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Flgure 2. Simulated exchange spectra for 13CH;O0H glass with uncor-
related molecular orientations (a,b), a form proposed by Torrie et al.
(c,d), and model “8” form with two C-O directions in the unit cell
separated by 12° (e.f).

spectra’® indicate that the 855 axis lies within less than 10° of the
C-O bond direction. Thus, roughly speaking, the *C NMR
frequency is determined by the angle between the C-O bond and
the external field.

Information about molecular orientations relative to one another
is obtained from two-dimensional NMR exchange® experiments
on pure *CH;OH. The pulse sequence is 90, ~1,-90, -7-90,,1,
with phase-cycling of ¢,, ¢,, and ¢, to eliminate artifacts and with
proton decoupling during 7, and t,. In effect, the two-dimensional
experiment prepares nuclear spin magnetization on a molecule
M,, measures its NMR frequency f; during ¢,, transfers the
magnetization to nearby molecules M, by spin diffusion during
7, and measures their NMR frequencies f; during 1,113 If M,
has the same orientation as M|, then f| = f, and the two-di-
mensional exchange spectrum has intensity only along the diag-
onal. Otherwise, the spectrum has off-diagonal intensity in a
pattern that is determined by the relative orientations of molecules
in the unit cell in polycrystalline samples.!®!!

BCH,OH (dried over CaH,, vacuum distilled) was frozen
rapidly to form a glass at 103 K, crystallized into the o form by
warming to 123 K for 15 min, and converted to the 8 form by
warming to 168 K for | h. Figure 1 shows the results of two-
dimensional experiments with 7 = 1 s on '*CH;OH glass (Figure
1a,b), a-'*CH,OH (Figure 1¢,d), and 8-'*CH,OH (Figure le,f),
both as contour plots of the two-dimensional spectra and as series
of cross sections through the two-dimensional spectra parallel to
the £, axis. The spectra of a-'*CH;OH have substantial off-di-
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agonal intensity, in obvious disagreement with the Tauer and
Lipscomb structure. Significant off-diagonal intensity is also
apparent in the cross sections for 8-13CH;OH, again in dis-
agreement with the Tauer and Lipscomb structure (assuming that
833 is along the C—O bond). In parts g and h of Figure 1, the
off-diagonal intensity is greatly reduced when spin diffusion is
suppressed by diluting '*CH;OH in '2CH;OH, indicating that the
off-diagonal intensity does not arise from slow molecular reori-
entations.!#!* The one-dimensional spectrum of the 3 form (not
shown) does show motional averaging, consistent with rapid (>10
kHz) librations of methanol molecules about the O~H bond di-
rection with an amplitude of about 30° 31617

Figure 2 shows simulated spectra for a methanol glass in which
neighboring molecules have uncorrelated orientations (Figure
2a,b), the « structure proposed by Torrie et al. (Figure 2¢,d), and
a model “8” structure in which there are two molecular orientations
in the unit cell with 12° between the C-O bond directions. The
simulations assume complete exchange of magnetization during
7 and a CSA tensor with d3; along the C~O bond and 3,, per-
pendicular to the C~O~H plane. The good agreement with ex-
periments indicates that the Torrie et al. structure for a-methanol
is substantially correct, that there are at least two distinct average
C-0 bond orientations in the 8-methanol unit cell, and that there
is apparently no preferred local structure in methanol glass'® (e.g.,
the glass is not a defective « form).
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Few ligands appear as frequently in contemporary organo-
metallic chemistry as CsH; and its derivatives. Several spectro-
scopic'~? and theoretical®’ studies have shown that radicals com-
posed of group 2 metal atoms and a single ligand with a positive
electron affinity have an unpaired electron localized about the
positively charged metal atom, coordinated to the anionic ligand.
Ab initio electron propagator calculations® on the ground and
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Figure 1. X2A, Feynman-Dyson amplitude of CaC,H;.

Table I. FDA Expectation Values (Atomic Units)

property XA, A, BA, CE,
(z) 3.023 2817 2.504 0.751
potential at Ca  -0.280  -0.255  -0.322  —0.381
potential at C -0.137 -0.127 -0.149 -0.182
E,at Ca 0.041 0.008 -0.001 -0.001
E,at C 0.015 0.013 0.019 0.021
E,at C -0.005 -0.005 —0.007 -0.007

excited states of CaCsH;’ reveal the behavior of the metal-centered
electron.

Gaussian 882 optimizes CaCsHy’s Hartree-Fock, C, geometry
with Ca (5s,3p,2d)**? and 6-31G(d)! for C and H. With the
ring frozen in the first geometry, where C—C and C-H are 1.409
and 1.074 A, respectively, reoptimization of the distance between
Ca and the ring centroid with second-order many-body pertur-
bation theory!'!!2 proves inconsequential. Ca is separated from
the C’s by 2.71 A.13

The closed-shell cation being used as a reference state at the
neutral’s geometry, EPT90' calculates correlated electron affini-
ties!>!¢ in the nondiagonal second-order, diagonal second-order,
and diagonal partial fourth order!” approximations with a
(7s,4p,3d) basis on Ca!® and 6-31G'® on C and H. Discrepancies
between approximations are 0.15 eV or less. Diagonal second-
order results with a larger basis, composed of Ca (8s,5p,4d) and
C and H 6-31G(d,p), deviate by less than 0.03 eV. Differences
between the diagonal, partial fourth order electron affinities for
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Figure 2. A’E, Feynman-Dyson amplitude of CaCsHs.
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Figure 3. B2A, Feynman-Dyson amplitude of CaC;sHs.

the neutral ground state (5.078 eV) and excited states provide
vertical excitation energies: 1.801 (AE)), 2.296 (BZA ), 2.704
(C’E,), and 3.143 eV (D?A). These agree closely with experi-
mental results7 for the lowest exc1ted states: 1.800 (A2 Eiq/2)s

Feynman— yson amplltudes (FDAs) for electron affinities of
the cationic, N-electron state are defined by

f‘I’*N(XZ,X3,X4,...,xN+l)‘I’N+l(xl,xZ,X3,...,xN+l) de dX3 dX4 .
dxney = ¢FPA(x)).

FDAs are orbitals that correspond to electron binding energies.
In the uncorrelated case, the FDA corresponding to the Koop-
mans’s theorem!® result is a canonical orbital. The present FDAs,
calculated in the second-order, nondiagonal approximation, in-
corporate correlation effects. For the neutral ground state, X2A,,
the FDA contains diffuse Ca s functions with minor p hybrid-
ization. In the contour plot (Figure 1), squares represent Ca
(0,0,0.929), C (0,2.265,~3.659) and H (0,4.292,~3.761) nuclear
positions.?® This FDA is a Ca 4s~4p hybrid that has been or-
thogonalized to a ligand = molecular orbital.

The FDA expectation value of z (Table I) reflects polarization
away from the ligand. An electron in this nonbonding FDA
samples the neighborhood around Ca more than that of any other
nucleus. Electric fields evaluated at the nuclei yield another

(19) Koopmans, T. C. Physica 1933, 1, 104.

(20) Contours in intervals of 0.015 are shown in the figures. Solid (dotted)
contours represent positive (negative) values while dashed contours denote
nodes.
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measure of the FDA'’s distribution. At Ca and at each C nucleus,
z components are positive; the y component at the C in Figure
1 is negative. Multiplication of these values by nuclear charges
produces forces in which the ligand nuclei will be drawn upward,
but the Ca will be drawn more. Electron interaction more fully
screens attractions to the anionic ligand’s nuclei than the attraction
to the cationic metal atom’s nucleus.

Ca d and p functions with = pseudosymmetry constructively
interfere away from the ligand (Figure 2) in A2E,’s FDA. (z)
is slightly less than in the ground state’s FDA. Nuclear attraction
energies and forces on the nuclei are weaker, especially for Ca.

B2A,’s FDA consists chiefly of diffuse d functions on Ca and
has small contributions from diffuse Ca p functions. Note the
nodal surface (Figure 3) that extends from the Ca nucleus and
cuts through the C nucleus. An in-phase relationship obtains
between the lower lobe on Ca and functions describing C-H
bonding. The smaller (z) indicates less polarization away from
the ligand. Attraction energies to Ca and C are more negative
than in the ground state’s FDA. Especially significant is the
negative sign of the electric field at the Ca nucleus. All of the
forces on the ligand nuclei exceed those of the ground state. This
FDA is less antibonding between Ca and CsH; than the other two
FDAs.

Ca d functions with 6 pseudosymmetry practically alone con-
tribute to the C2E, FDA. (z) approximates the position of the
Ca nucleus. Translation of charge to smaller z accompanies more
negative nuclear attraction potentials. Coulombic interactions
with the electrons and nuclei of the ligand are larger, but almost
no force is exerted on Ca in the z direction for this nonbonding
FDA.

The most diffuse Ca s functions are the largest contributors
to the FDA of D2A,. This FDA is primarily a diffuse sp hybrid
that has been orthogonalized to functions describing the ligand.
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rolynuclear manganese complexes! play key roles in photo-
synthetic oxygen evolution? and manganese catalase (Mn-CAT).?
Their functional relevance* to oxygen evolution is important both
for the structural clarification of oxygen evolving complexes and
for the design of their artificial models. One subunit of Mn-CAT
from Thermus thermophilus contains two Mn3* as an enzymatic
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Table I. Catalase Activity of Manganese Porphyrins?
0, evolution turnover
initial rate, rate,
Mn porphyrin ~ [Melm],* M mol min~! min™!
1 0 0 0
7.5 x 1073 6.2 x 107 10.3
7.5 X 1072 5.4 % 1073 90.0
1.5 X 107! 7.5 X 1078 125
2a 1.5 x 107! 0 0
2b 1.5 X 107! 1.8 x 107 325
3 0 0 0
1.5 X 1072 0 0
Mn(TPP)Cl¢ 0 2.4 %107 0.4
1.5 X 1072 4.0 x 107 1.6
4 0 2.4 x 107 0.40
1.9 x 107! 8.4 x 1077 1.40
4Conditions: [Mn porphyrin] = 3.75 X 10 M (as a porphyrin

monomer), [H,0,] = 6.96 X 102 M in an acetonitrile solution (1.60
mL), T = 10.0 £ 0.2 °C. ?1-Methylimidazole. ‘TPP: meso-tetra-
phenylporphyrin,

active center separated by 3.6 A3 The enzyme is believed to
decompose H,O, by a mechanism that is unimolecular in peroxide
and involves Mn2* and Mn3*.3¢¢ Functional modeling of this
catalase activity, however, has been simulated only with a single
example of a covalently linked binuclear Mn complex.’

We have synthesized functional models by linking two man-
ganese porphyrins® (1, 2b, and 3) by rigid linker molecules to
control the metal-metal distance and their stereochemistry.

1. R'=n-CsHu, R*=H,
M'=M’=Mn*CI’

2a. R’=n-CeHu, R’= p-CsHu,
M'=H,, M= Mn™CI’

2b. R'=n-CeHu, R'= p-CeHa,
M'= M= Mn" CI’

These compounds survive more than 10000 turnovers of H,0,
in the best case and have a cavity surrounded by porphyrin rings.
The catalase activity was measured from three dimanganese
complexes (1, 2b, and 3) and for their corresponding Mn porphyrin
monomers [2a, Mn(TPP)Cl, and 4] in a thermostated reaction
cell fitted with an oxygen electrode (Table I). In the absence
of 1-methylimidazole (Melm), every Mn porphyrin showed almost
no catalase activity. Remarkably, the Mn porphyrin dimers 1
and 2b showed high oxygen-evolving activity with increased im-
idazole concentration. 2b especially attained very high activity
[325 mol of O, (mol of catalyst)™! min~!] and high turnover
numbers (maximum 1.5 X 10%). For other Mn porphyrins, MeIm
had little or no effect on their catalase activity. By means of
spectrophotometric titration, each Mn porphyrin monomer in 1
and 3 forms only the corresponding five-coordinate complex with
Melm.” Complexes 1, 2b, and 3 have cavities made up of two
bulky porphyrins which sterically prevent the entrance of Melm

(5) Mathur, P.; Crowder, M.; Dismukes, G. C. J. Am. Chem. Soc. 1987,
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10* M1, 8 = 1.36 X 107 ML,
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