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strained n*-naphthalene, but this is not unreasonable since the
n*-naphthalene should be a significantly better w-acceptor. The
displacement of methylcyclopentadiene from the protonation
product has been confirmed by HPLC of a 100-uL aliquot of a
reaction mixture protonated at 0 °C, maintained at this tem-
perature for 2 h, and then cooled to =78 °C. This unambiguously
established the formation of a 90 £ 3% yield of monomeric me-
thylcyclopentadiene.

The suggestion that the methylcyclopentadieny! ligand in 4%
adopts an »° conformation is partially based on 18-electron con-
siderations: as noted in an authoritative recent review,’ the
n*-cyclopentadieny! ligand was a controversial species for a number
of years, but there is now a structurally characterized example
of this bonding mode,!? and Casey’s work on PMe;, addition to
[Re(n*-CsHg){CO),] provides an example in which kinetic data
implicate an n’-cyclopentadienyl complex as a labile intermediate
following coordination of a two-electron donor.!! The importance
of ring slippage to the n*-coordination mode in reactions of cy-
clopentadienyl complexes also receives circumstantial support from
the recent body of work establishing that indenyl! ligands can
readily adopt n*-coordination modes.!?

The reduction of 3 to 42 would suggest that reductively induced
hapticity changes of the type established for arene ligands'~3!?
can also be induced with other aromatic ligands such as the
cyclopentadieny! ligand and that, as in the arene case, such
hapticity shifts result in ligand activation toward electrophiles.'*
The only prior evidence for reductive activation of a cyclo-
pentadienyl ligand comes from the electrochemical studies of
cobaltocene reduction by El Murr, in which he establishes that
[Co(CsHs),]™ can be trapped by exo CO, addition and esterifi-
cation to give [Co(n’-CsH;)(n*-CsH;CO,CH,)].° Reductively
induced hapticity shifts of cyclopentadieny! ligands have important
implications for synthetically interesting sequences like those
employed by Jonas, in which complexes of highly reduced tran-
sition-metal centers are formed by reduction of n°-cyclopentadieny!
precursors like ferrocene!® (and more specifically for the obser-
vation by Ellis that Na/HMPA reduction of [Mn(5-CsHs)(CO),}
gives [Mn(CO),1*~1"), and suggest that such reductions probably
involve a series of discrete intermediates differing by two-electron
hapticity shifts.
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We report the synthesis, molecular structure, and Mdssbauer
properties of a new N-bound five-coordinate (nitro)(porphina-
to)iron(II) complex which is relevant as a model for enzymatic
nitrite reduction. Most interestingly, the ferrous iron is low spin
(S = 0) and its Mossbauer spectrum shows an unusually large
quadrupole splitting for low-spin (porphinato)iron(II). Such large
splittings have been previously observed only for oxygenated hemes
such as oxyhemoglobin.

Crystalline [K(222)][Fe(NO,)(TpivPP)]-H,0-C¢HCI? was
prepared by reaction, under argon, of [Fe(SO,CF,)(H,0)-
(TpivPP)]? (0.08 mmol) and 1 mL of zinc amalgam in 10 mL
of C¢H;Cl and filtered into a solution of Kryptofix-222 (0.8 mmol)
and KNO, (2.4 mmol) in C¢HsC! (10 mL).* The red-yellow
solution was filtered, and crystals were prepared by diffusion of
pentane into the C¢gHsCl. The crystalline material was washed
with several portions of degassed water and then with pentane.
UV=vis (C4HsCl): A,y (log €) 428 (5.01) (sh), 441 (5.11), 543
(4.01) (sh), 569 (4.17), 608 (3.83).

An X-ray crystal structure determination® shows that the
complex is five-coordinate with an N-coordinated nitrite ion in
the ligand binding pocket of the picket fence porphyrin (Figure
1). An adventitious water molecule is found at the mouth of the
ligand-binding pocket; the O(w)--O(NO,) distances of 3.17 and
3.36 A suggest a weak hydrogen bond. Figure S1 (supplementary
material) shows average bond distances in the porphinato core
and atom displacements from the 24-atom mean plane.” Both
the short average Fe-N,, bond distance of 1.970 (4) A and the
small (0.18 A) displacement of iron out-of-plane are consistent
with those expected!®!! for a low-spin five-coordinate iron(II)
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Figure 1. ORTEP diagram showing the molecular structure of the [Fe-
(NO,)(TpivPP)] ion and the atom-labeling scheme; 30% probability
surfaces are shown.

complex. The axial Fe~N(NOQ,) distance of 1.849 (6) A is also
extremely short. For comparison, the Fe-N(NO,) distances in
several six-coordinate (nitro)iron(III) porphyrinates!?'* range
from 1.949 to 2.001 A; the Co-N(NO,) distances in two (iso-
electronic) six-coordinate Co(III) porphyrinates are 1.90 (1)'* and
1.948 (4) A.'® The nitrite ligand plane makes a dihedral angle
of 40.4° with the closest Fe~N,, vector; the same value (to within
~3%) is seen in all of the related iron(IIT) complexes. The nitrite
is ordered even though it is entirely within the ligand-binding
pocket; a view of the orientations of nitrite, iron porphyrin, and
the pickets is given in Figure S3 (supplementary material).

A 42 K, zero-field Mdssbauer spectrum of [Fe(NO,)-
(TpivPP)]‘ 17 (Figure 2A) shows an intense quadrupole doublet
with an isomer shift (8) of 0.41 mm/s and a quadrupole splitting
(AE) of 2.28 mm/s. 18 The observed & is characteristic for
low-spin (porphinato)iron(II) complexes, while the AE value is
unusually large and has only been reported prevrously for oxy-
genated heme compounds.!® In distinct contrast to the oxy-
hemes,? we do not observe a significant temperature dependence
for AE; (=2.23 mm/s at 190 K). The spectrum also shows the
presence of a small high-spin iron(II) (S = 2) impurity as indicated
by a small absorption peak and shoulder, respectively at ~+2.4
mm/s and ~-0.2 mm/s. A 4.2 K spectrum in an 8-T applied
field (Figure 2B) unambiguously demonstrates the diamagnetism.
The solid line (Figure 2B) is a theoretical simulation assuming
diamagnetism and the observed zero-field values of 6 and AE.
The perfect agreement in the magnetic splitting between exper-
iment and theory indicates that the effective field at the iron
nucleus is equal to the applied field (i.e., S = 0). Clearly, the
axial ligand field of a single axial nitrite is sufficient to lead to
a low-spin iron{II) porphyrinate. Although an analogous five-
coordinate iron(III) complex has not been isolated, spectroscopic
titration data'? were interpreted in terms of any mononitroiron{I1I)
species as high spin; an isolated bis(nitro)iron(III) derivative is
low spin.!? Finally, we note that although a number of iron(II)
complexes with an anionic axial ligand have been previously

(12) Nasri, H.; Goodwin, J. A.; Scheidt, W. R. Inorg. Chem. 1990, 29,

(13) Nasri, H.; Wang, Y.; Huynh, B. H.; Walker, F, A.; Scheidt, W. R,
submitted for publlcauon

(14) Nasri, H.; Wang, Y.; Huynh, B. H.; Scheidt, W. R., work in progress.

(15) Yamamoto, K.; litaka, Y. Chem. Lerr. 1989, 697.

(16) Kaduk, J. A.; Scheidt, W. R. Inorg. Chem. 1974, 13, 1875.

(17) Massbauer samples (~75 mg) of [K(222)][Fe(NO,)(TpivPP)].
H,0-C¢HCl were prepared by strongly tamping a crystalline sample into a
Ieﬂon sample holder and sealing the cell with cyanoacrylate cement in the

rybox.

(18) The line width is 0.3 mm/s, and the asymmetry parameter, n, is 0.2.

(19) Spartalian, K.; Lang, G. In Applications of Mdssbauer Spectroscopy;
Cohen, R. L., Ed.; Academic Press: New York, 1980; Vol. 11, pp 249-279
and references therein.

(20) Debrunner, P. G. In Iron Porphyrins, Part I1I; Lever, A. B. P., Gray,
H. B., Eds.: VCH Publishers, Inc.: New York, 1989; pp 137-234 and ref-
erences therein.

Communications to the Editor

T T T T T T T T T T T T
0.0 + b
A
1.0 ]
2.0t ]
& Py P
= ™1 e
e
'_E 0.0 p k
& B
w
ol
=T,
1.0+ J
PR TR RSN RS NP SR
-12 -8 -4 0 4 8 12

Velocity (mm/s)

Figure 2. Massbauer spectrum of [Fe(NO,)(TpivPP)]™at 4.2 K in (A)
zero applied field and (B) an 8-T field.

synthesized,?! all derivatives have high-spin (S = 2) states.
The large quadrupole splitting (~2 mm/s) observed for oxy-
heme compounds has generated much controversy and has been
considered to be unique for low-spin ferrous complexes. Early
investigators proposed that the large AE, was consistent with
low-spin Fe(III) (S = !/,) coordinated to superoxrde anion (S =
1/,) with the diamagnetism the result of spin pairing between the
two ions.22 A later calculation?? suggested that asymmetric
binding of dioxygen to heme caused a large rhombic distortion
in the d= orbitals which gave the observed large AE, rather than
the postulated iron(III) state. More recent Mossbauer studies
of oxyhemoproteins?* also found no evidence for a thermally
accessible triplet excited state. We have now found another
low-spin iron(1I) heme, [Fe(NO,)(TpivPP)]-, with a AE, similar
to that of the oxyhemes A Fe(I1I)-NO,* formulatlon for the
nitro complex is highly improbable, and thus the large AE, cannot
be explained by postulation of low-spin Fe(III). Mbssbauer studies,
molecular structures, and single-crystal EPR studies for related
(nitro)iron{111) derrivatives!>!42 indicate that the orientation of
the two d= orbitals is determined by the nitrite ligand(s); fur-
thermore, strong 7-bonding between iron(III) and nitrite is evident
in the observed large rhombicities. A significant difference in the
energies of the d,, and d,, orbitals from binding nitrite to iron(II)
can also be expected. It is thus reasonable to conclude that the
origin of the large AE, for the nitro- and oxyheme derivatives is
the same, namely, a large rhombicity in the heme plane.?
Nitrite reductases are a heterogeneous group of enzymes dif-
fering in molecular composition, prosthetic group, and physio-
logical function. This diversity exists even among the heme-
containing nitrite reductases which include a siroheme ex-
change-coupled to a Fe,S, cluster,?” and dissimilatory reductases
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containing both ¢- and d,-type hemes?®? or six c-type hemes per
molecule.”® Some reductases react with nitrite in their oxidized
form,3132 but all, in their reduced state, react with nitrite and form
NO-bound heme species. The NO-bound d,-heme is six-coor-
dinated with histidine as the other axial ligand,* while the axial
ligand for the siroheme remains undetermined. Most interestingly,
the EPR spectrum for the NO-bound heme in the hexaheme nitrite
reductase appears to be of the five-coordinate type.** Consistent
with this observed diversity, our present results make evident that
a low-spin state for the initial complex formed between substrate
and reductase heme does not have significant other axial ligand
requirements.
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Recent interest in the role of the solvent in electron-transfer
reactions has focused on ultrafast photoinduced electron transfers,!
highlighted by investigations into the primary events of bacterial
photosynthesis.2 In contrast to photosynthesis, which exhibits
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a quantum yield of primary charge separation near unity at
cryogenic temperatures, most photosynthetic model systems based
on chlorophyll or porphyrin electron donors exhibit significantly
reduced efficiencies of light-initiated, singlet-state electron transfer
whenever they are dissolved in rigid glass media.* This occurs
because solvent dipoles reorient around an ion pair in a polar liquid,
decreasing the energy of the ion pair, while solvent dipoles cannot
reorient around an ion pair produced within a frozen solvent and,
thus, provide little stabilization of the ion pair.*s As a result,
the energy level of the ion pair is much higher in the rigid glass
than in the liquid. In fact, the ion pair state energy may be so
high that it lies above the energy of the excited state, in which
case photoinduced electron transfer cannot occur,

We recently reported that the ion-pair states in two porphy-
rin—triptycene-acceptor molecules are destabilized by as much
as 0.9 eV in going from a polar liquid to a rigid glass.® To obtain
a quantitative picture of the dependence of charge-separation rate
on free energy of reaction in the rigid glass, we present electron
transfer rate data on 14 porphyrin-triptycene—acceptor molecules,
which possess sufficiently large, negative free energies for charge
separation to allow electron transfer to compete with excited singlet
state decay in glassy 2-methyltetrahydrofuran (MTHF) at 77 K,
Figure 1. The compounds in Figure 1 were synthesized by
methods described earlier,* and the details of their preparation
will be presented later. Electron transfer rate constants were
determined by using picosecond transient absorption and emission
techniques along with fluorescence quenching measurements also
described earlier.!°

The free energy of charge separation, AG,,, in the rigid glass
is given by eq 1,

AG, = AGip - E (N

where AG, is the free energy of the ion pair in the rigid glass and
E, is the energy of the lowest excited singlet state of the porphyrin
obtained from its fluorescence spectrum. Since ion-pair recom-
bination in porphyrin—acceptor molecules is nonradiative, the value
of AG in the rigid glass is difficult to obtain. On the other hand,
in polar liquids, the free energies of charge separation in these
molecules, AG',, can be estimated by using the one-electron
oxidation, E,,, and reduction, E,, potentials of the donor and
acceptor, respectively, and the coulomb stabilization of the ion
pair:

AG’cs =Eq— Ereq - 902/5r12 - E (2)
where ¢, is the charge of the electron, ¢ is the static dielectric
constant of the high-polarity medium, and r,, is the center-to-
center distance between the ions. We determined AG/; for the
14 compounds presented in Figure 2 in butyronitrile at 295 K
containing 0.1 M tetra-n-butylammonium perchlorate.!! Since
riz =11 £ 1 A for these compounds,'? the Coulombic term is only
0.065 eV and is neglected. Thus, the plot of In k vs —AG ' in
Figure 2 is based solely on experimentally determined quantities
with no corrections applied. Although the plot of In kg vs —AG'
can be used as a predictive tool, AG’; obtained from polar solution
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