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Our longer term goals in the project involve an enantiode-
fined synthesis of 2, a synthesis of heliquinomycin itself, and
an evaluation of the anti helicase activity of the various
heliquinomycin analogues that were formed in the project. It
is expected that the identification of the complexities of the
problem described herein and the synthesis of the aglycone
portion, will be of benefit in future synthetic projects.
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[2] An interesting example of the problems associated with the electron
richness of the naphthalene ring in hindering the desired epoxidation
of the furan is shown in a model substrate:
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[5] A demonstration of the vulnerability of the C3� position even relative
to C2 in a model substrate is shown below:
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[9] Both diastereomers show clear NOE
enhancements between the C3 me-
thine and the C3� methine. No NOE
interaction was observed between
these two protons in heliquinomycin.

[10] The results of this reaction support a
mechanism for epimerization at C3�
rather than the more traditional epi-
merization at C2 of the spiro center.
Had epimerization at C2 occurred,
the product of 12 would have corre-
sponded to either one of the products
derived from 11. No such crossover
was observed.

[11] The C4 protons of 16 appear as a
doublet whereas the C4 protons of
naturally derived heliquinomycinone
appear as two doublets of doublets.
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Scheme 8. Reagents and conditions: a) BBr3 (15 equiv), CH2Cl2, �78 �C, 52%; b) HCl (1�, 100 equiv),
65 �C, THF, quantitative.

Heat Capacity of the Mixed-Valence Complex
{[(n-C3H7)4N][FeIIFeIII(dto)3]}� , Phase
Transition because of Electron Transfer, and a
Change in Spin-State of the Whole System**
Tadahiro Nakamoto, Yuji Miyazaki, Miho Itoi,
Yuuki Ono, Norimichi Kojima,* and Michio Sorai*

Recently a novel mixed-valence complex {[(n-C3H7)4N]-
[FeIIFeIII(dto)3]}� (1) containing asymmetric ligand dto (di-
thiooxalato: C2O2S2

2�) was synthesized by Kojima and co-
workers.[1] This complex dispalys ferromagnetic order below
�6 K and exhibits an interesting phenomenon at temper-
atures between 110 K and 120 K, where a change in the spin
state of the whole system occurs as the result of electron
transfer. This situation is schematically shown in Figure 1.
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Figure 1. Schematic representation of the electron transfer phenomenon
in {[(n-C3H7)4N][FeIIFeIII(dto)3]}� . Symbol S has been used both for the
spin quantum number (left and right) and for the entropy arising from the
spin multiplicity (center).

Although the structure of the complex has not been deter-
mined owing to the lack of suitable single crystals, at room
temperature a network structure with an alternating array of
FeII and FeIII ions bridged by dto ligands bonding through the
S atoms to FeIII centers and through O atoms to the FeII

centers may be presumed by analogy to bimetallic oxalato
complexes.[2] The coordination spheres of both Fe sites are
presumed to be twisted trigonal prismatic also by analogy of
other dto complexes.[3] The valence and the spin states of each
Fe site were determined by 57Fe Mˆssbauer spectroscopy.[1] At
200 K the FeO6 site is divalent and in a high-spin (HS) state
(5T2g, S� 2; S� spin quantum number), while the FeS6 site is
trivalent and in a low-spin (LS) state (2T2g, S� 1/2). At 77 K,
however, as a result of the electron transfer, the FeO6 site
becomes trivalent and is in an HS state (6A1g, S� 5/2) while
the FeS6 site is converted to divalent state and in an LS state
(1A1g, S� 0). On the basis of the magnetic-susceptibility
measurement the transition temperature between these two
states was determined to be 110 K on cooling and 120 K on
heating.[4]

At first glance, this phenomenon seems to be a type of spin
crossover because a change in the spin state actually occurs in
the whole system. However, there is a crucial difference
between this phenomenon and usual spin-crossover phenom-
enon. No spin crossover has been reported for FeO6

complexes regardless of the valence state of the Fe center,
while several spin-crossover FeS6 complexes have been found
in ferric compounds such as tris(dithiocarbamato) complexes
[FeIII(dtc)3].[5] In the title complex, however, since the FeIII ion
in FeS6 site is already in the LS state at room temperature,
temperature-induced spin-crossover phenomenon can no
longer be expected at low temperatures. Therefore, neither
of two Fe sites can independently cause a temperature-
induced spin-crossover phenomenon. Although a great num-
ber of spin-crossover systems[6±8] and mixed-valence sys-
tems[9±10] are known, a system such as 1 is unknown.
Investigation of thermal properties provides us with impor-
tant information concerning energy and entropy. To shed light
on this phenomenon from a thermodynamic viewpoint, we
measured heat capacities of 1. Herein we describe the
mechanism of the novel electron transfer transition.

Observed molar heat capacities under constant pressure
(Cp) of {(n-C3H7)4N[FeIIFeIII(dto)3]}� are plotted in Figure 2.
A sharp peak at 122.4 K and a broad heat-capacity anomaly
centered at 253.5 K are observed. The origin of the latter heat

Figure 2. Molar heat capacity of crystalline {[(n-C3H7)4N][FeIIFeIII(dto)3]}�
as a function of temperature.

capacity anomaly can be attributed to an order ± disorder type
of phase transition of [(n-C3H7)4N]� ion, based on similar
heat-capacity anomalies observed in the analogous molecule-
based magnets such as {(n-C4H9)4N[MIIFeIII(ox)3]}� where
M�Fe or Zn.[13] The anomaly at 122.4 K clearly arises from
the phase transition resulting from the electron transfer, as the
transition temperature agrees well with the temperature at
which the anomaly was observed in the magnetic-suscepti-
bility measurements.[4]

In addition, a small heat capacity hump was observed
around 20 K. As no event has been found in this temperature
region by the magnetic-susceptibility measurement, the origin
of this anomaly has not been assigned. The very low-temper-
ature heat capacity of 1 measured by use of a calorimeter with
a 3He/4He dilution refrigerator, will be reported, in due
course, along with the magnetic heat capacity arising from the
ferromagnetic transition at �6 K[4] together with the analysis
of the heat-capacity anomaly observed around 20 K.

Although the phase transition at 122.4 K does not take
place isothermally, it should be regarded as first-order phase
transition, because supercooling phenomenon have been
observed. As shown in Figure 3a, no anomaly was detected
in the measurement for the specimen cooled to 110 K. Two
small Cp waves, seen in the 120 ± 130 K region, were caused by
the experimental condition that we adopted, that is, the rather
small temperature increment forCp determination. The sample
cooled to 100 K exhibited a small anomaly. This anomaly be-
came larger as the temperature was lowered. This observation
indicates that the transition temperature upon cooling Tc(�) is
about 110 K, which is in good agreement with the Tc(�)
determined by the magnetic-susceptibility measurement.[4]

For determination of the excess heat capacities because of
the electron-transfer phenomenon, it is necessary to estimate
a normal heat capacity or lattice heat capacity, Clat . For this
purpose the effective frequency distribution method[14] is a
good approximation. In the present case, however, this
procedure seems to be difficult because of the presence of
the broad heat capacity anomaly centered at 253.5 K, the
starting temperature of which is difficult to determine. In the
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Figure 3. a) Molar heat capacities of crystalline {[(n-C3H7)4N]-
[FeIIFeIII(dto)3]}� in the vicinity of the phase transition at 122.4 K. (�)
are the data shown in Figure 2, which correspond to the heat capacities for
the specimen well annealed at 100 K after once cooled to 80 K and then
cooled again to 5 K. Filled symbols indicate the data obtained after cooling
to the temperatures: (�) 110 K, (�) 100 K, and (�) 90 K. The solid curves
are to aid the eye. The dashed curve shows for the normal heat capacity.
b) Excess molar heat capacities because of the phase transition.

present complex, however, the Cp data of the supercooling
state seems to coincide well with those of the low-temperature
phase below Tc. Therefore the Clat curve was estimated by a
least-squares fitting of a polynomial function of temperature,
aT2�bT�c, to the Cp data in the temperature range between
80 K and 160 K. The ™best fit∫ Clat curve thus determined is
represented by Equation (1) and shown in Figure 3a by
dashed curve.

Clat [JK�1mol�1] � � 67.81� 4.657T [K]� 0.008935(T [K])2

(80�T [K]� 160)
(1)

The difference between the observed and the normal heat
capacities shown in Figure 3b corresponds to the excess heat
capacity, �Cp. The enthalpy and entropy arising from the
electron-transfer phenomenon are determined to be �trsH�
1.04 kJmol�1 and �trsS� 9.20 JK�1mol�1, respectively.

The entropy change is larger than the spin-only value
expected for the change in the spin multiplicity R ln(10/6)�
4.25 JK�1mol�1. Should the ligand-field symmetry remain Oh

through out the phase transition, then the change in the
orbital angular momentum contributes R ln[(3� 3)/(1� 1)]�
18.27 JK�1mol�1 to the entropy gain. If this is the case, the
total entropy gain because of the spin and orbital amounts to
22.51 JK�1mol�1. However, this is not the case because this
value is far beyond the experimental entropy. The orbital
degeneracy, such as 5T2g and 2T2g encountered in high-spin FeII

and low-spin FeIII systems in an Oh symmetry, is usually lifted
by the Jahn ±Teller distortion to give a nondegenerate or
lower-degenerate ground state. In such a case, the orbital
contribution to the entropy becomes small or negligible. In 1,
it is very likely that a trigonal distortion is encountered in the
FeO6 and FeS6 sites. Under such a situation, the ground terms

5T2g of FeII(HS) and 2T2g of FeIII(LS) in Oh ligand-filed
symmetry are reduced to 5E and 2A in a trigonal symmetry,[15]

respectively. If this orbital contribution is fully taken into
account, the electronic entropy gain from spin and orbital will
be R ln[(10� 2)/6]� 10.01 JK�1mol�1. This value is very close
to the experimental value of 9.20 JK�1mol�1 resulting from
the electron-transfer phenomenon. Although we discussed
the orbital contribution to entropy for octahedral and trigonal
ligand fields, there is a possibility that the actual ligand-field
symmetry of 1 is lower than trigonal symmetry. In such a case,
the orbital contribution to the entropy gain is further reduced.
Therefore, the entropy gain expected from the electron
transfer is in the range between R ln(10/6)� 4.25 JK�1mol�1

from the spin multiplicity and R ln(20/6)� 10.01 JK�1mol�1

from the spin and the orbital in trigonal symmetry.
Since the observed entropy gain is 9.20 JK�1mol�1, the

entropy originating in intramolecular vibrations is consider-
ably smaller than in normal spin-crossover phenomena. For
example, about 35 JK�1mol�1 was estimated for the vibra-
tional contribution to the entropy change in the spin-cross-
over phenomenon observed in [Fe(phen)2(NCS)2][16] and
37 JK�1mol�1 for [Fe(2-pic)3]Cl2 ¥ EtOH.[17]

The magnitude of vibrational entropy crucially depends on
the bond lengths between the metal ion and the ligands. The
longer the bond length, the greater the vibrational entropy is.
The metal ± ligand bond length is affected by the spin state of
the metal ion: it is longer for the HS state than for the LS
state. Therefore, the normal spin-crossover phenomenon
always involves a large entropy gain from the metal ± ligand
skeletal vibrations. In 1, the FeO6 site is in the HS state and the
FeS6 site is in the LS state, irrespective of the oxidation state.
Therefore, in a strict sense both the Fe sites do not experience
the spin-state conversion encountered in normal spin-cross-
over phenomena. However, since the oxidation states at the
FeO6 and FeS6 sites are altered by the electron transfer, one
can expect a change in vibrational system.

Another factor determining the bond length is the oxida-
tion state of the metal ion. According to Shannon,[18] typical
ionic radii of low-spin Fe ions with coordination number six
are 75 pm and 69 pm for FeII(LS) and FeIII(LS), respectively.
As shown in Figure 4, the metal ± ligand bond lengths are
elongated by 13.5 pm at the FeO6 site at the phase transition
while those at the FeS6 site contracte by 6 pm.When the phase
transition as a result of the electron transfer occurs, the FeO6

site remarkably contributes positively to the vibrational
entropy whereas the FeS6 site has a negative contribution. If
the oxidation and reduction sites consisted of identical
ligands, these two conflicting contributions to entropy would
be canceled out and thus no vibrational entropy would be
expected. In the present case, however, since the ligands are
not identical and the relative atomic masses are different (O:
15.9994, S: 32.065), a net, though very small, contribution to
the vibrational entropy is expected. To confirm experimen-
tally the vibrational contribution to the entropy gain, variable-
temperature IR spectroscopy investigations are now in
progress.

In the mixed-valence complex 1 the spin state of the whole
system dramatically changes by virtue of the electron transfer.
At first glance, this phenomenon seems to be a type of spin-
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Olefin Polymerization with
[{bis(imino)pyridyl}CoIICl2]: Generation of the
Active Species Involves CoI**
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The independent discovery by the groups of Brookhart and
Gibson that bis(imino)pyridyl (N3) complexes of iron and
cobalt (Figure 1) are precursors for active polymerization and
oligomerization catalysts[1] has put a new perspective on late
transition metals as polymerization catalysts. However, there
have been very few reports of
successful extension of the sys-
tem (other than trivial changes
of substituents), which indi-
cates that our understanding
of this catalytic system is still
incomplete.

The mechanism by which
polymerization is believed to
proceed is essentially the same
as for early transition metals,
that is, the active species is a cationic metal(��) alkyl complex.
One recent publication contradicts this belief for the iron-
based catalyst system.[2] Mechanistic studies are difficult for
several reasons. In addition to problems of high activity (and
hence low concentration) and the large excess of MAO
(MAO�methylaluminoxane) used, the Fe and Co systems
are also paramagnetic, which complicates NMR spectroscopy
studies. Gibson has mentioned some preliminary studies of
iron ± alkyl species which appear to support formation of
[N3FeR]� [3] moieties, but so far no reports on the correspond-
ing Co systems have appeared. The groups of Gambarotta[4a]

Figure 4. The relationship between the electron transfer and the metal ±
ligand bond lengths.

crossover phenomenon. However, the present calorimetric
study clearly revealed that this novel phenomenon is quite
different from usual (or classical) spin-crossover phenomen-
on.

Experimental Section

Synthesis of 1 is reported elsewhere.[1, 4] Heat capacity measurements
between 8 K and 300 K were made with a home-built adiabatic micro-
calorimeter.[11, 12] The mass of the sample for calorimetry was 0.95853 g
(1.4556 mmol). A small amount of He gas was sealed in the calorimeter cell
to aid the heat transfer.
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Figure 1. Previously reported
bis(imino)pyridyl precatalysts
[N3

RFeCl2] and [N3
RCoCl2].[1]


