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be forbidden for some of them, but allowed with high activation
energy for others. This state of affairs has been recognized by
Dewar and Kirschner.34 They have shown that the difference
in activation energy between “allowed” and “forbidden” bi-
cyclobutane — butadiene reactions is only 2.7 kcal/mol which
nicely illustrates our point. They also concluded that there are
no correlation diagram arguments for an allowed or forbidden
designation to either the bicyclobutane — butadiene reactions
or the benzvalene — benzene transformation.

We now turn to the six-electron case. The correlation di-
agram to which the later literature invariably refers has been
given by Haller.> This diagram shows a correlation between
an excited state of benzene and the ground state of benzvalene.
However, as we have remarked earlier, the diagram is in error,
The = orbitals of benzvalene have the wrong symmetry labels
(C5 axis) and the correct labels would give a correlation be-
tween the ground state of benzene and that of benzvalene. The
analogy with butadiene — bicyclobutane is notable. Bryce
Smith! states on p 1312 “Note that disregarding the electronic
symmetry properties of the intermediate would have produced
the misleading conclusion that the thermal rearomatization
of benzvalene is a symmetry allowed process”. This statement
clearly shows the problem that is manifest in these reactions:
the rules have been stretched beyond their limits. The mere fact
that the thermal rearomatization of benzvalene does not occur
spontaneously does not make this process forbidden. The words
forbidden and allowed are really useful only in those cases
where we have a choice between two stereochemically different
modes of a reaction. The fact that the rules are not directly
applicable in cases where we do not have this choice in no way
diminishes their value. The proof of the rules®1! only allows
for the distinction between two pathways, one having a higher
activation energy than the other.

Continuing the argument, Bryce Smith describes the reac-
tion as proceeding from S, benzene via “a species formally
resembling cis-.cis-.trans-cyclohexatriene, the so-called
‘Mobius-benzene’ .78 Now benzvalene has the correct sym-
metry labeling of the orbitals. The “intermediate” can only
correlate with excited states of benzene as well as benzvalene.
Benzvalene is produced from S; benzene as well as from S,
benzene. In the former process there is evidence for thermal
(vibrational) activation, in the latter this phenomenon is absent.
Whereas the “Maobius-benzene” is invoked in the S, reaction,
it is the “prefulvene” meta-bonded intermediate in the S;
process.

A relation between S| benzene and ‘“Mdbius-benzene” was
first put forward by Farenhorst® who showed that the two
systems would be equienergetic in the Hiickel approximation.
This fact was—erroneously—repudiated by Bryce Smith.'?
Careful consideration shows that Farenhorst did take into
account the difference in 3 between the normal and the Mobius
ring. Es, benzene = 6.00 §; Emsbius-benzene = 43 8 with 8/
= Bcos /6 = V/3/2 ;50 Emobius-benzene = 6.00 8. This point
would not be mentioned were it not that it is exactly the anti-
aromatic S; state of benzene which would have the tendency
to adopt an out-of-phase overlap to give the Mobius ring.!!
Therefore in our opinion the “Mébius-benzene intermediate”
should correspond to a maximum in the ground-state potential
energy surface and to a minimum on the surface of the first
excited (S) state. Conceivably this minimum can be reached
directly from S, benzene, but starting from S, the favorable
out-of-phase overlap can only come into play after an energy
requiring deformation of the six-membered ring.

In conclusion the following two statements seem appropri-
ate: (i) the use of correlation diagrams, which offer the op-
portunity to approximate potential energy curves or surfaces,
should be distinguished from the application of the Wood-
ward-Hoffmann rules, which were developed to deduce
stereochemistry; (ii) intended correlation of ground state of

reactant with excited state of product or vice versa does not per
se predict a high activation energy, nor does a low activation
energy necessarily follow from a ground state to ground-state
correlation.
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On the Size of the Singlet-Triplet Energy Gap
in Trimethylenemethanes!
Sir:

Some of the organic biradical reactive intermediates,
notably carbenes?-7 and trimethylenemethanes,? can be in-
tercepted in two electronic states of differing multiplicity.
Although electron spin resonance (ESR) spectroscopy of im-
mobilized samples is capable of determining the singlet or
triplet nature of the molecular ground state from the temper-
ature dependence of the signal intensity,?192 in many cases this
method is inapplicable to the determination of AE (= Es —
ET1) when AE is more positive than ~0.2 kcal/mol (triplet
ground state) or more negative than ~2 kcal/mol (singlet
ground state). Hence, the estimation of the singlet-triplet
energy gap remains as one of the stubbornly difficult problems
of biradical chemistry. By demonstrating that it is possible to
trap singlet 1 (1-S) from a spin-equilibrated triplet-singlet
mixture of 1-T and 1-S, the present work determines an upper
limit of 3.5 kcal/mol for AE of a trimethylenemethane de-
rivative, 2-isopropylidenecyclopentane-1,3-diyl.

A spin-equilibrated 1-S-1-T diyl mixture can be prepared
by irradiation of the diazene 2 in a rigid glassy or polycrys-
talline matrix containing an olefinic trapping agent, M.
Warming the matrix permits diffusion and reaction according
to Scheme I. The ratio of products from singlet and triplet
diyls, X/ X, is given by eq 1.

Xs/X1=K(kg + k4)/(k3 + k3) (1)
where
K = [1-S]eq/[1-Tleq = ('h) exp(~AE/RT) 2)

Since 1 has a triplet ground state,'% products of capture of
the singlet will be formed in detectable amounts under these
conditions only if the ratio (k4 + k4)/(k3 + k3’) of the singlet
and triplet trapping rates is large. When M = CH,=CHCN
or CH,=CHCO;Me, this requirement is not satisfied, and
products are formed in the typical triplet distribution.'®® We
now find, however, that such molten matrix experiments with
dimethyl fumarate and dimethyl maleate give substantial
quantities of singlet products.

The recognition of the singlet products is based upon criteria
justified previously:3.10b regiospecificity favoring a high
fused-to-bridged ratio (F/B), stereospecificity for cis addition,
and effect of added oxygen in increasing both forms of speci-
ficity (Table I).!
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Table 1. Product Distributions? from Molten Matrix Experiments
Olefin (M), [M], PO,-

X=CO,Me M/[1 Torr FIB % cis £ Yield, %€
X 0.22¢ 0 95+1 36+ 3
\\\ 0.22¢ 500 3203 303
% 0.14¢ 0 104 £ 0.2 13.320.2
0.14¢ 500 92+ 30 12+3
“pure triplet” 0.8
r;action
= 18 0 18 41
X X 78d 460 26 49
“pure triplet” 0.7-1.5%  5-13b
reaction

@ Analyses by gas chromatography on 1% packing, 3-mm-i.d. col-
umns. Dimethyl fumarate runs analyzed on XE-60 column, di-
methyl maleate on TCEP column (temperature programmed). The
XE-60 column did not permit analysis for cis F separately. ? Refer-
ences 8 and 10b. ¢In benzene polycrystalline matrix. 4 Neat. € Rela-
tive to dipheny! ether internal standard.

Scheme I
hv, xanthone sens
|
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M = olefin X
F B

The fractional contributions of singlet and triplet products,
X, and X,, can be calculated from eq 3%

(F/B)obsd = (Xst + XtFt)/(XsBs + XtBt) (3)

where the fractions of the singlet (Fs, B;) and triplet (F,, By)
products that are, respectively, fused and bridged are indicated.
Application of the values determined previously,® Fy = 0.987,
B, = 0.013, F, = 0.410, and B, = 0.590, to the oxygen-free
fumarate data of Table I gives X = 0.87, X; = 0.13.!2 The
corresponding “spin-pure” F/B ratios are known with some-
what lower accuracy for maleate,? but the high proportion of
fused adduct with cis-related CO>Me functions (cis F, Table
I) makes it clear that at least a third of the product is singlet
derived.

To calculate K and AE, we note that the total rate of capture
of the triplet (k. = k3 + k3’) as measured by kinetic ESR
methods is ~10~* of the bimolecular diffusive encounter rate
(kq) in moderately viscous propanolic medium at 143.8 K.!3
Although both ky and k4 will depend on temperature and vis-
cosity, their ratio should be relatively insensitive, and we may
estimate from the activation energy difference for the k4 and
k, processes that kq/k, ~ 2.3 X 107 to 104 under the conditions
of Table I.!4 Since the singlet capture rate constant (ks = k4
+ k4’) cannot exceed kg, ks/ki < 2.3 X 102t0 104 Fromeq !
and 2, we calculate K = 6.7 X 107410 2.9 X 1072, and AE <
1.4 to 3.5 kcal/mol. '3

Several sophisticated quantum mechanical calculations of
the singlet-triplet gap in unsubstituted TMM predict AE in
the range 18-21 kcal/mol.'¢-23 Although the constricted in-
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ternal C-C-C bond angle?4 in the TMM system of our diyl 1-T
should narrow the S-T gap,?0 the effect as estimated by a
zero-differential overlap calculation?® should be small. If this
is correct, the low AE value found here by chemical methods
for 1-T is in serious disagreement with the theoretical predic-
tions. Similar conclusions have been reached recently for
TMM itself, where AE < 7 kcal/mol.26 These discrepancies
are reminiscent of and perhaps related to the still unexplained
disagreement among the values for the S-T gap in CH;, where
chemical, 3¢ theoretical,?” and spectroscopic?® methods give
7.5-9, 15, and 19.5 kcal/mol, respectively.
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Molecular Dynamics in the Solid State. A Dynamic
Model of the Low-Spin Iron(III) to High-Spin
Iron(III) Transformation in P450 Enzymes

Sir:

Substrate binding by the cytochrome P450c,m,! enzyme
isolated from Pseudomonas putida has been shown to promote
a change of the iron(III) protoporphyrin IX prosthetic group
from a low-spin to a high-spin electronic configuration.? A
change in coordination number from six to five is believed to
accompany this transformation.? The nature of the axial li-
gands in the two forms has been the subject of intensive in-
vestigation and there is growing evidence that the axial ligand
in the five-coordinate ferric form and one of the axial ligands
in the six-coordinate ferric form is a deprotonated cysteine
(cysS™) residue.4-¢Although the identity of the second ligand
in the six-coordinate form has not been established, histidine,
lysine, cysteine (cysSH), and methionine have been suggested
as possibilities.

Recently 2 number of ferrous and ferric complexes have
been synthesized that mimic the physical and spectroscopic
properties of the active site of P450 at various stages of its
catalytic cycle.’® Among these is iron(III) tetraphenylpor-
phyrinatobenzenethiolate benzenethiol, FeTPP(CgHsS)-
(CsHsSH),5 for which EPR, Mossbauer, and magnetic sus-
ceptibility measurements performed on crystalline samples
indicate the presence of both low-spin and high-spin iron(III).1°
At room temperature, this compound is predominantly high
spin and, at 4.2 K, primarily low spin. Employing the afore-
mentioned physical techniques, we have found that the popu-
lations of the two spin states change continuously as a function
of the temperature. Similar spin equilibria have been observed
is several complexes of the ferric forms of myoglobin and he-
moglobin!! and in the substrate bound ferric form of
P450.2m.%'2 A multiple-temperature crystallographic inves-
tigation of FeTPP(C¢HsS)(CsHsSH) has been undertaken
to examine the structural changes associated with the spin
transition. A preliminary phase of this investigation has re-
sulted in the first crystallographic resolution of an equilibrium
mixture of spin isomers and has produced a dynamic model
for the low-spin to high-spin transformation in oxidized P450
enzymes.

_Crystallographic data were obtained at 115 K with a Syntex
P1 diffractometer equipped with a locally constructed low-
temperature device.!3 Experimental and data-handling tech-
niques were analogous to those described previously.!4 Ex-
perimental parameters are summarized in Table I. Standard
Patterson, Fourier, and least-squares techniques led to the
identification of all nonhydrogen atoms expected from the
empirical formula. Full matrix least-squares refinement con-
verged to an acceptable R value, but gave large and highly
anisotropic thermal parameters for the iron and sulfur atoms
as well as several chemically unreasonable interatomic dis-
tances. These problems were eventually overcome by refine-
ment of a model which included two alternate configurations
for the iron atom and both sulfur-containing ligands. On the
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Figure 1. The high-spin and low-spin forms of Fe!!TPP(CsH;S)-
(C¢HsSH).

Table L. Crystal Data

Space groupP1; Z = 1
Lattice parameters (115 K)
a=106783),b =11.463(3),c =12305(5) A
a=58.37(2),8=757.04 (2),y = 72.12(2)°
Radiation Mo Ko, monochromatized
Crystal dimensions, 0.29 X 0.21 X 0.09 mm
Scan range, 1.0° below K4 to 1.0° above K2
Scan rate, 2.0°/min
Scan mode, 6,260
Background time = scan time
20max = 45°
Observed reflections (h > 0,1 > 36l), 1754
R =0.054, R, = 0.056
Error in observation of unit weight, 1.6

basis of independently refined iron and sulfur occupations it
was possible to identify two compatible sets of iron atoms and
ligand positions. In further refinements the total population
in the two molecular configurations was constrained to unity,
and all phenyl groups were constrained to an idealized geom-
etry.

The final model consists of a disordered mixture of a six-
coordinate, low-spin complex!3 and a five-coordinate, high-spin
complex in which the iron atom is displaced significantly from
the plane of the four nitrogen atoms. The ligand lost in the
transition is retained in the lattice but is not coordinated.
Figure 1 shows the two structural forms identified in this in-
vestigation. At 115 K the ratio of the high-spin form to the
low-spin form is 0.37/0.63. No attempt has been made to re-
solve alternate configurations for the porphyrin ligand, but
temperature factors in the range 1.0-2.0 A?indicate that the
displacements of the porphyrin atoms in the course of the
transition are very small.

Structural parameters of the high-spin, five-coordinate
complex do not differ significantly from those obtained for
iron(III) protoporphyrin IX dimethyl ester p-nitrophenyl-
thiolate.? In particular, the Fe*-S1* distance of 2.32 (2) A and
the Fe*-S1*-C* angle of 103° ¢ correspond to the values of
2.324 (2) A and 100° in the previously reported structure. On
the basis of these observations as well as on electrostatic
grounds, it is reasonable to infer that the uncoordinated species
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