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gether with values of —Z¢*, the sum of Taft ¢* con-
stants” for the groups (R, R’) present in the thioethers.

Discussion

The spectroscopic and conductance measurements re-
ferred to above suggest that the rate constants in Table
II refer to reactions 1 and that, with Y= = Br—or I,
these reactions are followed by the much slower pro-
cesses

Pt(bipy)CI(Y) + Y~ —> Pt(bipy)Y: + Cl— 2)

The —Zc* values are a measure of the inductive ef-
fect of R and R’ and it has been shown that they are in
linear relationship with the free energy of activation, in
processes where thioethers act as entering groups.4®

As one might expect for the attack at these ‘“‘soft’’
substrates, the order of nucleophilicity is I= > Br— >
Cl—. Moreover, there is a linear decrease of the reac-
tivity, expressed in terms of log ks, as the o-donor ability
of the thioethers, measured in terms of —Z2Zs%* in-
creases. In fact, plots of log k; against —Zo* for each
entering group give three parallel straight lines. This
indicates that the ability of each substrate to discrimi-
nate between the various reagents does not depend upon
the nature of the displaceable thioether, and the ability
of the entering group to discriminate between the vari-
ous substrates does not depend upon its own nature.
It also indicates that, as might be expected in these
reactions, the bond-making and bond-breaking aspects
of the substitution can be discussed separately.

In the reactions of the type

Pt(bipy)(X)Y + RSR’ —> Pt(bipy )(RSR’)Y* + X~

the effect of the nature of the leaving group on the reac-
tion rate was relatively small (increasing by a factor of
7 on going from X = N; to X = Cl) whereas the effect of
the nature of the entering group was significant. In the
case of the reactions reported here, the natures of both
the entering and leaving groups are of importance. The
increase of the reaction rate with the nature of the enter-
ing anion is greater than 3 orders of magnitude on going
from Y~ = Cl~to Y~ = I-, and its dependence upon
the nature of the displaced thioether is also extremely
marked. These facts are consistent with the view that,
in these reactions, the second maximum in the reaction
profile is of higher energy. If the converse were true,
the rate of these asynchronous processes might mark-
edly depend on the degree of bond formation in the acti-
vated complex between the metal and the entering
group but not on the nature of the leaving group, which
would still be strongly bonded to the metal as it was in
the ground state. However, if the second maximum
is of higher energy, the rate might depend on the degree
of bond rupture in the activated complex and therefore
upon the nature of the leaving group, as well as on the
nature of the entering reagent which becomes firmly
bonded to the metal in the activated complex.

A plausible explanation for the behavior of thioethers
in these and other reactions®!® may be given in terms of
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a stereoelectronic hindrance arising from interference
between the nonbonded lone pairs of electrons on the
sulfur and the distribution of charge on the complex.
In the case of the entry of thioethers this hindrance
arises in the formation of the activated complex and
makes bond formation more difficult so that the degree
of bond making will be rate determining. When thio-
ethers are the leaving groups, they are present both in
the ground and transition states and a relatively higher
degree of bond rupture in the activated complex should
favor the reaction rate. ’

Finally, if the rate constants for the forward reactions
do not vary significantly with ionic strength, we can
combine the present results with those obtained earlier4
and calculate equilibrium constants for the reactions

Pt(bipy)Cl. + RSR’ = Pt(bipy)CI(RSR)* + CI~ (3)

Where R = CHs and R/ = CeHs, CHs, or C2H5.
Assuming that the free energy of the reactants does
not depend markedly on the nature of the thioether, the
relative free energies of the products may be deter-
mined from these three equilibrium constants. The
relative free energies of activation may also be calcu-
lated from the rate constants reported earlier.* A com-
parison of the total and activation free energies shows
that the nature of the thioether affects the ground-state
energy of the system Pt(bipy)CI(RSR’)* + Cl~ to a
greater extent than it affects the energy of the transition
state. This is in accord with the conclusion that the
Pt-S bond is partially broken in passing from the
ground state to the transition state for the reverse of

(3).
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The importance of simple transition metal complexes
of the essential amino acid histidine as “model”’ systems
for metal-activated enzymes has been discussed previ-
ously.? Interest in histidine complexes of the cobaltous
ion has been particularly widespread stimulated by the
reversible oxygen-carrying capacity of cobalt(II)-histi-
dine solutions.? Complementing the extensive solution
investigations, a few reports of specific solid-state com-
pounds have also been made. Isolation of the oxy-
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genated compound, [Co(r-hist)z ]+ Os, has been reported
and its actual structure hypothesized based on infrared
spectra,* although the instability of its crystals has so
far precluded any X-ray work, Crystal structures of
p-histidinato-L-histidinatocobalt(II}) dihydrate® and
bis(L-histidinato)cobalt(II) monohydrate’” have been
determined. In this communication we report elec-
tronic absorption spectra of single crystals of Co(L-
hist)s- HoO in polarized light obtained at ambient and
cryogenic temperatures. The spectra have been ana-
lyzed and assigned in light of the energies and polariza-
tions of the bands. The circular dichroism spectra of
cobalt(IT)-L-histidine solutions are also presented as
supporting evidence for the band assignments.

Experimental Section

All crystals were grown from aqueous solution. The crystals
were grown in a completely deaerated, evacuated, and sealed
vessel consisting of two 250-ml Erlenmeyer flasks connected by
a l-in. i.d. sealing tube, which contained a medium-porosity frit
midway in its length. The dry solids r-histidine and CoCO;
were added to one side of the vessel (flask A); freshly boiled
water was added to flask B. The system was thoroughly de-
gassed on the vacuum line, The water was then transferred
into flask A and the reaction was urged to completion with gentle
heating and stirring. After pumping off the CO; formed, the
vessel was sealed and the pale orange-pink solution of the com-
plex was filtered through the frit into flask B. Growth of the
crystals was accomplished by very slowly distilling the water
back from solution flask B to the reaction flask A using a small
temperature differential. The crystals were recovered by filtra-
tion from the orange solution in a dry nitrogen atmosphere,
washed with 959, ethanol which had been purged with nitrogen,
and then stored in a sealed vial. Thus treated the crystals re-
mained stable for over 1 year. The identity of the crystals was
verified and the axes were located with respect to the prominent
faces by standard X-ray diffraction techniques. The single-
crystal absorption spectra were determined on a Cary Model 14R
spectrophotometer using techniques described previously.?

Solutions for measuring circular dichroism (CD) spectra were
prepared in a glove bag after overnight purging of all reagents
with nitrogen. That the solutions were free from oxygen was
confirmed by the absence of the characteristic broad CD peak
of the O; complex at 28.2 kK.8 The pH of solutions was varied
by adding small portions of either 0.1 or 1.0 M NaOH to the 0.02
M solution of the Co(r-hist), complex. CD spectra were mea-
sured on a Durrum-Jasco ORD-CD-UV-5 spectropolarimeter and
circular dichroism recorder in the visible region and on a Cary
1402 circular dichroism attachment for the Cary 14R spectro-
photometer in the near-infrared region.

Results and Discussion

Crystal spectra were measured with light normal to
the (201) face (which is generally the largest) and nor-
mal to the (100) face, polarized along the extinction
directions in both cases. Polarization parallel to the b
axis was common to both views, while the orthogonal
polarization in the (201) view was approximately par-
allel to the ¢ axis and, in the (100) view, parallel to the ¢
axis. Inspection of the molecular packing in the crys-
tal’ reveals the following relationships between the
crystal polarizations and the molecular polarizations,
assuming an oriented gas model

€, cos? 63° — ¢, cos? 27°
cost 63° — cost 27°

€; cos? 27° — ¢, cos? 63°
cos* 27° — cos* 63°
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€. — € cos? 27° cos? 66° — ¢, cos? 79°
cos? 24°

€y =

where ¢, refer to molar absorptivities in the three dis-
tinct crystal polarizations, and ¢ 4. to the molar ab-
sorptivities which, according to the model, would be
observed if the electric vector were parallel to the x, ¥,
or z molecular axis.

The spectra calculated from measurements at 80°K
(Figure 1) reveal two band systems typical of six-coor-

20t

Co(L-HISTIDINATE),H,0
80°K

Elly ——

Eilx ==

S

e (moletem™)

25 20 15 10
ENERGY (kK)

Figure 1.—Molecular spectra of Co(L-hist);-H;O calculated from
the polarized crystal spectra measured at 80°K.

dinate cobalt(II) complexes. The lack of significant
temperature dependence of the total intensities of the
three different spectra suggest that a triaxial, noncentro-
symmetric point group is required for the interpretation.
The Co(r-hist) H:0 crystal is reported® to be isomor-
phous with that of Ni(r-hist).-H,O, which shows a
spectrum lending itself to interpretation in Ci, sym-
metry.? Therefore, it is proposed that the principal
intensity-determining factor in the cobalt complex spec-
trum is also a static Cy, field. Although many cobalt-
(IT) complexes have been discussed in terms of O, sym-
metry, very few efforts have been made to interpret the
spectra of low-symmetry complexes. (Ferguson has
successfully interpreted spectra of Co(py):Cly in Ds,
symmetry.’?) The crystal structure of Co(r-hist)s:
H:O has shown that the molecule has an approximate
twofold axis of symmetry bisecting the O-Co-O and
N~Co-Ny angles.” This is chosen as the 2z molecular
axis. The v molecular axis is chosen along the Ni—-

(9) M. M. Harding, private communication.
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-Co~Npaxis. Thisis the same assignment of the axes as
was used for the nickel analog.?

The lowest energy band system in the spectrum lies
at 10.0 kK. In terms of the parent O, symmetry thisis
the 4Ty, (F) < *Ty, transition. A simple octahedral
ligand field calculation including configuration inter-
action!! gives a value of Dg = 1.10 kK. On this basis
also the visible absorption is assigned as due principally
to bands related to the *T;,(P) < “Ty, transition. This
calculation also suggests that the two-electron transi-
tion 4Ag(F) < *Ty, may lie above the “T,(P) bands.
In a discussion of cobalt(II) spectra, Lever and Og-
den!? showed that, in regular octahedral derivatives,
the %Ay, < 4T, transition must have an energy at least
twice that of the lowest energy transition. Since the
lowest energy band lies at 10.0 kK in Co(r-hist). - HsO,
the ¢A,, < T, band should be in the 20-22-kXK region.

In C,, symmetry all orbital degeneracy is lifted and
the substantial splittings observed in the spectrum of
Ni(r-hist)s- HyO? lead to prediction of similar splittings
in the cobalt analog. Large splitting of the octahedral
ground state (¢T;,(F)) should allow population of only
one singly degenerate state even at room temperature
and produce strong polarizations comparable to those
in the nickel complex spectrum. This is, in fact, just
what is observed. The order of energies of the one-
electron orbitals found for the nickel complex (22 >
¥t — ¥ >xy> (1/v2)(xz — yz) > (1/v2)(xz + y2))?
leads to an assignment of the ground state of the d°
cobalt complex as ‘B;.  The electric dipole selection rules

allow transitions to A;, A, and B; levels when E is
parallel to x, v, and 2z, respectively. Transitions to B,
levels are forbidden.

The selection rules then predict no intensity in the 2z
polarization of the infrared band and no intensity in the
x polarization of the visible band. This prediction is
not fulfilled rigorously. Although the polarization
in the infrared spectrum is virtually complete, sub-
stantial x intensity is observed in the visible manifold.
This indicates that, as in the nickel complex spectra,
some vibronic intensity must be involved. Neverthe-
less, relying on the most intense maxima as guides, the
following assignments of bands may be made with
internal consistency.

In the infrared band the strongest maximum (x(b)
polarized) at 10.0 kK can be assigned to the A; < ‘B,
transition. Thisis also the lowest energy component of
the manifold as predicted by the orbital energy order.
The *A, < “B; transition is then at 10.3 kK, allowed
electronically in the y(a) polarization. The minute 2
intensity may indicate the position of the forbidden
4B, < 4B, band.

In the visible region the highest energy maximum, at
22.4 kK, which is the most intense component of the
z(c) polarization, may be assigned to the ‘B;(*A,,) < *B;
transition on the basis of the energy arguments above,
as well as on the basis of polarization. The two remain-
ing broad maxima at 18.7 and 20.8 kK must be assigned
to transitions related to the *T,(P) state. The 20.8-kK
maximum is readily assigned to the %A, < *B; compo-
nent; however the assignment of the 18.7-kK band to the
remaining *B; <« “B; transition requires an unusually
strong vibronic mechanism to account for the v in-

) (11) C. J. Ballhausen, “Introduction to Ligand Field Theory,” McGraw-
Hill, New York, N. V., 1962, p 256.
(12) A.B.P.Leverand D. Ogden, J. Chem. Soc. A, 2041 (1967).
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tensity. Nevertheless, other assighments seem less
likely and the orbital energy order does predict 4A, >
4By in the *T;,(P) manifold.

The progression of sharp maxima at 19.3, 19.6, and
19.8 kK has the appearance predicted for bands asso-
ciated with intraconfigurational transitions and may
confidently be assigned to 2A,(?T;,(*G)) < “B; in the
a(y) polarization. The x intensity of this band must be
vibromic. It is not clear why so little z intensity is ob-
served. Other very weak, intraconfigurational, dou-
blet-associated bands are observed at 13.0, 16.1, and 25
kK and are assigned to Ty, *T1,(*G), and *Ty,(*H)
levels, respectively. All the quartet-quartet and
quartet-doublet band assignments are compatible with
the predictions of Liehr,!? allowing for the large splitting
of the ¢T1,(P) levels.

Turning now to the CD spectra, we find further sup-
port for the above assignments. Although the solution
absorption spectrum shows no resolution, the solution
CD spectrum at the pH at which the crystals were
grown (5.2) (Figure 2) reveals two distinct maxima in
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Figure 2.—Circular dichroism spectra of Co(r-hist); aqueous
solutions.

the visible region at 19.3 and 20.5 kK. No shift in the
energies of these maxima is observed as the pH is raised
to 9, nor do any other maxima develop in this pH range
(in which the only significant species is known to be the
bis complex!4). These maxima correspond exactly to
those assigned in the crystal spectrum to the A, <« 4By
and ?T; < *B; transitions. (A slight temperature shift
of the %A, band brings it to 20.8 kK at 80°K (Table I).)
Conspicuously missing in the CD spectrum are the
bands at 18.7 and 22.4 kK assigned in the crystal spec-
trum to *B; < *B, transitions. This is consistent with
the assignment in that B; <— B; transitions are mag-
netically forbidden in Cp, symmetry. It should be
noted then that the visible CD spectrum consists of the
spin-forbidden ?T; < “B; band and the only one of the
three possible spin-allowed bands which is both electric
dipole and magnetic dipole allowed, *A; < *B;. In the
near-infrared region the CD is less well defined owing
possibly to the fact that both the A, < “B; and *A; <
‘B; transitions are electrically and magnetically al-
lowed.

(13) A. D. Liehr, J, Chem. Phys., 67,1314 (1963).
(14) P. J. Morris and R, B. Martin, J. Amer. Chem. Soc., 92, 1543 (1970).
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TABLE I
SPECTRAL DATA FOR Co(L-hist)- HoO
Polarizn of

electric ymax(80°K),* Allowing
vector kK Excited state vibration
x(b) 10.0 44, (4Tag(4F))

19.3 2A, (2T (*G))

19.6 2A,(?To (*G) + v

19.8 2A, (T3 (*G) + 2v

20.8 $Ax("Tye(*P)) a

22.4sh 4B (‘A (4F)) 81
y(a) 10.3 dAs .

13.0 2A,4(? T, (3G )

16.1 2A3(?T e (2G))

18.7sh ‘B, (4T (*P)) Ba

19.3 2A,

10.8 Ay + v

19.8 2As + 2%

20.8 $A;

22.3 iB; B
z(c) 11.4 4By(?)

18.7 ‘B,

20.8sh 4A,y Ba

22.4 4B,

¢ Numbers in italics indicate major spin-allowed, symmetry-
allowed bands; sh = shoulder.

In this work we have illustrated how polarized crystal
spectra may be used in conjunction with circular di-
chroism to assign spectral transitions in low-symmetry
complexes of cobalt(II). . Further spectral and mag-
netic work is in progress in our laboratory on other co-
balt(II)-histidine complexes which will be reported at a
later date.
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Free difluorophosphoric acid, HOPOF;, was first
observed by Tarbutton! and was later prepared by
Lange.? Various laboratory methods for the prepara-
tion of HOPOF; are available? but since the acid is sold
commercially, few investigators would choose to make
it. The acid is made commercially by reaction of HF
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Kansas State University, Manhattan, Kans. 66502,
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with P4Os,* and the product is usually quite impure as
received from various suppliers. Purification of the
acid by distillation is difficult and we have found that
treatment of the impure acid with excess P4Oy at 0°
offers a convenient one-step purification.

u-Oxo-bis(phosphoryl difluoride), P,OsF,, the anhy-
dride of HOPOF; was first isolated by Wannagat® from
the reaction of PF; and O; in an electrical discharge.
Later, Robinson® prepared the compound by dehydra-
tion of HOPOF; with P;Os. The latter method while
easy to carry out always gives a product contaminated
with HOPOF,. Fractional distillation gives a rea-
sonably pure product but complete separation from
HOPOF; is very difficult. We have found that P,OsF,
can be obtained pure in high yield from the photolysis
of POF,Br with excess oxygen. The POF,Br is in turn
readily obtained pure from the reaction of HOPOF,
with PBr5.7

Experimental Section

General Information.—All manipulations of volatile com-
pounds were carried out in a Pyrex vacuum system equipped with
glass—Teflon valves. Pressures were measured using a Wallace
and Tiernan differential pressure gauge. The vapor pressure
of HOPOF:; was obtained by the method of Kellogg and Cady?
and that of P;O;F;: was obtained by a static method employing
the isoteniscope principle.®

Infrared spectra were obtained on a Beckman IR10 using a
10-cm glass cell fitted with silver chloride windows. Fluorine
nmr were taken on a Varian A-56-60 using CFCl; as an external
reference. Proton nmr were obtained on a Varian A-80 using
tetramethylsilane as an external reference.

Reagents.—Difluorophosphoric acid was obtained from Alfa
Inorganics, All other materials were reagent grade and were
used without further purification.

Purification of HOPOF;.—Impure difluorophosphoric acid
(86 g) was cooled to 0° and added to P,O1 (38 g) in a 250-ml bulb
cooled in an ice bath. The mixture was allowed to stand for
1 hr at 0° with intermittent shaking. Pure HOPOF, was then
collected by pumping on the mixture held at 0° through a —78°
trap. After several hours 32 g of HOPOF; was collected corre-
sponding to a 379, yield; bp 116.5°; mp —93.1 to —91.8°;
mol wt 270, caled mol wt 101.97; nmr: §86.2 (d, PF), s —13.3
(s, P-OH), Jer = 4992 Hz; AH.., = 7.51 kcal/mol; AS.., =
19.3 eu. Values of the vapor pressure as a function of tempera-
ture are as follows .[P (mm), :°C]: 20.1, 17.0; 41.0,30.4; 55.5,
37.2; 101.7, 52.2; 213.9, 72.4; 301.6, 83.4; 342.3, 87.6; 405.5,
93.2; 502.3,100.4. Thedata follow the equation

log [P (mm)] = 6.1324 — 891.69/T — 14622/7*

The material passing through a —78° trap was found by infrared
analysis to contain POF; and small amounts of HOPOF; and
SiFs. The material remaining in the bulb was a very viscous
liquid and no effort was made to identify any of the products
present.

Preparation of P,O3F;.—u-Oxo-bis(phosphoryl difluoride) was
prepared by photolysis of POF;Br with excess O; using an im-
mersion lamp with a 2.5-W output at 2537 A. Difluorophos-
phoryl bromide was prepared by the reaction of HOPOF; (29.0
mmol), PBr; (29.5 mmol), and Br; (29.7 mmol) in a 250-ml glass
bulb for 2 days at 100°. The bulb was fitted with a glass—Teflon
valve and was well shielded while being heated. Reactionson a
large scale (50 mmol of each reactant) have resulted in occasional
breakage of the vessel from the pressure generated by the prod-
ucts. Pure POF;Br was collected at —78° by pumping the re-
action products through a —40° trap. The other products were

(4) L. C.Mosier and W. E. White, Ind. Eng. Chem., 48, 246 (1951).

(6) U. Wannagat and R. Rademachers, Z. Anorg. Allg. Chem., 289, 66
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(7) This method for the preparation of POF:X compounds was first re-
ported by D. D, DesMarteau, Ph.D. Thesis, University of Washington,
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by H. W. Roesky, Chem. Ber., 101, 636 (1968).
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