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The hydrothermal reaction of sodium molybdate, molybdenum
metal, phosphoric acid, and water in a mole ratio of 6:1.2:6:57
for 90 h at 200 °C gives a 75% yield of dark crystals (pink-brown
when crushed) of Na;Mo,P,0,,(OH)-2H,0.1° The pH of the
reaction mixture shortly after mixing, but before heating, is ap-
proximately 5. Simulation of the powder X-ray diffraction pattern
using the coordinates from the single-crystal X-ray data solution
(vide infra) shows that the product is single phase under these
conditions.

The structure of 1 was determined from single-crystal X-ray
data!! and represents a new layered structure type. Views of the
structure both parallel and perpendicular to the layer are shown
in Figure 1. The layers, which run along (101), are composed
of edge-sharing MoOjg octahedra and corner- and edge-sharing
phosphate groups. There are half as many MoO, dimers as
phosphate tetrahedra, which gives a Mo:P ratio of 1, with two
crystallographically distinct phosphate groups but only one unique
MoO, dimer. Each MoOg octahedron shares three of its six
corners with phosphate groups and two corners with the neigh-
boring edge-sharing octahedron, the sixth corner being a terminal
molybdenyl (Mo==0) group. The Mo-Mo distance is 2.575 (2)
A, which corresponds to a metal-metal single bond for Mo, the
formulation of which is also supported by the observed diamag-
netism of 1. Each pair of MoOg octahedra contacts five different
phosphate tetrahedra. Four of these tetrahedra each share a corner
with three different dimeric MoOg octahedra, while the remaining
phosphate group spans, via one of its edges, both oxygen atoms
that are trans to the molybdenyl! groups of the edge-sharing oc-
tahedra and also shares a corner with a different dimer. Both
types of phosphate group have a terminal oxygen that protrudes
into the interlamellar space. If an oxidation state of 5+ is assigned
to the Mo, which is reasonable on the basis of the observed
characteristic geometry, the calculated oxidation state from bond
strength—bond length equations'? (which gives 5 £ 0.1), and the
observed diamagnetism, then there is only one H* per formula
unit to be shared between the two terminal phosphate oxygens.!?
Inspection of the P-O bond lengths shows that there is no pro-
nounced lengthening of the terminal P-O bond relative to the
bridging oxygens but in phosphoric acid itself the terminal P-O
distance is only slightly longer than that of the protonated P-O
bonds (0.04-0.06 %).

In addition to the anionic molybdenum phosphate layer
framework, there are three sodium cations and two water mole-
cules per formula unit. There are three crystallographically in-
dependent sodium cations, all of which display distorted octahedral
coordination, except for Na(2), which has a seventh long Na-O
bond at 2.84 A, by oxygens with Na-O distances ranging from
2.29t02.79 A. Most of these contacts are 2.3-2.5 A and involve
bonds to the phosphate oxygens and the waters of hydration. These
water molecules are also involved in an extensive and complicated
hydrogen-bonded network to each other and some of the layer
oxygen atoms.

While the mechanisms of compound formation in the hy-
drothermal preparation of this and other of our reduced molyb-
denum phosphates®~’ remains obscure, both pH and templating
cations have large effects. Compound 1 is the only compound
that we have isolated that contains a terminal but unprotonated
oxygen atom, which could be due to the higher pH during this
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reaction. Compound 1 does not form at low pH in the presence
of excess phosphoric acid.
The proton and sodium ion mobilities have been studied.'*
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Iron—Hydroxide Stretching Resonance Raman Bands of a
Water-Soluble Sterically Hindered Porphyrin

Resonance Raman (RR) spectroscopy is capable of providing
important information about the strength of Fe-ligand bonds in
heme proteins via the frequencies of the Fe-ligand stretching
vibrational modes.! 1In particular, Fe"-OH stretching RR bands
have been reported at 500 em™! for alkaline horseradish peroxidase?
and at 495 and 490 cm™ for hydroxo-met hemoglobin® and
myoglobin. However, to our knowledge, no Fe—~OH stretching
frequency has been reported for a protein-free hydroxo-heme
model complex. A principal reason is that hydroxo—Fe!!l por-
phyrins have a strong propensity to condense to g-0xo dimers in
alkaline solution. Steric hindrance can inhibit dimer formation,
however, and the mono(hydroxo) adduct of Fe"TMP (TMP =
dianion of tetramesitylporphyrin) has been reported.> Dimeri-
zation is also inhibited for [tetrakis(2-N-methylpyridiniumyl)-
porphinato]iron(1I1)57 (Fe(T(2-N-Me)PyP)>*(aq)) complexes and
is likely due to the unfavorable charge interaction as well as steric
hindrance. Herein, we report the first observation and assignment
of »(Fe~OH) and v,,,(Fe—(OH),) stretching bands. We have also
demonstrated that the bis(hydroxo) complex constitutes an S =
5/,, 8§ = 1/, spin equilibrium that is reminiscent of alkaline met
myoglobin. Hence, this water-soluble (porphinato)iron(III)
complex is an interesting and pertinent model of the ligand field
and Coulombic forces that govern the interplay between structure
and reactivity at the prosthetic sites of heme proteins.

In Figure 1 we present isotopic evidence for the presence of
two Fe-OH stretching bands in the RR spectrum of the Fe(T-
(2-N-Me)PyP)**(aq) complex in aqueous carbonate buffer at pH
10.8 The broad band at 541 cm™! shifts to 514 cm™ in H,'*0,
but up to 554 cm™! in 2H,0. It is also apparent that the 443-cm™
band is sensitive to both 2H,0 and H,'®0, although it is difficult
to quantitatively evaluate the actual isotope shift because of
spectral complexity. The double band may be due to a Fermi
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Figure 1. Resonance Raman spectra of the low-frequency region
(465.8-nm Ar* laser excitation) of 1 mM Fe/ll( T(2-N-Me)PyP)**(aq)
solutions?? (carbonate buffer) at pH 9.9. Solution pH was adjusted by
dissolving carbonate buffer solid in the appropriate water isotope. A
standard spinning NMR tube (5 mm) 135° backscattering geometry was
used. The scattered light was dispersed with a Spex Triplemate mono-
chromator (2400 groove/mm grating) and collected with a Princeton
Instruments optical multichannel analyzer. Typical laser powers were
25 mW.

resonance with an interacting porphyrin mode or to heterogeneity
introduced by the presence of several rotational isomers of the
2-N-methylpyridiniumyl rings.® The remaining bands of the
spectrum are pyridyl or porphyrin modes,'®'! including the
361-cm™! band, which shows a 4-cm™ downshift in H,'80. The
intensity change of this band tracks that of the 443-cm™' band
in the pH titration (Figure 2), and it is tentatively assigned to
an out-of-plane mode that is coupled to the Fe—~OH stretch. The
pyrrole swiveling mode v,, which has been assigned at 330 cm™
in NiTPP," is a likely candidate. (This band is not the Fe~O-Fe
mode of the residual u-oxo dimer, which is expected at about the
same frequency' but is not '®0 sensitive, and has negligible
intensity in these solutions.)

Spectroscopic pH titrations permit us to identify the 541-cm™!
band with a 5-coordinate high-spin Fe!!! adduct and the 443-cm™
band with a low-spin 6-coordinate bis(hydroxide). Figure 2 shows
the 541-cm™! band growing in as the pH is raised from 2.5 to
neutrality. This band diminishes at higher pH and disappears
above pH 11. In contrast, the 443-cm™ band only appears through
the high-pH transition. The latter transition also produces changes
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Figure 2. Resonance Raman spectra of low-frequency (465.8-nm Ar*
laser excitation) and high-frequency (441.6-nm HeCd laser excitation)
regions of 1 mM Fe!'(T(2-N-Me)PyP)**(aq) solutions (in 0.2 M Na-
Cl0,) at pH 2.5, 3.4, 7.9, 10.9, and 11.2. Solution pH was adjusted by
adding either NaOH or HCIO, to exclude the presence of other coor-
dinating anions. A standard spinning NMR tube (5 mm) 135° back-
scattering geometry was used. The scattered light was dispersed with a
Spex Triplemate monochromator (2400 groove/mm grating) and col-
lected with a Princeton Instruments optical multichannel analyzer.
Typical laser powers were 25 mW.
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Figure 3. X-Band ESR spectra of Fel)( T(2-N-Me)PyP)3*(aq) solutions
(in 0.2 M NaClO,) at pH 2.9, 4.3, 7.3, 11.0, and 11.4, acquired at 9.35
GHz. Acquisition parameters were as follows: 7 = 120 K, 1024 points,
100-kHz modulation frequency, 10-G modulation amplitude, 6000-G
sweep width (only 100-5000 G shown). Solution pH was adjusted by
adding either NaOH or HCIO,.

in the high-frequency region of the spectrum, where bands sensitive
to the spin state are found.'® In particular, the strong bands at
1361 and 1557 cm™ diminish through the pH 11 transition and
are replaced by bands at 1370 and 1576 cm™. These pairs of
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Figure 4. *H NMR spectra of | mM Fel}( T(2-N-Me)PyP)**(aq) solu-
tions (in 0.2 M NaClO,) at pH 2.9, 4.3, 7.3, 11.0, and 11.4, acquired at
38 MHz in a 10-mm tube at ambient temperatures. The spectra con-
tained 8K data points over a spectral window of 10 kHz. Solution pH
was adjusted by adding either NaOH or HCIO,. Minor contributions
from free base (fb) and iron u-oxo dimer (u) are indicated.

frequencies are characteristic of high- and low-spin Fe!! species,!2
respectively. The ESR spectrum (Figure 3) is characteristic of
a high-spin Fel!! (g = 6 and 2) species until the titration approaches
the second equivalence point. Low-spin features then appear in
the spectrum and beyond pH 11. The spectrum indicates nearly
all low-spin Fe"" (g, = 2.54, g, = 2.15, g, = 1.90) at 120 K.}3
2H NMR spectra of the §-deuterated pyrrole complex (Figure
4) show a resonance shifting from 73.5 ppm at pH 2.9 to 84 ppm
at pH 7.3, indicating conversion from one high-spin Felll species
to another,'¢ while at pH 11.4 the resonance is a multiplet between
the high-spin values and a typical low-spin value (=20 to -30
ppm).'¢ Curie plots for these signals exhibit a negative slope and
are consistent with a spin equilibrium at pH 11.4. Likewise, the
RR spectrum at this pH shows both low- and high-spin porphyrin
marker bands. The low-spin ESR spectrum (Figure 3), taken at
120 K, reflects the low-spin character of the ground state at this
temperature.

These data are consistent with previous spectrophotometric
titrations of this complex,’ which indicate pK, values of ~5 and
~11. Kobayashi® had similarly inferred high-spin character for
the acid and neutral species, assigned to the aquo- and mono-
(hydroxo) complexes, respectively, and low-spin character for the
high-pH complex, assigned to the bis(hydroxide). Our data in-
dicate that the latter species constitutes a spin-state equilibrium
at room temperature. The assignment of the 443-cm™ Fe-OH
stretch to the low-spin component of this mixture is based on the
observation that this band persists at low temperature (data not
shown).

The 27-cm™! 80 downshift of the 541-cm™ mono(hydroxo)
band (Figure 1) is as expected for an Fe~OH oscillator, but the
13-cm™! upshift in D,O is surprising; an 11-cm™' downshift would
be expected on the basis of a diatom calculation with point mass
17 (OH) and 18 (OD) oscillators. A similar upshift has been noted
in hemerythrin,!” however, and was attributed to coupling with
the Fe~O~H bending mode. We have been able to model the
upshift with a bent (110°) Fe—O—H oscillator having Fe-O and
O-H stretching force constants of 2.3 and 5.13 mdyn/A, a bending
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force constant of 0.2 mdyn A/rad? and a stretch-bend interaction
constant of 0.07 mdyn/A.'® The bending mode is calculated to
be 614 cm™! for Fe~OH and 437 cm™! for Fe—OD, thus crossing
over the Fe—~OH stretch and producing the upshift via kinematic
coupling.

The stretching frequency is higher for the high-spin mono-
(hydroxo) than the low-spin bis(hydroxide) complex. Part of this
effect arises from altered kinematics, as the bis(hydroxide)
stretching mode is the symmetric stretch in which the central Fe
atom does not move, but part of it stems from a higher force
constant for the mono(hydroxo) complex. A linear triatom
calculation with point mass OH ligands gives a stretching force
constant of 2.0 mdyn/A for the bis(hydroxide) complex. This
value is quite reasonable for low-spin Felll, For comparison, the
force constant is 1.6 mdyn/A for the bis(imidazole) adducts of
both Fe!! and Fe!! porphyrins.! Why then is the mono(hydroxo)
force constant even larger, 2.3 mdyn/A, despite the Fell being
high-spin? The answer may lie in the ability of the single hy-
droxide ligand to polarize the iron orbitals. High-spin Felll has
a half-occupied d,: orbital, which is formally antibonding with
respect to the axial ligand. The d,: electron can, however, be
concentrated on the back side of the 5-coordinate complex, via
3d,~—4p, hybridization. This permits the hydroxide o electrons
unimpeded access to the Felll ion, and in addition, the hydroxide
 electrons can engage in donor interactions with the filled Felll
d, orbitals. Strong bonding in high-spin 5-coordinate Fel! adducts
finds precedence in the case of the fluoride’2° and methoxide?!
complexes.?2 These arguments imply that the aqueous mono-
(hydroxo) complex is predominantly five-coordinate and that a
water molecule is at most loosely bound as a sixth ligand.

The RR, NMR, and ESR data provide consistent and com-
pelling evidence for the existence of primarily three coordination
states of the Fe(T(2-N-Me)PyP)5*(aq) ion in solutions of varying
pH: a high-spin aquo complex at low pH, a high-spin 5-coordinate
mono(hydroxo) complex at intermediate pH, and a high-spin/
low-spin equilibrium of bis(hydroxide) species at high pH.
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The synthesis of high-tech materials by chemical routes such
as sol—gel technology' or chemical vapor-phase decomposition?
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