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Figure 4. Calculated 270.13-MHz proton spectrum of llB2H6. (See 
Table I for parameters.) 

Table I. Optimum J Coupling Values (Hz) for Calculated B2H6 'H 
and IlB Spectra 

(J("B-Hb)I 46.3 * OS*" J(H,-HI)(& or trans) f14.8 * l.Od 
J("B-H,) +133.5 * 1.0 J(H,-H,)(trans or cis) *4.5 * l.Od 

J("B-"B) 13.8 f 0.5*"*b IJ(Hb-H,)I 7.45 0 . 5 * " ~ C  

J'("B-H,) +4.0 f 1.0 IJ(Ht-Ht)(gem)l 4.5 * 1.0 

"Key: H,, terminal proton; Hb, bridge proton; *, directly measured. 
bThe sign of J(B-B) can be either negative or positive; it has the same 
sign as J(H-H)(cis and trans). CReversing the sign of J(Hb-Ht) has 
no effect on the calculated spectrum. dSame comment as footnote b. 

Calculated Spectra 
SPINNAKER (spin polarization intensities of numerous Nuclei 

analyzed by key eigenvector rotations), a modified version of the 
UEANMRII N M R  simulation program,'+ was used to calculate the 
I'B and 'H spectra. SPINNAKER is capable of calculating spectra 
for systems containing nuclei with spins greater than 'I2 and makes 
use of symmetry. The present version can accommodate up to 
seven spins of any spin quantum number or up to seven groups 
of equivalent spin nuclei (e.g., a CH3 group is treated as a single 
group spin with a group spin quantum number of 3/2). All the 
calculations here were done with an IBM S-9000 computer. 
Source programs are available on request. 

Most often, iterative calculations are used to achieve an op- 
timum fit between computed and experimental spectra. An it- 
erative procedure was not possible in the case of diborane, however, 
because its proton and boron spectra consist of several thousand 
transitions, all of which were not resolved. Several trial sets of 
coupling constants were used in the computations until an optimum 
fit to the experimental spectrum was achieved. Only those cou- 
pling constants for which a direct measuement was not possible 
were varied. The directly observed parameters were J(HbH,) = 
7.45 Hz, J(B-B) = 3.8 Hz, J(BHb) = 46.3 Hz, and IJ(BH,) + 
J'(BH,)I = 137.5 Hz. Unless J("B-"B) > 0, no combination 
of the other coupling constants produced a calculated proton 
spectrum that came even close to matching the observed spectrum. 
Furthermore, if the value of J(B-B) was changed by more than 
f0.5 Hz from its directly measured value of 3.8 Hz, no reasonable 
fit could be obtained. 

The closet fit of calculated to experimental proton and boron-1 1 
spectra was obtained with the J(H,-H,)(cis and trans) and J(B-B) 
having the same relative signs. In particular, the fine structure 
near the three main middle peaks in the calculated I'B spectrum 
clearly fits the experimental spectrum best when the relative signs 
of the three couplings were identical. J(H-H)(geminal) had the 
greatest influence on these same features, yet it had no effect on 
other parts of the calculated IIB spectrum. 

Figures 4 and 5 show the calculated fully coupled I'B and IH 
spectra that gave the closet fit to the experimental spectra. Minor 
discrepancies remain that are due to error in the three, less critical 
cis, trans, and geminal proton-proton couplings. Table I sum- 
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Figure 5. Calculated 86.7-MHz boron-1 1 spectrum of "B2H6. (See 
Table I for parameters). 

marizes the chemical shift and coupling parameters that corre- 
spond to the best fit, calculated spectra. 

The experimental and calculated results reported here agree 
well with some of those reported earlier.'** The present results 
are not, however, in such good agreement with those reported in 
ref 4. Odom and wworkers4 obtain an upper limit of the I'B-lIB 
spin coupling constant of 1.1 f 0.2 Hz, on the basis of a series 
of elegant multipleresonance experiments. We can only speculate 
on the difference between our values and theirs. In our view, the 
most plausible explanation is the greatly improved sensitivity, 
resolution, and dispersion of modern high-field FT N M R  in- 
struments compared to those used by Odom over 12 years ago 
(in 1972). 
Conclusions 

Because of its small size and simplicity, diborane is an attractive 
model compound for a variety of theoretical studies, including 
calculations of the proton and boron-11 chemical shifts and 
coupling constants. The present studies provide clear experimental 
results that unequivocally demonstrate that for diborane J(B-B) 
> 0. The results presented here provide reasonably precise values 
for most of the NMR parameters and can be used as experimental 
bench marks for future theoretical work. 
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The aggregation of porphyrins and porphyrin-like molecules 
Not only do has been the subject of several recent 
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Smith, Ed., Elsevier, New York, 1975, p 494. 
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these molecules aggregate in water due in part to their hydro- 
phobicity and to their near planarity but their metal complexes, 
which may be neutral, yet coordinatively unsaturated, have been 
found to aggregate in nonpolar solvents in such a manner as to 
satisfy the coordination of the central metal ion.3 

In order to solubilize these synthetic porphyrins in water several 
ionic functional groups may be substituted into the peripheral 
positions. If poorly solvated, these porphyrins with negatively 
charged functional groups tend to aggregate appre~iably.~” 
Further, water-soluble metalloporphyrins that have a central metal 
ion that will form a stable square-planar complex tend to aggregate 
in a way to minimize their hydrophobic r e p ~ l s i o n . ~  In other 
instances such properties of the metal ion as olation also aid 
aggregate formation. 

Tetrakis(N-methylpyridinium-4-yl)porphyrin, a peripherally 
positively charged synthetic porphyrin, and its metal complexes 
have been found to be nonaggregating by T-jump studies.6 A 
similar positively charged porphyrin, tetrakis(p(trimethy1- 
ammoni0)phenyl)porphyrin also does not aggregate, although some 
of its metal derivatives, particularly Cu(II), Ni(II), and Ag(I1) 
complexes, do.8 

Trivalent silver, being isoelectronic with Pd(II), is expected to 
form stable square-planar complexes. We have studied and 
characterized the equilibrium and kinetics of the dimerization of 
[ tetrakisb-( trimethylammonio)phenyl)porphinato]silver(III) 
(AgTAPP). 

Experimental Section 

Sodium nitrate (Allied Chemical, B & A quality), N(2-hydroxy- 
ethyl)piperazine-N-2-ethanesulfonic acid (HEPES) (United States Bio- 
chemical), potassium peroxydisulfate (Allied chemical), and other com- 
mon chemicals were used as received. [Tetrakisb-(trimethyl- 
ammonio)phenyl)porphinato]silver(II) perchlorate (AgIITAPP) was 
synthesized as described by O k ~ h . ~  One gram of the perchlorate salt 
of AgI’TAPP was dissolved in 400 mL of hot distilled water and passed 
through a column of anion-exchange resin (Rexyn 202, Fisher) in the 
acetate form. The effluent solution was evaporated to 100 mL, 0.1 g 
sodium acetate was added, and the solution was brought to a boil. Po- 
tassium peroxydisulfate (0.1 g) was then added. Five minutes after the 
addition, a drop of the porphyrin solution was withdrawn, diluted to 5 
mL with 0.1 M HNO,, and tested for completeness of oxidation by 
recording the spectrum. If there was any dication form of the porphyrin 
in the solution as indicated by the absorption in the 650-700-nm region, 
a further 0.1-g sample of peroxydisulfate was added. One such addition 
was found to be sufficient. To this AgTAPP solution was added satu- 
rated NaC104 solution dropwise with stirring until precipitation of the 
AgTAPP perchlorate was complete. The precipitate was filtered, washed 
with small portions of ice-cold water, and dried in vacuo. (Caution! 
Perchlorate salts of organic compounds are known to be explosive!!). 
Anal. Calcd for C56H74NBC15027Ag (mol wt 1576): C, 42.6; H, 4.7; N, 
7.1. Found: C, 42.5; H, 3.8; N, 7.4. Analyses were performed by 
MicAnal. 

The kinetics of the monomer-dimer equilibrium were studied at 420 
nm on a temperature-jump apparatus that has been described previous- 
ly.’O Known concentrations of AgTAPP were made by weight, the pH 
was adjusted to 7.0 with HEPES buffer (0.01 M), and the salt concen- 
tration was fixed at 0.05 M. This salt concentration allowed a sufficiently 
short heating time constant for the Joule heating and at the same time 
did not shift the equilibrium to an extreme in favor of the dimer. 

A Beckman Acta CIII spectrophotometer with thermostated sample 
compartment and a Radiometer Model PHM 64 pH meter were used for 
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Figure 1. Variation of the spectrum (Soret region only) of AgTAPP with 
the increase in NaNO, concentration. (Arrows point the direction of 
change of absorption with the increasing nitrate concentration.) 
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Figure 2. Plot of absorbance at  420 nm vs. concentration of AgTAPP. 

Beer’s law and equilibrium studies. 
Results and Discussion 

Earlier studies established that addition of inert electrolytes 
to the solution of some porphyrins promoted a g g r e g a t i ~ n . ~ , ~  To 
determine the optimum inert salt concentration, spectrophoto- 
metric titrations were carried out. The AgTAPP concentration 
was kept constant, but the NaNO, concentration was varied. The 
resulting spectra are shown in Figure 1. From a plot of the 
absorbance at 420 and 410 nm vs. N a N 0 3  concentration, it was 
found that salt concentrations greater than 0.15 M shifted the 
equilibrium completely in favor of the dimer. An optimum salt 
concentration of 0.05 M was then chosen for this study. 

Several porphyrin solutions in the concentration range 6.0 X 
M were made from the stock solution and their 

spectra in the Soret region recorded at  25 OC. Absorbances of 
these solutions at 420 and 410 nm were plotted vs. porphyrin 
concentration. Figure 2 shows a plot of the results obtained at 
420 nm. The concentration range to be used in the kinetic studies 

to 2.4 X 
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Table I. Experimental Reciprocal Relaxation Times and Their 
Concentration Dependence' 

4.83 
6.04 
7.25 
8.46 

1.18 
3.54 
4.72 
6.04 

' Conditions: 

t = 10 o c  
1.61 10.87 
1.59 12.08 
1.89 13.29 
1.82 14.49 

t = 20 OC 
1.68 7.08 
2.32 9.44 
2.78 10.87 
2.91 14.49 

pH 7.0; 0.05 M NaNO,; 420 nm. 

2.20 
2.21 
2.53 
2.49 

3.25 
3.54 
3.76 
4.22 

Table 11. Kinetic and Thermodynamic Results of the Relaxation 
Experiments 

10 oc 20 oc 
k , ,  M-' s-I (9.33 * 0.02) X lo7 
k+ s-l (5.51 * 0.09) X lo2 

AHl* = 1.2 kcal; AS1* = -17.7 eu 
AH-l* = 14.3 kcal; PS-, = +4.5 eu 
AH = -13.0 kcal (-13.4 kcal)'; PS = -22.0 eu (-21.7 eu)' 

(1.04 * 0.03) X lo* 
(1.36 & 0.07) X lo3  

K, M-l 1.69 x 105 7.65 x 104 

' Computed from equilibrium data. 

was determined from the nonlinear portions of these curves, where 
Beer's law is not obeyed. In this region, both monomer and dimer 
are present. From the linear region and by extrapolation of the 
nonlinear portions of the curves to the region of high porphyrin 
concentration, where the dimer is the exclusive species, the ex- 
tinction coefficients of the monomer (eMh) and the dimer (eDx) 
were evaluated to be 2.5 X lo5, 1.8 X lo5 M-' cm-' a t  420 nm 
and 1.0 X lo5, 4.5 X lo5 M-' cm-I a t  410 nm, respectively. With 
these extinction coefficients and the absorbances in the nonlinear 
portion, the equilibrium constant, K D ,  was computed to be 1.2 X 
l o 5  M-I from the  relationship K D  = ( A ~ ~ o c M ~ "  - 

A420 and A410 refer to absorbances at 420 and 410 nm, respectively. 
Four porphyrin solutions, (8-18) X 10" M, were prepared and 
equilibrated a t  six different temperatures and their spectra re- 
corded. Following the procedure outlined above, the equilibrium 
constants for these solutions were computed at these temperatures. 
A plot of In K vs. 1 / T  was found to be linear (Figure 3), and the 
slope, AH, for the equilibrium was computed to be -13.4 kcal. 
The extinction coefficients and equilibrium constant a t  420 nm 
and 25 OC were also calculated by computer using a method 
described previously." The results of the graphical and computer 
values were in excellent agreement. (See Table 11.) 

The kinetics were performed at  two temperatures. The ther- 
mostat was adjusted such that the temperatures of the solution 
after the perturbation, the kinetic temperature, was either 10 or 
20 O C .  The exponentially changing relaxation signal was taken 
from the photomultiplier of the T-jump apparatus and digitized 
on a 12-Bit Aminco/DASAR. The data were then analyzed by 
using nonlinear least-squares fitting programs. Table I shows the 
experimental results. Eight concentrations of porphyrin were 
studied kinetically a t  each of the two temperatures. Four runs 
were averaged at  each of these concentrations. The agreement 
of the reciprocal relaxation times was generally 5-10%. 

A ~ ~ ~ € M ~ ~ ~ ) ( € M ~ ~ ~ € D ~ ~ ~  - tM420tD410)/(A410eD420 - A ~ ~ o E D ~ " ) ~ ,  where 

For a monomer-dimer equilibrium 

2 M & D  

kl  and k-] are the forward and reverse rate constants and K = 
k, /k- , .  The relaxation times are related to concentration by the 

k 

k-1 

(11) W. Spencer and J. R. Sutter, J .  Phys. Chem., 83, 1573 (1979) 
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Figure 3. Plot of In K vs. 1 /T for the monomer-dimer equilibrium of 
AgTAPP. 

equation6 1 / ~ ~  = 8klk-,(CT) + k-12 where CT is the total con- 
centration of the silver porphyrin. Table I1 shows the values of 
k l ,  kl, and K obtained at  the two temperatures. In addition, the 
activation parameters and standard enthalpy and entropy have 
been estimated from the limited temperatures studied. 

Using eq 90 of refI2 and a diffusion coefficient of 5 X 10" cm2/s 
along with a value of 5 X lo-* cm for a, the distance of closest 
approach, one obtains a value of approximately 1.0 for the dif- 
fusion-controlled rate constant for a pair of 5+ ions. Although 
AgTAPP has a charge of 5+, it is apparent that this charge is 
a t  least partially reduced since the experimentally determined 
association rate constant, k, ,  is several orders of magnitude faster 
than a diffusion-controlled approach of two species of this charge 
type. If it is assumed that the association process is an uncom- 
plicated diffusion-controlled reaction, then a calculation employing 
the experimentally obtained rate constant, kl ,  and the same set 
of parameters as above, except the charge, yields a charge of 2+ 
on the monomeric porphyrins. 

This charge reduction can be accomplished in at least two ways. 
Simple ion pairing of AgTAPPS+ with available anions could be 
responsible, or a particular geometrical arrangement of the 5+ 
ions such that electrostatic repulsion is minimized through a 
skewing of the porphyrin rings is p o ~ s i b l e . ~ J ~  Extensive ordering 
of the rings into their final dimeric positions, with perhaps solvent 
participation, would suggest a two-step mechanism. Our findings 
do not support such a mechanism. We plan to investigate this 
and possible anion involvement in the near future. 

Both k l  and k-,  determined for this silver(II1) porphyrin 
compare favorably with such constants for other metallo- 
porphyrins.' [Tetrakis(N-methylpyridin-4-yl)porphyrinato]- 
nickel(I1) has been shown to exist in solution in a square-planar 
form in equilibrium with an axially solvated form.14 Unlike that 
complex, this silver( 111) porphyrin, being only square planar, 
resembles the isoelectronic palladium(I1) porphyrins more closely 
in its aggregation behavior. To our knowledge, this is the only 
silver(II1) complex that has been shown to aggregate in solution. 

In the meso-substituted synthetic porphyrins, the plane of the 
aromatic ring (phenyl, substituted phenyl, pyridyl) is known to 
be perpendicular to the plane of the porphyrinI5 (though in solution 
a certain extent of free rotation has been shown),16 offering a steric 
hindrance to stacking. Since the charge density of positive ions 
is usually greater compared to similar negatively charged ions, 
an electrostatic repulsion to stacking exists in peripherally positively 

(12) G. G. Hammes, "Principles of Chemical Kinetics", Academic Press, 
New York, 1978, p 64. 

(13) M. Chikira and H. Kon, Heterocycles, 11, 253 (1978). 
(14) R.  F. Pasternack, E. G. Spiro, and M. Teach, J .  Inorg. Nucl. Chem., 

36, 599 (1974). 
(15 )  E. B. Fleischer, Acc. Chem. Res., 3, 105 (1970). 
(16) S. S. Eaton and G. R. Eaton, J .  Chem. Soc., Chem. Commun., 566 

(1974). 
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charged porphyrins. In agreement with this argument, no synthetic 
peripherally positively charged porphyrin has been found to ag- 
gregate in aqueous solution, to date. The only other peripherally 
positively charged porphyrin that has been shown to aggregate 
is a modified protoporphyrin”J8 (with only hydrogens at meso 
positions) that contained ethylenediammonium side chains atta- 
ched to the vinyl groups. There is a recent fluorescence, nonkinetic 
studyIg that suggests the stacking of the free base of tetrakis(N- 
methylpyridin-4-y1)porphyrin in water. The lack of quantitative 
information makes it difficult to compare with our results. 

In spite of such steric as well as electrostatic factors, the fact 
that our silver(II1) porphyrin aggregates in solution seems to 
indicate that its hydrophobicity, when compared to that of the 
free base, enhanced by the square-planar complex formation 
(which precludes solvation at  the axial positions) is an important 
factor in aggregation, regardless of the type of charge at  the 
peripheral positions. Furthermore, this dimerization of metallo- 
porphyrins could be used as a guide in determining the coordi- 
nation geometry of the central metal ion in solution as to whether 
it is square planar or not. 
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In recent years (alkylamino)bis(difluorophosphines) have been 
used as novel bidentate ligands for stabilizing low metal oxidation 
state and metal-metal bonded systems.’ The binuclear cobalt 
derivative [CH3N(PF2)2]3C02(C0)2 was obtained by the reaction 
of the bidentate fluorophosphine CH3N(PF2), with C O ~ ( C O ) ~  at  
room temperature and atmospheric pre~sure .~ ,~  X-ray diffraction 
studies on this complex reveal the presence of three CH3N(PF2)2 
ligands bridging the Co-Co bond, with each cobalt atom having 
an approximately trigonal-bipyramidal environment (I). 
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This binuclear cobalt compound (I) is quite interesting because 
of the high stability of its [CH3N(PF2)2]3C~2 structural unit 

+ Universite Paris VI. 
*University of Georgia. 
5 Institut de Recherches sur la Catalyse. 

toward redox reactions. For example, this binuclear unit remains 
intact upon reaction with bromine to give a tetrabromide, [C- 
H3N(PF2)2]3C~2Br4.4 Moreover, electrochemical studies on this 
complex indicate reversible one- and two-electron reductions giving 
a green radical anion, [CH3N(PF2)2]3C02(C0)2-, and a pale yellow 
dianion, [CH3N(PF2)2]3C02(CO)22-, respectively.5 Structural 
studies have not yet been performed on either the radical anion 
or the dianion owing to the difficulty of separating pure crystalline 
products from the supporting electrolyte. Nevertheless, the 
[CH3N(PF2)2]3C~Z structural unit seems to be preserved in these 
reduction products. Thus the two reduction steps are perfectly 
reversible, not only electrochemically but also chemically. The 
spectroscopic study described in this paper confirms this as- 
sumption. In addition, the radical anion is of special interest in 
being an unusual mixed-valence d9-d10 cobalt dimer. 

Other radical anions of dicobalt carbonyl derivatives have been 
reported in the literature. Thus C O ~ ( C ~ ) ~ ( E R ~ ) ~ - ” *  [ER3 = 
( ~ Z - C ~ H ~ ) ~ P ,  (CH,O),P, and (i-C4H9)3A~] are generated by ir- 
radiation of a frozen solution of C O ~ ( C O ) ~ ( E R , ) ~  at  77 K. In 
addition, CO~(CO)~(RC~R’)’  can be produced by electrolysis in 
situ inside the ESR cavity usually a t  -60 O C .  Both techniques 
lead to radicals having short lifetimes, which are therefore difficult 
to study by spectroscopic methods. An advantage of the radical 
anion [CH3N(PF2)2]3C~2(C0)2 is its stability in an inert atmo- 
sphere at  room temperature. This property allowed us to un- 
dertake a complete ESR study from 4 to 300 K and also to record 
its optical spectrum. 

This paper presents the ESR and optical spectra of the mix- 
ed-valence complex [CH3N(PF2)2]3C~Z(C0)2-. A detailed study 
of these experimental data show a strong electronic interaction 
between the two cobalt units so that this complex belongs to class 
111 according to the classification of mixed-valence compounds 
of Robin and Day.9 

Experimental Section 
The complex [CH3N(PF2)2]3C02(C0)2 was prepared according to the 

previously described procedure.’ Its electrochemical one-electron re- 
duction was carried out under an argon atmosphere at -0.7 V vs. SCE. 
A mercury working electrode and an aluminum auxiliary electrode were 
used. Before use, the supporting electrolyte, [(n-C,H9)4N] [PF,], was 
dehydrated by melting under vacuum. The solvent used, tetrahydrofuran, 
was freshly distilled over sodium benzophenone ketyl under an argon 
atmosphere. 

The X-band ESR spectra were recorded on a Bruker 220D spectrom- 
eter supplied with a variable-temperature accessory in the range 4-293 
K. For the Q-band, a Varian E09 spectrometer was used. The optical 
spectra were recorded from 10000 to 40000 cm-’ on a UV-visible 
Beckman 5240 spectrophotometer. All ESR tubes and optical cells were 
filled under argon by using Schlenk techniques. 

For analyses of the ESR spectra, a simulation program REPELECIO was 
used, based on a second-order perturbation solution” of the spin Ham- 
iltonian. For all simulations, the estimated errors are f0.005 for the g 
values and f l  G for the hyperfine parameters. 

Results 
(A) ESR. The room-temperature ESR spectrum of the radical 

anion [CH3N(PF2)2]3C02(C0)2- in tetrahydrofuran solution is 
shown in Figure la .  This spectrum exhibits approximately 60 
well-resolved lines centered around g = 2.025. Its relative com- 
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