Notes

the nonrigid nature of Ru(R,dtc);CL.3

The reaction chemistry of the Ru(R,dtc);I:1, complexes is
essentially identical with that of Ru(Et,dtc),Cl° and will not
be discussed in detail here. Several important reactions are
the formation of [Ru,(R,dtc)s]BF,*® upon addition of AgBF,
and the formation of Ru(R,dtc); upon addition of NaR,dtc
both in acetone solution. These reactions illustrate the labile
nature of the Ru-~I bond.

The addition of I, to Fe(Me,dtc), in CH,Cl, solution yielded
a black crystalline compound which was identified to be
Fe(Me,dtc),1.3! The analogous compound (R = Et) has been
prepared by reaction of Fe(Et,dtc); with aqueous HI.8 These
novel square-pyramidal, paramagnetic (S = 3/,) complexes
do not have analogues with ruthenium, presumably because
of the greater tendency of ruthenium toward diamagnetism.
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Hemes (porphinatoiron(II) complexes) readily add two axial
ligands to form 6-coordinated hemochromes. Interest in the
nonprotein hemochromes arises because they provide simple
models of known structure for several iron(II) hemoproteins.
Hemochromes with various amines, and with carbon monoxide,
have been investigated extensively by electronic® and
Mossbauer® spectroscopy. Mossbauer spectroscopy has
proven particularly valuable in work with hemochromes, as
well as with other classes of iron porphines, since each class
has a characteristic isomer shift and quadrupole splitting range.

In order to determine more precisely the effect of r-bonding
axial ligands on the isomer shift and quadrupole splitting of
hemochromes, several new hemochromes with phosphine and
phosphite ligands of varying w-bonding capabilities (chosen
to provide w-acceptor strengths between the non-w-bonding
cyclic amines such as piperidine and the strongly m-bonding
carbon monoxide) have been prepared and characterized by
Mossbauer spectroscopy.

Experimental Section

Tri-n-butylphosphine was obtained from MC/B Chemicals. All
other phosphorus ligands used in this study were gifts from Arapahoe
Chemical Co., Boulder, Colo. Bis(piperidine)tetrakis(p-methoxy-
phenyl)porphinatoiron(II) [PMXPPFe:2pip], bis(pyrrolidine)tet-
rakis(p-methoxyphenyl)porphinatoiron(II) [PMXPPFe-2pyrr], and
bis(tetrahydropyridine)tetrakis(p-chlorophenyl)porphinatoiron(II)
[PCIPPFe-2thp], were prepared by reaction of the hemin chloride with
the neat hot amine.’

Bis(triethyl phosphite)tetrakis(p-methoxyphenyl) porphinatoiron(II)
[PMXPPFe-2(EtO);P]. Approximately 0.7 g of the piperidine he-
mochrome, [PMXPPFe-2pip], was dissolved in 60 ml of triethyl
phosphite and held at 100 °C for 10-15 min. The solution was cooled
to room temperature and filtered. The filtrate was reduced to a volume
of 15-20 ml by vacuum distillation at a maximum temperature of
100 °C. The solution in the distillation flask was cooled to room
temperature and the crystalline product which formed was collected
on a glass frit. The compound was recrystallized from triethyl
phosphite, washed well with pentane, and then dried under vacuum
at room temperature for 24 h. Anal. Calcd for C4oHgN,O,P,Fe:
C, 64.29; H, 5.93; N, 5.00; P, 5.53. Found: C, 64.02; H, 5.90; N,
5.55; P, 5.48.

Bis(tri-n-butylphosphine)tetrakis (p-methoxyphenyl)porphinato-
iron(Il) [PMXPPFe-2(n-Bu);P]. The same procedure was used to
prepare this complex as described for the triethyl phosphite hemo-
chrome. A maximum temperature of 130 °C was attained during
the vacuum distillation. Anal. Caled for C;,HgN,O4P,Fe: N, 4.70;
P, 5.19. Found: N, 4.75; P, 5.25.
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Figure 1. Visible spectrum of PMXPPFe-2(n-Bu);P in (n-Bu);P.

The following were prepared by the same procedure.

Bis(di-n-butoxyphenylphosphine)tetrakis(p-methoxyphenyl) por-
phinatoiron(If) [PMXPPFe-2(n-BuO),PhP]). Anal. Caled for
Cy¢HgoN,OgPyFe: N, 4.32; P, 478. Found: N, 4.31; P, 4.79.

Bis (methoxydiphenylphosphine) tetrakis(p-methoxyphenyl)por-
phinatoiron(X) [PMXPPFe:2MeOPh,P]. Anal. Calcd for
C74HgN4OP,Fe: N, 4.01; P, 6.23. Found: N, 3.99; P, 6.18.

Bis(7n-butoxydiphenylphosphine)tetrakis(p-methoxyphenyl)por-
phinatoiron(EI) [PMXPPFe-2n-BuOPh,P]. Anal. Caled for
PMXPPFe-2n-BuOPh,P, CgoH74N,O4P,Fe: N, 4.30; P, 4.74. Calcd
for [PMXPPFe-2n-BuOPh,P].n-BuOPh,P, CosHy;N,O,P;Fe: N, 3.59;
P, 5.94. Found: N, 3.06; P, 5.52.

The latter two complexes were extremely soluble in the phosphine
solvent and were precipitated from solution by pentane.

Bis(trimethylolpropanephosphine ester)tetrakis(p-methoxy-
phenyl) porphinatoiron(If) [PMXPPFe:2TMPPE]. This compound
was prepared by heating the bis(pyrrolidine) hemochrome,
PMXPPFe-2pyrr, with excess trimethylolpropanephosphine ester to
100 °C in a test tube under vacuum for 40 min. The reaction mixture,
after cooling to room temperature, was extracted with pentane to
remove excess trimethylolpropanephosphine ester. Anal. Caled for
C60H53N4O|0P2FCZ N, 5.04; P, 5.57. Found: N, 5.55; P, 5.26.

Bis(trimethylolpropanephosphine ester)tetrakis(p-chlorophenyl)-
porphinatoiron(Il) [PCIPPFe-2TMPPE]. This compound was prepared
from [PCiPPFe-2Thp] using the method described for
PMXPPFe-2TMPPE. [t was not analyzed.

Elemental analyses were performed by Chemalytics, Tempe, Ariz.
Infrared spectra were recorded on a Beckman IR-8 spectrophotometer,
and visible spectra, on a Cary 14 spectrophotometer. Nuclear magnetic
resonance spectra were obtained on a Varian A-60 instrument.
Mossbauer spectra were measured on a scanned-velocity spectrometer
operating in the time mode and calibrated with both sodium ni-
troprusside and >’Fe foil. Spectra were fitted with a least-squares
approximation assuming two Lorentzian line shapes of equal width.
Estimated error limits on the isomer shift, §, and quadrupole splitting,
A, are £0.03 mm/s. A Calcomp plotter was used to plot data.

Results

Magnetism. The solution magnetic moment of
PMXPPFe-2(n-Bu);P was measured in (n-Bu);P at 308 K by
the Evans® method using the sodium salt of 3-trimethyl-
silylpropanesulfonic acid as a reference. The uncorrected
molar susceptibility was found to be 1150 X 107® cgsu. When
a-995 X 107 cgsu correction for the diamagnetic susceptibility
was applied, the magnetic moment was calculated as 0.6 ug.

Notes
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Figure 2. Visible spectrum of PMXPPFe-2(EtO);P in (EtO)sP.

Table I. Electronic Spectral Data for Bis(phosphine and
phosphite) Hemochromes (Range 1000-300 nm)

Compd Solvent Amax” and rel intensP
PMXPPFe: (n-Bu),P 322 (0.28), 356 (0.33), 432 (0.38),°
2(n-Bu),P 455 (1.0), 519 (0.02), 563 (0.05),
603 (0.09), 821 (0.006), 927
(0.004)¢
PMXPPFe- (EtO),P 335 (0.11),423 (0.17),€ 455 (1.0),
2(EtO),P 510 (0.03),° 551 (0.05), 589

(0.04), 814 (0.006)°

@ Wavelength at maximum absorption in nm. Y The intensity of
absorption relative to the intensity of the Soret band is shown in
parentheses. € Band is not resolved and appears as a shoulder or
inflection.

Table II. Mossbauer Data for Bis(phosphine and
phosphite) Hemochromes

Compd Temp, K &% ab R Ne
PCIPPFe-2TMPPE 298 +0.52 046 032 145
PMXPPFe-2TMPPE 298 +0.49 047 029 297
PMXPPFe-2(n-Bu0),PhP 298 +0.51 0.59 026 3.07
PMXPPFe-2(EtO),P 298 +0.54 0.69 0.27 2383
PMXPPFe-2(n-Bu),P 298 +0.55 0.82 025 164

4.2 4067 +0.75 023 0.80
PMXPPFe-2n-BuOPh, P 298 +0.55 0.83 026 1.71
PMXPPFe-2MeOPh, P 298 +0.58 1.06 0.28 2.29

@ Isomer shift relative to sodium nitroprusside; +0.03 mm/s.
b Quadrupole splitting; £0.03 mm/s. Sign determined only for the
(n-Bu),P hemochrome. € Line width at half-maximum, mm/s.
@ Number of y-ray counts under nonresonant conditions X10°.

It is difficult to assign error limits to this measurement, but
they are probably within ~0.2 ug.

Electronic Spectra. These hemochromes in solution were
sensitive to air oxidation, readily forming the u-oxo complex.
The compounds were more stable, however, in solutions of their
corresponding phosphine or phosphite. Figures 1 and 2 show
the spectra in the visible region of two of these compounds,
and the data are summarized in Table I. The spectra are
characterized by several sharp and relatively narrow bands,
with the (n-Bu);P complex having two more absorptions than
the (EtO);P complex. The Soret bands in both cases came
at unusually low energies, 455-455 nm.

Mossbauer Spectra. Mossbauer parameters for the seven
phosphorus hemochromes are given in Table II; a repre-
sentative spectrum is shown in Figure 3. All spectra were
nearly symmetrical quadrupole-split doublets with sharp,
narrow lines. The (n-Bu);P hemochrome at 4.2 K showed the
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Figure 3. Mossbauer spectrum of PMXPPFe:2(EtO)sP at 298 K.

expected increase in isomer shift (from the 298 K value) and
a slight decrease in quadrupole splitting.

Discussion

Hemochromes of six phosphorus ligands, from the pure
trialkylphosphine (i.e., (#n-Bu)sP) to the pure phosphite
(TMPPE, (EtO),P) type were prepared. These ligands were
selected to cover a range of w-bonding possibilities. The
bis(tri-n-butylphosphine) complex, which gave large, well-
formed crystals, was studied in most detail.

The slight paramagnetism of the (n-Bu);P hemochrome was
surprising since all reported hemochromes are diamagnetic.’?
It is conceivable that it could be due to some iron(IIT) impurity,
such as the binuclear u-oxo derivative (PMXPPFe),O which
probably has a magnetic moment of ~1.7 up at room tem-
perature,” but visible, infrared, and Mossbauer measurements
failed to show any such contamination. No EPR signals were
found at 298 K. However, a very recent paper reports some
paramagnetism in a bis(piperidine) hemochrome.

Some attention was paid to establishing the exact identity
of PMXPPFe-2(n-Bu);P by infrared spectroscopy. Tri-n-
butylphosphine oxidizes readily, and as no special precautions
were taken to exclude oxygen during the preparation of the
hemochrome, it is conceivable that the final product might
contain some (n-Bu);PO. Analytical results cannot distinguish
between PMXPPFe-2(n-Bu);P (N, 4.70; P, 5.19) ‘and
PMXPPFe.2(n-Bu),PO (N, 4.57; P, 5.06). The infrared
spectra of (n-Bu);PO and several of its metal complexes have
been reported.” The PO stretch occurred as a strong band at
1157 em™ in the free oxide and decreased by 25-50 cm™ upon
forming a metal complex. A careful inspection of the
1100-1160-cm™ region in the infrared spectrum of
PMXPPFe-2(n-Bu);P and comparison with spectra of (n-
Bu);P and PMXPPFeCl showed no PO peaks in the hemo-
chrome spectrum.

Electronic spectra of PMXPPFe:2(n-Bu);P in (n-Bu);P and
PMXPPFe-2(EtO),P in (EtO);P were very similar to one
another but were rather different from the spectra of the
bis(amine) hemochromes.? The Soret band in both was at an
unusually low energy (for the bis(amines) the Soret band is
at 420 nm) and in this respect resembled the 446-nm band
of cytochrome P-450,,.,, carbonyl'® and the 443-nm band of
chloroperoxidase carbonyl.!!

“The isomer shifts at 298 K averaged +0.52 # 0.03 mm/s

(Table II), omitting the MeOPh,P derivative, which gave
somewhat discordant § and A values. These shifts lay between
the shifts for the bis(amine)® (+0.67 £ 0.03 mm/s) and the
carbonylamine® (+0.46 % 0.03 mm/s) hemochromes. The iron
d-electron density in these phosphorus hemochromes is less
than in the bis(amine) but greater than in the carbonylamine
hemochromes.
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Quadrupole splittings in these complexes are expected to
increase with (1) a decrease in ¢ basicity, (2) a decrease in
7 acidity, and (3) an increase in steric requirements of the axial
phosphorus ligands. Relative orderings of the six ligands given
in Table II with respect to these three characteristics are as
follows: (1) o basicity,!>!* (n-Bu);P >» MeOPh,P ~ n-
BuOPh,P > (n-BuO),PHP > (EtO);P ~ TMPPE; (2) =
acidity,!* TMPPE > (EtO);P > (n-BuO),PhP > MeOPh,P
~ n-BuOPh,P » (n-Bu);P; (3) size,!* TMPPE < (EtO),P
< (n-BuO),PhP < (#-Bu);P < MeOPh,P ~ n-BuOPh,P. The
only ambiguity in these orders concerns the =« acidity of (n-
BuO),PhP vs. that of (EtO);P; Gray et al.'? have suggested
that (RO),PhP is a better 7 acceptor than (RO)sP, R = alkyl.

The measured splittings (Table IT) cover a rather wide range
of more than 0.5 mm/s and increase in the order TMPPE <
(r-Bu0),PhP < (EtO);P < (#-Bu);P ~ n-BuOPh,P <
MeOPh,P. Clearly, none of the three factors listed above,
taken alone, can account for such an order. One possible
rationalization for this order involves both 7 acidity and steric
factors. In trans-(4-pyridyl)(tri-n-butylphosphine)bis(di-
methylglyoximato)cobalt(I),'¢ the only complex structurally
similar to these phosphorus hemochromes for which a crystal
structure is available, there are some steric repulsions between
the butyl groups and the atoms in the equatorial dimethyl-
glyoximate plane, but these are not great enough to affect the
normal length of 2.34 A found for the Co-P bond. If these
data can be extrapolated to PMXPPFe-2(n-Bu);P, it would
seem that (n-Bu);P represents about the limiting ligand size
for a normal Fe-P bond length. Thus, the larger RO(Ph),P
ligands form weaker bonds to iron in the hemochromes than
their 7 acidity would suggest. The large difference in A values
between n-BuOPh,P and MeOP,P is difficult to rationalize.

The (n-Bu);P hemochrome showed a slight dependence of
A on temperature, decreasing by 0.07 mm/s upon going from
298 to 4.2 K. Bis(pyridine)deuterioheme shows a similar
decrease, from A = 1.18 mm/s at 298 K to 1.08 mm/s at 4
K.* Eicher and Trautwein! attributed the large A value to
some mixing into a A ground state of low-lying excited 3E
and perhaps °B, states. On the other hand, bis(pyridine) meso
heme has A = 0.64 mm/s at 4.6 and 77 K;* the *E state must
be much higher lying in this case. If this argument is correct,
the (n-Bu);P hemochrome occupies an intermediate position,
with a 3E state ~750 cm™ about the ground 'A; state.

A Mossbauer spectrum of PMXPPFe-2(n-Bu);P, measured
at 4.2 K in the presence of a longitudinally applied magnetic
field of 50 kOe, showed ¥, to be positive.
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Homolytic Single-Bond Dissociation Energies and
the Nature of the Coordinate-Covalent Bond!

AIC60192G
Sir:

Recent studies of photoredox reactions of transition metal
complexes have resulted in reasonably good estimates of the
minimum or threshold energy (E,;,) required for the process
described by eq 1.2 Correlations of thermodynamic and

hvy = Ein

L MII(X") LMY, X} &

photochemical parameters indicate that most feasible processes
occur with some sort of yield.> These values of E,;, may be
taken as measures of “single-bond dissociation energies” for
homolytic bond cleavage in the respective transition metal
complexes. It is the purpose of this correspondence to examine
the bonding information contained in such threshold energies.
Such an analysis should contribute to a better understanding
of these complexes, especially of those in which the bonding
has been claimed to be predominantly “ionic” (e.g., FeBr®*)?
or unusually “covalent” (e.g., organo—cobalt bonds).* Despite
the contrasting descriptions of FeBr?* and the organo—cobalt
complexes, homolytic processes occur in both kinds of systems
following absorption of relatively low-energy radiation (e.g.,
A 2550 nm).>7

Components of Bond Dissociation Energies. At this time
our most detailed information is for pentaammine complexes
of cobalt(III). For these complexes Ey, seems to be the energy
difference between the singlet ground state and a radical pair
containing the cobalt(II) fragment Co(NH;)s2* in its quartet
ground state.”®® Comparisons of bond energy from compound
to compound are simpler when not complicated by changes
of spin multiplicity, and this requires consideration of a process
yielding a thermally equilibrated doublet Co(NH,)s** species.
Since the difference in energy between high-spin (quartet) and
low-spin (doublet) Co(NH3)s2* species has been estimated to
be of the order of 48 kJ mol™,** this quantity, AH,, may
be added to the experimental threshold energies in order to
estimate the homolytic bond dissociation energies, AHg = Ey;,
+ AHg,, — AHg, for the spin-conservative process (2). The

'[(NH,)Colll(X")] - {*[(NH,) ,Co!1], X } ')

solvation contribution to AHy, AHg, has been discussed
elsewhere.?P

The bond dissociation energies, AHp, of CoLs(X")
complexes are relatively large numbers, only approximately
correlated to the crystal field strength, or the electronegativity,
of the ligand oxidized (Figure 1): not unexpectedly the bond
energy does not appear to approach zero as Dg(X) — 0 or as
Xx > Xco (see Figure 1). The numerical values of AHy are
only about 10% smaller than the corresponding C-X bond
energies. The large positive value of AHy observed for xx —
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Figure 1. Correlation of homolytic bond dissociation energy (AHp)
with ligand field stabilization energy, Dg(X), or electronegativity,
X, of the ligand oxidized. Open circles are for correlation to ligand
field strength, closed circles for correlation to electronegativity.
Complexes represented: 1, Co(NH,);I>*; 2, Co(NH;)sBr**; 3,
Co(NH3);sCI?*; 4, Co(NH;3)sN;**; 5, Co(NH;);SCN>*; 6, Co-
(NH;)sNCS*; 7, Co(C,04);77 8, Co(NH;)NO,**; 9, Co(EDTA)".

Scheme 1

01 ~ IP + EA
M¥Yg) + 5L(g) + X™(g)

LFSE(IL) + U,
AHp
—

M(g) + 5L() + X(2)
LFSEQD + U,’

MIL,, - X}e)

ML (X)) (g)

Hg Hg

AHp + AHg
MIIL (X)) (ag) ———>

ML, X }aq)

Xco (Figure 1) might be interpreted in terms of a large covalent
component except that one would expect a very weak
(NH;)sCo'~Co''(NH3)s bond.>!® The homolysis component
independent of the ligand X may be more reasonably at-
tributed to the difference in ligand field stabilization energies
(ALFSE) of cobalt(1IT) and cobalt(IT) pentaammines. The
nonspherical components of ALFSE for process (2) may be
readily estimated from parameters available in the literature
(see Table IT'! and ref 12-14) and such estimates are included
in Table I. Thus, we may write,'® per Scheme I, AHy = (IP
+ EA + AU,) + ALSFE. The quantities in parentheses can
be approximately related to the covalent or ionic character of
the M'~(X") bond, while the second term can be interpreted
as a “distributed” contribution to bonding due to relative



