state pathways for
charge transfer exist in these compounds.

Experimental Section

Materials. «,8,y,d-tetraphenylporphine (TPP) was prepared by
the method of Adler, ez al.10 It was washed numerous times with
methanol and hot water, dried under vacuum at 56°, and purified
by extraction with benzene,!1.12 followed by removal of benzene under
vacuum. a,B3,v,6-Tetraphenylporphinatozinc (Zn(TPP))!13 was
prepared from zinc acetate (20-fold excess) and TPP in dimethyl-
formamide and purified by twice eluting the Ted-violet band with
benzene on alumina. Bis(cis-1,2-trifluoromethylethylene-1,2-di-
thiolato)nickel, Ni(tfd)2, was prepared by the method of Davison,
et al.'4 and purified by sublimation. Tetrabutylammonium bis-
(cis-1,2-trifluoromethylethylene-1,2-dithiolato)nickelate, (BuaN)-
[Ni(tfd)2], was also synthesized by the literature method.!5 Spec-
troquality dichloromethane and toluene were dried before use, the
former by refluxing over calcium hydride for 24 hr and the latter by
distillation from sodium metal. Careful drying of these solvents was
necessary if spurious reduction of neutral Ni(tfd)2 was to be avoided.
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Figure }. Optical absorption spectrum of Zn(TPP)Ni(tfd), in KBr.

The complex between Co(TPP) and Ni(tfd)2 was formed by mixing
equimolar amounts of the materials in dichloromethane. The solvent
was evaporated and the residue washed with pentane. Analysis was
satisfactory for a 1:1 complex. Anal. Caled: C, 52.80; N, 4.74; §,
10.80; H, 2.37. Found: C, 52.59; N, 4.80; S, 10.98; H, 2.58.16 The
Zn(TPP)Ni(tfd)2 complex was prepared in the same fashion. Anal.
Caled: C, 52.50; H, 2.36; N, 4.71. Found: C, 52.54; H, 3.10; N,
4.61.17

Physical Measurements. Optical absorption spectra were recorded
on a Beckman Model DK-1A spectrophotometer from 2500 nm to
the ultraviolet cutoff for each solvent. Solid-phase spectra were
obtained as pressed KBr disks. A Lauda constant-temperature
circulator consisting of a thermostat, Model KB20, a cold storage
vessel, Model KS, and a Model R201 electronic relay (Brinkman
Instruments, Inc.) was used for obtaining spectra below room
temperature. Methanol, used as the circulating liquid, was cooled
in the apparatus by a methanol~Dry Ice mixture and was then pumped
to the spectrophotometer cavity and circulated through an aluminum
block which contained both the sample and reference cell. Infrared
spectra were obtained with the Perkin-Elmer Model 225 spectro-
photometer with XBr disk samples.

Esr measurements were made with a Varian Model V-4502
spectrometer equipped with a 12-in. magnet and 100-kHz field
modulation. Experiments below ambient temperature employed the
E-4557-9 variable-temperature accessory. Spin concentrations of
solutions containing the complexes were determined by comparing
the measured signal intensity to the normalized signal intensities of
a series of standard (BuaN)Ni(tfd)2 solutions in the appropriate
solvent. Ni(tfd)2 has a single unpaired electron and in solution gives
a one-line esr spectrum with a g value of 2.061.14 At room tem-
perature a working curve was prepared in which the concentration
of Ni{tfd)2- was plotted vs. the ratio of the intensity of the nickel line
to the intensity of an internal standard sample of diphenylpicryl-
hydrazyl (DPPH). All spectra were run at an identical nonsaturating
power level and low-modulation amplitude. The concentration of the
nickel complex ion in an unknown solution was then measured by
noting the intensity ratio of its resonance line to that of the DPPH
standard. Similar working curves were prepared for spectra obtained
on solutions below ambient temperature. Concentrations obtained
in this manner were reproducible to within approximately 5%.

Results

Zn(TPP)Ni(tfd)>. Zn(TPP) and Ni(tdf)2 reacted to give
a 1.1 molecular charge-transfer complex with a neutral ground
state. This conclusion was based on the optical absorption
spectrum of the solid complex in KBr (Figure 1). The ab-
sorption bands at 547 and 740 nm were assigned to neutral
Zn(TPP) and neutral Ni(tfd)2, respectively (see Table I for
band positions and intensities of compounds pertinent to this
study). No spectral evidence of a redox product, either
ZnTPP+ or Ni(tfd)2-, was found for the solid complex, thus
eliminating the possibility of an ionic ground-state complex.
The broad near-infrared band at ca. 1900 nm, typical of
molecular complexes of Ni(tfd)z, was assigned as a
charge-transfer (CT) transition [DA — DtA-, where D =
Zn(TPP) and A = Ni(tfd);]. Near-infrared charge-transfer
bands have been observed previously for molecular complexes
of Ni(tfd)2 in neutral ground states with condensed hydro-
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Table I. Absorption Maxima and Extinction Coefficients

Nnaxs  6° 1 mol™!

Compd Matrix nm cm™!
Cobalt Dichloromethane 410 3.33 X 10°
tetraphenyl- 526 1.87 x 10¢
porphine Toluene 410 3.0x 10°
(Co(TPP)) 522 1.85 x 10*
Nitrobenzene 435
529 1.34 x 10*
KBr 437
534
Ni(tfd), Pichloromethane 553 1.70 X 10°
720 1.34 X 10°
Toluene 574 3.02 x 10°
750 9.60 X 10°
Nitrobenzene 725 8.47 x 10°
KBr 563
716
(Bu,N)[Ni(tfd),]  Dichloromethane 417 2.29 x 10°
508 1.28 X 10°
810 6.53 X 10°
Toluene 412 2.20x 10°
511 1.14 X 10°
810 6.30 X 10°
Nitrobenzene 815  6.12x 10°
KBr 508
811
Zinc Dichloromethane 418  4.65 X 10°
tetraphenyl- 508  2.98x 10°
porphine 541 1.92 X 10*

580 3.81x 10°

595 3.27 x 10°
KBr 529

562

carbons® and in the ionic ground state with phenothiazine-type
donors.”

The infrared spectrum of the complex gave supportive
information about the polarity of the ground state. The C-C
stretching frequency of metal dithiolenes has proved to be a
sensitive function of the charge on the complex, since the
carbon-carbon double bond character increases with in-
creasingly negative charge on the complex.!8:19 The C-C
stretching frequency reported for neutral Ni(tfd)2 (1422 cm1)
is considerably lower than that found in Ni(tfd)2~ (1502 em™1)
or Ni(tfd)22- (1534 cm1).20 The ir spectrum of the Zn-
(TPP)Ni(ifd)2 complex (Figure 2) showed the C-C streich
at 1420 cm™1, confirming a neutral ground state for the
complex. The assignment of this band was based on a careful
comparison of the spectra of the unreacted donor and acceptor
components with that of the reacted complex. No ir bands
except those characteristic of either Zn(TPP) or Ni(tfd)2 were
observed.?!

When the Zn-Ni complex was dissolved in dichloromethane,
a disproportionation occurred to give a mixture of ionic and
neutral components (i.e., Ni(tfd)2, ZnTPP, Ni(tfd)2~, and, by
inference, Zn(TPP)*) but no detectable Zn—Ni associated
complex. This conclusion was based on the optical absorption
spectrum (Figure 3) which showed the bands of both ionic and
neutral Ni(tfd)2 and neutral Zn(TPP) (Zn(TPP)* has no easily
diagnostic band in the visible region) but no near-ir CT band.
At ambient temperature, the concentrations of components
calculated from a simple Beer’s law analysis of the spectrum
of a 1,0 X 10 F solution were 5.7 X 103 # (ionic) and 3.6
X 10-5 M (neutral). The slight deviation (7%) from mass
balance is considered to be due to the method of analysis and
not necessarily associated with the presence of other, unde-
tected, species in solution.

Co(TPP)(tfd)2. It was anticipated that Ni(tfd)2 weuld react
with Co(TPP) to form a 1:1 charge-transfer molecular complex
in an ionic ground state, because the one-clectron oxidation
of CoTPP was reported! to occur at a potential approximately
300 mV less positive than the reduction of Ni(tfd)2. The
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Figure 2. Partial infrared spectra (KBr disks) of Zn(TPP)Ni(tfd),
(top) and Co(TPP)Ni(tfd), (bottom).
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Figure 3. Optical absorption spectrum of 1 X 10™* F solution of
Zn(TPP)Ni(tfd), in dichloromethane at ambient temperature.

spectrum of the solid Co(TPP)Ni(tfd)2 complex (Figure 4)
showed a near-ir charge-transfer type absorption band and the
band at 544 nm was consistent with the red shift observed in
the oxidation of Co(TPP) to Co(TPP)*,! but the spectrum did
not otherwise support this expectation. The band ca. 800 nm,
in the range of the Ni(tfd)2~ absorption, was of too low intensity
(perhaps suggesting that some nickel monoanion was formed
in handling or in the KBr preparation), and a new band was
present at 650 nm, Confirming evidence for the covalent
nature of the complex was obtained by consideration of the
absorption spectra obtained at various temperatures after
dissolving the complex in dichloromethane (Figure 5). It was
found (vide infra) that mass balance calculations involving
ionic and neutral uncomplexed species and the Co—Ni complex
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Figure 5. Optical absorption spectrum of a 1 X 10™* F solution of
Co(TPP)Ni(tfd), in dichloromethane at (- - -) +15° and (—) —25°.
The vertical dashed line indicates a change in the absorbance scale.

were only successful when it was assumed that the Co—Ni
complex did not directly contribute to the intensity of either
the 720-nm band (Ni(tfd)2) or the 810-nm band (Ni(tfd)2-).
This observation ruled out formulation of the Co—Ni complex
as a classical donor—acceptor complex and meant that a co-
valent compound of Co(TPP) and Ni(tfd)2 was being formed,
a conclusion confirmed by the X-ray crystal structure de-
termination of Co(TPP)Ni(tfd)2 recently completed by
Hermann and Wing.22 They found that the two metal
complexes were covalently bound between the cobalt atom of
the Co(TPP) and one of the sulfurs in the nickel complex, with
a Co-S bond distance of 2.293 A, about 0.1 A shorter than
the Co—S bridging bond in the Co(tfd)2 dimer.22 Thus, the
Co~Ni complex is better viewed as one in which oxidative
addition to the cobalt compound has taken place, resulting in
a formal Co(III) species. The donation of charge from the
cobalt moiety to the nickel moiety allows the complex to be
described formally as Co(TPP)3+Ni(tfd)2%-, and the near-
infrared absorption band is the result of inframolecular charge
transfer from a charge-separated ground state to a neutral
excited state. This is the analog of the infermolecular “reverse”
charge transfer noted for ionic ground state true donor—ac-
ceptor complexes of Ni(tfd)2 with other strong donors.” Wing
and Hermann have noted?2 that the bond lengths observed in
this complex are also consistent with a reduced Ni(tfd)2 moiety.
It was hoped that the infrared spectrum of the complex would
yield supportive evidence for the polarity of the ground state,
as was the case with Zn(TPP)Ni(tfd)2, but the spectrum
(Figure 2) is very complex in the 1400-1520-cm™! region due
to incomplete resolution of the bands of the nickel and cobalt
moigeties, and no firm conclusions could be made. It was
apparent that the nickel C-C absorption had been shifted
considerably above the 1420 cm~! of 'the neutral species,
however. The ir band at 900 cm~! was assigned to a S=C
stretch typically prominent!8 in adducts of metal dithiolenes.

Solution Behavior of Co(TPP)Ni(tfd)>. The electronic
absorption spectrum of a 1.0 X 104 F solution of Co-
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Figure 6. van’t Hoff plots of equilibrium constant-temperature
data for Co(TPP) + Ni(tfd), = Co(TPP)Ni(tfd), in dichloromethane
(®, equilibrium 1 in eq I), Co(TPP)Ni(tfd), = Co(TPP)* + Ni-
(tfd), " in dichloromethane (5, equilibrium 2 in eq I), and Co-
(TPP) + Ni(tfd), in toluene (£).

(TPP)Ni(tfd)2 in dichloromethane at 22° showed resolved
bands due to Ni(tfd)z, Ni(tfd}2~, Co(TPP), and the Co-Ni
complex. The 590-nm band of Co(TPP)*+ was seen as a
shoulder on the Co(TPP) 527-nm band. The situation was
thus similar to that previously observed in the Ni(tfd)z—
phenothiazine system, successfully treated? in terms of the
model in eq I, in which a donor-acceptor complex in an ionic

k k
D+A=DASD* + A" 160

ground state (i.e., phenothiazine*-Ni(1fd)2") was in equi-
librium with both free ions and noninteracting neutral
compounds. A comparable model is appropriate in the present
case (D = Co(TPP)), with the modification that the DA
complex now has covalent character. The temperature de-
pendence of the absorption spectra was such that at lower
temperatures the Ni(tfd)2~ band increased in intensity and the
Ni(tfd)2 band decreased. When the temperature was again
raised to room temperature the original spectrum was re-
generated. The reversibility of the temperature effect
demonstrated that the increase in Ni(tfd)2~ concentration was
not caused by decomposition due to contamination of the
solution by water or other reducing agents. In Figure 5 the
spectra of Co(TPP)Ni(tfd)2 in dichloromethane at +15 and
-25° are shown. The 650-nm band seen in the solid, covalent,
Co(TPP)Ni(tfd)2 spectrum appeared at the lower tempera-
tures. This band was probably hidden at higher temperatures
by the more intense Ni(tfd); band at 720 nm. Using ap-
propriate extinction coefficients from Table I for the various
components in the mixture, concentrations of the species
involved in eq I were determined from the absorption spectra.
Equilibrium constants obtained from these data were used to
construct van’t Hoff plots (Figure 6) from which the ther-
modynamic data involved with equilibria 1 and 2 in eq 1 were
determined (Table IT).

When excess tetrabutylammonium perchlorate (1.3 X 10!
F) was added to a solution of the Co~Ni complex at room
temperature, a simplified spectrum was obtained in which the
only bands were at 540 nm (Co(TPP)*) and 810 nm (Ni-
(tfd)27), indicating that disproportionation of the complex into
the free ions had occurred. The intensity of the 810-nm band
indicated that the nickel complex had been totally converted
to its free ionic form.
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Table Il. Thermodynamic Values Obtained for Equilibria 1 and 2
in Eq I from the Data of Figure 6, for the Case of Co(TPP)Ni(tfd),

Thermo- (phenothia-
dynamic Co(TPP)Ni- zine)Ni-
function Solvent (tfd), (fa),€
AG, CH,Cl, 6,7 ~3.5b
AG, 6.2 5.4
AOH -5.0 -12.8
AH, ~3.1 4.4
A8, 5.8 -30.8
AS, ~31.6 -3.3
Thermo-
dynamic Co(TPP)- Co(p-CH,)-
function Solvent Ni(tfd), (TPP)py
aG, Toluene ~6.1 -3.7
AH, -7.0 -8.5
AS, ~3.1 ~16

% AG and AH values in keal/mol; A S values in cal/deg mol.
b values for Co(TPP)Ni(tfd), reported for 294°K; values for
(phenothiazine)Ni(tfd), reported for 300°. ¢ Data from ref 7.
d Data from ref 24,

Table 111, Free-lon Concentrations of Co(TPP)* and Ni(tfd),” in
a 1.0 X 107* £ Sotution of Co(TPP)Ni(tfd), in CH,Cl1,?

% ions % ions
by by
optical optical
Temp, spectros- Temp, spectros-
°K by esr copy °K by esr copy
295 36.5 33.6 248 56.4 50.2
287 41.6 37 238 65.4
276 43.9 42 229 68.8
267 49.2 46 208 74.0

258 53.0 49

@ In the est experiments, the Ni(tfd),~ signal was monitored, and
it was assumed that [Co(TPP)*] = [Ni(tfd),"].

A 1.0 X 104 F solution of Co(TPP)Ni(tfd); in toluene failed
to show absorption due to Ni(tfd)2~. Bands due to neutral
Ni(tfd)2, neutral Co(TPP), and the Co-Ni complex (1360 nm)
were the only ones observed. The apparent lack of free ions
in this solvent was undoubtedly due to the lower dielectric
constant of toluene. When intensity differences between the
toluene spectra of the Co~Ni complex and those of the free
neutral components were ascribed to a residuum of ionic
species, an ionic content of approximately 4% of the formal
concentration was calculated. Taken by itself, this would not
be firm evidence for the presence of ions, but the esr results
(vide infra) were able to confirm this level of formation of ions.
The molar absorbancy coefficient for the CT band of the
Co—Ni complex was calculated to be 3.6 X 103 1. mol~! cm!
(this value was 3.1 X 103 . mol~! em~! in CH2Cl2).

Variable-temperature absorption spectroscopy similar to that
performed on CH2Cl2 solutions of the complex yielded the
thermodynamic data in Figure 6 and Table II.

Measurement of the Free-Ion Concentrations by Electron
Spin Resonance. The esr spectra of solutions of the Co-Ni
complex were very simple, showing only the single line of
Ni(tfd)2~ (g = 2.060, observed; 2.061, lit.14). The esr spectrum
of the paramagnetic Co(TPP) is not observed in fluid solutions,
and Co(TPP)™* has been reported to be diamagnetic.! Very
careful measurements of the Ni(tfd)2~ intensities vs. a ref-
erence, as described in the Experimental Section, allowed a
determination of the ionic concentrations in these solutions
which was independent of the optical spectra. Straight-line
working curves were obtained using the described procedure
in the concentration range 1076 to 104 M, Table IIT gives
a summary of the free ion concentrations of the Co—Ni complex
solutions as determined by the esr method and by optical
spectroscopy. The agreement was satisfactory, considering
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the recognized difficulty of the quantitative esr method and
the complexity of the optical spectra.

Discussion

There are interesting similarities and differences in the action
of Ni(tfd)2 on Zn(TPP) and Co(TPP). The zinc—nickel
complex is quite obviously a Mulliken-type donor-acceptor
complex in a neutral ground state,23 stabilized by nonbonding
forces. Since the redox potentials of Zn(TPP) and Ni(tfd)2
are so close,” dissolution of the Zn-Ni complex provided
sufficient solvation energy of the free ions to lead to substantial,
though incomplete, conversion to Zn(TPP)* and Ni(tfd)2~ in
dichloromethane. Co(TPP) and Ni(tfd)2 did not form a simple
DA complex. Instead, a covalent complex similar to oxidative
addition products of Co(TPP) was obtained. The enthalpy
of formation of the Co(TPP)Ni(tfd)2 complex in toluene, ~7.0
kcal/mol, can be compared to the value found by Walker,24
—8.5 kcal/mol, for the formation of a 1:1 complex in the same
solvent between tetra(p-methoxyphenyl)porphinatocobalt(11)
and pyridine. A fairly substantial Co—S bond is indicated by
this comparison. The model proposed for the interaction of
Co(TPP) and Ni(tfd)2, eq I, may be seen as similar to the
equilibrium reported by Schrauzer and Sibert?5 between
cobalamin and thiols in aqueous solution, where the cobalt(III)
aquocobalamin and the thiol reversibly form a complex in
which the cobalt remains in the +3 oxidation state, but which
dissociates to form Co(II) and neutral thio radicals. Our
observations are also somewhat similar to those reported from
interactions of Co(TPP) with tetracyanoethylene.26

Conclusions

Both Zn(TPP) and Co(TPP) interacted with Ni(tfd)2 to
form 1:1 complexes with near-infrared charge-transfer bands.
Zn(TPP)Ni(tfd)2 was a neutral ground-state molecular
complex which disproportionated into Zn(TPP)*+ and Ni(tfd)2-
as well as Zn(TPP) and Ni(tfd)> when dissolved in polar
solvents. Co(TPP)Ni(tfd)2 formed a covalent compound in
which a cobalt-sulfur bond bridged the two moieties, but the
compound still showed a charge-transfer band in the near-
infrared spectrum. This band has been assigned as an in-
tramolecular transition, probably involving less charge sep-
aration in the excited state than in the ground state. Dis-
proportionation into neutral reactants and free ions also oc-
curred when the Co—~Ni compound was dissolved in various
solvents. The solvent polarity influenced the relative dis-
tribution of ions, neutral components, and undissociated
complex. The differences in tendency toward covalent behavior
of the zinc and cobalt porphyrin complexes is probably due
to the availability of the unpaired electron in the out-of-plane
dz: orbital in neutral Co(TPP) (the lowest unoccupied orbital
in Ni(tfd)2 is an out-of-plane dy- orbital),27 whereas the highest
occupied orbital in Zn(TPP) is an in-plane dx-y2 orbital.28
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