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ABSTRACT

Resonance Raman Studies of Milk Xanthine Oxidase
and Raman Studies of Molybdenum (VI)
Model Complexes for
Molybdoenzymes

Lawrence Jack Willis, Ph.D.
Oregon Graduate Center, 1982

Supervising Professor: Thomas M. Loehr

Milk xanthine oxidase (E.C. 1.2.3.2) is an enzyme which depends
on three different cofactors for activity: a molybdenum center, two
distinct iron-sulfur centers, and a flavin adenine dinucleotide (FAD)
group. This oxido-reductase has been studied by resonance Raman spec-
troscopy. The vibrational spectrum of FAD has been identified in the
native enzyme; its spectrum was absent in the deflavo form of the
enzyme. The vibrational spectrum of the Fe,S; centers was also observed
in the 280-400 cm™ ' region, and appears to be identical to those repor-
ted for the Fe,S; centers in adrenodoxin. Additional bands were identi-
fied in this region which are attributable to either the iron-sulfur
centers or possibly to the molybdenum site. However, no unambiguous

evidence was obtained by Raman spectroscopy for the molybdenum active

site in xanthine oxidase.

Fourteen molybdenum (VI) complexes with oxygen, sulfur, and nit-

rogen ligands were studied by Raman spectroscopy from 50-1000 cm™ ' as

The position of the

model compounds for the Mo site in the oxidase.
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molybdenum-oxygen stretching vibrations between 850 and 950 cm™! was

used to distinguish between two structures identified for these com-
plexes. Values below 900 cm™ ' are indicative of a skew~trapezoidal
bipyramid structure with cis sulfurs in a possible partial disulfide
bond. Values above 900 cm™ ! indicate a distorted octahedral structure
with trans sulfurs. Solution Raman spectra of the fourteen complexes
indicate that the octahedral structure is preferred once the complexes
are dissolved. Five of the complexes were substituted with %0 allow-
ing a study of the isotopic shift of the Mo-0 frequencies. The shifts
were studied by Normal Coordinate Analysis and the results were inter-
preted as *°0/*®0, *°0/*®*0, *®0/*®0, and *®0/'®0 pairs in these dioxo
Mo(VI) complexes. However, Normal Coordinate Analysis could not
successfully match the entire set of metal-ligand stretching vibra-
tions for the two complexes for which complete x-ray crystallographic
structures have been published. Presumably, the intermolecular inter-
actions in the solid state cannot be adequately treated by limitations

in the force fields employed iﬁ this analysis.

xii




INTRODUCTION

Xanthine oxidase (E.C. 1.3.2.3) is one of a small number of

enzymes which require the trace element molybdenum.1 Nature's use of
g molybdenum in biological systems is thought to be due to the ability |
: of this element in high oxidation states to undergo a two electron

’ reduction with a proton transfer.l In xanthine oxidase this property
of molybdenum is used to catalyze the reaction of hypoxanthine to
xanthine and xanthine to uric acid in animal livers. Knowledge of the

ligands and coordination geometry of the molybdenum active site of

xanthine oxidase would greatly enhance understanding the mechanism of

catalysis.

o O N
N HN N
k > )\Nl N> OJ\N ﬁ>=
H H H

Uric acid

Hypoxanthine Xanthine

Other cofactors essential to enzyme function are two two-iron-two-

sulfur groups and a flavin group (as FAD). Each enzyme molecule has

two separate sets of these cofactors. The substrate reacts at the

molybdenum site and the enzyme is reoxidized at the FAD site, convert-

ing 0, into H,0,.




Xanthine oxidase has a molecular weight of '—'283,000.2 Each
molecule has two separately operating active catalytic units which
show no activity when the molecule is divided into its two subunits.
No evidence for allosteric interactions between the two catalytic
units per molecule has been observed. However, one half of the
enzyme can be fully active while the other half is inactivated in a
form called demolybdo xanthine oxidase wherein the molybdenum is
absent.1

Chemical modification of xanthine oxidase has helped to clarify
the functions of the cofactors. The flavin moiety can be easily and
reversibly removed. Such a deflavo enzyme reacts with xanthine until
it is fully reduced. Other oxidizers such as ferricygnide or ferri-
cytochrome ¢ can then be used to restore activity toward xanthine.3

The iron-sulfur centers have been well characterized by their
electron paramagnetic resonance (EPR) spectra. At liquid helium
temperatures two different Fe/S signals are detected and are used to
identify each iron-sulfur centér. Fe/S system I has a gavg of 1.95

" . . accounts

while Fe/S system 11 has a gavg of 2.01. Each Fe/S center
for one electron per half xanthine oxidase molecule in the fully reduced
enzyme."2 These properties are similar to plant ferredoxins and, there-
fore, it is presumed that each of'the two types of Fe/S centers is a
two-iron-two-labile-sulfur (Fe,S;) system. This has been confirmed by

4,5

other methodst There are a total of four Fez;S: units in xanthine

oxidase, each dimer containing one Fe/S type I center and one Fe/S type

I1 center. Removal of the iron-sulfur centers appears not to be




reversible,

Whereas the flavin and iron-sulfur centers are known and well
understood, molybdoenzymes are few in number and their molybdenum
sites are not well characterized. Removal of molybdenum from xanthine
oxidase is irreversible and destroys enzyme activity.

Based upon EPR work, molybdenum is believed to cycle from Mo(VI)
in the resting enzyme to Mo(IV) upon reaction with xanthine, whereupon

two electrons are transferred to either the Fe/S centers or FAD, recon-

o e ., - - comsmm

verting molybdenum to Mo(VI). Since both Mo(VI) and Mo(IV) are diamag-
netic, having d° and d*® electronic configurations respectively, the

EPR signals must arise from intermediate Mo(V) states during turnover,
as no free radicals are thought to be associated with this enzyme.

Four main Mo(V) EPR signals have been identified for xanthine oxidase
by Bray.2 These are called Very Rapid, Rapid, Inhibited and Slow. All
four signals are observed in the range gavg = 1.971 + 0.006. The Very
Rapid signal changes to the Raﬁid signal with the uptake of a proton
during enzyme turnover. The Slow signal is generated by dithionite
reduction of an inactive form of the enzyme, desulfo xanthine oxidase.
This form of the enzyme occurs upon storage but the formation is inhibi-
ted by addition of salicylate to the storage buffer. Desulfo xanthine
oxidase can be generated by addition of cyanide to active enzyme,
removing a sulfide as thiocyanate from resting enzyme, but not reduced

xanthine oxidase. Active enzyme can be regenerated with sulfide treat-

ment.




The nature of this cyanolyzable sulfur in tﬁe enzyme has been the
subject of much speculation. It was widely believed to result from a
t persulfide group in tﬂe enzyme but the existence of such a group in
xanthine oxidase has never been confirmed. 1In recent studies, the
k cyanolyzable sulfur has been replaced with isotopically labeled 335.6
Electron paramagnetic resonance showed that the Very Rapid io(V)
signal has strong coupling to the sulfur nucleus indicating that this
sulfur 1is aligand tomolybdenum, and not a hydrolyzable persulfide grour.
The Inhibited EPR signal arises from the reaction product of
xanthine oxidase with methanol or formaldehyde. It is proposed that
a formyl residue, -CHO, binds to the active center near the molybdenum
since a proton is observed to be coupled to this Mo(V) EPR signal.
Mo(V) is apparently stabilized in this air stable product whereas the
other EPR signals are transient. When inhibited in this manner, it is
not possible to generate desulfo xanthine oxidase. Likewise, this in-
hibited form cannot be generated from desulfo xanthine oxidase.
Demolybdo xanthine oxidasé, another inactive form of the enzyme,
was discovered when different preparations of xanthine oxidase yielded
varying ratios of molybdenum to flavin.2 It has been determined that

demolybdo xanthine oxidase 1is naturally secreted along with active

b enzyme in amounts varying with the nutritional status of the animals.
Demolybdo xanthine oxidase is more likely to be denatured by salicy~-
late, thus providing a good method of minimizing its quantity during

preparation.

The nature of the ligands of molybdenum in xanthine oxidase and

several other molydoenzymes has recently been clarified by use of the
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relatively new technique of extended x-ray absorption fine structure
(EXAFS). With this technique it is not only possible to identify the
nearest atom neighbors of a given atom, but also to obtain accurate
distances to those neighboring atoms. Less accurate, however, is the
number of each kind of neighbor. Cramer et al? have investigated the
EXAFS spectra of a variety of molybdenum complexes to define the para-
meters necessary in an analysis of molybdenum complexes of unknown
composition.

Applying these parameters to molybdenum in the enzymes xanthine
oxidase and nitrogenase, Tullius et al.8 were able to show that molyb-
denum in nitrogenase contains no double bonded oxygen ligands whereas
it does in xanthine oxidase. Such oxo-ligands are a common feature of
the chemistry of molybdenum. In addition, the ligands to molybdenum
in xanthine oxidase were identified as one or two oxo-ligands at 1.71
3, approximately two sulfurs at 2.54 &, and one sulfur at 2.84 &. The
shorter bond length for the two sulfurs suggests they are thiolate
sulfurs while the longer sulfur is suggested to be a thioether. Their
data were not clear enough to establish the presence or absence of
additional ligands such as nitrogen. The thiolate ligands were pro-
posed to be trans to the oxo groups since the trans effect of oxo
groups could explain the slightly longer bond lengths over those of
model complexes.

Prior to the EXAFS information, the ligands to molybdenum in
xanthine oxidase were presumed to be sulfur, oxygen, and nitrogen
based upon their biological availability. Electron paramagnetic

resonance studies seemed to implicate one or more sulfur ligands.g
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Consequently, synthesis of molybdenum complexes with these ligands has
flourished to model the molybdenum site in xanthine oxidase as well as
other molybdoenzymes. Early models contained molybdenum dimer com-
plexes since the chemistry of Mo(VI) favors poxo and di-|-oxo
bridges.lo-22 These are not acceptable models, however, since all
known molybdoenzymes incorporate monomeric molybdenum at their active
sites.

Since the richest data on characterizing molybdenum in enzymes
has come from EPR spectroscopy, the matching of these EPR signals to
those from model complexes has been a primary focus of studies of Mo
in enzymes. One complex that most closely matches the EPR signal
parameters of xanthine oxidase is cis-oxochlorobis(8-mercaptoquino-
linato)-molybdenum(V), MoOCl(tox)z Figure 1, It is interesting to
note the presence of two thiolate and two nitrogen ligands in addition
to the oxo and one chloro ligand. The chloro group may well play the
role of the ubiquitous second cis-oxo group. Many Mo(VI) and Mo (V)
complexes have now been synthesized with sulfur and nitrogen ligands
and studied by EPR and x-ray crystallography to determine their poten-
tial as models for molybdoproteins.24-34

Until this work, only EPR and EXAFS were used to compare the
molybdenum site in xanthine oxidase with Mo complexes.35 Resonance
Raman spectroscopy holds the potential for probing the molybdenum site
in xanthine oxidase as well as the other co-factors, FAD and the Fe/S
centers. Whereas infrared spectroscopy of proteins is not readily

feasible due to the overlap of the multitude of protein vibrational

modes and the strong absorption by aqueous solvents, resonance Raman




Figure 1. Structure of MoOCl(tox):.

{Taken from reference 23}




spectroscopy is capable of viewing the vibrational structure of only
the chromophore sites involved in a protein. In xanthine oxidase, the
FAD and Fe/S centers are strong chromophores and should possess reso-
nance Raman spectra. The visible absorption spectra of native and
deflavo xanthine oxidase are shown in Figure 2. The difference spec-
trum, also shown, is typical of the absorption spectrum for FAD.2 The
molybdenum site, however, does not have a well defined electronic
absorption due to the strong masking effect of the FAD and Fe/S
chromophores. Yet evidence exists for‘the presence of molybdenum
absorptions. When molybdenum is locked into the Mo(IV) oxidation state
by the inhibitor allopurinol, a difference spectrum is obtained as
shown in Figure 3.36 This shows an absorption with )hax at ~ 380 mn !
for Mo(IV). Excitation of appropriate xanthine oxidase samples near
this wavelength might yield a resonance enhanced Raman spectrum for
the molybdenum active site.

To ascertain any resonance Raman spectral contributions due to

the Mo-site in xanthine oxidase, it will be necessary to compare
vibrational frequencies with known complexes of molybdepum. Since

complete infrared or Raman spectra from model complexes are seldom

published, it was necessary to study the Raman spectra of suitable

molybdenum complexes in conjuction with the enzyme studies. Dr. Edward

I, Stiefel and coworkers at the Charles F. Kettering Research Labora-

tories in Yellow Springs, Ohio, have synthesized a number of Mo(VI)

complexes with oxygen, sulfur, and nitrogen ligands as potential

models for molybdenum enzymes and agreed to collaborate with this

Fourteen Mo (VI)

researcher for the Raman studies of these complexes.




Figure 2.

40,000 ~
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Absorption spectra of native and deflavo xanthine oxidase

displayed as molar extinction coefficient (M lem™ 1) per

unit of molecular wgight of 181,000. The calculated dif-
ference spectrum between native and deflavo xanthine oxidase
is displayed in the lower curve. {Reproduced from refer-
ence 3}. The currently accepted molecular weight of

xanthine oxidase is 283,000.2




Figure 3.

10

Wovelength (mu)
Absorption difference spectrum between xanthine
oxidase inhibited by allo-xanthine and native
xanthine oxidase expressed as At per molecule of

flavin. {Reproduced from reference 36}
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complexes were analyzed by Raman spectroscopy in both the solid state
and in solution,

An additional study was performed on two of the complexes for
which the x-ray crystallographic structures have been published.
Normal coordinate analysis (NCA) of metal ligand vibrational fre-
quencies was carried out to establish a better understanding of these
vibrations in these complexes. Although x-ray crystal structures
have been determined for four of the fourteen complexes, only two
contain sufficient structural information for setting up normal coor-
dinate analyses.

Normal coordinate analysis uses masses, structural coordinates,
and vibrational force constants to calculate frequencies of vibration.
I1f frequencies of vibration are known, NCA can then be used to calcu-
late force constants. The F and G matrix method of Wilson37 expresses
the relation between force constants and vibrational frequencies in
the following equation:

|FG - EA] = 0.
The determinant on the left side of the equation contains three mat-
rices, F, G, and E, and the scalar A which relates to vibrational
frequency via the foilowing equation:

A= am?vic?.
In this equation, v is the frequency of vibration in cm ' and c is the
speed of light in cm/sec. The F matrix contains the force constants.

The G matrix contains reciprocal masses and terms relating atoms

through bonding interactions. E is a unit matrix.
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For a nonlinear molecule with N atoms the F and G matrix method
requires that a determinant of order 3N - 6 must be solved. Computer
programs are necessary to solve such large equations. Schachtschneider38

39

developed a set of programs which were modified™  to three programs

used in these calculations. These three programs are described below:

1. CART: This program converts the input structural data (bond
lengths, angles, masses) into cartesian coordinate system and defines
each atom's coordinates.

2, GMAT: This program calculates the G matrix with an option to
symmetrize the G matrix if an appropriate U matrix, which transforms
internal coordinates into symmetry coordinates, is provided for the
molecular point group.

3. FPERT: This program calculates the F matrix, symmetrizes the
F matrix on the basis of symmetry coordinates, if appropriate, solves
the secular equation in internal coordinates, and optionally refines
a calculated set of force constants to a given set of experimental
frequencies.

Within a molecule there are many interactions to be considered
such as bond stretching, bond angle bending, and non-bonded atom
repulsions. Each interaction has its own force constant and the
collection of force constants defines a force field. The general

37 3N-6

quadratic potential function, 2v= [ F ,SS ,, where S_and S _,
te! tt" tt t t

are internal coordinates, N is the number of atoms in the molecule,
and Ftt' are the force constants, is the most complete and accurate
model force field. However, it involves (3N - 6)2 force constants

many of which are insignificant interactions between separated atoms
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in a molecule and can rapidly use up valuable computer time for large
molecules. To alleviate this problem, simpler force field models are
considered.

The general valence force field (GVFF) model uses force constants
only for stretching and bending vibrations. Interactions between non-
bonded atoms are not considered. Another commonly used model is the
Urey-Bradley force field (UBFF).ao This model adds repulsive force
constants between non-bonded atoms to the GVFF model. For the NCA
calculations in this dissertation, only the GVFF model was used since
the stretching vibrations were of primary interest.

The aim of the research described in this dissertation is an
investigation of the enzyme xanthine oxidase by resonance Raman spect-
roscopy. The FAD cofactor spectra are to be compared with the spectra
of known samples of FAD. The spectra of the Fezs2 centers are to be
compared with spectra from other known Fe282 containing proteins. The

spectra of Mo(VI) complexes are to be studied to aid in identifying

the Mo site vibrations in xanthine oxidase spectra.
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EXPERIMENTAL
I. Preparation of Milk Xanthine Oxidase

Xanthine oxidase was prepared following the method of Massey et
31.41 with a modification of their final step. Freshly churned
buttermilk in approximately 2 liter lots was treated with 0.2 g/L of
sodium salicylate, 0.3 g/L of cysteine HCl, 0.37 g/L of EDTA, and
15.8 g/L of NaHCOj3 titrated to pH 7.5 with 2N NaOH. In a water bath,
the temperature of the solution was elevated to 37°C and 1.6 g/L of
pancreatin was added. The solution was stirred at 37°C for 3.5 hours
and set to cool overnight in a refrigerator.

With vigorous stirring, 170 mL of n-butanoi (cooled to -20°C) per
liter of solution was added followed by 190 g/L of ammonium sulfate.
After stirring for 30 min., the mixture was centrifuged at 650 x g.
The lower aqueous layer was separated (by suction) from the precipi-
tate in the upper organic phase and its volume measured. The precipi-
tate was discarded. Ammonium sulfate was added to the aqueous solu-
tion, then placed in a refrigerator for two hours to allow the protein
to precipitate and rise to the surface. The lower aqueous layer was
removed by siphon and the protein precipitate was centrifuged at
10,000 x g for 30 min. All liquid layers were discarded and the
protein precipitate was suspended in ~ 100 mL of 0.1 M phosphate

-4 -3
buffer, pH 6.3, with 3 x 10 M EDTA and 10 M salicylate. The sus-
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pension was dialyzed overnight against three chénges of three liter
volumes of this same buffer.
The dialyzed solution was centrifuged at 15,000 x g for one hour

at 4°C and then decanted from any further precipitate. The solution

was passed onto a calcium phosphate-cellulose column (10 x 90 cm) and
was then washed by at least five bed volumes of the buffer solution.

The enzyme was eluted with the same buffer containing 5% (w/v) ammon-
ium sulfate using an Amicon TCM 10 ultrafiltration apparatus with a mem-
brane having a 105 molecular weight cutoff. The concentrated enzyre was
then passed through a column (2.5 x 200 cm) of Sephacryl S-300 and
concentrated once again by ultrafiltration. The concentrated, reddish-
brown xanthine oxidase stock solution was then stored at 5°C until

further use.

Deflavo xanthine oxidase was prepared by the method of Kanda et
al.42 A 2 mL sample of xanthine oxidase stock solution was dialyzed
for 12-16 hrs. against 3M KI in Tris-HCl buffer (0.15M, pH 8.5, with

0.005% EDTA and 1 mM sodium salicylate). For the next 3 hours, dial-

ysis was continued against 0.5 M KI in Tris buffer followed by a final
3 hours of dialysis against 0.5 M KCl in Tris buffer. After removal
of the flavin the reddish-brown samples were concentrated by ultra-
filtration using Millipore PTHK membranes (105 MW cutoff) and stored
in the refrigerator until use.

Desulfo xanthine oxidase was prepared by the method of Gutteridge

et 31.43 Dialysis of a 2 mL xanthine oxidase stock sample at room

temperature was carred out against 30 mM KCN in the above Tris buffer.
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After approximately three hours of dialysis, the sample was passed
through a (3 x 100 c¢m) column of Sephadex G-15, concentrated by Milli-
pore ultrafiltration (PTHK), and stored in the refrigerator until use.
The appearance of the desulfo enzyme was indistinguishable from the

native and deflavo forms of xanthine oxidase.

II. Activity Assay for Milk Xanthine Oxidase and Protein

Concentration

The activity of xanthine oxidase was measured by the method of
Avis et al.44 A pyrophosphate buffer and a xanthine solution were
prepared and stored for future uses. The pyrophosphate buffer con-
tained 17.83 g of Na,P,07+10H20 plus 3.33 g of NazH2P207 in a volume
of 500 mL at pH 8 with 2.5 mL of chloroform added as a preservative.
The xanthine solution consisted of 13.5 mg of xanthine, 1 mL of 2N
NaOH and water to a final volume of 100 mL and a final pH of 9.5
The assay requires a buffered xanthine solution which is freshly made
whenever an assay is carried out. It consists of 3 mL of xanthine
solution, 3 mL of N/50 HCl, 7 mL of pyrophosphate buffer, and 7 mL of
water.

A xanthine oxidase sample from the stock solution was diluted
about 100 ~fold with cold pyrophosphate buffer. Buffered xanthine
(2.5 mL) was added to one cuvette, stoppered, and the solution was
mixed by inverting once, and placed in the sample compartment of a

Cary 15 or Cary 16 spectrometer. The second cuvette was used in the
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reference compartment. Absorbance at 295 nm was followed for 10
minutes to record the appearance of uric acid. |

The slope of the graph (AAzssﬁAtmin) was used to calculate the
activity using the formula #units/mL = 2.7083 FX where F is the dilu-
tion factor of the enzyme and X is the slope. This formula was derived
from Avis et al.44 and includes an extinction coefficient difference
of 9.6 x 10> M ! cm™! between xanthine and uric acid at 295 nm.

The biuret reaction was used to measure protein concentration.
All chemicals were reagent grade or biochemical grade. Xanthine oxi-
dase samples displayed activity ranging from 1.36 units/mg to 6.3
units/mg. These values compare favorably with standard preparations
of xanthine oxidase.l’1

The Raman spectra were obtained on a Jarrell-Ash 25-300 Raman
spectrophotometer with a modified grating drive and slit drive from
RKB Inc. This instrument was interfaced to a Computer Automation
1SI-2 computer controlled through a Tektronix 4010-1 interactive
graphics terminal. The operation of the spectrometer has been de-

scribed elsewhere.45
I1I. Molybdenum Model Complexes

The molybdenum(VI) model complexes were prepared by Dr. Edward I.
Stiefel and coworkers at the Charles F. Kettering Research Laboratory
in Yellow Springs, Ohio. Infrared spectra of these complexes were
provided with.the samples, but some were remeasured on a Perkin-Elmer

621 Grating Infrared Spectrophotometer as Nujol mulls. Information
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on the visible an& ultraviolet absorption spectra of these complexes

were provided with the samples.
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RESULTS AND DISCUSSION

I. Molybdenum(VI) Model Complexes

The fourteen molybdenum(VI) model complexes obtained for this
investigation are listed in Table I. All but two are dioxo molyb-
denum complexes with nitrogen and sulfur multidentate ligands complet-
ing the six coordinate environment around the metal. The last two are
dioxo Mo dimers having an additional bridging p-oxo ligand. All the
ligands are similar but include small structural alterations which
add steric effects and, thus, introduce slight changes in the geomet-
ries and physical properties among the complexes. Several of the com-
plexes were available with 180 coordinated so that isotopic shifts
could be observed. These isotopic complexes are identified in Table I.

The Mo(VI) complexes were studied by solid state Raman spectro-
scopy and infrared spectroscopy to identify the molybdenum-ligand
stretching vibrations. The frequency of the antisymmetric 0=Mo=0
stretching vibration was used-to assign the structure of the complex
between two possible geometries, distorted octahedral and skew-trape-
zoidal bipyramidal. In solution, all complexes display v(Mo=0)
frequencies characteristic of the octahedral structure indicating the
lack of stability of the skew-trapezoidal bipyramid once dissolved.

Normal coordinate analysis was applied to two of the complexes,
C and H, for which the x-ray crystal structures have been solved.
These computer calculations were used to assist in the assignment of
the stretching vibrations of molybdenum to the oxygen, sulfur, and

nitrogen ligands. NCA also was used to explain the complex set of
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k Table I. Chemical and Structural Formulas of the 14 Molybdenum
Complexes
Molybdenum Structural
Formula
Complex Formula
-}
A MoO2 (NH,CH,C(CH3)28)2 & Mo'®0.L. mo,("\‘i,()
2
B Mo0; (C¢HsCH2NHCH2C(CHs), S, oo, {‘°‘=’{*7€>
J £
| C MoO (CH3NHCH,C(CH3)2S) 2 & Mo?®0,L, MQ(‘“W}
NH
D MoO, (CH3NHC(CH3) 2C(CHa) 2S) 2 m,("‘)ﬁ(
t
E Mo02 (SC(CHs) 2CH,NHCH, CH2NHCH,C (CH3)2S) uoo,<5 N 5>
F MoO2 ((CHs) sNCH2C(CH3)25)2 & Mo®0:L: Mno‘<“”*=’l”‘\_,<s>
1 2
G MoO2 (NH2CH2CH2S) 2 m.< "\'z_/s)z
‘: N
H MoO; (tox) 2% "“5<K;E§Dz
1 MoO2 (SCH2CH,N(CHs ) CH,CH,N(CH;s ) CH,CH2S) M°°i<5 NCH, N0, s>
N/
N(CH,%
J MoO; ( (CHs ) 2NCH2CH,N(CH2CH2S)2) & Mo'’0. m({//‘\\s >
S
& Mo'®0,L
SO
K MoO4 (CH3 SCH, CHaN(CH,CH2S) 2) & Mo*°0,L MoOz<t£//—\\sm!>
’ s
L L MoO (NHCH,CH;N (CH;CH2S) 2) m,{ﬁ?“)
s
M Mo20s ( (CHs ) 2NCH,CH,NHCH,CHS) 2 Mo,q<ccn,x,~\_/m’ §>z
N Mo20s ( (CHs) 2NCH,CHzNHCH;C(CHs ) 2S) 2 Mozo,<(CH,>zN\_/m s>2
Z¢ox = thiooxine = 8-mercaptoquinoline
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Mo=0 stretching vibrations seen in the infrared and Raman spectra of

the five complexes with 180 substitutions.

A. Solid State Vibrational Studies

A complete set of Raman and infrared spectré for all the complexes
studied may be found in Appendix I. For ease of analysis, these com-
plexes were separated into categories of similar ligand structure.

The first category included the six complexes A, B, C, D, F and G
which are derived from the 2-aminoethanethiol structure of G. The
second category included complexes E and I which have linear tetra-
dentate ligands derived from the ligands of A and G, respectively, by
the addition of an ethylene bridge between the nitrogens. In addition,
complex I has a methyl group on each nitrogen. Complex H, which has

a bidentate ligand of a different structure, is similar to these above
two categories but was analyzed separately. Complexes J, K, and L
have tetradentate ligands with a tripod arrangement. Complexes M and
N are molybdenum dimers with & oxo bridge and a tridentate ligand.
The complexes arrived in two shipments and were assigned letters

arbitrarily; this accounts for complexes E and I being similar although

alphabetically apart.
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1. Complexes A, B, C, D, F, and G.

Whereas all of the Mo(VI) complexes studied are dioxo molybdenum
compounds, the ligands in this first category are derived from the
2~aminoethanethiol structure found in complex G. Each complex has
two of these bidentate ligands giving a coordination sphere of two
oxygens, two nitrogens and two sulfurs.

Possible assignments of the stretching vibrations of these com-
plexes are given in Table TI. The molybdenum-oxygen stretching vibra-
tions are known to fall in the 850-950-cm ™’ range. 29, 46-33 Molybde-
num-sulfur stretching vibrations ordinarily occur in the range 350-400
cm'1.46’ 34-36 Tiie molybdenum-nitrogen stretching vibration has
rarely been characterized but in one complex is known to occur at

623 cm=1.2>

Molybdenum-nitrogen multiple bond formation is fairly common.57.60
Multiple bond formation for Mo-N was observed for a nitrosyl complex
due to T-backbonding, thus increasing the bond strength and accounting
for the relatively high stretching frequency.55 There is abundant
structural information on molybdenum complexes with nitrogen ligands.
57-60 Bond lengths for Mo-M bonds vary from about 1.62 858 to 2.55
3,60 showing a wide range of bond multiplicity.

In general, an octanedral coordination environment is expected
around molybdenum with the oxo groups located in a cis arrangement.
Steric interférences in the different ligands are expected to cause

structural variation from one complex to another. Within this first

group only complex C has a published x-ray crystallographic structure.61
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Table II. Assignment of Raman Frequencies for Complexes A, B, C, D,

F, and G

Molybdenum  Structural
Formula

Vibrational Frequencies (cm™*)

Complex Mo=0 Mo-N Mo-S
A M°q<"¢7<s’> IR 907, 872 590, 539 404, 363
2
R 906, 870 593 412, 362
oo+,m
B M°°z< \-,z> IR 923, 900 585, 560 405, 371
]
R 924, 903 597, 566 414, 368
H‘N‘i
c nao,(c 2 IR 882, 856 600, 555 378, 350
R 877, 848 606 399, 360
D m,(’”)_/'? IR 878, 847 624, 557 408, 388
2
R 876 631, 561 414, 380
S
F m,(“’““"s() IR 893, 879 606, 562 373, 357
2
R 891, 883 605, 555 376, 342
G mo,(mz S> IR 888, 850 387, 351
2
R 881, 852 356
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It is reported to have the skew-trapezoidal bipyramid structure shown
in Figure 4. A footnote to the structure paper states that complex F
also has the skew-trapezoidal bipyramid structure. This structure is
not octahedral but can be described by starting from a trans dioxo
octahedral complex with cis N's and cis S's. Opening the N-Mo-N angle
to 1440 and closing the 0-Mo-0 angle to 122o between the nitrogens
results in the observed structure. An unusual feature about this
structure is the close S-S distance of 2.76 X This is attributed to
a partial disulfide bond which may have implications for enzyme mech-
anisms.

Stiefel et a1.61 proposed that the skew-trapezoidal bipyramid
structure is responsible for the very low frequency of v(Mo=0) in the
infrared spectrum of complex C versus other molybdenum complexes known
to be more nearly octahedral in structure. Table II lists infrared
peaks for C at 882 and 845 cm™! assignable to the symmetric and anti-
symmetric stretching vibrations of the MoO; unit. The corresponding

Raman peaks are at 877 and 848 cm™!.

{Reasons for the Raman-infrared
peak position discrepancy will be discussed in the isotope section,
beginning on page 73}. Octahedral complexes P and J exhibit infrared
peaks for v(Mo=C) higher in frequency at (925, 895 em~ '), respectively,
as well as Raman peaks at (921, 891 ecm™!) and (919, 894 em™!) as

listed in Tabel 1II. The lower frequencies of the skew-trapezoidal

complex can be explained electronically as a result of its structure.

o
The 0-Mo-0O angle at 122 is significantly larger than the more normal

o
value of about 108 1in octahedral complexes H and J. This larger
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Figure 4. Molecular structure of complex C,

MoOz (CH3NHCE2C(CR3)25)2

{Reproduced from reference 60}.
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Table III. Assignment of Raman Frequencies for Complexes E, I, H, J,

K, and L

Molybdenum  Structural

Vibrational Frequencies (cm™*)

Complex Formula

Ma=0 Mo-Y Mo-§

E s i\ s IR 901, 888, 592 392, 365
a3 ass
R 905, 8927 593 392, 370
885, 866
1 Moo,<s Ny Sy s> IR 923, 896 600, 541 401, 370
/S
R 909, 890 600, 532 407, 368
H <Cf@ IR 925, 895 275 365, 342
Moo, { (5 >
: R 916, 891 276, 251 366, 342
NC
J M<NF,§5 Osa> IR 923, 896 548, 526 412, 362
s R 919, 916, 545, 526 415, 366
894
K" Mooz<@:°*s> IR 923, 894 545 —
S

— R 922, 893 - 408, 370
881 2 410, 365

L Moo,<~¢\\§”’> IR 913, 53 3
s R 909, 884 -_— 407, 370

a) Underlined values are predominant Mo=0 frequencies,

are secondary as explained in text.

Other values

b) The data for complex K are representative of a sample that may

have experienced internal reduction of Mo.

See text

for details.
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angle more closely approximates a trans-dioxo arrangement than the

normal cis~dioxo Mo(VI) complexes. As the oxygens approach a trans

configuration, they compete with each other to enter m-bonding with
the same d-orbital on molybdenum. 1In a perfect cis~dioxo arrangement
there is no such competition since each oxygen m-bonds with orthogonal
d-orbitals, This competition lowers the amount or W-bonding to each
and hence reduces bond strengths and vibrational ffequencies.

Stiefel explains the unusual structure of complex C as a result of
"unfavorable steric or electronic interactions" that would occur in a

61 With trans sulfurs cis to oxy-

more normal octahedral environment.
gens and cis nitrogens trans to oxygens (the octahedral structure),
the methyl groups on the N atoms would sterically interfere with each
other. An examination of this hypothesis was carried out using
Fisher~Hirschfelder-Taylor atom models. These space filling models
show steric interference when the optically active nitrogens are of
the same configuration but not when the nitrogens are of opposite con-
figurations. Three points then seem to favor the skew~trapezoidal
bipyramid structure: the first is the presence of ligands with the
same configuration around the optically active nitrogen (a racemic
mixture should tend to favor an octahedral structure); the second is
the absence of any groups trans to the oxo groups other than the other
oxygen itself, which is as close to trans as has yet been discovered;
the third is the possible formation of a partial disulfide bond be-

tween the cis sulfuyr atoms.

Complex B can be formed from complex C by the addition of a ben-
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zene ring to each of the methyl groups attached to nitrogen. These
benzyl groups of B should create greater steric interferences than
the methyl groups of C, On this basis one would predict low v(MMo=0)
frequencies for complex B, but this is not the case. These frequen-
cies are higher and nearly identical to the "normal" octahedral com-
pléx H as can be seen in Tables II and III. Thus, by the criterion of
its infrared and Raman frequencies, complex B is octahedral in struc-
ture, and the presence of a racemic ligand mixture is indicated.
Complex A, which has no substituents other than hydrogen, exhib-
its v(Mo=0) frequencies between those of complex J and complex C.
This indicates that the 0-Mo-0 angle is intermediate between the 122°
of C and the 108° of J. Without x-ray crystal analysis it is not
possible to determine which of the two structures it takes. It is
possible that it might take yet another octahedral structure wherein
the sulfurs are no longer trans to one another. Two structures are
then possible wherein one or both sulfurs are trans to the oxygens.
There is as yet no evidence to suggest structures for Mo(VI) complexes
wherein thiolate ligands are trans to terminal oxygen ligands. A
probable structure is a distortion of the "normal" octahedral structure
wherein the 0-Mo-0O angle opens up to ~ 115° aided by hydrogen bonding
with the nitrogen protons. This 1s supported by evidence showing the
complex MoO,{NH,C(CH3)2CH2S}2 (not investigated here) to have infrared

absorptions nearly identical to complex A.61 This complex differs

from A in that methyl groups are on the carbon next to nitrogen rather

than next to sulfur. Stiefel cites nuclear magnetic resonance data of
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this complex having "two resonances for the CH; groups and AB patterns
for the CH, and NH; protons, corsistent with an octahedral structure
with trans thiolate and cis amine donors."

As has already been mentioned, complex F is known to share the
skew-trapezoidal bipyramid structure with C. The v(Mo=0) frequencies
of F are correspondingly low although not as low as those for complex
C. Since the ligand of F contains only an additional methyl group on
each of the nitrogens, one can see in Figure 4 that there is adequate
space on each of the nitrogens for the additional methyl groups. The
smaller O0-Mo~0 angle, as indicated by the slightly higher frequency,
could be explained by small steric interaction between the new methyl
groups and the oxygens, forcing the oxygens closer together.

Complex D exhibits v(Mo=0) frequencies nearly identical to com-
plex C. It is logical to assume that D also adopts the skew-trape-
zoidal bipyramid structure. The ligand of D differs from the ligand
of C by two additional methyl groups on the other carbons connecting
sulfur to nitrogen. An examination of Figure 4 shows that there is
adequate room to accommodate the new methyl groups in this structural
arrangement,

Complex G exhibits v(Mo=0) frequencies comparable to complex F,
also suggesting the skew-trapezoidal bipyramid structure. This is
surprising since G has no methyl groups on the nitrogen of its ligand,
a feature which has apparently been necessary to bring about the
structural change from octahedral. However, G's ligand also has no

methyl groups on the carbons connecting sulfur to nitrogen, a feature
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which is present in all complexes discussed so far and which apparently
has no role in determining structure, Presumably ligand G is free to
adopt either structure, The formation of a partial disulfide bond

then seems to be the determining factor in the formation of the skew-
trapezoidal bipyramid structure for complex G as suggested by the

v(Mo=0) frequencies.

2. Complexes E and I

The ligands of complexes E and I differ from each other princi-
pally by a methyl group on each of the nitrogens of ligand I. Both
of these ligands are derived from the ligands of the group just dis~
cussed by a bridging ethylene group between the nitrogens making one
tetradentate ligand out of two bidentate ligands. Ligand F is derived
from ligand A aad ligand I is derived from ligand C.

The v(Mo=0) frequencies for these complexes are listed in Table
II1.

Complex E has low frequency Mo=0 stretching vibrations similar
fo those of complexes F and G, suggesting a skew-trapezoidal bipyramid
structure. Inspection of Figure 4 shows that linkage of the two
methyl groups by a C-C bond would yield ligand E. However, this
bridge would pass through the 0-Mo-0 angle and force this angle to
widen while closing the N-Mo-N angle and opening the S-Mo-S angle,
resulting in an as yet unknown trans-oxo Mo(VI) arrangement. This

arrangement seems highly unlikely.

A space filling model aids our understanding of the structure of
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this complex. Each of the nitrogens is optically active, having four
different substituents. Four different conformations of the ligand
are therefore possible: dl, dd, 11 and 1d. In terms of coordination
ability, the classifications span two cases, where the nitrogens are
either the same (dd or 11) or different (dl or 1d). When the nitro-
gens are of the opposite configurations, two coordination geometries
are possible. The first places the sulfurs trans to each other. The
nitrogens of necessity are cis to one another and oxygens are cis to
one another and approximately trans to the nitrogens. There are
steric constraints within the ligand in this configuration. The
ethylene bridge between the two nitrogens has an eclipsed conforma-
tion with respect to its hydrogens. The amine hydrogens are forced
close together, possibly creating interference with each other.
Considerable space is allocated to the oxygens whereas the sulfurs
and nitrogens are crowded into their coordination sites around molyb-
denum, resulting in a poor distribution of ligands.

The second geometry places the sulfurs cis to one another for
possible disulfide bond formation. The nitrogens are again cis to one
another as are the oxygens. The amine hydrogens point away from each
other and may possibly hydrogen bond to the oxygens in such a way to
increase the 0-Mo-0 angle. There is adequate room for the oxygens to
separate to a little larger angle should hydrogen bonding occur. The
nitrogen bridging ethylene backbone is well staggered. Structurally,
this appears to be a favorable configuration.

When the nitrogens of ligand E are of the same configuration,
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the sulfurs can coordinate cis or trans to one another. 1In the cis

sulfur arrangement there exists the possibility of a hydrogen bond

‘ from one amine nitrogen to one of the sulfurs. On the carbons ad-
jacent to the sulfur atoms, one methyl group sterically interferes

l with one of the oxygens whereas a methyl group from the other sulfur
sterically interferes with a possible disulfide bond. In the trans
sulfur arrangement, however, the amine hydrogens no longer interfere
with each other since they are now on opposite sides of the ligand

) backbone. Each can now hydrogen bond with its own nearby sulfur. The

nitrogens are approximately trans to the oxygens. The bridging ethy-

lene group is in a staggered conformation. There is one methyl from

B

5 the carbon next to a sulfur which can sterically interfere with one of
the oxygens.
Although two of the above-described structures seem possible,

only one can explain the low v(Mo=0) frequencies for complex E. When

the nitrogens are of opposite configurations and the sulfurs are cis

to one another, there are no apparent steric interferences. The O-

* ﬁo—o angle should widen because of hydrogen bonding, thus lowering the
stretching frequency to those observed in the skew-trapezoidal bipyra-
mid structure of complexes C, D, F, and G. The cis sulfur coordina-

S tion also allows possible partial disulfide bonding as expected in

t complexes C, D, F, and G. The structure having trans sulfurs, with

nitrogens of the same configuration would also be possible for complex

E, but was ruled out due to the lower v(Mo=0) frequencies. However,

the Raman spectrum shows peaks of lesser intensity at 905 and 885




33

cm ™! that could be attributed to this geometry. Because this geometry

has some steric interferences, it is quite appropriate that the inten-
sities of these additionzl peaks are lower due to the presence of fewer
molecules of this configuration,.

Complex I displays V(Mo=0) frequencies in the range expected for
a more normal octahedral Mo(VI) complex. With N-methyl groups replac-
ing the H-H, greater steric interactions come into play as demonstrated
by space filling models. With the nitrogens of the same configuration,
the sulfurs can coordinate either cis or trans to one another. 1In the
cis arrancement, one N-Me group splits a possible partial disulfide
bond, whereas the other N-Me group crowds one of the oxygens. One of
the sulfurs is located trans to one of the oxygens, and the bridging
ethylene group is in an eclipsed conformation. 1In the trans sulfur
arrangement, the N-Me groups are on opposite sides of molybdenum and
create no steric interactions. There is no crowding of the oxygens
and the bridging ethylene group is in a staggered conformation.

With the nitrogens of ligand I in the opposite configuratioms,
a trans sulfur arrangement is not possible. The N-Me groups are
pushed into close proximity and prevent the ligand from twisting into
an arrangement to allow this kind of coordination. The cis sulfur
arrangement is possible, however. Here both N-Me groups crowd the
oxygens and the bridging ethylene is forced toward a half-eclipsed
conformation.. With favorable sulfur coordination to molybdenum, the

nitrogens are forced into poor coordination positions, making this an

unsatisfactory configuration.
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Thus, the trans sulfur with nitrogens of the same configuration
appears to be the most favorable structure for complex I. This also
approximates a normal octahedral Mo(VI) geometry and accounts for the

higher v(Mo=0) frequencies.
3. Complex H

Complex H has beenwell studied. The crystal structure of H re-
veals a near octahedral coordination geometry with trans sulfurs, cis
nitrogens, and cis oxygens.23 This is tlie usual Mo(VI) dithiolate
structure. The v(Mo=0) frequencies of 916 and 291 cm~! nicely indi-
cate this fact. The low frequency infrared spectrum of H has been
analyzed by molybdenum isotopic substitutions and v(Mo-S) and v(Mo-N)
have been established to be (375, 343 em™!) and 274 cm'l, respec-
tively.62 Fowever, the Raman data reported here differ from those of
Zuika.62 The two data sets are comparable except for a 375-cm™! peak
in Zuika's data and a 366-cm™’ peak reported here. Sample preparation
mgy be the cause of this discrepancy. Zuika et al. obtained their
Raman spectrum from a KBr disc, whereas in the present study, the
spectrum of neat crystals was recorded. The pressure on the sample
being mixed with KBr may have altered the structure, and hence the
frequency of the Mo-S stretching vibration. Evidence that this may
be the case comes from a comparison of the infrared data with the Raman

data. Symmetric stretches tend to be strong in Raman spectra and weak

in infrared spectra while antisymmetric stretches are weak in Raman

spectra and strong in infrared spectra. In the infrared spectrum,
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1

the 343-cm™! peak is strong and the 364-cm™! peak is weak, whereas in

1 1

the Raman spectrum the 342-cm™" peak is weak and the 366-cm™" peak is
strong. If the 366-cm™! feature were assigned to vsym(Mo-S) and the
343-cm”! peak were assigned to vasym(Mo-S) then the intensities would

! peak to a

I match the expectation. Zuika's assignment of the 364-cm”
bending vibration of the 0-Mo-0 angle can therefore be reassigned to
V(Mo-S), This will be discussed further in the section devoted to

normal coordinate analysis.

4. Complexes J, K, and L

SO

These three complexes have tripod ligands wherein a central ni-
5 trogen has three ethylene arms ending in nitrogen and sulfur making
tetradentate ligands. One of the arms has its end group varied to

change the nature of the complex.

[P ——

Complex J has two tertiarynitrogens and two thiolate donors to
‘ molybdenum. Complex X has one tertiary nitrogen, one thioether, and
two thiolate donors. These two complexes have been studied by x-ray
) crystallography and EXAFS.35 The coordination geometries of both are
- the "normal" Mo(VI) dithiolate octahedral structure as shown in Figure

S. The thiolate sulfurs are trans to one another while the other two

5 donors are cis to one another and trans to oxygen. The EXAFS spectrum

L of complex X with its thioether donor provides an excellent match to
the EXAFS spectrum of sulfite oxidase, a molybdoenzyme that catalyzes

the reaction of sulfite to sulfate., This comparison as well as that

to xanthine oxidase and to complex J can be seen in Figure 6.
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Figure 5.

Molecular structures of complex K,
MoO: ((SCH2CH2) oNCH2CH2SCH3) (top) and complex J,

MoO, ( (SCHzCHz ) 2NCH,CH N (CH3 ) z) (bottom) .

{Reproduced from reference 35},
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}‘.igure 6. M'olybdenum EXAFS spectral comparisons for complexes J
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Table III lists the v(Mo=0) frequencies of these three complexes,
Their high values also indicate that the.structure in the normal Mo(VI)
dithiolate structure, as confirmed by x-ray crystallography for com-
plexes J and K. The frequencies for complex L, although still in the
high range, are slightly lower than those for J and K indicating that
some hydrogen bonding with the amine hydrogens or intermolecular hydro-
gen bonding may be occurring, causing the 0-Mo-0 angle to open. Com-
plex K may have experienced internal reduction of Mo prior to its

arrival at OGC. The data reported pertain to this possible reduced

sample. This problem is discussed in detail in the section on solu-

tion data.

5. Complexes M and Y

Complexes M and Y are the only two dimeric molybdenum complexes
considered in this study, where the two molybdenums are bridged by one
oxygen atom. The bridging dxo group 2dds two new characteristic fea-
tures to the vibrational spectrum at 750 and 450 cm’l.so’ 53, 63, 64
These correspond to antisymmetric and symmetric stretching vibrations
respectively, of the Mo-0-Mo bridge.63 In complex M the appropriate
bands appear at 715 and 460 cm™'. 1In complex N only the antisymmetric
band appears at 680 cm~! in the infrared. The v(Mo=0) frequencies are
characteristic of octahedral Mo(VI) with normal cis oxo coordination.
These frequehcies are listed in Table IV.

The molybdenum-oxygen double bond stretching frequencies in the

solid state Raman spectra of the fourteen Mo(VI) complexes can be used
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Table IV. Assignment of Raman Frequencies for Complexes M and N

-1
Molybdenum Structural Vibrational Frequencies (cm™*)

Complex Formula

Mo=C Mo-M Mo-S Mo-0-Mo

| M Mozos<(c.4,,2~ N/H—\$> IR 918, 882 585, 520 370 715, 460
‘R 914, 884 521 378 706, 462

N /rl< IR 916, 889 588, 520 375 680
M (CHg, N NH S>
005 (CHy»,N N b R

910, 883 -—- 382 -_—
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as a gulde to assigning structural types. Uhen the antisymmetric
V(Mo=0) frequency is higher than ~ 900 cm™}, the structure of the com-
plex appears to be a distorted octahedron with trans-sulfurs and cis-
oxygens, However, when the antisymmetric v(Mo=0) frequency is below
900 cm~!, the skew-trapezoidal bipyramid 1s the likely structure with

cis-sulfurs and a possible partial disulfide bond.
B. Solution Raman Studies of Mo(VI) Model Complexes

Raman studies of solutions of the Mo(VI) complexes were carried
out in three solvents: CHzCl,, CH3CM, and (CH3),SO (DMSQO), over the
range 800-1000 em ! to cover the v(Mo=0) frequencies. DMSO was used
for only a few complexes that were inscluble in CH3CN and CH;Clz. Be-~
cause both CH3CN and CF;Cl, have Raman peaks within this range, it was
necessary to run each complex in both solvents in order to see all
Raman peaks due to the complexes. CH,Cl; has a peak at ~ 899 em™ !
and CHaCN has a peak at ~ 923 ecm !. DMSO has a more complex Raman
spectrum in this region with peaks at 899, 933, and 956 em . A
complete set of solution Raman spectra and solvent spectra may be
found in Appendix II. The electronic absorption spectral results ob-

tained at the Kettering Research Laboratories are listed in Table V.
1. Complexes A, B, C, D, F, and G

Table VI lists the Raman v(Mo=0) frequencies for this first

group of complexes in both the solid state and in solution. Com-

plexes A and B exhibit insignificant differences between their solid




41

' Table V. Electronic Absorption Spectral Results for the Molybdenum
Complexes in Solution a)

l . Complex St;::;:f:l Conc«:;;ration Solvent )\max (nm) Absorbance
‘ A ““*C<95> ~1x 107" CH,CN 355 0.68
A 260 0.75
| 226(sh)  0.83
||
- B mo,('m‘"\*.}) 1.2 x 107 ¢ CHsCN 350 0.32
| ' 264(sh)  0.56
c .,%cm**t721 1.0 x 10°¢ CH3 CN 354 0.23
262(sh)  0.34
/
) "D .ghcﬁﬁ;ji 8.3 x 10°° CHsCN 340(sh) 0.3
| 330 0.34
f 270(sh)  0.33
‘1 f F uua(055\72> 1.2 x 107" CHsCN 322(broad) 0.13
S ) 2 280(sh) 0.2
G u.,o,<~s s) ~1x 107% CH»CN 354 0.51
e 272(sh)  0.59
246(sh)  0.64
3 230(sh)  0.75
E (’ ok => 1.2 x 107¢ CHaCN 367 0.65
X M - 280 0.48
250 0.66
229(sh) 0.8
| /\ -
I .u%(, % 1.2 x 10 CH5CN 368 0.59
) S 290 0.58
- 253 0.83
228 0.96
H u«»(@irij ~9 x 1074 CHsCN 412 0.6
) A ~9 x 10°° CHsCN 253 0.38
J m(&'\\:o‘“) 1.2 x 107% CH,CN 387 (broad) 0.32
; s 287 0.5
‘ 236 1.08
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Table V (continued)
I ' Complex si;ﬁ;iﬂifl Concig;ration Solvent Amax {nm) Absorbance
K [ 50 ~1X 107 CHsCN 326(broad) 0.26
f ““*4(::: > 233 0.65
1.2 X 107 CHz2C1: 375 0.49
235 1.48
L Md;<4;§?3> 1.3 x 107° CHsCN 379(broad) 0.4
s 286 0.69
1 233 1.18
M c 1.34 X 107° CH,Cl, 420 0.58
morc "”*"\_/'{*_\sz 6.68 x 10°* CH,C1, 350 1.0
274 0.93
229(sh) 1.18
N N Y 2.15x%x 10°° CH2Cl1. 418 0.8
"’°’°’<‘°“”’"u ), 4.30 X 10°“ CH,C1, 350 0.74
281 0.62
228(sh) 0.82

a) Data obtained by Dr. E. T. Stiefel, Kettering Research Laboratory,

Yellow Springs, Ohio.
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Table VI. Comparison of Solid State and Solution Raman Frequencies
(cm !) for Complexes A, B, C, D, F, and G

) Molybdenum Structural Solid Solution
Complex Formula State oy ox CH.CL, DS
l . :
A WQ<"\;<) 906 912
2 870 882
!
: B Md&(‘°ﬁ{;2> 924 931
2 903 895
) ¢ e 928
| “a{ ") 693
877
848
? X ”2 895
876
F ubo,( °"""\7<$) 891 8992
; : 880
| G Ny, S 912 912
m( \_/)x 881 885

1

a2 Upon successive scans, the intensity of the 899-cm peak de-

creases and no new peaks appear; Complex F seems to decompose in

solution; see text.
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state and solution spectra, suggesting that their structures retain
the "normal" octahedral geometry. In complexes C and D, however, the
frequency V(Mo=0) shifts to higher frequency values, indicative of a
change in coordination geometry upon dissolution. The solution values
are those expected for a "normal" octahedral coordination geometry

for Mo(VI). Complex F, however, appears to maintain its skew-trape-
zoidal bipyramid structure in solution. Complex G at first look ap-
pears to maintain its solid structure in solution. However, the peak
‘ at 912 cm ! which is much smaller than the 88l-cm ! peak in the solid

! peak. The inten-

state, is much larger in solution than the 885-cm™
sity reversal upon solvation suggests a change in equilibrium from a
predominantly skew-trapezoidal bipyramid species in the solid state
(with only a small contribution of normal octahedral form)to mostly
octahedral in the solution phase, with only a small amount of the
skew-trapezoidal bipyramid structure. It appears that the "normal”
octahedral geometry is preferred in solution.

Only complex F maintains its solid state structure in solution,
but even then, only for a short period of time. The 899-cr "} peak
‘of complex F in CH3CN which is prominent after one scan, disappears
after ten scans and no peaks characteristic of the octahedral struc-
ture appear to replace it, Ligand F with its two methyl groups on
nitrogen may not be stable in an octahedral geometry due to steric

interferences. All of the skew-trapezoidal bipyramid complexes zither

decompose (as with sample F) or rearrange to octahedral upon solvation

(as with examples C, D and G). These changes may be solvent dependent
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since all of these complexes were isolated from methanol solution in

which nearly all of the complexes are insoluble.65

2. Complexes E and 1

The Raman peak positions of the v(Mo=0) frequencies for solid
and solution samples are given in Table VII. In the solid state, com-
plex E was determined to have predominantly cis sulfurs with nitrogens
of opposite configuration allowing a large 0-Mo-0 angle and a conse-
quént low v(Mo=0) frequency. The DMSO solution data indicate that
this geometry has changed to a trans sulfur arrangement wherein the
0-Mo-0 angle has decreased and v(Mo=0) has increased. The minor trans
component of solid E (Table III) has v(Mo=0) values similar to those
observed for L in DMSO solution. As is the case with complexes C, D,
F, and G, the hypothesized partial disulfide bond is not stable in
solution, the weakened S...S interaction gives rise to separate thio-
late ligands. Complex I, however, displays no appreciable change of
v(Mo=0) upon solvation, indicating that the trans sulfur arrangement

is preferred in solution as well as in the solid state.
3. Complex H

Table VII lists the v(Mo=0) frequencies for complex H in both
the solid ard solution phases. The symmetric stretch appears at a
slightly higher frequency in solution than in the solid state but the

shift of ~ 10 em~! is not a large one. The geometry of K is relativ-~

ely unchanged upon solvation as is evidenced by the v(Mo=0) frequen-
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Table VII. Comparison of Solid State and Solution Raman Frequencies
for Complexes E, I, H, J, K, L, M, and N

Molybdenum  Structural Solid Solution
Complex Formulé Statg CH4CN CHaCla SO
E s iny s 892 015
w3 SN) e
N\
1 M°°z<s NCH, BO™ S} 909 925
T\ 890 900
H 921 931
“xh<<3 2 891 898
NICry3, 30
J Q 919, 916 9
"°°’<NL/§ > 894 900
K MOOR<NC.—\\:CH,> g;g o
s
0
i mo,<~6§‘* > 282 927
M M CH 914 919
0p05(¢ s’zN\-/@ 384 888 Fosd
910 920
M°’°*<‘°“”=”L,”* 5>2 883 886 886
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cles.
4, Complexes J, K, and L

Table VII also lists the v(Mo=0) frequencies for complexes J, ¥,
and L. Complex J displays a small increase in these frequencies but
is still characteristic of the normal octahedral Mo(VI) with trans
sulfurs and cis nitrogens. Both complexes K and L display essentially
the same frequencies as complex J. These observations indicate that
the slight differences in structure which are apparent in the solid
state are removed by solvent interactions, equalizing the Mo=0 bond
strengths in the dissolved complexes.

Employing CH2Cl, as a solvent, the %0 substituted complex K was
used to extract a resonance enhancement profile of the v(Mo=0) fre-
quency at 927 cm™!. Raman spectra were obtained with eight different
excitation lines ranging from 406.7 nm to 647.1 nm over the frequency

range from 800 - 1000 em~!. The spectral data were analyzed by fitting

this region (840-980 cm™!) with three component peaks: the solvent

peak at 899 cm~! served as an internal intensity standard; the sym-
metric 0-Mo-0 vibration is located at 927 cm™!; the third peak at
950 cm~! remains unassigned. A three-dimensional plot of six of
these data sets are illustrated in Figure 7, and in Figure 8 the en-
hancement profiles for the peaks at 927 and 950 em” ! are plotted.
ﬂheindividual plots of these data showing the curve fitting analysis

for each spectrum are given in Appendix III}. Both figures 7 and 8

clearly show a resonance enhancement maximum at approximately 480 nm.
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1000 800
FREQUENCY SHIFT (cm-1)

Figure 7. Resonance Raman spectra of complex K in CHzCl; solution

as a function of excitation wavelength. The solvent peak
at 899 cm ! is used as an internal intensity standard for

the excitation profile shown in Figure 8.
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Such a value is totally unexpected since complex K was reported to
have absorption maxima at 375 nm and 235 nm in CH2Cl, (Table V).
To verify these diverse results, the electronic absorntion spectrum
of complex X was reinvestigated in CH;Cl,. The resulting spectrum
shown in Figure 9, clearly reveals an absorption maximum at 477 mm

in perfect agreement with the resonance Raman enhancement profile.

The marked difference between the electronic spectra shown in

Figure 9 and the data for complex K presented in Table V helps to

account for the similarly marked distinction between the infrared
spectrum of complex K measured at the Oregon Graduate Center and that
originally recorded in Ohio; these data are displayed in Figure 10.
The infrared spectrum from Kettering Research Laboratories shows two

very strong V(Mc=0) peaks at 921 and 891 cm~} whereas in the OGC spec-

trum, these peaks are of weak and medium intensity, respectively. Both

are overshadowed by a third peak at 941 cm~! which is of weak to medium

intensity in the Kettering spectrum. Clearly, either a change has
occurred in the sample of complex K, or the Kettering infrared and
electronic spectral data were obtained with a different preparation
of this complex. Although the frequencies for v(Mo=0) agree,

their intensities as well as the electronic absorption spectra

are not in accord. Furthermore, crystals of complex K are brown,
whereas all of the other complexes are yellow or orange. The
crystals on which the x-ray structural analyses were carried out

(Figure 5) were described as yellow in color. It is possible that the

sample, as received, is not a Mo(VI) complex but a form which has
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Figure 9. Electronic absorption spectrum of complex K, saturated
solution in CE;Clz; £477 ~ 1.4 X 10* M lem !,
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TRANSMITTANCE

1000 800 1000 800

FREQUENCY (cm-1)

Figure 10. Infrared spectra of complex K in the v(Mo=0) region.
The spectrum on the left is from the sample as received
and measured at the Oregon Graduate Center; the spectrum

’ on the right was obtained at the Kettering Research Lab-

oratories.
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been reduced to Mo(V) or Mo(VI). Internal reduction is a severe prob-
lem noted by Stiefel in synthesizing complexes with three or four

35 However, with two trans thiolate

thiolate ligands on a Mo0,2'core.
ligands and a thioether cis to both of these groups, the internal re-
duction may take longer to occur indicating that the ligand field can

control the rate of reduction, If this reduction involves partial

"~ disulfide bond formation between the cis-oriented thiolate and thioe-

ther, then it follows that the less reactive thiocether ligand should
decrease the internal reduction rate. Such auto-reduction could ex-~
plain the difference in spectra from the two laboratories.

Stiefel et 31.61 have suggested that the formation of a partial
disulfide bond between sulfurs ligated to molybdenum may explain why
Mo model complexes have not matched the redox, spectroscopic, and
catalytic properties of molybdoenzymes. The delayed internal reduc-
tion of complex K shows how a controlled ligand field can affect the
redox properties of Mo. The most recent EXAFS results on xanthine
oxidase reveal that the ligand field in the enzyme probably contains
the same sulfur ligands (2 thiolates and 1 thioether) as complex K.
The active enzyme, however, differs in that it has only one terminal
oxygen, but has a terminal sulfide ligand to replace the second ter-
minal oxygen. There is also no evidence for the nitrogen ligand of
complex K in the EXAFS data. The strong correlation of sulfur ligands
between compiex K and the xanthine oxidase EXAFS data and the internal

reduction of complex K postulated to occur lend support to Stiefel's

hypothesis of the role of partial disulfide bond in the enzyme mechanism.
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5. Complexes M and N

The v(Mo=0) frequencies for complexes M and N for solid and
solution phases are also compared in Table VII. The frequency values
are the same in two solvents for both complexes and very nearly the
same for both in their solid states. These data indicate that no

significant structural changes occur upon solvation.

6. Summary

The solution Raman studies of the Mo complexes have revealed
that the distorted octahedral structure with trans-sulfurs and cis-
oxygens is preferred in solution. Of the four complexes, C, D, F, and
G, which adopt a skew-trapezoidal bipyramid structure in the solid
state C, D, and G rearranged in solution and exhibited v(Mo=0) charac-
teristic of the normal octahedral structure; complex F decomposes in
solution and loses its v(Mo=0) frequency. The other ten complexes
which are octahedral in the solid state retain this structure in solu-
tion. However, complex K exhibited a resonance Raman enhancement
profile, an electronic absorption spectrum and infrared spectrum which

support the appearance of a reduced Mo-center.

C. YNormal Coordinate Analysis
Complexes C and K (MoQOz (CH3NHCF;C(CH3)28)2 and MoO; (tox)2) have

both been structurally characterized by x-ray crystallography (Figures

23, 61

4 and 1) The structural data provide a basis for normal coor-

dinate analysis to assist in the assignment of the complex vibrational
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spectra., Although x-ray crystal structures have also been reported

35 (having tetradentate tripod ligands) the

for complexes J and K,
necessary atom positional parameters are not available, which precluded
the use of normal coordinate analysis for these two complexes. Over-

all, NCA has been helpful in assigning vibrational bands of the Mo(VI)

complexes.
1. Complex C

The model used for NCA of complex C was aﬁ atom set of Mo0,S2N2
with t*ese atoms placed according to their published positional para-
meters.61 Given an initial set of force constants for the Mo-0, Mo-S
and Mo~N bonds from average literature values, successive iterations of
the normal coordinate calculations were carried out to refine the force
constants that would lead to a match of observed and calculated vibra-
tional frequencies in the Raman and/or infrared spectra. For the
Mo=0 vibrations, the assigned values for the symmetric and antisym-

1

metric stretches at 877 and 848 cm ° were used for matching.

The selection of frequencies to provide a match for Mo-N stretches

was not straightforward since only very few Mo-N stretches are

assigned in the literature. Possible choices can be made from inspec-

tion of the Raman spectrum of complex C, shown in Figure 11. A doub-

let appears at 606 and 600 em™!, This doublet corresponds to a peak

in the infrared spectrum at 600 cem~!. Although a peak at this fre-

quency is higher than for pure metal-ligand single bonds, nitrogen is

1

known to form multiple bonds with molybdenum; on this basis, 600 cm™
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Figure 11. Raman spectrum of complex C from 50-550 cm™ ' (bottom)

and 500-1000 cm~ ! (top). The scan parameters are as

follows: Laser excitation, 568.2 nm, 40 mW; slits, 2.5

cm™!; scan rate, 1.25 cm” '/sec; number of scans, 2;

180 degree backscattering geometry; sample temperature,

77K.
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would not be an unreasonable choice for v(Mo-N). Ilowever, since both
oxygens are already double bonded to molybdenum and since the nitro-
? gens form an angle of 144° with molybdenum as well as angles near 140°

61 competition for 7 bonding among the ligands

with the sulfur ligands,
’ may lower the frequency of v(Mo-N) thereby making the next lower fre-
quency Raman peaks at 463, 443, and 432 cm~! also potential candi-
- dates for these stretching vibrations. Combinations of all of these
frequencies were attempted for v(Mo-Y) in the NCA calculations.
) Stretching vibrations for v(Mo-S) have been previously assigned
at 390 cm-l.46 Raman peaks at 399 and 360 em~! are thus possible
Mo-S frequencies for use with NCA. Alternatively, the higher fre-
quencies at 463, 443, and 432 cu” ! could serve as possible Mo-S fre-
quencies when the 600 cm ! bands are selected for Mo-! stretches.
Matching of the O=Mo=0 stretching vibrations wazs not very satis-
factory. The two observed peaks are separated by 29 em ! (877 cm”!?

and 848 cm!), but the best calculated values have a separation of

68 cm~ ! (896 cm~! and 828 c¢cm™!). The use of a general valence force

) field and the particular geometry of complex C couple these two fre-
quencies so that they cannot be obtained with a smaller separation. The
failure of NCA to generate more satisfactory frequencies for v(Mo=0)

8 may be due to extensive hydrogen bonding between molecules that occurs
in the solid state.61 Furthermore, the model used is oversimplified
since only the atoms liganded to molybdenum were used.

Matching of the v(Mo-N) and v(Mo-S) frequencies provided some

more interesting results. The peaks at 606 and 600 cm~! could not
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be matched as the symmetric-antisymmetric pair of molybdenum-nitrogen
stretching vibrations because the separation of 6 em™! between these

peaks was much too small. Fowever, a much closer match was obtained

1

by using the 606-cm™ " peak and an infrared peak at 555 cm~! for these

Mo-Y vibrations, as NCA calculated frequencies at 611 and 549 em™?.

If it is assumed that the 611/549 cm™! pair is a satisfactory

‘match for v(Mo-N) assigned at 606/555 cm‘l, then a match for v(Mo-S)

must also be found. Five peaks are available in the Raman spectrum
of complex C in the appropriate frequency range for molybdenum-thio-
late vibrations, located at 463, 443, 432, 399, and 360 cm !. A
series of NCA calculations was performed matching different pairs of
these frequencies to obtain a best fit. The results of these calcu-
lations are listed in Table VIII. Although reasonable matches were
obtained with all pairs of these numbers, only one pair resulted in
an exact match., Using this criterion, the peaks at 399 and 360 cm !
are assigned as the symmetric and antisymmetric S-Mo-S stretching vi-
brations for complex C. Furthermore, these values agree with the
assignments of Ueyama et al.46 who fouaé the Mo-S stretching frequen-
cies between 385-395 cm ! in Mo-cysteine complexes.

The alternate possibility that v(Mo-N) can be assigned to the
463, 443, or 432-cm™! peaks was also explored. Because of their prox-
imity to v(Mo-S) at 399 and 360 cm™!, considerable coupling of v(Mo-S)
with v(Mo-N) resulted using these frequencies. 1In all three possible

combinations of symmetric and antisymmetric pairs for these three fre-

quencies, no adequate match could be calculated for v(Mo-N). The
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>' Table VIII. Normal Coordinate Analysis Results for v(Mo-S) from
Complex C
Experimental Peaks Calculated Values 2
(cm™ ') (cm™*)
463 459 460
, 443 440 443 440
) 432 430 427 430
399 398 398 399
: 360 360

a) Each column represents the results of a single calculation to

match the pair of experimental peaks to the left.

R
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coupling had the additional effect of giving a poorer match for
v(Mo-S). Therefore, it is proposed that v(Mo-N) occurs at 606 cm™®

for the symmetric stretch and 555 cm™~! for the antisymmetric stretch.
2. Complex ¥

The model used for complex H was an atom set of MoO;N,S, in the
.coordinate positions as defined by the x-ray crystal structure. Be-
cause the nitrogen ligand is part of an aromatic ring system and not
free to vibrate by itself, the mass used for nitrogen in these cal-
culations was the mass of the double ring. This increased mass for
a nitrogen ligand has been shown to be appropriate in work by Wright6
and Cornilsen67 in conjunction with pyridine and imidazole ligands
respectively.

The assignments of v(Mo=0), v(Mo-N), and v(Mo-S) have been dis~
cussed earlier and these results are listed in Table III. The calcu-
lated frequencies of 922 and\885 em™! match fairly closely with the
experimental Raman values of 916 and 891 em™}. Coupling of these two
vibrations in this geometry does not allow the separation between peaks
to be made any smaller. Structural factors other than geometry and
stretching force constants are probably involved, making this simple
model inadequate to compute these frequencies more exactly. It is
interesting to note that present results for complex H provide an
exact match for the v(Mo=0) frequencies of complex A (Table 1I). For
this compound, the separation between the observed peaks assigned to

symmetric and antisymmetric modes is 37 cm", identical to the NCA
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calculated separation found for complex H. The agreement is most
likely fortuitous, since the experimentally observed separation of
v(Mo=0) peaks for ccmplex I is only 25 cm™!.

The peak at 276 cem~} was identified by Zuika et al.62 as v(Mo-N)
but no second peak was assigned to the Mo-N vibrations. Since both
symmetric and antisymmetric modes are expected, NCA has been used
to identify the other component. Calculated values for complex H
are at 276 and 251 cm ! which match the experimental Raman values
exactly and such an assignment is proposed for the symmetric and
antisymmetric stretches for v(Mo~N), respectively.

Calculation of v(Mo-S) proved more difficult because the pre-
viously assigned values of 366 and 342 em™! (Table III and accompany-
ing discussion) could not be matched by NCA. Whereas the frequencies
and intensities of the Raman and infrared peaks make them good can-
didates for these assignments, their separation is only 24 cm !, The
MCA program was unable to calculate a separation for the two compon-
ents of the V(Mo-S) modes below 100 em~!., The frequencies most closely
matched are at 418 cm™! and 328 cm™! in the Raman data.

-1

In an attempt to lower the calculated frequency from 418 cm™" to

366 cm™ !, the mass of sulfur was increased some 50-100%Z. Since sulfur
is bound to a large ring system, it is not unreasonable to expect a

higher effective mass for the sulfur ligand. NCA calculations then

produced a frequency at 367 em~!, Unfortunately, the second frequency

1

for v(Mo-S) was depressed to 330 cm~! resulting in a 40 cm™! spread

and the frequencies for v(Mo-!N) were also shifted from their previously
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calculated values. These changes derive from significant coupling
between V(Mo-£) and v(Mo-N), preventing the calculation of an entire
set of four frequencies to match experimental values. Again the sim-
plified model does not allow an accurate computational analysis of
the system. Therefore, the values previously assigned for v(Mo-S) at

366 and 342 em™! and for v(Mo-N) at 276 and 251 cm~} are proposed to

-be the best possible description of this system (Table III).

D. Other Ligand Vibrational Frequencies

The frequencies for v(Mo=0) are readily identified in the Raman
and infrared spectra of these complexes due to their intensity in a
region normally free of other peaks. The same cannot be said for the
frequencies of v(Mo-S) and v(Mo-N), however. Vv(Mo-S) has been studied

in a large number of complexes and the frequency range is known to be

—1 46

about 350-400 cm The expected frequency range for v{(Mo-N) is

not as well known. Hormal coordinate analysis of complex C calcu~-

lated a reasonable match to observed frequencies at 606 and 555 cm 1.

These values indicate that multiple bonding of nitrogen to molybdenum

is occurring. This is expected for Mo-!! bonds although the phenomenon

has not been widely studied by infrared SPectroscopy'SS' 58, 60

Where vibrational frequencies are known for v(Mo-N), the multiple

bonding produces stretching frequencies above 600 cm'l.55 Other com-

plexes exhibit v(Mo-N) at 553 and 528 cm".55 Based upon these re-
ported values, v(Mo-N) for amine-nitrogens can be expected over a wide

range of frequencies from about 500 to 650 em” 2,
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Tables II, 1II, and TV list infrared and Raman peaks within the
appropriate frequency ranges for v(Mo=0), v(Mo-N), and v(Mo-S). The
valqes listed for v(Mo-N) and v(Mo-£) are suggested assignments based
only upon the expected frequency ranges for these vibrations. Often,
the peaks listed for V(Mo-N) are the only peaks visible in the 500-
600-cm™! region and the values observed in Raman spectra do not always
‘correspond with the values in infrared spectra. In such cases, solid
state effects or, possibly, local centers of symmetry for these vi-
brations may permit only the symmetric mode to appear in the Raman
spectrum and only the antisymmetric mode to appear in the infrared
spectrum, Positive identification of these modes would require a
more detailed study involving isotopes of nitrogen and sulfur, a more
detailed NCA using the full molecular structure, and a more sophisti-

cated force field which takes non-bonded interactions into account.
E. Oxygen Isotopic Substitutions

Five of the complexes were available with 180 substitution: A,
C, F, J, and K. Based upon simple mass effects, any Mo=0 frequency
solelyaffected by the !%0 isotope should be shifted to 0.951 of its
normal value. In all the cases examined, new peaks appeared only in
the range of v(Mo=0), but the spectra were far more complex than ex-
pected. Normal coordinate analysis was used to interpret these data.
All lower frequency peaks are identical in position and intensity
wﬁen comparing the two isotopic isomers, suggesting that oxygen-depen~

dent deformation modes have little or no sensitivity to the mass change.
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Below the Raman spectra of each of these isotopically-enriched com-
plexes are discussed relative to the previously investigated 16p-

forms of the corresponding complexes.
1. Complex A

The spectra of complex A and its isotopic isomer are shown in

Figure 12 and summarized in Table IX. There are two peaks of

interest in complex A at 906 and 870 em”t. Simple mass effects

would predict that these two peaks shift to 862 and 827 cm™! re-
spectively in the 189 spectrum. I1f the isotopic substitution were

not complete, then one would expect to see a superposition of all

four peaks. However, the observed spectrum is still more complex des-

1

pite the higher noise., 1In the 160 isomer the 906-cm™! peak is about

three times as intense as the 870-cm~! peak. Both of these peaks are

1

present in the 189 isomer but the 902-cm”' peak is not quite twice as

intense as the 870-cm”™! peak. The 160 complex's 906-cm”! peak is split

into a 9l4-cm™! and a 902-cm”™! peak in the 189 gpectrum. In a similar
fashion the '®0 870-cm™! peak is split into an 881 and an 870-cm™?

peak in the 180 spectrum. This can be explained by considering which
site the !°0 occupies when only one 180 is substituted. 1In a pure
octahedron with trans sulfurs and cis nitrogens trans to cis oxygens,
two mirror image isotopes are possible. The real complex is undoubtedly
distorted from a pure octahedron but the two isomers are still possible.

The oxygens are not in equivalent positions due to the nonsuperimposa-

bility of the two isomers. When one 189 is substituted, two isomers
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Figure 12, Raman spectra of complex A (a) and 180 - labeled A (b).
Scan parameters are as follows: laser excitation, 568.2
nm, 30 mW; slits, 2.5 ecm™!; scan rate, 2.5 cm~}/sec;

number of scans, 10; 180 degrree bacliscattering geometry;

sample temperature, 77K.
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are possible for each mirror image. Each position would then have a
different force constant, thus producing a splitting of frequencies

as observed in Figure 12B. This splitting is not observed in the nor-
mal complex because the vibrations of the oxygens are coupled to one
another. Calculating the mass effect on these new frequencies, 913
em™? would be predicted to shift to 868 cm™} and 881 cm~ ! would shift
to 838 cm™!. Both of these calculated frequencies appear in Figure
12B, the 868-cm™! frequency is seen at 870 em™? and 838-cm™?! frequency
at 843 cm~!. PHowever, the 870-cm~! feature also occurs in the 180
spectrum, As mentioned previously, the intensity of this peak in-

creased relative to that at 902 cm™!

indicating that two coincident
peaks are likely to be present. The predicted 870 em™! to 827 cm™!?
mass shift was not unambisuously observed due to the noise of the
spectrum (Ficure 12I) a2nd the expected lower intensity of this peak,
but a feature at ~ 827 cm™~! is discernible. However, a new peak at
851 em~! has not been explained.

The above argument is baced on the assurption that each peak is
independently shifted by isotopic substitution. However, the original
two peaks in the !0 spectrum at 906 cm~! and 870 cm™! revresent the
symmetric and antisymmetric stretching combinations of the two Mo=0
bonds respectively. These two modes are coupled together and their
frequency relationship must be considered to understand the vibrational

results. Normal coordinate analysis provides a means for this under-

standing. This technique does require a specific crystal structure or

structural model. Since the x-ray crystal structure for complex A is
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not yet available, it is necessary to use a model structure for the
NCA calculations. As concluded previously} the structure for complex
A 1s the normal octahedral ligand geometry for dioxo-molybdenum (V1)
complexes. The x-ray crystal structure for complex H has been reported
and is known to be of the normal octahedral geometry.23 Therefore,
the structure of complex H was chosen as a structural model for the
NCA calculations of complex A. (The successful NCA match for the two
Mo=0 modes has been noted earlier,)

In the first calculation both oxygens were assigned a mass of 16.
The Mo=0 force constant was refined through iteration to match the
given experimental frequencies of 906 and 870 cm™!. The MCA matched
these frequencies exactly with a force constant of 632 Mewtons/meter.

Since values for Mo=0 force constants range from about 570 toQOONm‘168

a value of 632 Nm™' is reasonable. This force constant was then

used to calculate the frequencies expected with one or two 180 atoms.

The results of these calculations are given in Table X. With one 189

1

atom, the calculated frequencies are 896 and 840 cm™ ° regardless of

which !0 is substituted with '°0. The 3%6-cm™! frequency is close
to the 902-cm™! value observed in the Raman spectrum of the mixed
isotope complex. Similarly, the 840-cm™! frequency is close to the

experimental value of 843 c¢m~'. In the case of two atoms of %0

being substituted, the calculated frequencies are at 865 and 827 cm™’
for the same force constant of 632 ¥m~!. These are the values calcu- .

lated previously by simple mass effects. Although 865 em~! 1s close

1 |

to 870 em !, there is only poor experimental evidence for an 827-cm~




69

*1-W2 [G8 PuUP (88 YOIBW O3 [ _uiN ][99 O PIUFIIA JUBISUOD V30 5
‘uopje[naTes 3upanp paxyj PIay D4 f{-uN yy9 puw gy99 jo afeiasy
*1-W 1[99 Pue Y6 Ydjew 03 [_wN H99 03 paujjai JuLIBUOI II0]
‘1~ g49g PuU® /8 YdIEw 03 _WN g49 O3 Paujjal uULISUOD A0 p
*uopienated Buganp paxy} Py Id o
*1-W2 O/8 PU® 906 YolBW 03 | W] Z€9 O3 PIUFIII JUBISUOD 210 q
‘{ M UT BJUPISUOD 3D10) !;_md uj sapduanbaiy e
8
Les L8 ovs €y8
Lys , 6v8 <8
98
LY4") L4 ] 08 0L8 0.8
111 088 . 188
968 206
S06 906 906
Sté 916
797904 ;999 2d 69 24 Zt9 24
6901001 Oa170a1 017 0st 20817 0st  pOgi=0st 5001 0sr 5001 0st  q0a1™0st  Osr™Osr O91=0sy
v v
S}SAjRUY 2318UJPI00) [EWION uvuey

= EE RS o

ﬂau.mu JuTIsuc) 92104 Q=0 2[3ufs e Bujaey y xaydwo) 10j sI[nsay sysi[euy IIBUFPI00) TEWION °X ITq¥L




70

peak, Another calculation was then performed on the doubly substituted
180 molecule in which the Mo=0 force constant was refined for a still
better fit. The result, as listed in Table X, is a pair of peaks at

875 em™! and 837 cm™? with a force constant of 648 Wm~'. The 875 cm™}

feature is now higher in frequency than the experimental 870-cm™ peak,

but the calculated 837-cm™’ frequency is closer to the 843-cm™! ex-

perimental observed peak. The force constant increased from 632 Nm™}
to 648 Nm™} but this remains a satisfactory value for a Mo=0 bond.68

It is still necessary to explain the experimentally observed 914,
881,/and 851 cm™* peaks. Therefore, the double 1°0 model force con-
stant was refined to match the 914 cm™ and 881 cn™' peaks. The new
force constant was calculated as 644 Nm™!, a value very close to the
648 Nm~! calculated in the double !0 refinement. An intermediate
value of 646 Nm~! was then used to calculate the mixed isotope fre-
quencies. As shown in Table X, these frequencies are 905 and 849 cm™?,

values that can be satisfactorily matched to the experimental 902 em™!

and 851 cm~! frequencies.

A last force constant refinement was carried out to match the
881 cm™! and 851 cm™! peaks to a double !®0 substituted molecule. The
frequency match is good as seen in Table X, but the force constant is

now higher at 661 Nm~'. Although it is still a reasonable value for

a Mo(V1)=p bond, it represents a third value for the system under

study. As mentioned previously, the two oxygen atoms are not in

equivalent positions in the complex; it is therefore not unreasonable

for each Mo=0 bond to have a different force constant, but a third
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value is not acceptable in this simple system.

The following discussion presents results attempting to fit
tﬁese frequencies with two Mo=0 force constants. Using the values
of 646 and 632 Nm™! obtained above as initial force constants, the
double Q0 model was refined against the 914 and 881 em™! frequencies
and against the 906 and 870 cm™! frequencies to obtain a match with
two new sets of force constants. These results are shown in Table XI,
The first four columns of NCA calculations show the frequencies ob-
tained with force constants of 650 Nm~! for the first oxygen and 639
Nm~! for the second oxygen. In this set of calculations, it makes a
difference whether the first oxygen has a mass of 16 or 18 in the
mixed isotope molecule. When one combines the results of these first
four columns, all of the frequencies observed for the mixed isotope
sample can be accounted for. The worst fit is the double '®0 iso-
tope where the calculated 836~cm™ ! value falls short of the experi-
mental 843-cm~! frequency and the calculated 874-cm ! values falls
short of the experimental 881-cm ! frequency and also exceeds the
experimental 870-cm ! feature. Since these two calculated values do
not appear in the experimental data, it is reasonable to suggest a
low abundance of this composition in the sample.

The last four columns of Table XI represent the calculated fre-
quencies using the force constants 635 Nm ! and 626 Nm~ ! for the two
Mo=0 bonds. Other than the double 160 molecule, the calculated fre-
quencies are not good matches for the experimental frequencies. The

lower values of the force constants give frequencies lower than those
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observed in the Raman spectrum, it may be concluded that this set of
force constants does not provide an accurafe description of the mixed
isotope system under study. However, it is necessary to explain the
values for an !0 only system where the v(Mo=0) frequencies are
strongly coupled together in the solid state. The best theoretical
model that explains the vibrational data for complex A with an iso-
topic mixture of 160 and !'®0 has each oxygen with its own force con-
stant (one at 650 Mm~! and one at 639 Nm~!) in a structural model equi-
valent to the published x-ray crystal structure of complex H. This
model is represented by the first four columns of CA calculations in

Table XI,
2. Complex C

The Raman spectra of complex C and 180 substituted C are displayed
in Figure 13 and the data are tabulated in Table IX. Simple isotopic
substitution predicts that the 877 cm ! peak will shift to 834 cm™l.

As seen in Figure 13B, a new peak appears exactly at this value. The
877 em™! peak is split into two components at 878 and 872 em™ !, de-
monstrating that the two oxygens are inequivalent. The new peak at
872 cm~! is calculated to shift to 829 cm’l; an experimental peak at
828 cm” 'matches this calculation almost exactly.

The 878-cm™! peak in Figure 13B is the symmetric O-Mo-0 stretch-
ing vibration. Yet it differs in position from the infrared peak

which occurs at 882 cw~!. An explanation for this difference can be

found in solid state crystal effects. The x-ray crystal structure
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Figure 13. Raman spectra of complex C (a) and 180 labeled C (b).
Data have been expanded by a factor of 3. Scan para-
meters are as follows: laser excitation, 568.2 nm,
(d) 40 mW, (b) 50 mW; slits, 2.5 cm *; scan rate, 1.25
em '/sec; number of scans, (a) 2, (b) 21; 180 degree
backscattering geometry; sample temperature, 77K.
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paper describes the crystals as monoclinic in the P2;/c space gréup.61
Although not stated explicitly in this paper, the number of molecules
per unit cell must be 2 or 4, and is most likely 2.69 Within the unit
cell, vibrations of both molecules can be coupled, such that a vibration
of molecule 1 of the unit cell can couple with the same vibration of
molecule 2, This coupling of normal modes can be either symmetric or
antisymmetric. The symmetric combination mode would be visible in the
Raman spectrum whereas the antisymmetric mode would be visible in the
infrared spectrum.

In the infrared spectrum, the antisymmetric O-Mo-0O vibration
appears at 855 cn” ! whereas in the Raman spectrum it appears at 848
cm~!. A similar solid state effect can explain the difference in
positions. In the Raman spectrum a further peak is noted at 865 cm™?.
It is also seen in the isotope enriched sample in the Raman spectrum
but is not seen in either infrared spectrum. If the 865-cm~! peak
were assigned as a Mo=0 stretching vibration, it would be expected to
shift to 823 cm™! upon isotopic substitution, however no peak is ob-
served at 823 cm™! to verify such an assignment. The 848-cm~! peak,
which is assigned as the antisymmetric O-Mo-0O vibration, would be ex-
pected to shift to 806 cm~! upon !®0 substitution. However, no such
peak is observed to verify this assignment either. The 848-cm~! peak
is thus assigned on the basis of the similar frequency difference be-

tween symmetric and antisymmetric 0-Mo-0 vibrations as observed in

the infrared spectrum. This difference in the infrared peak positions

is 26 cm™! . 1In the Raman, the difference between the 877 and the
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865-cm ~! peak positions is 12 cm ~? but between the 877 and the 848-cm }
peaks it is 29 cm .

The lack of an observed isotopic shift for the 848 cm ! peak can
be explained by reference to the normal coordinate analysis of complex
A, where only the doubly 18)_subsituted molecule showed the simple
shift of the antisymmetric peak. Thus, if the concentration of doubly
180-substituted molecule is small then it is not likely to be observed
in the vibrational spectrum. A normal coordinate analysis of complex
C to resolve these isotopic substitution assignments could not be done
due to the poor match of Mo=0 stretching vibrations in the 150 molecule

as discussed above (page 57).
3. Complex F

The spectra of complex F and its 180-substituted isomer are
shown in Figure 14. 1In the isotope enriched mixture, the oxygens were
again inequivalent, and the symmetric absorption band was seen to be
split from a single peak at 892 en”? to a doublet with peaks at 893
and 886 cm . Simple isotopic substitution of 1% predicts a shift of
these two peaks to 849 and 843 em !, respectively. A broad peak at
846 cm 'could account for both of these shifts. The rest of the spec-
trum is complicated by a peak of unknown origin at 839 cw ‘and the
difficulty of assigning the antisymmetric O-Mo-0O vibration. Based
upon the Raman spectrum in Figure 14A, the 878—cm-:peak could be
assigned as the antisymmetric vibration on the basis that it is far-

ther away from the symmetric mode at B92 em~ ! than the feature at
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883 cm !; yet, their difference of 14 cm—! is considerably smaller
than the 30-40 cn~! normally observed. If the 878 cu™! frequency is
shifted by isotopic substitution, it should then appear at 836 cm—1.
In Figure 14B, a shoulder on the 839-cm™!peak is barely apparent ;t
837 cm~! and might correspond with the predicted shift.

Based upon the infrared spectra, a peak at 855 cm ~! would be in
a logical position to be the antisymmetric O-Mo-O stretching mode
since the difference in frequency between this value and the symmetric
mode at 892 em~! is 37 cr~l. A peak exists in the Raman spectrum of
the isotopic mixture at 860 cm=1!, Solid state symmetry effects that
may have led to a vanishing intensity of this feature in the Raman
spectrum of the 160 structure, were removed by !#0-substitution
causing it to appear in the Raman spectrum of the isotopic mix-
ture. The predicted isotopic shift for an 860-cm ™! peak would be to
818 cm !, but no feature is present in either the Raman or the in-
frared spectrum at that frequency. However, as explained for complexes
C and A, a double !80-substituted molecule is required to observe such
a shift, so that its absence is not entirely unexpected.

Based upon the NCA calculations of complex A, the Mo=0 stretch-
ing modes of complex F are assigned as follows: symmetric !60-Mo-1%0
892 cm™}, antisymmetric 860 cm~!; symmetric !€0-Mo-'%0 893 cm-1, anti
symmetric 837 cm~!; symmetric 180-Mo-!60 886 cm~!, antisymmetric 846
cm~!. The first Mo=0 bond is designated as having the higher force

constant and, therefore, has a higher frequency assigned to it.

It is interesting to note that the weak Raman feature at 878 cm~!
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has a very strong infrared companion at 880 cm™ ! Due to their res-

pective intensities in the Raman and infrared spectra, it is undoubt-
edly an antisymmetric vibration. The 878-cm” lfrequency was consicered
above as a candidate for the antisymmetric O-Mo-0 vibration, but this
assignment was discarded due to the small frequency difference be-
tween it and the symmetric vibration at 892 em” ! and the ambiguous
isotope shift. ‘The 880-cm™ ! peak remains strong in the infrared spec-
trum of the isotopic mixture; suggesting that it is not involved with
the oxygen-molybdenum vibrations. A possible assignment for this

band is the antisymmetric stretching vibration of the N(Me): group.
This spectral feature would not be present in complex C because nitro-
gen carries only one methyl group in that compound. In complex F,
however, with two methyl groups, this absorption will be stronger since
the dipole moment change will be greater. Assignment of the 880-cm™!
frequency as the antisymmetric Me-N-Me stretch leads to a search for
the symmetric stretch which wéuld be expected to be nearby. An ex-
cellent candidate for that mode is the 839-cm™! peak which is present

and unchanged in the spectra of both the %0 compound and the'®0-iso-

topic mixture in both infrared and Raman spectroscopy.
4, Complex J

Complex J is unique among these complexes in that two isotopic
mixtures were available for study. The first contained substitution
by a mixture of about 10% 170 and about 7% %0 while the second con-

tained substitution with only 18

0. The three isomeric spectra are
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displayed in Figure 15, The list of peak positions is given in Table
IX. In Figure 15A, the symmetric 0-Mo-0 vibration at 920 cm™ ! has a
companion at 916 em™ ! which 1s also assigned as the symmetric 0-Mo-0
vibration since it disappears together with 920 cm ! in Figure 15C,
the Raman spectrum of the 180 substituted complex. The crystal struc-
ture of complex J explains this splitting. The unit cell contains
four molecules of this complex.35 This arrangement permits many more
coupling combinations of these important vibrations than in a system
with only two molecules per unit cell as postulated for complex C.
Therefore, it is not surprising to see the main symmetric O-Mo-0 vi-
bration split into a doublet. The antisymmetric 0-Mo-0O vibration also
shows signs of this splitting with a shoulder on the 894 erm ! peak at

898 cm-l.

For the '®0 isotope, the peaks at 920-916 cm ! and 894 cm ! are
calculated to shift to 875-871 cm ' and 850 cm ! in the double oxygen
exchange molecule. Peaks at thése frequencies can be observed in
Figure 15C. The 920 em ! and 894 cm * peaks have lost most of their
intensity indicating that very few of the 160-Mo-1%0 molecules exist

! indicate

in this sample. However, new peaks at 911 em ! and 906 cm
that the mixed isotopes with inequivalent oxygens are present. The
breadth of the peak from 850 to 860 em~ ! indicates that several vi-
brations are represented. This band 1s assigned as the antisymmetric
0-Mo-0 vibrati;n for both of the nixed isotopes. The separation of

about ‘50 cm ® from the 911/906 em ! pair corresponds with the NCA

calculated separation of the symmetric-antisymmetric pair in the mixed
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82

isotope molecule of complex A.

17

Analysis of the 0-'% isotopic mixture is more complicated due

to the many combinations possible with three isotopes of oxygen into

lﬂo

two inequivalent positions. Although the amounts of 70 and
available for substitution in the exchange reaction were small, sub-
stitution did occur as evidenced by Figure 15B. The splitting of the
antisymmetric 0-Mo-0O vibration at 920 r:m“1 into a 919, 911 em ! pair
with a shoulder at 907 cm-1 in this isotopic mixture again demonstrates
the inequivalence of the two oxygens. New peaks are observed at 878
and 859 cm ' . All of these new peaks are identical to those observed
in Figure 15C where only 180 was substituted. 1Mass effect calculations
for 70 predict that the 920 em ! peak will shift to 896 cm | and the
894 v:tn-I peak will shift to 871 cm—l. Fowever, there are already

peaks present at these frequencies and contribution due to 170 could

not be resolved.

5. Complex K

The Raman spectra of complex K and its %9 substituted isomer
are shown in Figure 16, The peak positions are compiled in Table IX.
The peak at 922 cm™ ! is assigned as the symmetric O-I'o~0 vibration
since it diszpnears from the spectrum of the leO-Substituted compound.
The 922-cm™~! peak is predicted to shift to 877 em . Although very small,

a feature does appear at 878 cm  (Figure 16B) which was not found in

the unsubstituted sample (Figure 16A). Furthermore, a feature at
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896 cm ' is observed to disappear upon 1% substitution (Figure 16).
This peak is predicted to shift to 852 em i and a new feature does
appear in the Raman spectrum at 860 em” ! indicating an antisymmetric
0-Mo-0 vibration. The noise level in the Raman spectra for complex K

is rather high and apparently due to the scattering properties of the

sample itself, To verify the Raman results, the infrared data for complex
K (Figure 17) show that two peaks at 922 and 894 cm™! have disappeared
in the !®0 substituted spectrum, confirming their identification as

the symmetric and antisymmetric 0-Mo-0 vibrations, respectively.

6. Summary

Using a model structure for complex A, the complex isotopic
shifts of v(Mo=0) have been explained by normal coordinate analysis as
combinations of lBO and ls0 singly substituted at inequivalent oxygen
sites in these dioxo Mo(VI) complexes. The frequency differences be~
tween the symmetric and antisymmetric O-Mo-O vibrations has been iden-
tified for each of the combinations of 180 and 160. The difference
was important in understanding the variety of peaks present in a com-

plex with unequal substitution of oxygens and was used as a basis for

interpreting the spectra of 180-substituted complexes C, F, J, and K.
I1. Xanthine Oxidase
A. Flavin Adenine Dinucleotide (FAD)

Resonance Raman spectral studies of FAD and flavin-contained

cofactors and proteins have often been hampered by a strong fluores-
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cence background tending to obscure the weak Raman signals. Recently,

however, Raman spectra of FAD have been seccessfully obtained after
quenching the fluorescence with potassium iodide or protein,700r by us-
ing the techniqueof(bherentAnti~StokesRamanScattering(CARS).71’ 2
Many FAD and FAL-dervivative spectra have subsequently been obtained

for a variety of proteins, 73-79 and ;everal of the vibrational peaks
have been tentatively assigned to structural features based on shifts
of these frequencies when a new functional group is attached to a
specific part of the ring system. The isoalloxazine ring system com-
mon to flavins and numbering scheme for the flavin molecule is shown
in Figure 18, and Table XII lists resonance Raman frequencies which
have been assigned. A drawback of many of these studies has been the
limited range over which the Raman data have been collected. In most
cases, 1100 cm™! is the lower limit of the scan range although several

70, 74-77 0f these, only

low frequency spectra have been reported.
one is a study of FAD alone. The others report the spectra of FAD or
FMN associated with a protein.

It is important to obtain spectra at much lower frequencies
where metal-ligand vibrations exist. To distinguish between FAD
peaks and metal-ligand vibrations in xanthine oxidase at low fre-
quencies, the complete resonance Raman spectrum of FAD was examined.

These data are displayed in Figure 19. The major peaks in FAD are

listed in Table XIII and compared against published values.

With a knowledge of the spectrum of FAD, it is possible to com-

pare it to the spectrum of xanthine oxidase, whose resonance Raman
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Figure 18. Structure of flavin isoalloxazine ring system with
conventional numbering system. R represents rest of

flavin structure, i.e., ribose (riboflavin), ribose

5'-phosphate (FMN), ribose 5'-diphosphoadenosine (FAD).

The three fused rings are numbered 1, II, and III

as seen from left to right.

Table XII. Assignments for some Vibrational Frequencies of the

Isoalloxazine Ring System

Position (cm™?) Assignment Reference
. 1229 Ring I 75
1251 C(2)-N(3)/N(3)-H BEND 70
1356 C(4)-C(4a)-C(10a) 78
1407 Ring III 75
1583 N(5)-C(4a)-C(10a)-N(1) 78

1631 Ring 1 74, 75
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Figure 19. Resonance Raman spectrum of FAD (1.2x10™*M + KI for

fluorescence quenching) from 100 cm™ ' to 1700 cm™ 3.

The peaks at 227 cm™' and 306 cm™' are due to ice in
this frozen solution. Data have been subjected to a
25 point smoothing routine. Scan parameters: laser
excitation, 488 nm; 25-40 mW; slits, 10 cm™?; scan
rate, 4 cm™!/sec; number of scans, 56; 180 degree

backscattering geometry; sample temperature, 77K,
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Table XIII. Resonance Raman Peaks of Xanthine Oxidase and FAD
x0% FAD? xo? FAD? FaD? FAD®
351 1164 1161 1161 1164
396 1182 1185
423 427 1233 1230 1228 1231
439 1269 1261 1253 1260
506 1287 1283 1277
527 523 1352 1351 1354 1359
585 582 1408 1403 1411 1416
617 613 1470
687 673 1501 1508 1507

,‘ 740 1546 1541

L 760 1586 1579 1585 1584
790 791 1636 1631 1630 1635
832 833 1679 1672

r 977
i %This work; frequencies in cm !

bReference 70

' ®Reference 72 |
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spectrum is displayed in Figure 20 and whose major peaks are listed
along with those of FAD in Table XIII. The spectral peaks of xanthine
oxidase correlate well with those of FAD. In the region above 790 cm™},
all principal peaks in xanthine oxidase can be attributed to FAD. Be-
low this value, all of the major FAD peaks are still seen in xanthine
oxidase; however, a number of new features are also observed and will

be discussed in the next section.

k The resonance Raman spectrunt of deflavo xanthine oxidase is dis-
' played in Figure 21. Upon comparison with Figure 20, it is clear
%Q that removal of FAD from xanthine oxidase also removes the flavin con-

tributions to the Raman spectrum. All of the major peaks have dis-

—————

appeared, leaving a nolsy background spectrum with no distinct peaks

¢ except for the broad feature beneath -~ 1400 em~) This feature cor-

i

b responds to a fluorescence maximum at -~ 520 nm. The spectra in Figures
¥ H 19 and 20 provide the first resonance Raman data of xanthine oxidase

to show the FAD contribution.

None of the FAD peaks in the xanthine oxidase spectrum shows
any significant shift in position, suggesting no preferential in-
teraction of any part of the isoalloxazine system with the protein.
Specific interactions have been proposed on the basis of shifts in
the resonance Raman spectrum that have been noted in several protein-
flavin stud:[es.n_78 Modes of vibration associated with rings I or
IT show significant changes in frequency when FMN binds to D.gigas

flavodoxin.78 However, Schopferandbbrris79 showed that amodification

of one part of the ring system affects peak positions in other partsof
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Figure 20. Resonance Raman spectrum of xanthine oxidase in H20
from 300-1700 cm !. Data have been subjected to a 25-
point smooth. Scan parameters: laser excitation, 488 nm,
20~25 mW; slits, 8 cm !; scan rate, 2 cu™ '/sec; number of
scans, 90; 180-degree backscattering geometry; sample
temperature, 77K, The baseline drop-off occurring be-

tween the 1585 and 1637 cm~! peaks is due to the laser

shutting off during an overnight run.
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Raman spectrum of aqueous deflavo xanthine oxidase.

The data have been subjected to a 25-point smooth.

Scan parameters: laser excitation, 488 nm, 27-30 mW;
slits, 10 cu™!; scan rate, 2 cm~!/sec; number of scans,
137; 180-degree backscattering geometry; sample tempera-

ture, 77K.
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the ring system, and warn against overinterpretation of data. Due to
the large 10 em™? slitwidth used in these experiments and a * 3 cm™ !
error in locating peak positions, a difference in peak positions of
=6 em~} might not be observed between the xanthine oxidase and the

FAD spectra.
B. FezS82 and Mo Groups

The electronic absorption spectrum of deflavo xanthine oxidase
represents the spectrum of the iron-sulfur groups (see Figure 2).
Laser excitation below 500 nm should give rise to a resonance Raman
spectrum of these iron-sulfur groups in xanthine oxidase. Removal of
the flavin from the protein should remove any low frequency flavin
peaks that would interfere in the interpretation of the Fe,S, Raman
spectrum.

Resonance Raman spectroscopy has previously been attempted on
deflavo xanthine oxidase, but high fluorescence caused a poor signal-
to-noise ratio. Only a band at about 280 cur ! was observed by Yama-
moto,80 who obtained better results with putidaredoxin, adrenodoxin,
and spinach ferredoxin (Figure 22). All three of these two-iron-two-
sulfur proteins exhibit three major bands at =280, 340, and 390 cm-l,
Since a 280 cm ™! band was observed in deflavo xanthine oxidase, it
should be possible to observe the other bands if the signal-to-noise
ratio is sufficiently increased.

The first detailed resonance Raman spectrum of the Fezszcenters

of xanthine oxidase is displayed in Figure 23, Three strong bands
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Figure 23. Resonance Raman spectrum of deflavo xanthine oxidase,
sample 1, with 476.5 nm excitation. The upper trace
results from a 25-point smooth applied to the raw data
displayed in the lower trace, the two traces are shown
with different vertical gains. Scan parameters: laser
power, 55 mW; slits, 10 cm '; scan rate, 2 cm '/sec;

number of scans, 239; 1B0-degree backscattering geometry;

sample temperature, 4°c.
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are observed at 287, 344 (broad), and 388 cn”!, These occur at the
same values as the three dominant peaks observed for the Fe,S; group
’ in adrenodoxin. In addition, three other features are observed at
315,2332 (shoulder), and 363 cw '. Resolution is improved in the re-
sonance Raman spectrum of another sample of deflavo xanthine oxidase,

1

as shown in Figure 24. The shoulder at 332 cm ° is now decomposed

into two peaks at 326 and 335 cm

s although the former is close to
noise~limited.

Assignment of the 287, 344, and 388 <:m"'1 peaks appears to be
straightforward in light of the correlation with the spectrum of
adrenodoxin and the close agreement with the spectra of putidaredoxin
> and spinach ferredoxin. These three bands are assigned to the FezS;-
(Cys)u structural 8r°UP-80 The other four peaks are not as easily
assigned. Although there are two types of Fe¢, S, centers in xanthine
oxidase, EPR only distinguishes between them at liquid helium tempera-
tures; it is, therefore, quite unlikely that their resonance laman
spectra will be significantly different, especially at 4°C, the tempera-
ture at which these spectra were taken. It is possible that all of
these peaks are assignable to the Fe, S, centers. Yamamoto's spectra
show very broad bands at 332 (ferredoxin), 343 (adrenodoxin) and

345 em ! (putidaredoxin) as seen in Figure 22. The resolution and

signal-to-noise ratio of her spectra are not sufficient to show the

presence of fhese additional bands within the broad envelope of the

340 cm™! band. A group theoretical analysis for an FeZSz(S—Cys)~ cen-

ter with D,p, symmetry predicts the existence of 9 Raman active vibra-
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Figure 24. Resonance Raman spectrum of deflavo xanthine oxidase,

sample 2, with 476.5 nm excitation. The data have been
subjected to a 25-point smooth. Scan parameters: laser
power, 45 mW; slits, 10 cm™}; scan rate, 2 cm™)/sec;
number of scans, 280; 180-degree backscattering geometry;

sample temperature, 4°c.
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tions as indicated in Table XIV. Normal coordinate analysis on
Fe,S,S°, assigned the three main bands to Ag symmetry and predicted
the existence of a fourth Ag band at about 35 cm'l.so That leaves
the five Bg modes unassigned. If one assumes that the protein dis-
torts the FeyS2(S~cys)y center away from tle ceuntrosymmetric Dap

symmetry, then some of the infrared active bands could also appear

in a Raman spectrum. Thus, it is reasonable to assume that the four

bands in deflavo xanthine oxidase at 313, 327, 333 and 364 cm~! might

also be assignable to the Fe;S; centers.

5 / To examine the resonance enhancement of these Raman peaks, spectra

were recorded with excitation by several different laser wavelengths.

The results of this study are displayed in Figures 25-29. Only the

> { spectrum obtained with green excitation (514.5nm) shows the Raman

spectrum largely obscured by background noise. All of the spectra ob- i
tained with blue light excitation (457.9 nm, 476.5 nm, and 488.0 nm)
show well defined Fe,S; vibrational peaks in the 270 to 400 cm~! region. ﬁ

As can be seen in Figure 2, all of the blue laser lines fall within ?

the absorption envelope of deflavo xanthine oxidase whereas the green
line at 514.5 nm is just outside the Fe;S; absorption, thus accounting
for the observed resonance enhancement behavior.

Of interest is the spectrum of Figure 25 obtained with violet

excitation at 406.7 nm. Only the three major peaks at 290, 345, and

392 cm~! are visible while the other four peaks at 313, 327, 333, and

364 cm™! have disappeared. This indicates that these latter four peaks

are no longer in resonance while the former three peaks are still in a

resonance condition. Since the flavin has been removed, this raises
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Table XIV. Group Theory Classification of Vibrational Bands for
Fea2Sz(S-cys), in D;h Symmetry

’ Raman Active Infrared Active Inactive
E Ag 4 B;u 3 Au 1
i B;g 1 Blu 3
! Bzg 2 B;u 2

Bsg 2

Totals 9 8 1l
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Figure 25. Resonance Raman spectrum of deflavo xanthine oxidase with
406.7 nm excitation. The data have been subjected to a
25-point smooth. Scan parameters: laser power, 20 mW;
slits, 14 ecm~!; scan rate, 2 em~!/sec; number of scans,

86; 180-degree backscattering geometry; sample tempera-
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Figure 26. Resonance Raman spectrum of deflavo xanthine oxidase with

457.9 nm excitation. The data have been subjected to a
25-point smooth. Scan parameters: laser power, 20 nW;
slits, 10 cm~!; scan rate, 2 cm™!/sec; number of scans,

330; 180-degree backscattering geometry; sample tempera-

ture, 4°c.
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Figure 27. Resonance Raman spectrum of deflavo xanthine oxidase with

476.5 nm excitation. The data have been subjected to a

25-point smooth. Scan parameters: laser power, 45 mW;
slits, 10 cm™}; scan rate, 2 cm™!/sec; number of scans,
280; 180-degree backscattering geometry; sample tempera-

ture, 4°c. (Same as Figure 24, but repeated for compari-

son in this series.)
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Figure 28. Resonance Raman spectrum of deflavo xanthine oxidase with

488 nm excitation. The data have been subjected to a 25~
point smooth. Scan parameters: laser power, 35 mW; slits,
10 cm™!; scan rate, 2 cm”!/sec; number of scans, 330; 180-

degree backscattering geometry; sample temperature, aoc_
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Figure 29. Raman spectrum of deflavo xanthine oxidase with 514.5 nm

excitation. The data have been subjected to a 25-point
smooth. Scan parameters: laser power, 60 mW; slits, 10

em™!; scan rate, 2 cm~!/sec; number of scans, 366; 180-

degree backscattering geometry; sample temperature, s%c.




105

the possibility that the four frequencies arise from another chromo-
phore, that is, molybdenum. A feature in Figure 25 at about 500 cm™!
looks significant., Similar features appear in Figures 27 and 29 but
are absent in Figures 26 and 28. Because the feature at about 500
cm~! is not totally reproducible as indicated in the data shown in
this work and other data not included in this work, it is not consid-
ered to be important at this time.

To investigate the possibility that molybdenum is involved in
these vibrational frequencies, the molybdenum site was altered by
treatment with KCN to remove the terminal sulfide 1igand.6 If the
resonance Raman spectrum is significantly altered by this treatment,
then the participation of molybdenum in the vibrational motions can
be assumed to be real. The spectrum of desulfo xanthine oxidase is
displayed in Figure 30. All of the main features are present with
the possible exception of the 327 cm~! peak. That feature (326 cem~!
peak in Figure 24) was already very close to noise limited and its
presence or absence is, therefore, not conclusive. A new peak is
apparent at 378 cm~! which might be attributed to a molybdenum-1i~
gand vibration in the altered molybdenum ligand coordination sphere;
however, a different sample of desulfo xanthine oxidase did not re-
veal a peak at this frequency, indicating that it may be due to ran-

! peak is as strong as some of the

dom noise. Even though the 378 cm™
other peaks observed, it is still just within the noise level of the

spectrum. Although the other peaks are also close to the signal-to-

noise level, they are nonetheless consistently reproduced in every
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Figure 30. Resonance Raman spectrum of desulfo xanthine oxidase.
The data have been subjected to a 25-point smooth. Scan

parameters: laser excitation, 476.5 nm, 55 mW; slits,
10 em™!; scan rate, 2 em~!/sec; number of scans, 328;

180-~degree backscattering geometry; sample temperature

4°c.
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sample for which a spectrum was obtained. Thus, there is no hard
resonance Raman evidence for a change in the coordination sphere of
molybdenum upon cyanide treatment.

In other attempts to understand the nature of the four peaks dif-

fering from those found by Yamamoto,80 the resonance Raman spectra of

pure xanthine oxidase and a sample of desulfo-deflavo xanthine oxidase

were investigated. The results of these two experiments are shown in
Figures 31 and 32. To correlate these data, the Raman shift of the
peaks from xanthine oxidase, deflavo xanthine oxidase, desulfo xanthine
oxidase, and desulfo-deflavo xanthine oxidase are listed together in
Table XV. 1Inspection of the data in this table shows that essentially
all the peaks listed are observed in all four different samples of
xanthine oxidase. 1In desulfo-deflavo xanthine oxidase as in desulfo
xanthine oxidase, the already questionable 327 cm~! is absent. How-
ever, an additional peak is noted in pure xanthine oxidase and desulfo
xanthine oxidase at 299 cm~! which is absent in deflavo and desulfo-
deflavo xanthine oxidase. This 299-cm™! peak appears to be present
when flavin is present and absent when flavin is absent, so it can
probably be assigned to some deformation mode of the FAD system. This

peak was not observed previously in the FAD spectrum (Figure 19) be-

cause the data were collected at 77K and an ice band obscures that re-

f gion of the spectrum.
The peak at 326 cm™! is not visible in the desulfo and desulfo-

deflavo xanthine oxidase samples. It may be present under slightly

broadened 333-cm”! peaks, but it is more likely to be truly absent in
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Figure 3l.

Resonance Raman spectrum of xanthine oxidase. The data
have been subjected to a 25~-point smooth. Scan parameters:

laser excitation, 476.5 nm, 50 mW; slits, 10 cm™!; scan

rate, 2 cm~!/sec; number of scans, 317; 180-degree back-

scattering geometry; sample temperature, 4°C.
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Table XV. Resonance Raman Peaks of Xanthine Oxidase, Deflavo
Xanthine Oxidase, and Desulfo Xanthine Oxidase &
X0 Deflavo XO Desulfo XO Desulfo-Deflavo XO
288 288 290
299 298
313 313 315 312
327 327
334 333 331 333
348 344 344 344
363 364 362 361
390 389 395 391
a Frequencies in em™?,
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these spectra., If this is the case, then it may be an indication of a
molybdenum-ligand vibration since the desulfo form of the enzyme is
common to both of these spectra. Evidence against the molybdenum-li-
gand hypothesis is seen in Figure 25 where the four additional peaks
disappear with violet excitation (406.7 nm). Since Mo(VI) should ab-
sorb light more strongly in the ultraviolet, any molybdenum-ligand
vibrations should be enhanced as excitation approaches the uv., The
more likely possibility is that the 327 cm™!~feature is a random
noise peak, since its intensity is within the noise level of the
spectra where it is seen. Data of better quality would be needed to
determine with certainty the origin of the 327 cm™} peak.

The molybdenum(VI) model complexes indicate the frequency regions
where metal-ligand stretching vibrations are expected to occur. Molyb-

denum-oxygen stretching frequencies range from about 850-1000 em™!,

1

molybdenum-sul fur around 350-400 cm™", and molybdenum-nitrogen can be

found over a broad range from about 550-650 cm~!. If the nitrogen is
part of an inflexible ring system, the effective ligand mass is much
greater and the frequency can be much lower. The search for molybdenum-~
ligand stretching vibrations in xanthine oxidase was not successful.

Figures 20 and 21 show no bands in the 850-1000 cm~?! that are repro-

ducible and assignable to v(Mo=0). Several samples of different forms

of xanthine oxidase produced the same negative results.

In the molybdenum{(VI) complexes, the intensities of the peaks

assigned to v(Mo-S) and v(Mo-N) were always less intense that those

assigned to v(Mo=0). Since the xanthine oxidase samples did not show
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evidence of molybdenum-oxygen stretching modes, the likelihood of see-
ing V(Mo-S) or v(Mo-N) is also small. Complicating this situation fur-
thur, v(Mo-S) is expected at =350-400 cn—! where the peaks for the
Fe,S,(S-Cys), groups appear. But this consideration allows for the
possibility that the occasionally observed peak at =378 cm~ ! is due to
v(Mo-S) in xanthine oxidase since it is in the approximate frequency
region expected.

Detection of v(Mo=N) in xanthine oxidase is less likely due to
the broad range available for this ligand. If the ligand is part of
a heterocyclic aromatic functional group such as histidine or a pterin
derivative (as has been identified as part of the molybdenum cofactor
of xanthine oxidase and other molybdoenzymesal), the frequency could be
quite low, at =250 em™, If the nitrogen were an amine, a frequency
range of about 500-600 cm™) could be expected since multiple bonding

55, 58, 60 Complicating the search is

is not unusual to molybdenum.
the fact that nitrogen has not been identified as a ligand of molyb-
denum in xanthine oxidase. It has only been postulated as a ligand.
1, 43 Therefore, unambiguous identification of any spectral peak as
a molybdenum-nitrogen stretching vibration is very difficult. No
peaks identifiable as such have been observed in any of the Raman
data on xanthine oxidase.

Observing the resonance Raman signals of molybdenum-ligand vibra-

tions in xanthine oxidase is expected to be difficult. The resting

enzyme contains Mo(VI), a a° ion, which has no bands due to any d-d

transitions. Any ligand-metal charge transfer bands are expected in
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the ultraviolet, so that ultraviolet laser excitation would be neces-
sary to enhance the intensity of vibrations associated with the atoms
participating in electronic charge transfer. Full UV-Raman capability
was not available in the laboratory during this research. Evidence
exists for a Mo(IV) absorption at about 380 nm (See Figure 3) but
since this is in the UV, resonance Raman behavior associated with this

transition was not investigated.

Summary

The three main bands of the Fe»Sz; groups of xanthine oxidase
have been observed in four different forms of the enzyme at 288, 344,
and 389 cm™!. An additional four bands at 313, 327, 333, and 364 cm™!
have also been observed which lack the resonance enhancement with vio-
let excitation (406.7 nm) of the three main bands, yet share reson-
ance enhancement with blue excitation (457.9, 476.5, and 488.0 nm).
The 327 cm™}! band lacks reproducibility in two forms of the enzyme in
which a terminal sulfide is removed from molybdenum. Yet all four
of these peaks lose enhancement where molybdenum ligands are expected
to gain resonance enhancement (406.7 nm) and cannot therefore be con-
sidered as potential molybdenum-ligand vibrational frequencies. Since
there are a number of other Raman active modes unaccounted for in this
Fe;S2(S-Cys)y- system of Doh symmetry, it is most likely that these

four additional bands arise solely from the Fe2S; groups.
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CONCLUSIONS

Xanthine oxidase has been studied by resonance Raman spectro-
scopy. The native enzyme displays the spectrum of the FAD moiety.
There is a one to one correlation between the resonance Raman peaks
of FAD in solution and the resonance Raman peaks of xanthine oxidase.
Although other researchers have observed shifts in frequency of the
isoalloxazine moiety of flavin attached to other flavoproteins,n-78
none was observed in xanthine oxidase. This may be a result of ex-
perimental uncertainty in peak position due to the large slitwidth,
the large number of scans, and the high noise level of the spectral
signal. On the other hand, it may also be an indication that the FAD
is not bound to the resting enzyme via isocalloxazine, but through the
adenine portion of the molecule.

By removal of the flavin from xanthine oxidase, the resonance
Raman signal of the Fe;S, groups were observed. Three peaks of this
signal coincided exactly in frequency with the resonance Raman sig-
nal of adrenodoxin. Additional peaks seen only in the xanthine oxi-
dase spectrum may also be present in adrenodoxin but are not resolved
from noise. These additional peaks in xanthine oxidase may also be
attributed to the Fe;S2 groups with different resonance enhancement
characteristics. They go out of resonance with excitation at 406.7 nm,

indicating that they are associated with the absorption band due to

FezS; at 450-470 nm. The three main resonance Raman peaks remain in
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resonance through the violet at 406.7 nm to the blue at 488.0 nm, As
the excitation wavelength continues into the green at 514.5 nm, re-
sonance enhancement declines. The foregoing behavior indicates the
association of the absorption envelope of the Fe,S, groups with the
Raman enhancements. Unambiguous evidence for resonance Raman peaks
for the molybdenum center of xanthine oxidase could not be obtained.
Excitation of enzyme samples with blue laser lines revealed no peaks
attributable to v(Mo=0), v(Mo-S), or v(Mo-N). One peak at about 378
cm~! might be due to v(Mo-S), but this peak was not consistently re-
producible.

The Raman data for the 14 molybdenum(VI) complexes were analyzed
along with infrared data and x-ray crystal structures of several of
these complexes to make structural predictions about those complexes
of unknown crystal structure. Two structural geometries are repre-
sented. The normal geometry for dioxo molybdenum(VI) complexes with
two thiolate and two nitrogen ligands is represented by a distorted
octahedron with cis oxygens, trans sulfurs each cis to the oxygens,
and cis nitrogens each trans to an oxygen. This structure results in
the symmetric 0-Mo-0 stretching vibration lying above 900 em™t. A1l
but four of the complexes exhibit this approximate structure.

The other geometry as defined by the x-ray crystal structure of
C, MoO2(CH3NMCH,C(CH3)28)2, is a skew trapezoidal bipyramid. The in-
teresting feéture of this structure is the possible formation of a

partial disulfide bond., The structure causes the 0-Mo-0 angle to
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decrease, resulting in a frequency below 900 em™?! due to competition
between the oxygens for the same Mo d orbitals involved in 7 bonding,
The four complexes exhibiting this structural characteristic are D,

MoO, (CH3NHC(CH,) ,C(CH,) ,S),, F,Mo0,((CH,),NCH,C(CH,),S),, G,Mo0,(NH,

CH,CH,S),, and complex C mentioned above.

Two of the complexes, M, Mo,05((CH,;),NCH,CH,NHCH,CH,S), and N,Mo,
0 s((CH y) NCH ,CH ,NHCH ,C(CH ,) ZS)Z, are molybdenum dimers with a single
B-oxo bridge. Both of these -complexes exhibit the v(Mo=0) frequen-
cies of the normal distorted octahedral geometry. Complex E,MoOz(SC
(CH ;) ,CH ,NHCH ,CH ,NHCH ,C(CH,) ,S), although it is incapable of the skew
trapezoidal bipyramid structure, exhibits both low frequency v(Mo=0)
of high intensity and high frequency v(Mo=0) of much lower intensity.
Space filling molecular models predict two possible geometries. The
more favorable geometry involves close approach of the sulfurs for
possible disulfide bond formation., This structure also allows room
for the two oxygens to separate with the possible aid of hydrogen
bonding from the amine protons, consequently lowering v(Mo=0) below
900 cm~1!., The second geometry has some unfavorable, yet not prohibi~
tive, steric constraint of a methyl group with an oxygen. In this
arrangement the sulfurs are trans to each other and the oxygens are
forced closer together, thus raising V(Mo=0) in frequency above
900 cm~ !,

Complex I, MoOj (SCH,CH,N(CH,)CH,CRoN(CH;)CH,CH,S), which is simi-

lar to the above complex, has additional side chain methyl groups which

create many more steric interferences. Therefore, it can only assume
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a configuration with trans sulfurs and cis oxygens with y (Mo=0)
above 900 cm™ !,

Within this group of complexes with similar ligands, a cis sul-
fur geometry gives the potential for disulfide bond formation and
seems to result in a lowering of V(Mo=0) below 900cm™). Disulfide
bonds generate a larger 0-Mo-0 angle. When the sulfurs are trans to
each other, the 0-Mo-0 angle is more normal and VW(Mo=0) is greater
than 900 cm™!. Factors influencing the formatio: of the partial di-
sulfide bond could not be positively identified among the four com-
plexes which exhibit this structural feature.

Two of the complexes, C, MoO,(CH ,NHCH,C(CH,) ,S}; and H, MoO,(8-
mercaptoquinoline) , were subjected to normal coordinate analysis
since their x-ray crystal structures were available. The 0-Mo-0
stretching vibrations of the former complex could not be matched by
the simplified atom set MoO,N,5 with a general valence force field.
The calculated peaks were 896 and 828 cm~! while the observed peaks
were at 877 cm™! and 848 cm~!. A good match for vw(Mo-N) was close
to some experimental Raman peaks. The oversimplification of the
model in conjunction with the simplest force field is inadequate to
analyze this complex which has more complicated interactions such
as intermolecular hydrogen bonding and solid state vibrational coup-
ling.

The simple structural model for the latter complex resulted in
close fits for v(Mo=0) and v(Mo-N), but not for v(Mo-S). Again over-

simplification of the model and a simple force field probably caused
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the inability to calculate a close fit to experimental data.

Normal coordinate analysis was successfully used to interpret
the isotopic shifts of the five complexes available with 180 substi-
tuted for %0, Applying the structure of the complex MoO ,(8-mercapto-
quinoline) , as a model for the complex A, MoO,(NH,CH,C(CH,) ,S),, an
exact match to the O-Mo-0 stretching frequencies was achieved. By
substituting !80 for 160 in the calculations, all experimental peaks
were matched, thus describing the force field for this complex exactly,
The inequivalence of the oxygen atoms predicted by the structural
nodel vas verified by the use of two separate force constants for
the Mo=0 band. It is Important to note the separation between the
symmetric and antisymmetric 0-Mo-O vibrations when interpreting the
isotopic Raman data. For this complex the separation is 37 cm™!
when both oxygens are !¢0. When only one oxygen is replaced with
180, the separation increases to 62 cm™ ! when the weaker bonded oxygen
is replaced and to 52 cm~ ! when the stronger bonded oxygen is re-
placed. When both oxygens are replaced by 180, the separation is
the same as for the unsubstituted molecule. This knowledge of sep-
aration was applied in the successful interpretation of the isotopic
shifts of the other four complexes, C, MoO,(CH3;NHCH,C(CHj),S),, F,
MoO, ((CH3) 2NCH,C(CH3) 2S) 2, J, MoO, ((CH;) ,NCH,CH,R(CE,CH,8);), and K,
MoO, (CH3SCH,CH,N(CH,CH,S) ).

Application of the results of the molybdenum model complex
studies to the interpretation of the xanthine oxidase results is not

possible due to the lack of resonance Raman data on the molybdenum
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site of the enzyme. During the course of this research; additional

information on the molybdenum site of xanthine oxidase by the tech-

nique of EXAFS was published,s2 indicating that these complexes are

no longer totally appropriate to model the enzyme. It was discoverefl
that the artive enzyrme probahly has only one terminal oxo group, the
second oxo group being replaced by a terminal sulfur atom.82 There-
fore, new model complexes should include a single terminal oxygen and

a terminal sulfur atom. The other ligands of molybdenum in xanthine
oxidase were not altered by these EXAFS studies. Also revealed by
EXAFS studies was that in desulfo xanthine oxidase, the sulfur which

is removed by cyanide is the terminal sulfur atom. It is replaced by

a terminal oxygen, thereby leaving molybdenum with two terminal oxy-
gens. This makes the molybdenum complexes studied in this dissertation
possible models for the inactive desulfo form of molybdenum in xanthine
oxidase. In order to obtain resonance Raman data on the molybdenum
site of xanthine oxidase, samples must be excited by laser light in

the ultraviolet to enhance vibrational intensities of the Mo(IV)

chromophore at =380 nm.
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APPENDIX 1
’ RAMAN AND INFRARED SPECTRA OF THE

MOLYBDENUM COMPLEXES
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Figure I-1. Raman spectrum of complex A. Scan parameters: laser
excitation, 568.2 mnm; slitwidth, 2.5 cm™?; scan rate,
2.5 cm™'/sec; number of scans, 10; 180 degree back-

.scattering geometry; sample temperature, 77K.
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Figure I-2. Raman spectrum of '°0 substituted complex A. Scan
parameters: laser excitation, 568.2 nm; slitwidth,

2.5 em™?; scan rate, 2.5 cm” '/sec; number of scans, 10;
180 degree backscattering geometry; sample temperature,
77K; data subjected to 9 point smoothing routine.
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Figure I-3. Raman spectrum of complex B. Scan parameters: laser
) excitation, 568.2 nm; slitwidth, 2.5 ecm™!; scan rate,

2.5 cm™ */sec; number of scans, 10; 180 degree back-
scattering geometry; sample temperature, 77K.
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Figure I-4: Raman spectrum of complex C. Scan parameters: lasef.
excitation, 568.2 nm; slitwidth, 2.5 em™*; scan rate,
- 2.5 em™'/sec; number of scans, 10; 180 degree back~

scattering geometry; sample temperature, 77K.
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Figure I-5. Raman spectrum of 180 substituted complex C. Scan
parameters: laser excitation, 568.2 nm; slitwidth,
2.5 cm™ *; scan rate, 1.25 cm” ?/sec; number of scans,
(a) 21, (b) 5; 180 degree backscattering geometry;
sample temperature, 77K.
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Raman spectrum of complex D. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 cm™*; scan rate,
2.5 em™'/sec; number of scans, 10; 180 degree back-

scattering geometry; sample temperature, 77K.
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Figure I-7. .Raman spectrum of complex F. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 em™!; scan rate,
2.5 cm™ */sec; number of scans, 10; 180 degree back-
scattering geometry; sample temperature, 77K.
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Figure I-8. Raman spectrum of 180 substituted complex F. Scan

’ parameters: laser excitation, 568.2 nm; slitwidth,

2.5 cm~!; scan rate, 0.25 cm”'/sec; number of scanms,
1; 180 degree backscattering geometry; sample tempera-
ture, 77K.
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Figure I-8. Raman spectrum of 180 substituted complex F. Scan
parameters: laser excitation, 568.2 nm; slitwidth,
2.5 em™}; scan rate, 0.25 cm™'/sec; number of scans,
1; 180 degree backscattering geometry; sample tempera-
ture, 77K.
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Figure I-9. Raman spectrum of complex G. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 em™'; scan rate,
0.25 cm™ */sec; number of scans, 1; 180 degree back-

scattering geometry; sample temperature, 77K.
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Figure I-10. Raman spectrum of complex H. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 cm™*; scan rate,
0.25 cm™!/sec; number of scans, 1l; 180 degree back-

‘scattering geometry; sample temperature, 77K. I
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Raman spectrum of complex E. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 cm™*; scan rate,
2.5 em” }/sec; number of scans, 10; 180 degree back-
scattering geometry; sample temperature, 77K.
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Figure I-12. Raman spectrum of complex I. Scan parameters: laser
» excitation, 568.2 nm; slitwidth, 2.5 cm™*; scan rate,
| 0.25 cm” */sec; number of scans, 1; 180 degree back-

| " scattering geometry; sample temperature, 77K.
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Figure I-13. Raman spectrum of complex J. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 cm™'; scan rate,
- 0.25 cm™ */sec; number of scans, 1; 180 degree back-
scattering geometry; sample temperature, 77K.
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Figure I-14. Raman spectrum of 170, %0 substituted complex J.
~ Scan parameters: laser excitation, 568.2 nm; slitwidth,
2.5 cm™?; scan rate, 0.25 cm” */sec; number of scans, 1;
180 degree backscattering geometry; sample temperature,
77K.
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Figure I-15. Raman spectrum of '®0 substituted complex J. Scan
parameters: laser excitation, 568.2 nm; slitwidth,
( 2.5 cm™'; scan rate, 0.25 cm™ '/sec; number of scans,
! 1; 180 degree backscattering geometry; sample
temperature, 77K.
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Raman spectrum of complex K. Scan parameters:
laser excitation, 568.2 nm; slitwidth, 2.5 cm™};
scan rate, (a) 0.125 cm™ */sec, (b) 0.25 cm™*/sec;
number of scans, (a) 2, (b) 1; 180 degree back-

scattering geometry; sample temperature, 77K.
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Figure I-17. Raman spectrum of 180 substituted complex K. Scan
parameters: laser excitation, 568.2 nm; slitwidth,
" 2.5 em™?; scan rate, 0.125 cm” !/sec; number of scans,
(a) 2, (b) 1; 180 degree backscattering geometry;
sample temperature, 77K.
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Figure I-18. Raman spectrum of complex L. Scan parameters: laser
excitation, 568.2 nm; slitwidth, 2.5 cm™'; scan rate,
0.25 cm™*/sec; number of scans, 1; 180 degree back-

scattering geometry; sample temperature, 77K.
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Figure I-19. Raman spectrum of complex M. Scan parameters: laser
‘excitation, 568.2 nm; slitwidth, 2.5 em™*; scan rate,
0.25 cm™'/sec; number of scans, 1; 180 degree back-

scattering geometry; sample temperature, 77K,
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ﬁ Figure I-20. Raman spectrum of complex N. Scan parameters: laser

| _excitation, 568.2 nm; slitwidth, 2.5 em™?; scan rate,
0.25 cm™ */sec; number of scans, 1; 180 degree back-
scattering geometry; sample temperature, 77K.
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Figure I-21. Infrared spectrum of complex A. ‘
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Figure 1I-22. Infrared spectrum of 180 substituted complex A.
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Figure I-23. Infrared spectrum of complex B.
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S Figure I-24. Infrared spectrum of complex C.
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Figure I-25. Infrared spectrum of = 0O substituted complex C.
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Figure I-26. Infrared spectrum of complex D.
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Figure I-27. Infrared spectrum of complex F.
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Figure I-28. Infrared spectrum of 180 substituted complex F.
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Figure 1-29. Infrared spectrum of complex G.
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Infrared spectrum of complex H.
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Figure I-32. Infrared spectrum of complex I.
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Figure I-33. Infrared spectrum of complex J.
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Figure I-34. Infrared spectrum of 170, !®°Q substituted complex J.
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Infrared spectrum of '%0 substituted complex J.
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Figure I-36. Infrared spectrum of complex K.
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Figure I1-37. Infrared spectrum of 180 substituted complex K.
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Figure I-38. Infrared spectrum of complex L.
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Figure I-40. Infrared spectrum of complex N.
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APPENDIX II

SOLUTION RAMAN SPECTRA OF THE

MOLYBDENUM COMPLEXES
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Figure II-1. Raman spectrum of dimethyl sulfoxide (DMSO) with curve
fit analysis. Scan parameters: laser excitation,
457.9 nm; slitwidth, 10 cm™*; scan rate, 0.25 cm™ '/sec;

number of scans, 3; 90 degree scattering geometry,;
room temperature.
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Raman spectrum of CH2Cl,. Scan parameters: laser
excitation, 457.9 nm; slitwidth, 10 cm™*; scan rate,
0.25 cm” '/sec; number of scans, 3; 90 degree
scattering geometry; room temperature.
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Figure II-3. Raman spectrum of CH,CN. Scan parameters: laser
excitation, 457.9 nm; slitwidth, 10 cm™!; scan rate,
0.25 cm"*/sec; number of scans, 3; 90 degree scatter-
ing geometry; room temperature. The upper trace is
plotted at a factor of about 14 times the lower trace
to display the lack of features on the low frequency
shift side of the peak.
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Figure II-4. Raman spectrum of complex A in DMSO with curve
fitting analysis. The first three peaks of the list
correspond to DMSO. Scan parameters: laser excita-
tion, 457.9; slitwidth, 10 cm™*; scan rate, 0.25 cm™ %/
sec; number of scans, 3 ; 90 degree scattering
geometry; room temperature.

Peak Position Relative Height Width (cm™?)
899 188 23.6
i 933 344 21.5
‘ 956 1250 15.0
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o A —

173
>
=
1224
Z
w
-
z
w
2
-
«
-
w
o
|
i
/ | 1 ] 1
1000 960 920 880 840 800

FREQUENCY SHIFT (cm-1)

Figure II-5. Raman spectrum of complex B in CHsCN. Scan parameters:
laser excitation, 457.9 nm; slitwidth, 4 cm™?; scan
rate, 0.1 cm~!/sec; number of scans, 2; 90 degree
scattering geometry; room temperature. The upper
trace is plotted at a factor of 7 times the lower
trace.
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Raman spectrum of complex B in CH.Cl,.
laser excitation, 457.9 nm; slitwidth, 10 cm™'; scan
rate, 0.25 cm™ '/sec; number of scans, 3; 90 degree
scattering geometry; room temperature.
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Figure II-7. Raman spectrum of complex C in CH,CN. Scan parameters:

laser excitation, 457.9 nm; slitwidth, 10 cm™®; scan
rate, 0.25 cm” */sec; number of scans, 3; 90 degree
scattering geometry; room temperature. The upper trace
is plotted at a factor of 12.5 times the lower trace.
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Raman spectrum of complex C in CH;Cl.. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm™?; scan rate, 2.5 cm” !/sec; number of scans,
10; 90 degree scattering geometry; room temperature.
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Figure II-9.
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Raman spectrum of complex D in CHsCN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm™!; scan rate, 0.25 cm™ '/sec; number of scans,
3; 90 degree scattering geometry; room temperature.
The upper trace is plotted at a factor of 20 times
the lower trace.
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Figure II-10.
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Raman spectrum of complex D in CH,Cl;. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm™!; scan rate, 0.25 cm” !/sec; number of scans,
3; 90 degree scattering geometry; room temperature.
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Raman spectrum of complex F in CHaCN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

4 cm™'; scan rate, 0.1 cm” '/sec; number of scans, 1;
90 degree scattering geometry; room temperature.

The upper trace is plotted at a factor of 10 times
the lower trace.
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Lv Figure II-12. Raman spectrum of complex G in DMSO with curve
fitting analysis. The first three peaks of the
list correspond to DMSO. Scan parameters: laser
excitation, 457.9 nm; slitwidth, 10 em™*; scan

| rate, 0.25 cm” '/sec; number of scans, 3; 90 degree
’ scattering geometry; room temperature.
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Figure 1I-13.
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Raman spectrum of complex H in CHsCN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

3 cm™?; scan rate, 0.1 cm™ '/sec; number of scans,

3; 90 degree scattering geometry; room temperature.
The data have been subjected to a 25 point smoothing
routine. The upper trace is plotted at a factor of
20 times the lower trace.
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Figure II-14.
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Raman spectrum of complex H in CH,Cl,. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 em™*'; scan rate, 0.25 cm”*/sec; number of scans,
3; 90 degree scattering geometry; room temperature.




RELATIVE INTENSITY

1000

Figure II-15.

183
915
956
899
933

ses

1 1 |

960 920 880 840 800

FREQUENCY SHIFT (cm-1)

Raman spectrum of complex E in DMSO with curve
fitting analysis. The first three peaks of the list
correspond to DMSO. Scan parameters: laser excita-
tion, 457.9 nm; slitwidth, 10 em™!; scan rate, 0.25
cm” '/sec; number of scans, 3; 90 degree scattering
geometry; room temperature.

Peak Position ' Relative Height width (cm™?)
899 188 23.6
934 344 21.5
957 1250 15.0
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Raman spectrum of complex I in CH,CN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

3 em™*; scan rate, 0.1 cm™!/sec; number of scans,
2; 90 degree scattering geometry; room temperature.

The upper trace is plotted at a factor of 5 times
the lower trace.
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Figure II-17. Raman spectrum of complex I in CH;Cl,. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,
10 cm™'; scan rate, 0.1 cm ?/sec; number of scamns, 1;
90 degree scattering geometry; room temperature.
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Figure II-18.
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Raman spectrum of complex J in CH;CN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm™*; scan rate, 0.1 cm™'/sec; number of scans,
1; 90 degree scattering geometry; room temperature.
The upper trace is plotted at a factor of 7.3 times
the lower trace.
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Figure II-19.
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Raman spectrum of complex J in CH,Cl,. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm™*; scan rate, 0.1 cm™ /sec; number of scans, 1;
90 degree scattering geometry; room temperature.
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Figure II-20. Raman spectrum of complex K in CH:Cl:. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,
10 cm™?; scan rate, 0.1 cm™*/sec; number of scans, 1;
90 degree scattering geometry; room temperature.
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Figure II-21.
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Raman spectrum of complex L in CH;Cl;. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 em™!'; scan rate, 0.5 cm” '/sec; number of scans,
1; 90 degree scattering geometry; room temperature.
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Figure II-22. Raman spectrum of complex M in CHaCN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,
10 em™*; scan rate, 0.5 cm” ’/sec; number of scans, 1;
90 degree scattering geometry; room temperature. The

upper trace is plotted at a factor of 20 times the
lower trace.
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Raman spectrum of complex M in CH,Cl,. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 em™'; scan rate, 0.5 cm™ */sec; number of scans, 1;
90 degree scattering geometry, room temperature.
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Raman spectrum of complex N in CH,CN. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,

10 cm~'; scan rate, 0.5 cm !/sec; number of scans, 2;
90 degree scattering geometry; room temperature.

The upper trace is plotted at a factor of 50 times
the lower trace.
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Figure 1I-25. Raman spectrum of complex N in CH:Cl;. Scan para-
meters: laser excitation, 457.9 nm; slitwidth,
10 cm™*; scan rate, 0.5 cm” '/sec; number of scans, 2;
90 degree scattering geometry; room temperature.
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APPENDIX III
RESONANCE RAMAN SPECTRA OF COMPLEX K

IN CH,Cl. SOLUTION
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Raman spectrum of %0 substituted complex K in CH.Cl,
plotted over calculated curve. Scan parameters:
laser excitation, 406.7 nm; slitwidth, 10 cm™?!;

scan rate, 0.25 cm™!/sec; number of scans, 3; 90
degree scattering geometry; room temperature.

Peak Position Relative Height Width (cm™?)

900 100 20
927 55 15
950 6 15
865 35 15

916 9 15
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FREQUENCY SHIFT (cm-1)

Figure 11I-2. Raman spectrum of 180 gubstituted complex K in
CH,Cl, plotted over calculated curve. Laser

excitation, 457.9 nm. Other scan parameters
same as Figure III-l.

Peak Position Relative Height Width (cm™ ')
H 900 100 20
'3‘ 927 178 15

950 78 15
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Figure III-3. Raman spectrum of %0 substituted complex K in
: CH,Cl,; plotted over calculated curve. Laser

! excitation, 476.5 nm. Other scan parameters

' same as Figure III-l.

Peak Position Relative Height width (cm™?)
900 100 20
927 : 300 15

950 105 15
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Figure I1I-4. Raman spectrum of 180 substituted complex K in
CH.Cl:; plotted over calculated curve. Laser
excitation, 488.0 nm. Other scan parameters
same as Figure III-1l.

Peak Position Relative Height width (em™?)

9200 100 20
927 254 ‘ 15

950 67 15
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Figure III-5. Raman spectrum of %0 substituted complex K in
CH.Cl, plotted over calculated curve. Laser
excitation, 514.5 nm. Other scan parameters
same as Figure III-l.

Peak Position Relative Height Width (cm™?)
900 100 20
927 144 15

950 24 15
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Figure III-6. Raman spectrum of %0 substituted complex K in
CH,Cl; plotted over calculated curve. Laser
excitation, 530.8 nm. Other scan parameters
same as Figure III-1.

Peak Position  Relative Height Width (em™?)
900 100 20
927 89 15

950 18 15
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Figure III-7. Raman spectrum of 189 substituted complex K in
CH2.Cl, plotted over calculated curve. Laser
excitation, 568.2 nm. Other scan parameters
same as Figure III-1.

Peak Position = Relative Height Width (cm™?)
900 100 20
927 30 15

950 8 15
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Figure III-8.

FREQUENCY SHIFT (cm-1)

Raman spectrum of 180 substituted complex K in
CH,Cl, plotted over calculated curve. Laser
excitation, 647.1 nm. Other scan parameters
same as Figure III-l.

Peak Position Relative Height width (em™?)
900 100 20
927 20 15

950 10 15
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