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phthalimide9 yields the crystalline adduct l l 1 1 (74%). The 
formation of 11 directly parallels the biological formation of 
tetrahedral intermediate 3 (Scheme I) and lends support to the 
mechanism3 of Scheme I. An earlier proposed mechanism12 

for the conversion 1 + 2 —• 3 invoked two steps: (a) an oxida
tion-reduction of 1 and 2, yielding 2-acetylthiazolium salt plus 
dihydrolipoate, and (b) collapse of these intermediates, giving 
3. In our model system this possibility is ruled out by the 
blocking methyl group. Based on our results, we suggest that 
the biological generation of thioesters of coenzyme A from 
a-keto acids occurs via the direct reductive acylation of en
zyme-bound lipoic acid by the "active aldehyde," as first for
mulated by Ingraham (Scheme I).3 

Although the reactions summarized above lend further 
credence to the mechanisms of Scheme I, they do not directly 
address the involvement of the 1,2-dithiolane, lipoic acid, in 
the biological system. As its methyl ester, lipoic acid is com
pletely unreactive under conditions13 which produce thioesters 
from linear disulfides or from Af-(phenylthio)phthalimide. It 
remains to be established whether thermodynamic or kinetic 
factors govern the lack of reactivity of enamine 7 toward 
methyl lipoate. Schmidt et al.ld discuss ring strain and geo
metrical factors which may render 1,2-dithiolanes kinetically 
more reactive than linear disulfides toward nucleophiles (e.g., 
7). Thermodynamic factors may then govern the stability of 
methyl lipoate in our model system. The enforced proximity 
of the thiol (thiolate) in a tetrahedral intermediate such as 3 
could well drive the equilibrium 1 + 2 «=* 3 (Scheme I) toward 
the 1,2-dithiolane and enamine.14-15 The position of the equi
librium should be pH dependent, however. In particular, in our 
model system the tertiary amine.(DBU) present ensures an 
appreciable concentration of thiolate anion (conjugate base 
of intermediate 3). At the pyruvate dehydrogenase active site, 
the reductive acylation of enzyme-bound lipoic acid could be 
driven by protonation of the dihydrolipoate intermediate (see 
3). We currently pursue a synthesis of a blocked (O-methyl-
ated) version of 3 (cf. 11) as a model to study the facility and 
possible pH dependence of the conversion 3 —• 1 + 2. 
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Mechanism of Photosubstitution of (7/5-CsHs)2Fe2(CO)4 
by Triphenylphosphine and Triisopropyl Phosphite. 
Direct Observation of a Binuclear Intermediate, 
(r/5-C5H5)2Fe2(CO)4JP[OCH(CH3)2]3!, a Molecule 
with a Carbonyl Bridge but No Metal-Metal Bond 

Sir: 

Very little is known about the mechanisms of photochemical 
reactions of polynuclear complexes containing bridging car
bonyl ligands.1 For this reason, we have been investigating the 
photochemistry of Cp2Fe2(CO)4 (Cp = ^-C5Hs), a molecule 
in which the Fe-Fe unit is bridged by two carbonyls.2 We 
communicate here the results of experiments that strongly 
suggest that the photosubstitution mechanism employed by 
Cp2Fe2(CO)4 is quite different from that3'4 of unbridged 
metal-metal-bonded binuclear complexes, a difference that 
can be attributed to the presence of the bridging groups. 

Irradiation of Cp2Fe2(CO)4 in the presence of PPh3
le or 

P(O-Z-Pr)3 in cyclohexane solution at room temperature leads 
to quantitative or near-quantitative conversion to 
Cp2Fe2(CO)3(PR3) (Figure 1): 

Cp2Fe2(CO)4+ PR3-^Cp2Fe2(CO)3(PR3)+ CO (1) 

R = Ph, O-Z-Pr 

Of particular mechanistic significance is our observation that 
photolysis of a solution of Cp2Fe2(CO)4 and P(O-Z-Pr)3 in 
ethyl chloride (or THF) solution at —78 0C yields a yellow 
intermediate. Formation of this intermediate does not occur 
in the absence of P(O-Z-Pr)3. The yellow solution containing 
the intermediate turns green upon warming to room temper
ature, and infrared and electronic spectroscopic measurements 
show that conversion to Cp2Fe2(CO)3[P(O-Z-Pr)3]

5 has oc
curred. 
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Figure 1. Spectral changes upon irradiation (X >500 nm) of 1.5 X 1O-3 

M Cp2Fe2(CO)4 in the presence of 0.3 M P(O-I-Pr)3 in cyclohexane so
lution at room temperature. The disappearance quantum yield for 504-nm 
excitation is 0.045. A similar photoreaction is observed with PPh3 as the 
entering group. In each case the same reaction is observed for 366-nm 
excitation. Observed conversions to Cp2Fe2(CO)3(PR3) are 98 ± 2% (R 
= Ph) and 86 ± 5% (R = 0-/-Pr). 

-co 

The electronic spectrum of the yellow intermediate shows 
rising absorption into the ultraviolet region but no bands or 
shoulders are discernible between 300 and 800 nm. The im
portant point is that the spectrum of the yellow intermediate 
does not have the intense a —* a* band of either Cp2Fe2(CO)4 
(340 nm)6 or Cp2Fe2(CO)3[P(O-Z-Pr)3] (355 nm). The ab
sence of a a —* a* transition in the intermediate indicates that 
a direct Fe-Fe bond is not present. The infrared spectrum of 
the yellow intermediate in THF solution at —78 0C shows a 
band at 1720 cm - ' , which is attributable to a bridging carbonyl 
group. We have found in addition that frozen ethyl chloride 
solutions containing the intermediate are EPR silent at tem
peratures down to 15 K. 

On the basis of the evidence presented, we suggest that re
action 1 proceeds as shown in Scheme I. In this mechanistic 
scheme III is the yellow intermediate for R = 0-/-Pr. It is 
reasonable to propose that the Fe-Fe bond is greatly weakened 

O" 

3 2 -

2 8 -

2 1 -

2O -

< 

. 

r 

^r ' 

> r 

i 

< 

>yf 

y 

l i i i 
50 

CPRj]-
•1 

100 

(M-1) 

150 

Figure 2. A Stern-Volmer plot ( $ _ l vs. [PPh3] - ' ) for the photoreaction 
of Cp2Fe2(CO^ with PPh3 in toluene solution at room temperature (X 
366 nm). In benzene solution, $ = 0.05 for 0.1 M PPh3. ,e Values of $ are 
referenced to 0.05 as the upper limit. 

in the lowest dira* electronic excited states of Cp2Fe2(CO)4;le 

these excited states are collectively noted by I*. Unless sig
nificant distortion occurs in I*, the metal-metal bond will 
easily re-form. However, if one of the Fe-C bridging bonds 
breaks, an intermediate (II) is formed in which one of the Fe 
atoms is a 16-electron center. The coordinately unsaturated 
Fe can add a P(O-Z-Pr)3 or PPh3 molecule to give III; upon 
warming, CO dissociates from III and the metal-metal bond 
re-forms to give the monosubstituted binuclear product. A 
linear Stern-Volmer plot at low PPh3 concentrations (Figure 
2) is fully consistent with the proposed mechanistic scheme. 

It has been shown4,7 that the photoreaction of PR3 (R = Bu,4 

OEt,4 Ph7) with Mn2(CO)I0 yields mainly Mn2(CO)8(PR3)2, 
according to the following scheme: 

Mn2(CO)I0 -*• 2Mn(CO)5 

Mn(CO)5 + PR3 -
2Mn(CO)4PR3 

Mn(CO)4PR3 + CO 
• Mn2(CO)8(PR3)2 

(2) 

(3) 
(4) 

As is observed in general for unbridged singly bonded binuclear 
molecules, the primary photoprocess is homolytic Mn-Mn 
bond cleavage;3-48 this is followed by phosphine substitution 
in the fragment molecule, apparently by a pathway involving 
dissociative loss of CO.4 If photosubstitution of Cp2Fe2(CO^ 
by PPh3 or P(O-Z-Pr)3 occurred by this mechanism, we would 
expect to see some disubstituted product, Cp2Fe2(CO)2-
(PR3)2.9 Instead, the observed quantitative conversion to the 
monosubstituted complex is best interpreted in terms of our 
proposed mechanism in which all the photogenerated inter
mediates are binuclear species.10 

Although it appears that the bridging CO groups in 
Cp2Fe2(CO)4 play a key role in holding the two halves of the 
molecule together after electronic excitation, there remains 
the possibility that the Fe-C bridge bond in II will cleave to 
give mononuclear products with certain reactants. The pho
tochemical reaction of Cp2Fe2(CO)4 with CCI4 to give 
CpFe(CO)2Cl is of interest in this regard. This reaction has 
been cited as evidence that the primary photoprocess upon 
irradiation of Cp2Fe2(CO)4 is homolytic cleavage of the dimer 
to give two CpFe(CO)2 fragments.Id However, homolytic 
cleavage need not be involved, as we have observed that UI 
reacts thermally with CCI4 to give only CpFe(CO)2Cl. This 



Communications to the Editor 

result strongly suggests that mononuclear products can be 
formed in reactions involving II as the intermediate. 
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Metamagnetic Properties of 
One-Dimensional Decamethylferrocenium 
7,7,8,8-Tetracyano-p-quinodimethanide(l:l): 
[Fe(r>5-C5Mes)2]

+-(TCNQ)--

Sir: 

In the preceding paper the crystal and molecular structure 
of the paramagnetic decamethylferrocenium 7,7,8,8-tetra-
cyano-p-quinodimethanide dimer [(DMeFc)+-J2-
(TCNQ2)2

2- la (1) and one-dimensional (1 - D) (DMeFc)+-
(TCNQ)-- (2)lb was reported. At low temperatures 2 exhibits 
unusual magnetic properties which are consistent with a 
metamagnetic behavior.2 A metamagnet exhibits either anti-
ferromagnetic or ferromagnetic behavior depending on the 
magnitude of the applied external magnetic field. Herein we 
report the magnetic and Mossbauer properties of 2 and a 
preliminary model which describes the data. 

The magnetic properties of 1, 2, and DMeFc+l3 - (3) have 
been measured. Complex 2 obeys the Curie-Weiss expression, 
i.e., x = c/(T-d)(6 = +3 K), above 3 K, whereas 1 and 3 are 
similar to the ferrocenium analogue3 and obey a simple Curie 
law, i.e., 0 = 0 K. Between 3 and 50 K the onset to ferromag-
netism is observed for 2 at all magnetic fields. Below 2.5 K and 
at applied magnetic fields less than 1500 Oe, 2 exhibits anti-
ferromagnetic behavior, and at applied magnetic fields greater 

Figure 1. The magnetic susceptibility as a function of temperature between 
1.5 and 6 K for 2. The dashed line is the paramagnetism of the high tem
perature susceptibility extrapolated to lower temperatures. Complex 2 
is antiferromagnetic below 1500 Oe and ferromagnetic above 1500 Oe. 

than 1500 Oe, a ferromagnetic behavior is observed (Figure 
1). 

Above 50 K the susceptibility of 2 is greater than that of 1 
or 3 by one additional spin per repeat unit. The additional 
susceptibility arises from paramagnetic TCNQ-- ions. This 
Fe"'-TCNQ -- formulation results in two unpaired electrons 
per repeat unit and give a susceptibility in accord with the 
observed data. At high magnetic fields and low temperatures, 
the saturation moment is very close to two unpaired spins per 
repeat unit. This is in excellent agreement with the high tem
perature susceptibility. ESR data taken at 10 K do not yield 
any signal presumably owing to relaxation effects.8 

The 57Fe Mossbauer data taken above 4 K, 2 shows 5* = V2 
Fe1". The spectra show a single line with a quadrupole splitting 
of <0.3 mm s - 1 and an isomer shift with respect to iron metal 
(298 K) of 0.65 (2), 0.59 (2), and 0.50 (2) mm s -1 at 4,78, and 
298 K, respectively. These results correspond closely to the 
Mossbauer data reported for ferrocenium bromide5a and pi-
crate.6b These complexes also exhibit near-zero quadrupole 
splitting and isomer shifts between 0.42 and 0.58 mm s - 1 at 
78 K. In contrast decamethylferrocene, like ferrocene,53 ex
hibits a room temperature quadrupole split (2.45 mm s-1) 
doublet at 0.42 mm s~' (with respect to iron metal at 298 
K). 

To further confirm the metamagnetic transition the mag
netic moment, a, was obtained as a function of external mag
netic field, H, at various temperatures above and below the 
Neel temperature, T N , of 2.55 K (Figure 2). At lower tem
peratures a sharp transition is observed for 2. The dependence 
of the magnetic moment on the applied field is characteristic 
of a metamagnet;2,6 however, in contrast to previously reported 
metamagnets, e.g., Co11Cl2,

23 Fe11Cl2,
23 Co"(pyridine)2Cl2,

2a 

and Co[PhCONHCH2C02]2-5H20,2b 2 is not derived from 
an extended covalent bonding network. Long-range magnetic 
order presumably arises from a one-dimensional donor-ac
ceptor interaction. 

The observed metamagnetism may be understood in terms 
of a simple singlet-triplet model in which the Zeeman splitting 
yH of the triplet level may exceed the energy separation A 
between the triplet and singlet levels in zero externally applied 
magnetic field H. Here y is the intrinsic moment of the triplet 
state. For TV independent singlet-triplet assemblies, the 
magnetic moment induced by a field H at temperature T will 
be 

a = 2/V7[sinh (yH/kT)]/[e-^kT 

+ 1 + 2 cosh (7///kT)\ (1) 

where k = Boltzmann's constant. At T = 0 K, eq 1 predicts an 
abrupt transition from a diamagnetic to a ferromagnetic state 
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