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N-methylacetamide (NMA) to the extent of ~1.5%.2 The latter
valuc is consistent with the energy difference between NMA
isomers obtained from temperature-dependent matrix-isolation
studies® (~2.3 kcal/mol) and from ab initio calculations?® (~2.5
kcal/mol). Rccent resonance Raman studies under conditions
of high laser pulse energies®® indicate that rrans-NMA can be
photoisomerized to cis-NMA, the argument being based in part
on a proposed assignment of the amide I1 mode of the cis peptide
group. It is therefore important to have a detailed understanding
of the vibrational dynamics of this group. A previous normal-mode
analysis of cis-NMA? was based on the assumption that its force
ficld and internal geometry are the same as those of trans-NMA,
which may not be warranted. We have computed the ab initio
geometry and force field of cis-NMA, both the isolated molecule
and with two H,O molecules hydrogen bonded to it, and have
obtained its normal modes. These confirm the assignment made
in the resonance Raman studies,® but give significantly different
normal modes than predicted by the previous analysis.?

The geometry of isolated cis-NMA was obtained at the Har-
tree-Fock level with five different basis sets: 3-21G*, 4-31G,
4-31G*, 6-31G, and 6-31G*. The four possible conformations
with respect to CH; group rotations were completely optimized,
and it was found that the order of stability is the same for all the
basis sets. The most stable structure has a C-methyl H eclipsing
the O and an N-methyl H eclipsing the {N)YH, which differs from
that assumed in the earlier normal-mode calculation? but is the
same as that found in another ab initio study.* The bond lengths
arc very closc to those of the most stable form of trans-NMA,
for which we also optimized the four conformations’ (the most
stable trans structure has the same local eclipsed conformations
as the cis). The bond angles, however, are more variable, some
differing by 5-6° between the two structures.

Force fields were calculated with the 4-31G* and 6-31G* basis
scts, and normal modes obtained from each set were compared.
The frcquencies and modes are essentially the same, and we
therefore bascd all our results on the 4-31G* calculations. Since
reliable eigenvectors depend on having accurate force constants,
and since the ab initio values are generally high by 10-20% for
such basis sets,? we chose to scale the force constants to experi-
mental frequencies. Scale factors were obtained by optimizing
the force constants for trans-NMA to its matrix-isolated fre-
quencies’ and then transferring these 10 scale factors to the ab
initio force ficld of cis-NMA. Good agreement with experiment?
required the modification of only one scale factor, that for CN
stretch (s) being changed from 0.74 to 0.84. These scale factors
were then transferred unchanged to the hydrogen-bonded cis-
NMA system.

The effects of aqueous hydrogen bonds in modifying the normal
modcs of 2 cis-NMA molecule should be satisfactorily modeled
by a complcx that involves only the C=0 and NH groups in
interactions with water molecules. Although some ab initio energy
studies>!! have examined formamide complexed with several such
H,0 molecules, we feel that the cluster number and geometry are
not critical and that the predominant effects on the normal modes
are revealed by the presence of two H,O molecules, one bonded
to each group. We have therefore obtained the geometry and force
ficld by the total optimization of such a cis-NMA-(H,0), complex.

The results of the calculations on isolated and hydrogen-bonded
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Table I. Amide and Skeletal Modes of Isolated and Aqueous
Hydrogen-Bonded cis-NMA

v(obsd)®  u(calcd) potential energy distribution®
1707 1717 CO s (78), CCN d (12)
~ 1650 1645 CO s (28), HOH sb (50)
1485 1481 NCH; ab (54), CN s (16), NCH; r (14)
1496 1499 CN s (33), CCs (11), NCH; ab (10)
1325 1331 CCH;sb (51), CNs (17), NH ib (12), CO ib (12)
1316 1354 CCH,; sb (63), CN s (11)
798 CC s (52), CN s (20), NC s (10)
821 808 CC s (58), CN s (20), NCs (11)

516 CN t (36), CO ob (26), NH ob (17), CCH; r (13)
678 CN t (33), COob (29), NH ob (21), CCH; r (13)

“Top line: matrix isolated.’> Bottom line: aqueous solution® bs =
stretch, d = deformation, t = torsion, ab = antisymmetric bend, sb = sym-
metric bend. ib = in-plane bend, ob = out-of-plane bend. Contributions
210.

NMA arc shown in Table | for the main amide and skeletal modes
and arc compared with experimental data for matrix-isolated’ and
aqucous® cis-NMA, respectively. We see that the amide Il mode
of the hydrogen-bonded molecule is predicted near the observed
valuc of 1496 cm™ 36 and is mainly CN s with no NH in-plane
bend (ib) (=10), consistent with experimental evidence.® This
mode is significantly different in the isolated molecule, although
it still contains no NH ib, in distinction to this coordinate being
the largest contributor in an earlier calculation.® Other modes
are also affected by hydrogen bonding, but to different degrees.
Amidc 1, ncar 1650 cm™!, can involve an HOH bend, although
the extent is very sensitive to the scale factor for the latter force
constant. These differences in modes, as well as in frequencies,
arc undoubtedly due to the significant changes in force constants
that occur on hydrogen bonding; e.g.. CN s, 8.1%; CO s, -8.3%:
CO b, 13.5%; NH ib, 46.7%; NH out-of-plane bend, 54.1%; CN
s, NH ib, 94.87%. These changes are evaluated elsewhere in greater
dctail,'? but it is clear that isolated molecules may not be adequate
modcls for the normal modes of molecules that interact strongly
with solvent.
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In spite of the long-standing importance of non-oxide chalco-
genide glasses in infrared optics and semiconductor technology,
quantitative concepts describing the structural principles in these
systems are just emerging. Recently, unique insights have been
obtained via dipolar solid-state NMR techniques.'

The binary phosphorus-selenium system forms glasses over a
wide compositional region (0~52 atom % P)? and is an ideal model
system for studies directed at the development of structural
concepts for chalcogenide glasses. Previous *'P spin-echo ex-
periments have served to establish the statistics of P-Se vs P-P
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Figure 1. *'P-""Se SEDOR results on three P-Se glasses. (A) Normalized 77Se spin-echo intensities as a function of the evolution time 2¢, (a) without
and (b) with application of the 3'P pulse. The straight lines are linear least-squares fits to the whole data of curve a and to the long-term behavior
of curvc b, respectively. (B) Dipolar decay curves of the P-bonded Se atoms, obtained via SEDOR difference analysis (see text). Top: glass containing
12.5 atom % P. Bottom: glass containing 20 atom % P. The solid curves show the simulated decay within the region 0 ms < 2¢; < 0.85 ms for isolated

P-Sc bonds and P-Se-P bridges, respectively.

bonding in these glasses,’ Here we report a complementary
experiment, which helps to unravel the statistics of Se~Se vs Se-P
bonding. This question relates to the issue of whether the P atoms
are distributed in an isolated fashion (scenario I) or if there exists
a tendency toward phosphorus clustering via preferred formation
of P-Se~P bridges (scenario 11).> Both models differ with respect
to the fraction of P-bonded selenium atoms, Sep, as contrasted
to the remaining atoms, Seg., which are only bonded to other
selenium atoms. Assuming all three-coordinate phosphorus,
scenario I results in 3.0 Sep atoms/P atom, whereas scenario 11
predicts 1.5 Sep atoms/P atom. This question can be addressed
experimentally by *'P-"’Se spin echo double resonance (SEDOR)
spectroscopy.

The methodology of SEDOR has been developed and applied
to surfaces by Slichter and co-workers.>” Boyce and Ready have
used it to study dopant interactions in amorphous silicon alloys.?
Generally, however, applications have remained scarce, due to
the special demands these experiments pose on spectrometer
hardware® To the best of our knowledge, this is the first ap-
plication of heteronuclear X-Y double resonance experiments to
bulk glass structure.
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Table I. The Fraction [Sep] of P-Bonded Se Atoms, as Determined
Experimentally and Predicted by Scenarios I and 11

atom % P scenario 1 scenario 11 expt
5.0 0.16 0.08 0.12
12.5 0.43 0.21 0.33
20.0 0.75 0.38 0.48

In our experiments, "’Se spin echoes are generated (90°-1,~180°
sequence) while the 3'P spins are inverted at #;. As a result, the
heteronuclear 3'P-7"Se interaction is no longer refocused, and the
magnetization associated with the Sep species decays according
to the ¥'P-""Se dipolar coupling constant, as a function of the
incremented evolution period 2¢,. In contrast, the Seg, species
remain unaffected by the 3!P pulse.

Figure | shows the results for three glass compositions. Even
in the absence of the 3!P pulse, there is considerable decay of the
"’Se spin-echo intensity with 2t,, due to direct and indirect
"7Se~-"'Se interactions. This decay is approximated equally well
by either linear or exponential functions; for simplicity we use the
linear fit here. In the presence of the 3'P pulse, the spin-echo
intensity decreases much more rapidly due to the dipolar decay
of the magnetization associated with the Sep species. At times
21, > 1 ms, this magnetization has been largely drained, and the
residual spin-echo intensity is now mostly due to the Seg, species.
Note that the slope of this long-term behavior closely matches
the slope seen in the absence of the 3P pulse for the entire selenium
population. Extrapolation of this straight line to zero time helps
to estimate the selenium fractions [Sep] and [Seg,] (see Table I).
Subtraction of this line from the experimental data in Figure 1A
affords the Sep dipolar decay function. Figure | B contrasts this
decay function with simulations for an isolated Se~P bond and
a P-Se-P species, respectively. The simulations account for the
experimentally observed 7’Se T, and assume a P-Se distance of
2.30 A1 Figure 1B suggests that at 12.5 atom % P the majority
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of the P-bonded Se atoms are bonded to only one P atom, whereas
at 20 atom % P the fraction of P-Se~P units is substantially
increased, as expected from probability considerations. Both the
results of Table I'! and the compositional evolution apparent in
Figure 1B argue against the cluster models previously suggested
for the structure of these glasses.!? A more detailed interpretation,
in conjunction with 3P spin-echo and MAS-NMR studies will
be published elsewhere.

The results presented here suggest that heteronuclear “X-Y”
double resonance experiments have considerable potential for
elucidating the structure of inorganic ceramics, semiconductors,
and glasses. Further applications to other inorganic systems are
currently in progress.
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The design of effective inhibitors of the lipoxygenases, critical
enzymes for the biosynthesis of medically important eicosanoids
from arachidonic acid,! would be abetted by knowledge of the
catalytic mechanism(s) of these non-heme iron dioxygenases.?
Recent mechanistic proposals for this enzymatic reaction have
centered on “inner-sphere” oxidation, invoking first an Fe-
(IT1)-olefin complex and then an organoiron intermediate.’
However, “outer-sphere” oxidation of arenes* and olefins® by simple
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Table I. Rates for Oxidation of Dienes by Fe(X-phen);** Complexes
T,

complex®*  °C olefin® kyb st M rel rate

Fe(phen);** 423 1,4-CHD (1) 5.2(1.0) x10* 1.0
+23 1,3-CHD 9.2 (1.9) 1.8 X 10¢

+23 1-Me-1,4-CHD (2) 43(0.7) x 107 8.2

Fe(phen);** -30 1-Me-1,4-CHD (2) 43 (1.6)x 10* 1.0
-30 1-MeO-1,4-CHD (3) 0.28 (0.07) 6.6 x 10?

Fe(4,7-Ph,- -30 1-MeO-14-CHD (3) 23(0.9) x 102 1.0
phen),** =30 1,4-(MeO),-1,4-CHD 3.7 (1.7) x 10' 1.6 x 10*

(4)

9Phen = 1,10-phenanthroline; CHD = cyclohexadiene. ®Standard devi-
ations in parentheses.

Table II. Oxidation of 1-Me-1,4-CHD (2) by Fe(I11) Complexes of
Varying Reduction Potential

complex E\pt vV kpb st M rel rate
Fe(5-NO,-phen),™  1.18 1.2 (0.6) x 100 28
Fe(phen),** 098  43(0.7)x10% 10

Fe(4,7-Ph;-phen),** 0.91 1.3 (0.4) x 107? 0.30
4 For reduction, vs SCE. ?Standard deviations in parentheses.
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Figure 1. Plot of In k, for oxidation of 1-Me-1,4-CHD (23 °C) vs £,
of the Fe(111) complex.

iron complexes has been observed, suggesting that dienes, too,
might be oxidized by a noncoordinative process, one that should
be kinetically enhanced by structural factors that favor one-
electron oxidation of a double bond. For a |.4-diene, oxidation
should be facilitated by structural effects that maximize = in-
teractions between the formally unconjugated double bonds. For
example, arachidonic acid, conformationally constrained through
enzyme binding to provide maximum = interaction between A’
and A® of the tetraene (“homoconjugation”), might undergo facile
noncoordinative oxidation. We report that simple 1,4-dienes,
“conformationally locked” by incorporation into a ring, are in fact
oxidized by simple Fe(I1I} complexes in a process fully consistent
with outer-sphere oxidation in which interaction between the
formally nonconjugated double bonds is clearly indicated.

In a definitive series of studies, Kochi has demonstrated out-
er-sphere oxidation of arenes* and simple olefins’ by various
Fe(X-phen);3* species (X-phen = substituted 1,10-phenanthroline)
by showing a correlation between the second-order rate constant
for substrate oxidation and the difference between the standard
oxidation and reduction potentials of the Fe(IlI) complex and the
organic substrate, respectively (In k, vs E®,, = E°.4). and by
demonstrating rate-limiting electron transfer in the overall oxi-
dation process. Using his paradigm, we demonstrated outer-sphere
oxidation for a series of simple |.4-dienes by Fe(X-phen);3*
(Scheme I).

(5) (a) Kochi, J. K.; Amatore, C.; Schlesener, C. J. J. Am. Chem. Soc.
1984, /06, 3567. (b) Schlesener, C. J.; Amatore, C.; Kochi, J. K. J. Phys.
Chem. 1986, 90, 3747.

© 1990 American Chemical Society



