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3H]-(&)-dethiobiotin (3 and 4) using methods previously de-
veloped in our laboratories.?

The samples of chirally tritiated (£)-dethiobiotin? were each
mixed with [10-14C}-(£)-2 and the doubly labeled dethiobiotin
recrystallized to constant specific activity and constant tritium
to carbon-14 ratio. The double labeled precursors were ad-
ministered to cultures of A. niger (ATCC 1004).® The pre-
cursors were not resolved since only (+)-dethiobiotin appears
to serve as a biotin precursor.? After an incubation period of
5 days, the biotin produced from each doubly labeled precursor
was isolated® as (+)-biotin sulfone and converted into biotin
sulfone methyl ester. The samples of methyl ester were re-
crystallized to constant specific activity and constant tritium
to carbon-14 ratio. The results of the experiments are sum-
marized in Table I.

The tritium to carbon-14 ratios of the biotin sulfone methyl
ester isolated in these experiments clearly demonstrate that
sulfur is introduced at C-4 of dethiobiotin with loss of the 4-pro
S hydrogen atom. Since the absolute configuration of (+)-
biotin at C-4 is known'© to be S, it follows that sulfur is in-
troduced at C-4 of dethiobiotin with retention of configuration
at that prochiral center. This result can be compared with that
of the two other examples of sulfur introduction whose ste-
reochemistry has been elucidated. It has been established that
sulfur is introduced at C-6 of octanoic acid during lipoic acid
biosynthesis with inversion of configuration,® while the in-
troduction of sulfur at C-3 of valine during penicillin biosyn-
thesis has been found to occur with retention of configura-
tion.!! At the present time, it is not clear whether the biotin and
penicillin cases proceed by a mechanism that is fundamentally
different from that involved in lipoate biosynthesis, or whether
the mechanism is the same in all three cases with the stereo-
chemical outcome being dictated by other factors.!?

Table L. Incorporation of Chirally Tritiated Dethiobiotin into
Biotin

3H/1C  3H/'4C for
for biotin sulfone % 3H
expt precursor precursor methyl ester retention

| [4(R)-4-3H-10-14C}-2  3.37 3.07 91
2 [4(S)-4-3H-10-14C}-2 6.0 0.42 7
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An Explanation of Unusual Properties of
Spin-Crossover Ferric Complexes
Sir:

The biochemical importance of spin-state equilibria (both
S = 5/2r——‘S = 1/2 and S = 5/2 =8 = 3/2) and the S = 3/2 inter-
mediate-spin state for Fe(I11)-containing proteins has been
noted.!2 A number of model ferric complexes have been re-
ported3# which exhibit the S = 3, to S = !, spin crossover.
Solid samples of several of these compounds exhibit unusual
magnetic susceptibility characteristics. In particular, the de-
crease in e/ Fe with decreasing temperature does not reflect
a simple Boltzmann distribution over electronic states® and in
some cases Mefr/ Fe does not decrease to a value appropriate for
a low-spin (S = 15) state at low temperature.> In these latter
complexes, the spin-crossover phase transition appears to be
incomplete and below a certain temperature s/ Fe remains
relatively constant at a value intermediate between high spin
and low spin. A “plateau” in the pes/ Fe vs. temperature curve
is seen. In the case of the dichloromethane solvate of tris(4-
morpholinecarbodithioato-S,S”)iron(11I), for example, the
tesr/ Fe vs. T curve plateaus at a value of 3.7-3.9 up below ~60
K. An intermediate-spin (S = 3,) 4T, ground state was pro-
posed? for this FeSq complex.

Interesting observations have been made in our laboratories
recently that shed light on the nature of the incomplete (i.e.,
plateau in pesr/ Fe) spin-crossover phase transitions observed
for solid samples of ferric complexes. A series of complexes
with the composition [Fe!!'(X-SalEen),]Y, where X-SalEen
is the monoanion of the condensation product of salicylal-
dehyde (or a methoxy-substituted salicylaldehyde) and N-
ethylethylenediamine, and Y is variously NO3~, PF4~, or
BPh4~, was prepared. These compounds were precipitated as
microcrystalline solids from methanol. No evidence of solvation
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by methanol was noted. We encountered in this series of
compounds the three main types of u.sr/Fe vs. temperature
curves. The compound {Fe(SalEen),]PF¢ undergoes a gradual,
but complete, spin-crossover transition, whereas the NO;™ salt
of the same cation exhibits a “‘plateau” at 3.03 upin the pesr/Fe
vs. temperature curve below 77 K. The plateau for [Fe(3-
OCH3-SalEen),} BPhy is even more pronounced in the sense
that w.sr/Fe for this compound varies from 5.92 up at 286 K
t04.95 up at 4.2 K. A sudden transition from high spin to low
spin within a few degrees is seen for [Fe(3-OCHj3-SalEen);]-
PFs.

Three important observations were made on the [Fe(X-
SalEen);]Y compounds. First, and perhaps most interesting,
is the discovery that grinding one of the microcrystalline
[Fe(X-SalEen),}] Y compounds generally yields a compound
with a “plateauing” uesr/ Fe vs. temperature curve. Figure 1
shows the results for [Fe(3-OCH3-SalEen);,}PFg. A particular
microcrystalline sample of this compound was divided into
three parts. Variable-temperature magnetic susceptibility data
collected for one unperturbed fraction show a sharp, complete
phase transition. A second sample was ground with a mortar
and pestle and then data were collected. The third fraction was
ground even more thoroughly with a ball mill. It can be seen
in Figure | that both of the ground samples exhibit plateauing
tesr/ Fe vs. temperature curves. The most thoroughly ground
sample plateaus at the higher value of yerr/Fe = ~2.80 ug. The
spin-crossover phase transition observed is not complete and
a certain percentage of the molecules in this sample persists
in the high-spin state. It is important to note that we find the
effects of grinding a sample to be reversible. Dissolving the
ground sample in methanol and evaporating the solution to
dryness gives microcrystals which behave the same as the
original unground material.

The second type of observation that we made bears on the
question of whether certain of these complexes have a 4T,
ground state. Considerable variable-temperature (room
temperature to 4.2 K) 3’Fe Méssbauer and EPR data have
been collected which, together with the susceptibility data,
show that none of our spin-crossover ferric complexes have a
4T, ground state. Each complex which has a plateauing uesr/Fe
vs. temperature curve gives a Mossbauer (EPR) spectrum in
the plateauing region with two signals, one for the molecules
that are low-spin (S = 15) and one for the molecules that persist
in the high-spin (S = 34) state. The relative areas of the two
signals in a given spectrum parallel the bulk magnetic sus-
ceptibility as the temperature of the compound is varied.

Subtle is the best description of the third type of observation
made on the [Fe(X-SalEen),] Y complexes. An examination
of Figure | shows that, as the degree of grinding (plateauing)
increases from one sample to another, the phase transition
becomes more gradual. That is, the slope of the uess/Fe vs.
temperature curve decreases with increased grinding. A similar
observation is made for the [Fe(X-SalEen),]Y compounds
doped into isostructural Co(111) and Cr(11I) compounds. We
find that, as the percentage of [Fe(X-SalEen),]Y is decreased
in a series of samples doped into either a cobalt or chromium
host, the phase transition is observed to become more
gradual.

It is important to point out that some of the same types of
observations have been reported for spin-crossover Fe(Il)
complexes where the transition is from an S = 2statetoan S
= 0 state. The effect upon the phase transition of grinding a
sample has not been noted previously. Plateauing has-been
noted for Fe(Il) complexes and in some cases it has been at-
tributed to a permanent paramagnetic impurity. Sorai and
Seki® studied Fe!!(phen),X,, where X is either NCS~ or
NCSe™, and attributed the plateau in uesr/Fe vs. temperature
as “high-spin residue” due to molecules that resist conversion
into low spin. Doping spin-crossover Fe(1l) complexes into zinc
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Figure 1. Effective magnetic moment per iron ion (uesr/ Fe) vs. temperature
curves for [Fe(3-OCH3-SalEen),]PFg: O, original microcrystalline solid;
A, same solid ground with motar and pestle; O, same solid ground in a ball
mill.

hosts has been seen to make the transition more gradual.” Very
recently, Giitlich et al.® described a phenomenological ther-
modynamic model that takes into account domain formation.
In this model domain size and cooperativity enthalpy are the
most important factors in determining the nature of the spin-
crossover transition.

It appears that all of the effects of grinding or doping a
spin-crossover complex and the factors that determine whether
a given complex exhibits a gradual or sudden transition (i.e.,
non-Boltzmann behavior) can be explained by the nucleation
and growth mechanism of phase transitions in solids.?*!% There
is kinetic control on the spin-crossover phase transition. The
transformation from high spin to low spin involves the for-
mation of nuclei (small regions of molecules) of the low-spin
phase in the high-spin phase and the subsequent growth of the
nuclei. Before a nucleus can persist and continue to grow, it has
to attain a critical size. The rate of growth of critical-sized
nuclei of low-spin molecules determines the nature of the
spin-crossover phase transition. Defects, grain boundaries,
vacancies, and other imperfections in the solid are preferred
sites for nucleation. This mechanism requires the coexistence
of both phases around the transition temperature. Mdssbauer
and EPR data for the [Fe(X-SalEen);}Y complexes (even the
sudden system) do show signals for both phases in the transition
temperature region.

Grinding a [Fe(X-SalEen),]Y complex probably leads to
an increase in defects and stress points in the crystals. This
leads to an increase in nucleation sites and a lowering of the
terr/ Fe value at higher temperatures as the degree of grinding
is increased (see Figure 1). It is known that the critical size of
a nucleus decreases with decreasing temperature.!213 The
plateau in the w.sr/Fe vs. temperature curve at an intermediate
value is due to an increase in the activation barrier for the
transformation. The activation barrier is increased in the
ground sample because there is impingement between growing
nuclei which are more abundant in the ground sample than in
the unground sample. A larger activation energy could also be
present in the ground sample because growing nuclei will more
frequently encounter defects that will deter the growth of the
minority-spin nucleus.

The effects of doping a [Fe(X-SalEen);]Y complex into
either a Cr(I11) or a Co(111) host can also be understood by the
same nucleation mechanism. As the percentage of host mole-
cules is increased, the phase transition becomes more gradual.
When a growing nucleus of low-spin Fe(I11) complexes en-
counters a host molecule, this increases the activation energy
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Figure 2. Effective magnetic moment per iron ion i/ Fe) vs. temperature
curves for [Feq sCrg s(3-OCH3-SalEen);]PFq: A, original microcrystalline
solid; O, microcrystalline solid ground in ball mill; O, ground sample re-
crystallized by evaporating a methanol solution to dryness.

for the transformation. We have found that the most pro-
nounced effect of grinding is observed for a doped sample.
Figure 2 shows the results for [FeosCro.s(3-OCH;-
SalEen)»]PFg. The original microcrystalline sample shows a
gradual but complete transition. When the same sample is
ground in a ball mill, a large fraction of the sample does not
undergo the transition and a plateau develops. Recrystalliza-
tion of this ground sample from methanol gives a sample that
behaves as the original sample.
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Toward Synthetic Models for Cytochrome Oxidase:
a Binuclear Iron(IIl) Porphyrin—Copper(II) Complex

Sir:
The structure and function of the active site of cytochrome

¢ oxidase has been the subject of much investigation and con-
troversy over the past 40 years.! More recent ESR,2 magnetic
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susceptibility,? and mcd?* measurements have indicated the
presence of a strongly magnetically coupled Fe(I11)~Cu(Il)
center at the cytochrome a3 active site in the fully oxidized
enzyme. Because of the problems involved in studying the
natural enzyme, and the paucity of available information on
simple binuclear systems containing different metal ions, there
has been considerable recent interest in the synthetic analogue
approach to the active site structure of cytochrome ¢ oxi-
dase.’?

We have reported® the synthesis and some preliminary
studies on a binuclear model consisting of a porphyrin with a
covalently attached tetrapyridine ligand system, meso-
o,a,a,a-tetra(o-nicotinamidophenyl) porphyrin, (P)-(Ny).
We now report synthetic, structural, and magnetic data for the
Fe(111)-Cu(II) mixed metal system, [Fe(P)-Cl-Cu(Ny)]-
(ClOy4)>.

Insertion of Fe into the porphyrin to give Fe(P)CI-(N)!°
was achieved by the ferrous sulfate~acetic acid method,!!
followed by treatment of the crude reaction mixture sequen-
tially with aqueous NaOH and 0.01 N HCI. Treatment of a
chloroform-methanol (9:1) solution of this compound with a
methanolic solution of cupric perchlorate (1 mol) and recrys-
tallization from aqueous acetonitrile gave the dihydrate
[Fe(P)~-Cl-Cu(N4)}(Cl04),:2H,0!2 (1) (Scheme 1),

After many unsuccessful attempts, single crystals of 1 were
isolated as small, poorly formed brown blocks, most of which
were twinned, and none of which diffracted well. Despite the
poor quality of the crystals, we were able to obtain X-ray dif-
fraction data as follows: space group P4/n; Z = 2; cell di-
mension a = 15.96 (1), ¢ = 14.36 (1) A. Intensity data were
collected on a Picker FACS1 4-circle diffractometer using
graphite-monochromated Mo K radiation and 6-28 scan
technique. Of the 1980 unique reflections collected up to 26
maximum (Mo K«) of 40°, only 720 (36%) with I > 2a(/)
were considered to be observed. The structure was solved by
direct methods and refined by full-matrix least squares. The
anions were not clearly resolved and are disordered around the
fourfold axis. A second water molecule was also unresolved.
The current residuals R and R’ are 0.214 and 0.234 for the
limited number of data and 93 variables.!3:14

A perspective view of the cation is shown in Figure 1. It has
fourfold symmetry with the Fe, Cu, and Cl atoms lying on the
fourfold axis. The Cu is coordinated to the four pyridine ni-
trogens, and the chloride ion lics midway between the Fe and
Cu atoms. The exceptionally long Cu-Cl and Fe-Cl bonds
(average 2.47 (5) A) indicate weak bridging between the two
metals. The Fe atom is located essentially in the mean plane
of the porphyrin and is octahedrally coordinated with a water
molecule occupying the sixth coordination site (Fe-O = 2.09
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