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Spectroscopic Studies of Molybdenum Complexes
as Models for Nitrogenase

Timothy Paar Walker
B.S. (University of Alabama, Huntsville) 1974
ABSTRACT

Because biological nitrogen fixation requires Mo, there is an
interest in inorganic Mo complexes which mimic the reactions of nitrogen-
fixing enzymes. Two such complexes are the dimer Mozoa(cysteine)g_ and
555257M0(N2)2(dppe)2 (dppe = 1,2-bis(diphenylphosphino)ethane).

The B and ¢13 MR of solutions of M°204(cys)§- are described. It
is shown that in aqueous solution the cysteine ligands assume at least
three distinct configurations. A step-wise dissociation of the cysteine
ligand is proposed to explain the data.

The Extended X-ray Absorption Fine Structure (EXAFS) of trans-
Mo(Nz)z(dppe)2 is described and compared to the EXAFS of Moﬁq(dppe)z.
The spectra are fitted to amplitude and phase parameters developed at
Bell Laboratories. On the kasis of this analysis, one can determine
1) that the dinitrogen complex contains nitrogen and the hydride complex
does not and 2) the correct Mo-N discance. This is significant because
the Mo in both complexes is coordinated by four P atoms which dominate
the EXAFS. A similar sort of "interference" is present in nitrogenase
due to S coordination of the Mo in the enzyme. This model experiment
indicates that, given adequate signal to noise ratios, the presence or
absence of dinitrogen coordination to Mo in the enzyme may be determined
by EXAFS using existing data analysis techniques.

A new reaction between Mozoa(cys)g- and acetylene is described to

the extent it is presently understood. A strong EPR signal is observed,
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suggesting the production of stable Mo(V) monomers. EXAFS studies support

this suggestion. The Mo K-edge is described. The edge data suggests

Mo(VI) is also produced in the reaction. UV spectra suggest that cysteine

is released in the course of the reaction.



Chapter.l
INTRODUCTION

This thesis describes three projects: 1) an NMR study of
M0204(cyste1ne)§- in solution; 2) an EXAFS study of Ezggngo(Nz)z(dppe)z
and M0H4(dppe)2; 3) a broad study of a reaction between M0204(cys)§- and
acetylene, featuring UV-~VIS, EPR, and EXAFS data.

While these projects appear disparate, they are linked by an
interest in biological nitrogen fixation, and, more specifically, the

role of Mo in nitrogenase. Both M0204(cys)§— and trans—Mo(Nz)Z(dppe)2
6,7

have been used as models for the Mo site in nitrogenase.
This introduction will first review what is known about the Mo site
in nitrogenase. Next, the model studies of Schrauzer and Chatt will be
discussed. Finally, Extended X-ray Absorption Fine Structure (EXAFS)
will be described, and its value in studying Mo in nitrogenase
discussed.
Nitrogenase
A number of bacterial organisms have the capacity to reduce N2 to
NH3. This reaction is mediated by the enzyme nitrogenmase. 1In addition
to fixing nitrogen, nitrogenaée catalyzes the multi-electron reduction
of many other classes of compounds containing triple bonds. The most

important of these 13 the reduction of acetylene to ethylene, the



reaction by which nitrogenase activity is assayed.

Nitrogenase is composed of two proteins. The larger component,
known as Component I or MoFe component, has a molecular weight of
between 220,000 and 270,000 and contains about 2 Mo, 20-32 Fe, and
20-30 acid labile S. The smaller component, Component II or Fe compo-
nent, weighs between 55,000 and 75,000 daltons and contains 4 Fe and 4
acid labile S.

Recently, Burris1 has proposed that the small Fe component is a
specific reducing agent for the large MoFe component. The MoFe compo-
nent, then, is responsible for the reduction of substrate.

Nitrogenase has an absolute requirement for Mo. A small Mo-Fe
cofactor has been isolated from Component IZ. This cofactor contains
8 Fe, and 6 acid labile S per Mo. The cofactor has restored activity
to the inactive nitrogenase produced by certain mutants of Azotobacter
vinelandii.

In addition, inorganic nitrogen-fixing systems have been devised
(see below). For a number of these systems, Mo is the only essential
metal. No system employing only Fe has succeeded in fixing nitrogen or
mimicking the reactions of nitrogenase.

All of this suggests that Mo plays a central role in the reduction
of substrate, and is likely to be involved in the binding of substrate.

Cramer3 concluded from EXAFS studies that the Mo in nitrogenase is
bound by 4-5 S atoms. This 1s consistent with what is koown of the
Mo-Fe cofactor. Little else is known about the Mo because other
spectroscopic techniques (e.g., UV-VIS and EPR) have failed to see

signals from the enzyme that may be assigned to Mo.4



Inorganic Model Systems

Chatt has recently reviewed advances in Mo chemistry which relate
nitrogen fixation.5 This review covers the model systems covered here
plus all other important nitrogen fixing systems.

Schrauzer6 has designed systems around MoZOA(cysteine)g_ which
mimic many of the reactions of nitrogenase, although at much lower rates.
The essential components of his systems are the Mo dimer, a reducing
agent, and basic pH. For example, at pH9 in the presence of BHZ the
dimer catalyzes the reduction of acetylene to ethylene, the reaction by
which nitrogenase act.ivity is assayed. Schrauzer has elaborated on this
basic system, adding Fe-S clusters, ATP, and other cofactors or reducing
agents. He reports some reduction of NZ to NH3 {through hydrazine) for
these more refined systems.

Chatt7 has done extensive work with a variety of Mo-Nz complexes.,
From EEEEETM°(N2>2(dPPe>2 (dppe = 1,2-bis(diphenylphosphino)ethane) he
has produced--through ligand reduction-- MoBrZ(NZHZ)(dppe)Z,
MDBR(N-NHZ)(dppe); and MoBr(NZH)(dppe)z. Using related Mo-N2 complexes
with different phosphine ligands he has also produced stable complexes
involving every intermediate protonation between NZ and NH3. Finally,
treatment of _t;_ggg__-Mo(Nz)z(PPHZCH:!)4 with HZSOA in methanol, followed
by base distillation, has produced NH3 in good yield. The extent of
reduction of the N2 ligand in these systems is a function of the phos-
phine ligands. Thus, EEEEETM°(N2)2(dPPe)2 (the compound examined in

this thesis) does not produce NH, when treated with HZSO4, but stops at

3
MD(NNHZ)SO3H(dppe);. 'In addition, the reduction to NH3 appears to

follow a different route in W analogues.



It should be emphasized that Schrauzer's system is catalytic, while
Chatt's 1s not. Thus, while Chatt's work demonstrates the ability of Mo
to bind and activate N2, it is probably not very bilological. Schrauzer's
system may more closely resemble the chemistry of the enzyme, although

3 that the Mo in nitrogenase is bound almost entirely by

Cramer's finding
S casts doubt on this, also. In fairness to Schrauzer's system, however,
it should be noted that the analogue M0202$2(cy5)§- existsl5 though it
has not been shown to be active in a Schrauzer-type system.

In spite of the fact that these compounds' chemistry may differ from
that of the enzyme Mo, they remain interesting. Indeed, the differences
between these two systems and the mechanism of the enzyme must give us
new insight into the chemistry of Mo and dinitrogen in a very general
way. Also, as will be detailed later, the EXAFS of E£§E§7M0(N2)2(dppe)2
can be expected to resemble the EXAFS of the enzyme in an important way,

even though the chemistry must be very different.

Extended X-ray Absorption Fine Structure (EXAFS)

An EXAFS experiment is simply the taking of an X-ray absorption
spectrum, One measures absorption as a function of photon energy.

Because conventional X-ray tubes emit high intensity beams only at
their characteristic frequencies, it is difficult to obtain spectra over
wide energy rangess. For this reason the X-ray source for the experiments
described in this thesls was the synchrotron radiation generated by the
Stanford Synchrotron Radiation Laboratory. The synchrotron beam has
high intensity over a broad band of energies, making it an excellent
source for our purposes.

The experimental set-up is illustrated schematically in Figure 1.

The monochromator is a rapidly tunable two-crystal (Si 400) apparatus



under computer control. The monochromatic X-ray beam passes from the
monochromator first into an ion chamber where the initial intensity, IO’
1s measured. It then goes through the sample and into another ion cham-
ber to measure the final intensity, I.

The photon energiles scanned are in the region of excitation and
lonization of a core electron of the atom of interest. In this work we
are interested in fhe excitation and ionization of the l-s electron of
Mo--the "Mo K-edge". This involves photon energies of 20~21KeV.

As the photon energy approaches the excitation threshold, or edge,
a sharp rise in absorption is observed (Figure 2). Initially this
absorption is due to bound-state transitions such as l-s to 4-d, 5-s,
and 5~p. Immediately following this region the absorpticn exhibits
complicated structure not fully understood but perhaps related to band
structure in crystals. Beginning about 30eV above the edge, however,
the absorption exhibits an oscillatory behavior as one scans out in
energy. These oscillations9 are the EXAFS.

The theory of EXAFS has made great gains over the past five
years.g’lo At high enough photon energies, the l-s electron is excited
into the continuum (Figure 2). The outgoing photoelectron may be thought
of as a spherical wave propagating away from the central atom. This wave
will be partially backscattered by neighboring atoms, and the outgoing
and scattered parts of the wave then interfere with each other. This
interference modulates the absorption through the transition matrix
element I<W1|H’|Wf>|2, where ¥, is the 1-s core electron initial state,
H' is the dipole operator, and Wf (= Y(out) + Y(scattered))is the
photoelectron wavefunction. Because Yi 1s localized at the atomic core,

the integral is large only at the core and, therefore, only the value of



Yf at the core contributes to the absorption probability.

As the photon energy increases, the energy of the photoelectron
increases, and the wavelength of the photoelectron decreases. The change
in photoelectron wavelength, of course, changes the self-interference
pattern, so that at some energies there is constructive interference at
the core and the absorption goes through a maximum, while at other energies
there is destructive interference and the absorption goes through a
minimum,

A simple model, in which the absorbing atom is surrounded by a
single shell of identical scattering atoms, gives for the EXAFS scattering

cross section, x{k),

22
X = /DT K (£, | Zsin(2rta k)

Here k is the photoelectron's wave vector, k =\/ZM(Ephoton'Ebinding) .

72

N is the number of scattering atoms, R 1s their distance from the ab-

sorbing atom, f(m,k) is the backscattering amplitude, e‘ozk2 is a Debye-
Waller type factor, and a(k) is the phase difference due to the electron's
interaction with the atomic potentials.

A Fourier transform of X(k) yields a radial distribution of atoms
around the absorbing ato». The peaks of the radial distribution function

will be shifted by a_, due to (k). It appears that a(k) is character-

FT
istic of the particular absorber-scatterer pair, independent of the rest
of the molecular envitonment.11 It is possible to look at known struc-

tures, determine c(k) between various pairs of atoms, and use this a(k)

12

to determine unknown structures. Cramer = had a great deal of success

predicting the structures of Mo complexes in this fashion.



10d,e,£ have calculated and parameterized

Lately, Lee and coworkers
phase shifts and amplitudes from first principles. This thesis makes
use of these calculations, and their usefulness and generality will be
commented upon. Cramer has also developed parameterized phase shifts

3,12 although these are empirical, not

and amplitude parameters,
theoretical.

Generally one hopes to extract two types of information from EXAFS:
1) the radial distribution of atoms around the absorbing atom; 2) the
identity and number of neighboring atoms. The radial distribution is
contained in the frequency of the EXAFS. The identify and number of
neighboring atoms is contained in the amplitude function: lower Z
scatterers' oscillations arz larger at low k and damp out quickly;
higher Z scatterers' oscillations are smaller at low k but persist to
higher k; and, of course, the more scatterers, the larger the oscilla-~
tions. It is generally easy to distinguish scatterers of very different
Z(Mo and N, say), but not really possible at this time to distinguish
with certainty between very-close-Z scatterers (S and P).

The data are analy?ed by two basic techniques: Fourier transferm
and curve fitting. Fourier transform is useful for qualitative results.
Major changes in the coordination sphere are immediately apparent in the
Fourier transform radial distribution function. However, for high
precision distances and estimates of coordination numbers (in addition
tc identifying neighboring atoms), the data must be fitted to theoretical
models.

EXAFS has unique potential in the study of metal centers in
metalloproteins such as nitrogenase.13 It is element specific, allowing

examination of only the metal of interest without interference from



other metals present or from the C, N, H backbone of the protein. An
EXAFS spectrum may be taken on a sample in any phase. Thus the protein
may be studied under biologically relevant conditions: in aqueous
solution and even in the presence of important cofactors or substrate.
For the problem at hand, the Mo in nitrogenase, EXAFS is a direct probe
of the environment of the Mo in active, undenatured nitrogenase.

EXAFS can also probe inorganic chemical reactions.14 Again, there
is the advantage of obtaining structural information from solutions,
allowing study of species which cannot be isolated as solids or single
crystals. The last section of this thesis will illustrate this approach.

EXAFS Data Analysis

EXAFS data are analyzed by two techniques: 1) Fourier transform
and 2) fitting the data with a theoretical or empirical model function.
The Fourier transform yilelds a radial distribution function describing
the distance between the absorbing atom and neighboring atoms.l6 This
is most useful for obtaining qualitative results and also provides a
starting point for curve-~fitting analysis. Detafled information such as
accurate distances, coordination numbers, and scatterer identity can
generally only be extracted by fitting the data to a model.

A problem in EXAFS data analysis is that the data collected are not
4just EXAFS. It is EXAFS superimposed on a "baseline" absorption cross-

section, Uge The EXAFS cross section, x(k), is defined asl7

x(k) = HB=lg
)

where 1 is the measured absorption cross-section from



Further, the data are collected as a function of photon energy, while
x{k) depends on the photoelectron wave vector, k -€§%(Ephoton-30))k'
where m is the electron mass and 4 is Planck's constant.

Before analysis may begin, then, one must first remove the back-
ground, Hgs and select an appropriate Eo to define k.

Background removal is the most difficult and poorly defined part of
the analysis. There are actually two sources of background. The first
ig the intrinsic Hgs the monotonic decrease in the absorption cross-
section referred to as the "free atom" cross-section. This is the
absorption we would observe if the absorbing atom were isolated in
space. There is no way to separate this from the EXAFS introduced by
neighboring atoms; both must be measured simultaneously. There is,
however, a model for this bacl»:ground18 so that, in principle, it may be
calculated and removed. Unfortunately, the second source of background
is the instrument, and this background can not be calculated. The
experiment is not done with a split beam, and the I0 and I ion chambers
are not perfectly matched, so that as the photon flux decays 2 time-
dependent background is introduced.

The basic assumption made in background removal is that the back~-
ground is of low frequency. This is reasonable because, 1) there is no
reason to expect high-frequency oscillations in these sources and 2)
very low frequencies correspond to distances which are unreasonably
short for bond distances. It must be borne in mind, however, that
there may be pathological cases in which some special effect introduces
a background of higher frequency.

In this work, the background function is generated by a smoothing

routine first developed by Ferrel Lytle. The EXAFS oscillations are
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smoothed out of the data by replacing each data point with the average
of all the points within a small region of the data point of interest.
In this work, the average was taken over 1.23'1 on either side of the
point of interest. This smoothing algorithm was applied once to the
data (in k-space), then applied to the output function, and finally
applied to this twice-smoothed output, generating what will be referred
to as an 53 background function. This was subtracted from the data,

the data were multiplied by k3, and another 53 background function was
generated and removed. The data were then multiplied by l‘:"3 to generate
the final EXAFS function to be analyzed.

The choice of EO for the conversion to k-space depended on whether
the file was being prepared for Fourier transform or curve~fitting
analysis (although FT's are generated in the course of curve-fitting).
Theoretically, BO is the photon energy required to create a "“free" photo-
electron with zero kinetic energy. There is no consensus as to how this
may be determined. Fortunately, for the purposes of Fourier analysis,
the choice of Eo does not appear to be critical. Cramer,19 in fact,
found it adequate to choose the same Eo for all the Mo complexes he
studied. There is, however, every reason to expect EO to vary from com-
pound to compound. Assigning the highest edge peak as a tramsition to
the 5p Mo orbital, Moore's atomic spectral tables suggest complete
ionization occurs about 6eV above this peak.20 Therefore, unless other-
wise noted, all Fourier transforms presented here were generated from
data with Eo selected 6eV above the highest edge peak. E0 in the curve-
fitting routines developed by Bell Labs21 is a free parameter. Its
starting value is determined by requiring the real part of the Fourier

transform (as generated by a Fast Fourier Transform algoritlm) to peak
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at the same frequency as the power spectrum.

Once the EXAFS has been isolated, the data processing diverges,
depending on whether the data are to be Fourler transformed or curve-
fitted. Fourier transformation will be discussed first.

Before the data are Fourier transformed, it is truncated at the
low k end. At low k the scattering of the photoelectron is complicated
by band effects and multiple scattering. The Fourier transforms pre-
sented here, unless otherwise noted, were truncated at 33-1. The data
were also truncated at the high k end due to a large "glitch" in the
spectra near 162_1. The truncation at both ends was smoothed by the
application of a Kaiser window function of 3.22 The window function
reduces sidelobing in the Fourier transform caused by the truncation.

After truncation, the data are Fourier transformed. It is some-
times of interest to weight the data before FT Fourier transforming.
Generally the data are multiplied by k“, n=0,1,2,3. The Fourier trans-
form 13 denmoted ¢n(R). Because heavy scatterers' oscillations tend to
extend to higher k, weighting the data by powers of k increases the
contributicn of heavy scatterers to ¢n(R}. By vbserving the relaiive
changes of peak amplitudes as a function of the k weight, one may some-
times distinguish those peaks due to light scatterers from those due to
heavy scatterers. 1In addition, because the unweighted EXAFS decays to
zero at higher k, k-weighting, which increases the high~-k oscillations,
tends to increase the resolution of the fourier transform.

Curve-fitting starts with the Fourier transform. One first deter-
mines which peaks in ¢3(R) one wishes to model. Then the data are
Fourier filtered. Again, a window function is used--this time in R~

space-~to reduce truncation artifacts. This window, the Hamming window,
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is the same shape as a cosine from peak to trough.
The data are fitted to the model developed by Teo and Lee.21 The

theoretical formula for the EXAFS cross section is:

2,2
1
X(k) = Ei (Ni/nf) ]fi(w,k)lze-cik sin(2KR o, (K))

where the summation is over shells of identical atoms at a distance Ri'
‘Teo and Lee have ab initio calculations of fi(w,k) and ai(k). The fit
parameters are Os Ri’ and Eo (which determines k) as nonlinear para-
meters and the quantity (Ni/R:) as a linear parameter. Teo and Lee's
calculated amplitudes and phases are published as lists of the value of
each of these functions at various values of k. There are three types
of functions calculated: 1) contribution of the absorbing atom to 048
2) contribution of the backscattereringatom to ai; and 3) the back-
scattering amplitude fi(ﬂ,k) of the backscattering atom. There are, in
turn, two sets of these functions calculated: one using Hermann-Skillman
wavefunctions as the basis set, the second using Clementi-Rossi wave-
functions. These calculations were not dome on all elements, and in
those cases where an element of interest was not tabulated, its para-
meters were linearly inmterpolated. The fitting program generated con-
tinuous amplitude and phase functions by fitting o continuous curve,
plecewlse, through the tabulated values.

The Fourier transform and background removal programs employed in
this work were developed by Alan 5. Robertson. The curve~ficting
programs were developed by Jon A. Kirby.

The inflection points of edges were determined by linearizing the
data to 3 points/eV (the raw data were approximately 1 point/eV),

determining the first derivative at each point, and taking the peak of



13

the first derivative as the inflection point. The point-by-point deriva-
tive was determined as follows: a cubic was fitted through 11 points
(3.7eV) on either side of the point of interest, and the analytic deriva-

tive of this cubic was evaluated at the point.



Figure 1:

Figure 2:
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Figure Captions
Schematic diagram of experimental arrangement for the
collection of EXAFS absorption spectra.
Mo K-~edge absorption spectrum of Nazﬁoo4 with schematic
of possible corresponding K-electron transitions, illustrating
the bound-state transition "edge' region and the continuum

EXAFS region.



1 @2an31g

DETECTOR AND DATA SYSTEM

{ON CHAMBER | > | AT
ICHANNEL cuT, |
| SAMPLE, te— CRYSTALZ™ )\ ELTUMILATM _i—vacuum| SOURCE

ON CHAMBER 2

STORED e-BEAM
IN SPEAR

WINDOW
ITOV ITOV
veo veo !—w—-zo METERS———
I
¥ A
SAMPLE
2 CHANNEL POSITIONING
COUNTER|
COMPUTER ESIA%D%RG TO
' _DRIVE [ "MONOCHROMATOR

XBL 764-5807

ST



7 2and1g

- T — T v T T d T v T LR |
Mo X-RAY ABSORPTION 7
SPECTRUM OF NoyMoQ, n
-
.
Mo lon Energy Levels I EXAFS -
—~ = .
| - Ny by B
{ —7 L
- na 4 44 58 Sp ' Continuum -1
___,___,L____J_____;__ 1 A 1 1 L . 1 — A i
- - < - - + by
Q (o] (@] o (o] Q Q
+ + + + + + +
Q a a a a a a
(@] Q Q Q Q Q Q
(2] Q - o [32] <+ N
m. o & o 9 Q Q
-t o~ o~ (o] o~ o™~ ™~
aV
XBL 764-5809

91



9.

10.

17

References
R. V. Hageman and R. H. Burris, Proc. Natl. Acad. Sci., USA, 75,
2699 (1978).

V. K. Shah and W. J. Brill, Proc. Natl. Acad. Sci., USA, 74, 3249
(1977).

S.P. Cramer, K. O. Hodgson, W. O. Gillum, L. E. Mortensom, J.
Amer. Chem. Soc., 100, 3398 (1978).

G. Palmer, J. Multani, W. Cretney, W. Zumfr, L. Mortenson,
Arch. Biochem. Biophys., 153, 325 (1972).

J. Chatt, J. R. Dilworth, R. L. Richards, Chemical Review, 78,
589 (1978).

1808 (1970). b) G. N. Schrauzer and P. A. Doemeny, J. Amer. Chem.
Soc., 93, 1608 (1971). <¢) G. N. Schrauzer, G. Schlesinger, P. A.

P. A. Doemeny, G. W. Kiefer, R. H. Frazier, J. Amer. Chem. Soc.,
94, 3604 (1972). e) G. N. Schrauzer, P. A. Doemeny, R. H. Frazier,
Schrauzer, G. W. Kiefer, F. A. Doemeny, H. Kisch, J. Amer. Chem.
Soc., 95, 5582 (1973). g) G. N. Schrauzer, G. W. Kiefer, K. Tano,

Schrauzer, G. W. Kiefer, K. Tamo, P. R. Robinson, J. Amer. Chem. Soc.,
97, 6088 (1975).

a) J. Chatt, G. A. Heath, R. L. Richards, J. Chem. Soc., Dalton
Trans., 2074 (1974). b) J. Chatt, A. J. Pearman, R. L. Richards,
Nature (London), 253, 39 (1975). <¢) J. Chatt, A. J. Pearman, R. L.
Richards, J. Chem. Soc., Dalton Trams., 1520 (1976). d) J. Chatt,
A. J. Pearman, R. L. Richards, J. Chem. Soc., Dalton Trans., 1853
(1977).

F. W. Lytle, D. E. Sayers, E. A. Stern, Phys. Rev. B, 11, 4825 (1975).
E. A. Stern, Phys. Rev. B, 10, 3027 (1974).

a) P. A. Lee and J. B. Pendry, Phys. Rev. B, 11, 2795 (1975). b)

G. Beni, P. A. Lee, P. M. Platzman, Phys. Rev. B, 13, 5170 (1976).
c) P. A. Lee, G. Beni, Phys. Rev. B, 15, 2862 (1977). d) B. K. Teo,
P, A. lee, A. L. Simons, P. Eisenberger, B. M. Kincaid, J. Amer.
Chem. Soc., 99, 3854 (1977). e) P. A. Lee, B. K. Teo, A. L. Simons,
J. Amer. Chem. Soc., 99, 3856 (1977). £) B. K. Teo and P. A. Lee,




S AT

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

18

a) E. A. Stern, D. E. Sayers, F. W. Lytle, Phys. Rev. B, 11, 4836
(1975). b) P. H. Citrin, P. Eisenberger, B. M. Kincaid, Phys. Rev.
Lett., 36, 1346 (1976).

S. P. Cramer, K. 0. Hodgson, E. I. Stiefel, W. E. Newton, J. Amer.
Chem, Soc., 100, 2748 (1978).

Recent metalloenzyme work: a) P. Eisenberger, R. G. Shulman,
B. M. Kincaid, G. S. Brown, S. Ogawa, Nature, 274, 30 (1978).
b) S. P. Cramer, H. B. Gray, K. V. Rajagopalan, J. Amer. Chenm.
Soc., 101, 2772 (1979). ¢) T. D. Tullius, D. M. Kurtz, Jr.,

(1979).

Most recently a study of aqueous Mo(IV) by S. P. Cramer, H. B. Gray,

a) A. Kay and P. C. H. Mitchell, J. Chem. Soc. (4), 2421 (1970).
b) M. Drew and A. Kay, J. Chem. Soc. (4), 1851 (1971).

a) E. A. Stern, D. E. Sayers, F. W. Lytle, Phys. Rev. B, 11, 4836
(1975). b) P. A. Lee, J. B. Pendry, Phys. Rev. B, 11, 2795 (1975).

E. A. Stern, Phys. Rev. B, 10, 3027 (1974).
W. H. McMaster, N. Kerr Del Grande, J. H. Mallett and J. H. Hubbel;

Compilations of X-Ray Cross Sections, UCRL 50174, Sec. II, Rev. I
National Technical Information Service, Springfield, Va. (1969).

S. P. Cramer, K. O. Hodgson, E. I. Stiefel, W. E. Newton, J. Amer.
Chem. Soc., 100, 2748 (1978).

C. Moore, Atomic Energy Levels, Vol. 3, U.S. Govermment rrinting
Office, Washington (1958).

references therein.

T. C. Farrar, E. D. Becker, Pulse and Fourier Transform NMR,
Academic Press, N. Y. (1971).




19

Chapter 2
1

AN NMR STUDY UF THE STATE OF MDZDA(Cys)Z- IN AQUEQUS SOLUTION
Abstract
The state of the di-p-oxo-bis(oxo(L-(+)~cysteinato)molybdate (V)

Jdianion (Mozﬂh(cys)g-) in aqueous solution has been studied with 13C and

lﬂ NMR spectroscopy. It was found that three species of the cysteine
ligand exist simultaneously in a ratio 10:3:1. These species are in
slow equilibrium with each other thereby giving rise tc separate MMR
signals, but making chromatographic.separation impossible. OQur data are
consistent with a model that invokes stepwise dissociation of the carboxyl
and amino groups from the molybdenum. In view of the complexity of the
aqueous solution of this molecule, studies of its reactions must be per-
formed with caution.
Introduction

The di-p-oxo-bis{oxo(1l-(+)-cysteins:o)molybdate(V)) diar‘on
0%°204(°ys)§—) (Fig. 1) has been the subject of considerable study.2
Much of this interest stems from its use by Schrauzer as tke central
component of an inorganic model system which mimics the reactions of
nitrogenase.3 Schrauzer's studies primarily in.olved the kinetics of the

consumption of substrates and the production of products, From these
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studies he has inferred detailed reaction mechanisms revolving around the
formation of Mo(IV) monomers. A limitation of this work is that the
M0204(cys)§- complex was not studied directly.

A complete understanding of the chemistry of H0204(cys)§- must be
based on knowledge of its structure in solution. A starting point is
provided by the crystal structure determined by Knox and Prout.‘ Among
the highlights of this structure are the tridentate configuration of the
cysteine ligands (Fig. 1) and a relatively long Mo~0 (carboxyl) bond of
2.3:. This weak bond is attributed to a combination of the "trans effect"
of the molybdenyl oxygen and the steric restrictions imposed by cysteine's
limited flexibility. This contortion of the cysteine also lengthens the
C(a)-C(carboxyl) bond by .035 X over that observed in the free ligand.

The weak chelation by the carboxyl in the crystal suggests that in
solution the carboxyl may dissociate and be replaced by water in the
coordination sphere. Kay and Mitche115 proposed a dynamic exchange be-
tween carboxyl and water based on acid titration of the complex and UV,
IR, and 1H-NHR spectroscopy.

We have examined the 13C-!HR and reexamined the ]'H—-NMR of the com-
plex in solution using a higher field spectrometer than that employed by
Kay and Mitchell. Our results indicate the existence of at least three
different types of cysteine ligands. Although the data to date are not
conclusive as to the structures of the three specles, they are consistent
with a stepwise dissociation of the cysteine from tridentate to bident-
ate(carboyxyl dissociated) to an amino-dissociated form.

Experimental

NA2M0204(gys)§"'5H20 was prepared by the method of Kay and Mitchell

and recrystallized three times from ethanol/water. Sodium molybdate

2c
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(Baker), sodium dithionite (Mallinkrodt), and L-cysteilne hydrochloride
(Sigma) were used without further purification. Analysis:
(CGHZOHOZNZNa2013SZ) C,H,N,0,S; Mo: calculated 30.4; found 29.9.

NMR Samples were approximately 0.1M dimer in unbuffered D20.
Solutions of the dimer were kept under nitrogen or argon atmospheres
using standard techniques. The pH was adjusted with HCl, DC1l, or NaOH
and measured with a Corning pH electrode. The readings were not corrected
for igotope effects.

NMR spectra were obtained on a custom-built spectrometer6 employing
a Bruker- 6.3 T magnet and a Nicolet 1180 computer. All data were ob-
tained using pulsed Fouriler transform methods. Decoupling and satura-
tion transfer experiments were performed using a gated homonuclear de~
coupler. T1 values were calculated from the spectra following the
standard 180°-1-90° sequence7 and the J resolved 2-D spectra8 from a
series of 90°-1-180° sequences. The software used for all data reduction
was the standard NICFT program supplied by Nicolet, Inc.

Results

lég:gggg: The undecoupled, natural abumdance lsc—NHR spectrum of the
dimer in aqueous solution is presented in Figure 2. Three sets of peaks
are present: a triplet (J = 148 Hz), three doublets (J = 148 Hz), and a
singlet (not shown) about 70 ppm downfield of the doublets. The triplet
is assigned as the B-catbong, split by coupling to the two B-protons.
The doublets are assigned as a-carbons, each split by a single B-proton.
The singlet is assigned as the carboxyl carbon.

A IHFNHR spectrum of the dimer at 270 MHz in D20 is illustrated in

Figure 3. The assignments are also shown in the figure and listed in
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Table I. These assignments will be discussed later in this paper and are
introduced now to facilitate the description of the results.

Table I lists the chemical shifts and intensities of the four peaks
in the proton spectrum as well as those of free cysteine. Homonuclear
decoupling experiments were undertaken to ascertain the connections
between the various lines of the lH spectrum, During the course of these
decoupling experiments it was noted that saturation transfer among some
resonances occurred. We took advantage of this to study the intercon-
version rates among these resonances. Tahle II lists the results of the
relaxation time and saturation transfer measurements. The experiments
were performed at 22°C and only the steady state saturation levels were
measured. Furthermore, due to the overlap of some lines, we could per-~
form only a few of the measurements that are necessary in order to
calculate the rate constants and true relaxation values in what we sub~
sequently found to be a three-site equilibrium.10

Decoupling in the a(I,II) region has two effects on the spectrum.
First, the small splitting of BZ(I) collapses. Second, the a(III) loses
much of its intensity. Decoupling @(III) greatly reduces the intensity
of a(IL,II), but does not affect BZ(I). Decoupling BZ(I) sharpens a(I,II)
and changes the complex multiplet at 2,97 ppm from 5 to 4 apparent peaks.
Decoupling the complex multiplet collapses the large BZ(I) splitting,
reduces the intensity of BZ(I)' and decreases the resolution of BZ(I)
enough to smear out the small splitting.

In order to determine whether the splittings of the features at 4.46
and 3.59 ppm arose from chemical shift differences or J-couplings, we

resorted to J-resolved two-dimensional spectroscopy.8 In the 2-D spectrum
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the a(I) and o (II) resonances were centered on the J = 0 lime, indicating
that they were, to our resolution, singlets, and thus assignable to
chemically distinct species, The Bz(I) quartet (Fig. 4) was arranged
diagonally across the J = 0 line, diagnostic of a single proton split
into a quartet.8 The multiplet was too complex to be interpreted further.

Figure 5 displays the 1H-NHR spectra obtained at higher temperatures.
Unfortunately, the peaks become obscured by the water peak as the temper~
ature 1s iIncreased. However, the B peaks are seen to first broaden,
followed by the appearance of a doublet (J = 12 Hz) in the complex B
peak. At 70° this doublet is collapsed by decoupling at the broad ﬁZ(I)
peak at 3.4 ppm.

In addition to spectra at ambient temperature of the dimer dissolved
in DZO at pH*6.7 (pH* = pH reading uncorrected for isotope effects),
spectra were also taken after titration with HCl to pH*4.5 and 3.0. The
resulting spectra are shown in Figure 6. There 1s a broadening of all
the peaks except a(III), which instead undergoes a shift to lower field.
Discussion

The 13C—NMR proves the existence of at least three states of the
cysteine ligand. These three states are seen in the three NMR lines of
the a carbon, but not in the B or carboxyl signals.

The interpretation of the proton spectrum starts with the ass.ap-
tion of three cysteine species, Table I compares the chemical shifts of
the dimer ligands with that of free cysteipe. The dimer peaks at 4.46
and 3.90 ppm are near the normal o proton region. The observed satura-
tion transfer between these peaks confirms that they are all g protons.
The skewed nature of the peak at 4,46 ppm suggests two overlapping

signals. The two~dimensional NMR suggests that this skewing does not
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arise from spin coupling, but rather arises from overlapping singlets.
Labeling the three cysteine species as I, II, and III, we arbitrarily
asaign the labels such that ¢(I) and a(I1) are the overlapping signals at
4.46 ppm with species I representing the more abundant species. a(III),
then, is the signal at 3.90 ppm.

Also by analogy with free cysteine (Table I), the multiplet at 2,97
ppm is assigned to B-type protons. Decoupling and 2-D experiments
establish that the quartet at 3.59 ppm is coupled to a(I or II) (J =
3.3 Hz) and to the B multiplet (J = 12.6 Hz) and that it is a single
species, This indicates that the quartet is one of two inequivalent B
protons, and we will label it BZ' The quartet, arising from only one B
proton, ought to have the same intensity as the corresponding o proton
in the same species. Hence, the quartet must correspond to only one of
the two species under the 4.46 ppm peak, and the intensity indicates it
must be the dominant species I. Thus the quartet is fully assigned as
82(1). By elimination, the multiplet at 2.97 ppm is assigned as the
overlapping signals of all the remaining protons: Bl(I,II,III) and
B, (II,III).

These assignments are consistent with the intensities observed.
There is an approximate 2:1 ratio between all B's and all a's. These
assignments are also consistent with the temperature dependence of the
NMR spectrum (Fig. 5). Because all Bl's lie within the multiplet, their
maximum spread in frequency is approximately 20 Hz. BZ(I), however, is
about 170 Hz from the center of the multiplet where the other Bz's
reside. Hence, as we heat the sample and increase the exchange rates
among species I, II, and III, the Bl's will reach the fast exchange

limit at a lower temperature than will the Bz's. At 70°C the Bl
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multiplet collapses into a doublet with 12 Hz splitting which further
collapses into a singlet upon decoupling at BZ(I). The quartet and
multiplet move toward each other as the temperature is raised owing to
the averaging among the Bz's. At higher temperatures we expect the Bz's
to reach the fast exchange limit downfield of the Bl doublet.

The saturation transfer experiment corroborates our interpretation
that in solution there exists at least three different species. There is
slow exchange among the o protons and among the B protons. From the
saturation transfer to BZ(I) (when all other B's are saturated) we calcu-

1

late k + k =7 8" at 22°%. (In arriving at this result we have

1,11 I,II1
taken the measured relaxation rate as the true one, an approximation that
is valid when all apparent B relaxation rates are equal.10 The other rate
constants are difficult to extract from our experiments, but a simple
line-width measurement shows that the sum of the off-constants (kII,I +

1

k and k ) are less tham 20 s .

11,111 1,1t S, 11

The assignment of physical structures to species I, II, and III is
ambiguous based on the present evidence. However, a model with which the
data are consistent is illustrated in Figure 7. The cysteine 1s postu-
lated to undergo a stepwise dissoclation, acting as a tridentate ligand
(species I), a bidentate ligand with the carboxyl dissociated (species II},
and as either a bi- or monodentate ligand with the amino group dissociated
(species III).

The tridentate form is that found in the crystal and must be con-
sidered the leading candidate for the dominant solution species, I.
Furthermore, we may rationalize the inequivalence of the f-protona of
species I as resulting from their proximity to the fixed carboxyl group.

Species II with its dissociated carboxyl group provides nearly equal
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environments to the B protqns, which therefore have similar chemical
shift values. As a tridentate ligand, the C(a)-C00~ bond is stretched,4
which provides a rationale for the slight o-proton shift between species
I and II.

We believe species III involves dissociated amino group. This con-
clusion is based on the large shift of a (III) away from o (I, II).
Because the amino nitrogen is bound directly to the ¢ carbon, it can be
expected to influence the a proton more strongly than the carboxyl oxygens,

thus producing a larger shift when the amino dissociates.

3¢-MMR shows

We do not believe species III is free cysteine. The 1
6h1y one B carbon, making dissoclation of sulfur difficult to rationalize.
In addition, we have taken the spectrum of the complex in the presence of
excess cysteine, The resulting spectrum, particularly in the a (III)
region, appears as a superposition of the free cysteine spectrum (a clean
o triplet) on the dimer spectrum.

The pH dependence of the spectrum supports our model. Increasing
(H+) should, through protonation of the carboxyl, increase the rate of
interconversion between species I and II, and shift the equilibrium
toward species 11 (carboxyl dissociated). All peaks arising from species
I and II are seen to broaden as the pH is decreased to 3.0. We attribute
this broadening to the decreasing lifetimes of species I and II as the
interconversion rate increases. There is also a small change in the
intensity ratio between BZ(I) and the f multiplet. The multiplet con-
taining BZ(II) grows, shifting the BZ(I): B ratio from 1:1.9 at pH* 6.7

to 1:2.2 at pH* 3.0. This change must be viewed cautiously since inte-

gration of broad peaks is imprecise.
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The o (1IX1) peak shifts as the pH is lowered, moving from 3.90 ppm
at pH* 6.7 to 3.99 ppm at pH* 3.0. We have observed that the & proton
of free cysteine has a similar pH dependence, moving from 3.96 ppu near
neutral pH to 4.31 ppm at pH below 2. The pH benavior of the free ligand
is attributed to the fractional protonation of the carboxyl: the proton
comes and goes fast enough to give sharp lines in the NMR spectrum, and
the observed chemical shift of the & proton is the weighted average of
the protonated and unprotonated carboxyl species. As previously suggested,
it may be that in the dimer, species III has both the amino and carboxyl
dissociated, so that acid titrates the carboxyl.and shifts the o (III)
proton in the same way. Again, we caution that though suggestive, this
does not eliminate the possibility of bound carboxyl in species III.

In summary we have definite evidence for the presence of three
distinct, interconverting states of cysteine ligation to Mo. This leads
to the possibility of six dimer states. In general, then, we may expect
that any model system containing this complex may exhibit complicated

12

behavior. For example, Corbin, Pariyadath and Steifel™" observed that

minor changes in the ligands of the complex or minor changes in the
buffer have profound effects on the product distribution and/or cata-

13

lytic activity of the dimer. Ott and Schultz likewise found that the

electrochemical behavior of solutions of the dimer varied with buiffer
type, buffer composition, and pH in such a way as to make it difficult
2d

to substantiate any single reaction mechanism. Tam and Swinehart

recently observed that the reaction of the dimer with 0, depends strongly

2
on the supporting electrolyte and solvent. All of these factors =--
ligand variations, buffer type, buffer composition, pH, supporting elec-

trolyte, and solvent -- are likely to alter the relative concentrations
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of the various d;mer species. If, as seems probable, the various
species have different catalytic properties or electrochemical proper-
ties, then the observed complicated behavior is to be expected. Such
studies may warrant reexamination to determine exactly which dimer
species is involved in the processes studied.
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TABLE 1

Relative intensities

29

(ppm from Dss) of dimer signals Assignments

Dimer Free stll

4.46 3.56-4.31 1.1 a(l), a(11)

3.90 . .3 a(IIL)

3.59 2.98-3.16 1.0 BZ(I)

2.97 2.80-3.11 Bl(I,II,III); BZ(II,III)
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TABLE II

Relaxation rates and Overhauser Enhancements of Mo-cys Dimer at 22%

-1

faqr, 1) @117 = -0.% Re(z,1zy = 074 8
-1

fyarny @, 97 < <049 Ry = 10 s
. -1

fBZ(I)(all 8) = 0.7 Raqarry = 2-9 S

The notation follows Perrin and Johnston J. Mag. Res. 33, 619 (1979)
Y = 310y /10
£,G) = @ -1 /1)

Ii'(j) = intensity of 1 when j is saturated;

I: = equilibrium intensity
1
By ITyy
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Figure Captions
2~
s .
The structure of 10204(cys)2
A portion of the room temperature proton-coupled C-13 NMR
spectzum of Mozok(cys)g- approximately .1 in D,0, pH*6.7.
The three doublets are assigned as o-carbons in three

different species.

Room tempr.rature proton NMR spectrum of MoZOA(cys)g-

approximately .1M in D0 pH*6.7. Peaks are labeled with

2

their assignments.

2~D J-resolved NMR of BZ(I)' The sample was approximately
2-

1M M0204(cys)2 in_D20, pH*6.7.

o’ and 80°C.

Proton NMR spectrum of M0204(cys)§- at 400, 60
The sample was approximately .1M dimer in DZO’ pH*6.7.

pH titration of M0204(cys)§_. The sample was approximately
1M dimer in D20. room temperature.

Proposed structure of the interconverting cysteine states

present in aqueous solutions of M0204(cys)§—.
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Chapter 3
zgggg-Mo(Nz)z(dppe)z EXAFS

Introduction

The role of Mo in the enzyme nitrogenase has been a mystery largely
due to lack of spectroscopic probes. Nitrogenase contains a great deal
of Fe, and these contribute to UV-VIS and EPR spectra of the enzyme,
obscuring the contribution--if any-- of Mo.l

The recent availability of synchrotron radiation has permitted the
application of Extended X-ray Absorption Fine Structure (EXAFS) to the
study of Mo in nitrogenase. EXAFS spectra are element specific, and
reflect only local structure around the element under study. This gives
EXAFS unique potential in the study of metal centers in metalloenzymes.
Cramer and Hodgson2 have been particularly active in this area, recently
publishing a report suggesting the Mo in nitrogenase is bound by S atoms.

Joe Smith examined the EXAFS of nitrogenase in the presence and
absence of substrate.3 He hoped to observe binding of substrate to Ma.
The data, however, were inconclusive. Part of the problem was that the
heavy S atoms dominate the EXAFS, making it difficult to sort out a

possible contribution from the light (and poorly scattering) N.
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The question arises: can one hope to observe such a light atom
entering a coordination sphere dominated by heavy atoms? In other words,
could S:'ith's experiment~-given significantly better signal to noise--
determine conclusively whether or not nitrogen binds to the Mo i~
nitrogenase, or is the EXAFS technique and data analysis not 1ed
and sensitive encugh to detect such a change?

To test this, the EXAFS spectra of trans-bis-dintrogen-bis
(1,2-bis(diphenylphosphino)ethane)Mo (0}, abbreviated EEEEE‘M°(N2)2(dPPe)2’
and tetrahydrido-bis(1,2-bis(diphenylphoshino)ethane)Mo(IV), abbreviated
MoHA(dppe)é, were taken. The cfystal structure of the dinitrogen com-
pound is known.4 The crystal structure of a similar hydride--
M0H4(?PH2CH3)4-- is also known.5 Figure 1 illustrates the ccnfiguration

of trans-Mo(N (dppe)z. and Table I lists relevant bond distances of

2)2
both compounds. It should be noted that the phosphines of the hydride
are arranged tetrahedrally, rather than in a plane as in the dinitrogen
complex. EXAFS, however, is sensitive only to the distance between the
absorbing and scattering atoms, not thelr stereochemistry (except in the
special cases of "hidden" scatterers6 and oriented samples). The simi-
larity of Mo-P bond distances leads us to assume the contribution of the
phosphorus to the EXAFS will be nearly identical in both compounds. The
difference between the two spectra should be attributable to the dini-
trogen ligands (the hydride atoms are such poor scatterers that their
contribution to the EXAFS should be negligible).

Phosphorus, of course, is next to sulfur in the Periodic Table. Its
electron scattering power should be comparable to that of sulfur. The
problem of identifying the nitrogen in the midst of the phosphorus is

similar to the problem Smith faced in trying to identify substrate binding
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to Mo in nitrogenase. Thus, these two compounds simulate Smith's sub=
strate/no substrate experiment. Our ability to distinguish between the
EXAFS of these compounds based on the presence/absence of dinitrogen
ligands will indicate the feasibility not only of Smith's experiment,
but also of any EXAFS experiment attempting to identify a light atom in
the presence of heavy atoms.
EXAFS Spectra

Figure 2 illustrates the Mo K-edge X-ray absortion spectra of
MoHA(dppe)2 and Mo(Nz)z(dppe)z. Figure 3 illustrates the EXAFS, x(g),
after the background has been removed. In both spectra the EXAFS
oscillations persist to 163-l and beyond. This is due to tha heavy
phosphorus scatterers. Comparing the two spectra closely, it is seen
that they are almost identical except for the presence of a "beat" near

78-1 in- the trans-Mo(Nz)z(dppe)z spectrum. This beat is due to the N2

ligands. The EXAFS frequency of the nitrogen scatterers should be some-
what different from the frequency of the dominating phosphorusscatterers
due to the different bond lengths and phase shifts. The addition of the
two frequencies produces the obse#ved beat. There is no beat in the
MoH4(dppe)2 because the H atoms scatter electrons so poorly that the
EXAFS amplitude of the H atoms is near zero.

Fourier Transforms

The power spectra of the Fourler transforms of the EXAFS are shown
in Figure 4, Both transforms are dominated by a main peak at an apparent
distance RFT = 1.932. In addition there are small peaks near 13,

Finally, there are other small features beyond 2.52.
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The longesf bond distance is the first coordination sphere of either
compound is near 2.58. Typically, the Fourier transform phase shift,
aFT’ shifts peaks to an apparent RFT which is shorter than the true R.7
Therefore, the peaks beyond 2.53, if real, represent atoms not bound
directly to Mo. These features will not be analyzed here.

It 1s difficult to completely subtract the background from an
absorption spectrum. Often residual background appears as a peak in the
Fourler transform at or below 1. Attempts ta fit the 1R peaks to N
parameters failed to yield reasonable results. The 12 peaks were there-
fore assigned as background artifacts.

The main peak in each transform certainly represents the four P

atoms. By a process of elimination, it appears that the nearest N atoms

(2.012 from Mo) are buried in the main peak of the trans-Mo(Nz)z(dppe)2
transform.

Comparing the two transforms, it is seen that there are only minor
differences between the two. It is tempting to speculate about the
significancé of these differences -— for example, the peak around 2.7%
in the ££§E§7M0(N2)2(dppe)2 transform is near where one would expect the
far N atom (about 3% from Mo) to appear, assuming a phase shift of a few
tenths of an Angstrom. However, the potentiél for artifacts from either
the background or the truncation of the EXAFS before Fourier trans-
forming is great enough to cast considerable doubt on any conclﬁsions
based on such minor features. Using only the transforms, then, it would
be difficult if not Impossible to distinguish between the two samples

with any confidence.
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Curve-fitting

Both the EEEE§7M°(N2)2(dPPe)2 and MoHa(dppe)2 EXAFS were fitted to
the model functions calculated by Lee and coworkers at Bell Laboratories.10
The analysis of the main peaks in the two spectra began by isolating the
main peak through Fourier filtering. Figures 5 and 6 illustrate the
window applied to the power spectrum of each. The peak is brought smoothly
to zero by applying a Hawming windowB on either side (Figures 7 and 8),.
The peak 1s then back-transformed to k-space to yield the filtered EXAFS
(Figures 9 and 10). The filtered EXAFS of both samples were then weighted
by ko or k3 and fitted to a) a single phosphorus shell and b) a phosphorus
shell and nitrogen shell. The results are tabulated in Tables IA-IC and
plotted in Figures 11-17.

Looking first at the single shell phosphorus fits of the Moﬂa(dppe)2
data, it is seen that RMo—P is within .03A of the crystallographic
distance for both the ko and k3 weightings. The positive 0 obtained in
the ko weighted fit is the result of the interdependence of T aud the
other elements of the amplitude envelope.

On the other hand, the 2-shell fit of the MoH4(dppe)2 data yields
a negative zmplitude for the nitrogen shell when weighted by ko, and an
RMO-N nearly equal to RMo-P when weighted by k3. The program seems to
be having difficulty incorporating a (nonexistent) nitrogen shell into
the fit, responding with unphysical amplitude parameters or forcing
the Mo-N distance to be equal to the one frequency actually present:
the Mo-P distance.

The single shell phosphorus fits of the EEEBEfMO(NZ)Z(dppe)Z also
resulted in reasonable values for RMo—P‘ This is less surprising when

one remembers that the heavy phosphorus atoms dominate the EXAFS, so
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that leaving out the nitrogen shell introduces only a small error (in
the case of the MoH['(_dppe)2 the error in leaving out the H atoms is even
smaller because the B atoms are such poor electron scatterers). The
amazing accuracy of the k3 fit (+ .018) is due to the fact that the >
weighting emphasizes the persistent oscillations of the P shell and de-
emphasizes the rapidly damped N oscillations, thus further reducing the
error.

In contrast tc the Moﬂa(dppe)z, the Eggggrno(Nz)z(dppe)z 2-shell
fits look quite good. RMo-P is within .0lA of the crystallographic
distance in both tte k0 and k3 weighted fits. RMO-N is within .023 of
the crystallographic distance when the data are weighted by ko (essen~
tially no weighting at all, the nitrogen and phosphorus contributions in
their "natural" ratio). RMO-N is accurate only to .05A when the data
are multiplied by k3 (emphasizing phosphorous over nitrogen). These
results are quite respectable considering the dominance of the phosphorus
oscillations.

In summary then, single phosphorus shells can be fitted satisfac-
torily to either sample due to the dominance of the phosphorus scattering.
However, the 2-shell phosphorus-nitrogen fit only succeeded with the
EEEE§fMo(N2)2(dppe)2. Thus the 2-shell fit succeeded in distinguishing
betweeﬁ the presence and absence of nitrogen despite the interference of
the phosphorus. This suggests that Joe Smith's experiment, examining
nitrogenase EXAFS with and without substrate, should be able to determine
whether or not nitrogen enters the first coordination sphere of Mo.

Edges
The Mo K-edges of MnHa(dppe)2 and trans—Mo(Nz)Z(_dppe)2 are detailed

in Figure 18. The inflection points are listed in Table II and the
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first derivatives of the edges are plotted in Figure 19.

The first inflection point of trans-Mo(Nz)z(dppe)2 is about 2eV
higher in energy than that of MoH4(dppe)2. The beam-line resolution is
about leV and tne data points were spaced about 0.7eV apart across the
edge, so that this difference is just larger than the experimental erro~.
The closeness of the edge energies despite the disparity of formal
oxidation states (IV for the hydride, O for the dinitrogen) is probably
due to the phosphine ligands. Cramerz found that when Mo is ligated to
many sulfurs, the edge inflection energy is relatively insensitive to
changes in the formal oxidation state of the Mo. Such Mo-S complexes
were found to have inflection point energies of about 20010-1lleV,
essentially equal to (within experimental error) the energy observed
for the dinitrogen complex (20010.3eV).

Because the inflection point of r.rans—Mo(Nz)z(dppe)2 is somewhat

higher than that of M0H4(dppe)2, it appears that the dinitrogens are
more oxidizing than the hydrides. This oxidizing effect is due to the
"push-pull" bonding mechaniém9 between the Mo and N,: the dinitrogens
donate electrons to Mo through a sigma bond and draw electrons from the
Mo d-orbitals into the N2 m* molecular orbital.

There is also an interesting but difficult to interpret difference
between the shapes of the MoHl'(dppe)2 edge and the EgggngO(Nz)z(dppe)z
edge. The dinitrogen complex edge exhibits a clear shoulder, while the
hydride complex edge has a less well resolved shoulder -~ if indeed it
has a shoulder at all.

These early shouiders are generally assigned as 1ls -> w* (bound

state) transitions. They arise in Mo = 0 systems aue ts the mixing of



48

Mo 4d orbitals with O p orbitals. Cramer2 observed that the presence of
. molybdenyl oxygen (Mo=0) generally results in a shoulder which he
assigned as 1ls -=> m*. Such a transition into the m system of the
Mo-N=N system is quite conceivable., An analogous transition in the
hydride is more difficult to see. Thus the availability of a 7 bonding
system in the dinitrogen complex may be responsible for the difference
in the edge shapes. However, the present data are really inadequate to
understand fully this edge effect. The phosphines, for example, may also
participate in m bonding to Mo, and the different geometries of the
phosphine ligands -~ teﬁrahedral in the hydride, planar in the dinitrogen
complex -- may also be the source cf the different edge shapes. A study
of the edges of a series of analogous compounds would be necessary to
say for certain what the edge shapes are attributable to.
Experimental

General: Many of the compounds prepared and some of the starting
materials are air or moisture sensitive, particularly in solution. Unless
otherwise noted, all reactions were carried out anaercbically using a
standard bench-top technique. Solutions were manipulated in Schlenk
glassware, and a gas-vacuum line emploving BASF Catalyst R3-11 (oxygen
removal) and molecular sieve (water removal) was used to degas glassware
and solutions. Usually, NZ gas was employed as the inert atmosphere,

although argon was used whenever there was some possibility of reaction

with NZ'

Organic solvents were prepared as follows: THF distilled from
Na/benzophenone; benzene distilled from CaHZ; methanol and ethanol dis-
tilled from Mg turnings; propionitrile distilled from P205; dichloro-

methane distilled from P205. THF and benzene were degassed by freeze-
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vacuum~flush-thaw cycles (at least three times). Other solvents were
degassed by simple vacuum-flush cycles (at least three times). Hexane
(Mallinckrodt Analytical Reagent) was used without further purification.

Among the starting materials, it should be noted that Mocl5 and
MoCla are extremely air and moisture sensitive, and must be transferred
under an inert atmosphere.

Infrared spectra were obtained on a Perkin-Elmer 283. Samples were
run as KBr pellets. Analyses were performed by the analytic laboratory
of the Chemistry Department, University of California, Berkeley.

yggla(gggg): This compound was most convenlently prepared as
described in the Ph.D. thesis of J. Gladyz.12 9.9g MoCl4 (Atomergic
Chemetals) was suspended in 700ml THF. 16.6g dppe (1,2-bis
(diphenylphosphino)ethane, Alfa-Ventron) was added to the suspension,
and MoClA(dppe) precipitated as a brick red solid (44% yield). It is
important to suspend the MoCl4 first, before adding dppe. Occasionally,
the MoCl4 reacted with the THF before the addition of dppe, forming a
green solution. This did not affect the subsequent reaction with dppe.
The rate of reaction was variable, and it was best to allow several
hours for maximum yield. The MoCl4(dppe) solid is air stable and may
be filtered in th2 open and washed with reagent grade hexane.

An alternate preparation13 starts with MoCls. This, added to
propionitrile, yields MoCl[‘(Et:CN)2 as a brown precipitate.14 Stirring
is recommended during this reaction because the product otherwise forms

large, very hard blocks. The MoCll‘(EtCtl)2 is then refluxed in benzene

with dppe to form MoCl4(_dppe).15
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)2(d22e)2: The EXAFS sample was prepared by the method of

13 The general scheme was to mix 1.25g dppe and

George and Siebold.
2.5g MoCl, (dppe) in 30ml THF, add 20g 2% Na-Hg® and stir under dini-
trogen for six hours.

The reaction flask is illustrated in Figure 20. It was found that
rubber tubing is permeable enough to oxygen over the course of six hours
to reduce the yields. For this reason lengths of rubber tubing leading
to the flask were kept to a minimum, and the input gas was introduced
through copper tubing. The exhaust gas was run through an oil bubbler
to protect the system from back diffusion of air.

At the end of the reaction 50ml of THF was added to the flask to
raplace solvent evaporated by the gas flow and to dissolve additional
product. The product, dissolved in the THF, was drawn off through a
thin stainless-steel tubing. On one end of this tubing a short glass
tube was epoxied. A piece of filter paper was then tied over the glass
end with copper wire. The reaction flask and the receiving flask were
both stoppered with rubber septa through which the tubing ran. The
filtered end was submerged in the THF suspension, and vacuum applied
to the receiving flask, pulling over the THF.

Filtering was always slow due to the very fine but heavy silt
produced in the reaction flask. This silt quickly clogged the filter,
reducing the flow to drop by drop. Use of more conventional sintered
glass filtering tubes-—even with filter aid--did not help, and proved
considerably more awkward and difficult to clean up. Likewise, changing
filters was of no help, because the new filter would clog almost

immediately. Additionally, changing filters exposed the solution to air.
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It was found best to simply wait, though it took seven hours or more to
finish.

Once filtered, the THF was removed with a rotary evaporator. The
residue was then dissolved in benzene, the benzene filtered to remove
insoluble residues, and the product precipitated with chilled methanol
(ten times the volume of benzene). George and Siebold report using only
5ml benzene to dissolve gram quantities of the complex. This author
found it necessary to use about 50ml benzene. Final yield was 0.89g,
crude.

Just prior to the experimental run, the orange crystals were
recrystallized from benzene/methanol. V(NZN) was observed at 1980t:m-l
(KBr). Calculated for 052H48M°N4 X C, 65.83%; H, 5.10%; Mo, 10.11%;
N, 5.90%; P, 13.06%. Found: C, 65.56%; H, 5.38%; Mo, 10.7%; N, 5.68%;
P, 12.94%.

Chattl7 has developed an alternate synthesis using MoCls(THF)3 as
starting material and Mg turnings as reductant. Much higher yields are
claimed, and the Mg reduction is much less messy than the Na-Hg. This
author attempted this route, but without success, perhaps due to
insufficient activation of the Mg with 12 vapor.18 It should be noted
that Chatt, in Reference 18, recommends a change in solvent (to benzene)
in working up the reaction (THF/ether is used in Reference 17).

MoHi(dEEe)Z: There is some confusion in the literature over the
formulation of this compound. Hidai and coworkersl9 bubbled H2 through
a benzene solution of Mo(NZ)Z(dppe)z, obtaining yellow crystals they
formulated as MOHZ(dppe)z. Archer and George20 studied an analogous
compound with more soluble phosphine ligands and, on the basis of 1H

and 31? MMR, concluded the correct formula was MoH4(dppe)2. Meakin and
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coworker521 reduced HoClA(dppe) with BHZ in the presence of additional
dppe, formulating their yellow crystals as MOH4(dppe)2. Again, this
formulation was based on NiR studies.

This author carried out Fhe H2 gas reaction of Hidai, and Ninon
Kafka repeated Meakin's synthesis. The IR of both products was identical
in every feature (,\J(l‘!o-l-l)-lﬂo&:m-l and 1816cm-1, KBr). This author feels
the NMR work is strong evidence, and favors the H0H4(dppe)2 formulation.

The EXAFS sample was the material produced by N. Kafka following
Meakin. It was recrystallized as pale yellow crystals from benzene/
ethanol. Calculated for CSZHSZMOPA: C, 69.64%; H; 5.80%; Mo, 10.71%;

P, 13.84%. TFound: C, 71.80%; H, 6.21%; Mo, 10.20%; P, 12.98%. The
combination of high C,H and low Mo,P is attributed to incomplete solvent
removal. Unfortunately, the time pressure of scheduled beam time made
it impossible to dry the sample further. The only impurities that might
affect the EXAFS would be appreciable amounts of Mo species other than
the desired product. The agreement between the IR spectra for both
syntheses and the clean appearance of the crystals after recrystalliza-
tion argues against such impurities.

Collection of EXAFS data: trans-Mo(Nz)z(,dppe)2 and MoH4(dppe)2

were run as solids. 460mg of Egggngo(NZ)z(dppe)z and 490 mg of
MoH4(dppe)2 were mixed with cellulose and pressed into 1%" diameter
pellets. The pellets were mounted on plastic slide holders.

The data were collected by placing the pellet holders in a styro-
foam box cooled by liguid nitrogen boil-off. The samples were mounted
on a lucite carrousel which rotated the samples in and out of the beam.
This arrangement allowed the changing of samples without disturbing the

flow of cold nitrogen or opening the box, enabling us to collect data
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at virtually the same temperature for both samples. Cooling was
desireable to reduce thermal disorder in the samples, yielding higher
resolution EXAFS. The air temperature inside the box was monitored with
a thermocouple and varied slowly from -85 to -90%¢.

Each individual scan collected data for one second per point.

Scans were repeated at least ten times for each sample. Across the edge
region, points were spaced approximately every 0.7eV. Data were
collected to k > 173-1, but were analyzed to only k-lS.BSR-l due to a
large "glitch" at that point, extending over many points. This glitch
was present in every spectrum of every sample, and probably represented
a flaw in the crystal monochromator.

SSRL: EXAFS data were obtained at the Stanford Synchrotron
Radiation Laboratory (SSRL). SSRL has distributed the following
specifications for Station IV-2 (Wiggler Magnet), the station at which
the data was taken.

Number of Mrad: <2 (unfocused)

Monochromator: (400)Si, 2 crystal, rapidly tunable, computer
controlled.

Spectral Range: 2.8-40.0KeV {(with a variety of crystals).

Resolution: AleV

Approximate Spot Size: ~1-2mm high by 35mm wide.

The wiggler magnet should increase the critical energy to about 1GeV
higher than that in SPEAR (electron storage ring). Data were collected

with SPEAR running at just over 2GeV.
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TABLE IA

. Crystal Distances, 2

t:rans-Mo(Nzl_z(dppe)2

Mo-Pl 2.445
MD-PZ - 2,462
Mo-Nl 2.014

Reference: T. Uchida, Y. Uchida, M. Hidai, T. Kodama
Acta Crystallogr., Sect. B, 31, 1197 (1975).

MoH

Hol, (8] 2253)
Ho-Pl 2.433
MD-P2 2.503
Mo-H 1.70

Reference: P, Meakin, L. .J. Guggenberger, W. G. Peet,
E. L. Muetterties, J. P. Jesson, J. Amer. Chem.
Soc., 95, 1467 (1973).
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Curve~Fitting Results

Single Shell Mo-P Fits

trans-MogNzl dppe 2
-0.001321
2.492
20011.2

0.2349

-0.003468
2.449
20003.3

0.3111
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Hgﬂhﬁéﬂﬂﬁlg
0.001908
2,444
20010.1

0.2310

0.002796

1

2.420
20005.6

0.3290
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TABLE IC
Curve-Fitting Results

Two Shell Mo-P-N Fits

0
Weight=k ttans-Mo(Nle(dgge)z ggﬂa(dgge)z
9% -0.002268 -0.004076
O -0.003588 -0.01191
RMO_P,X 2.457 2.429
Ryoy & 2.030 ' 2.124
£
E preV 20004.9 20008.7
E eV 20021.0 20009.9
Amplitude P 0.2981 0.365
Amplitude N 0.1285 ' -0.2036
. 3
Weight=k
9p -0.004220 -0.000110
9y 0.001186 .002976
Ryop 2 2.453 2.418
=Ly
Ry b4 2.063 2.414
o-N,
E pseV 20004. 4 ' 20003.8
E eV 20009.1 19998.7
Amplitude P 0.3525 0.5114

Amplitude N 0.1336 0.4799



TABLE II

Edge Results, Inflection Points, eV

Mo(Nz)z(dppe)2 20010.3
20031.3
M0H4(dppe)2 20007.9
20019.6
N32M004 20005.6
20021.0

20035.7
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Figure Captions

Structure of trans-bis(dinitrogen)-bis{1l,2-bis(diphenyl~

phosphino)ethane}Mo(0), abbreviated trans-Mo(NZ)z(dppe)z.
Mo K-edge absorption spectra of MQHA(dppe)2 (upper trace)
and Eggggyuo(Nz)z(dppe)z (lower trace) plotted in energy
space from 19.7 to 21.2 keV.

Isolated EXAFS, x(k), of Moﬂa(dppe)2 (upper trace) and
Ezggngo(Nz)z(dppe)z (lower trace) plotted in photoelectron
k-space from 3.0 to 16.0 R-l.

ka-weighted Fourier transforms, ¢3(R), of the EXAFS of
MoHI‘(dppe)2 (upper trace) and EEEEE?M°(N2)2(dPPe)2 (lower
trace) plotted in R space from 0.0-5.08.

¢3(R) of trans-Mo(Nz)z(dppe)2 with superimposed square window

illustrating reglon to be isolated for curve-fitting.

¢3(R) of MoHl‘(dppe)2 with superimposed square window illus-
trating region to be isolated for curve-fitting.

¢3(R) of ££§E§7M0(N2)2(dppe)2 with superimposed dots(...)illus-
trating final isolated peak for curve-fitting obtaingd after
application of Hamming window.

¢3(R) of Mlo(dppe)Z with superimposed dots (---) illustrating
final isolated peak for curve-fitting obtained after applica-
tion of Hamming window.

EXAFS, ¥(k), of trans-Mo(N (dppe)2 before Fourier filtering

2)2
(+++) and after Fourier filtering (—). Filtered y(k) is

the back transform of the isolated peak in Figure 7.
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EXAFS, x(k), of MoH‘.(dppe)2 before Fourier filtering (--°)
and after Fourler filtering (—). Filtered x(k) is the
back-transform of the isolated peak in Figure 8.

Fourler filtered EXAFS of trans-Mo(NZ)Z(dppe)2 weighted by

kO (-+-) and corresponding single shell P fit (—).
Fourier filtered EXAFS of MoH‘.(dppe)2 weighted by ko [CEXD)
and corresponding single shell P fit (—).

Fourder filtered EXAFS of trans-Mo(N (dppe)2 weighted by

2)2
k3 (*++) and corresponding single shell P fit (—).
Fourier filtered EXAFS of Moﬂé(dppe)2 weighted by k3 (o)
and corresponding single shell P fit.

Fourier filtered EXAFS of trans—Mo(Nz)z(dppe)2 welghted by

ko (+++) and corresponding two-shell P-N fit (—).

Fourier filtered EXAFS of ££§5§fMo(N2)2(dppe)2 weighted by
k3 (+++) and corresponding two~shell P-N fit (—).

Fourier filtered EXAFS of MoH['(dppe)2 weighted by k3 [CRXD]
and corresponding two-shell P-N fit.

Linearized energy-space K-edges of M0H4(dppe)2 (upper

trace) and trans-Mo(Nz)z(dppe)2 (lower trace) plotted from

19.95 to 20.05 keV.

First derivatives of the K-edges of M0H4(dppe)2 (upper trace)
and Eggggfﬁo(ﬂz)z(dppe)z (lower trace) plotted from 19.97

to 20,07 keV.

Reaction vessel used in synthesis of EEEEE'M°<N2)2(dPPe)2'

N, gas ig introduced through the tapered bubbler as shown.

2
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(Continued)

The exhaust bubbler is comnected by a short piece of rubber
tubing to an oil bubbler to protect the reaction mixture
from oxygen if the Nz flow is interrupted. The valved side

arm is conmected to the Schlenck vacuum/gas line. The

mixture is stirred with a magnetic stir bar.
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Chapter 4
REACTION OF MoZOQ(CYSTEINE)g— WITH ACETYLENE
Introduction

The.MOZOQ(cysteine)i_ anion (Figure 1) is a much studied rnomplex.
This interest arises from its use as a model system for nitrogenase.1
At basic pH in the presence of strong reducing agents, M0204(cysteine)§_
catalyzes the reduction of a number of nitrogenmase substrates, notably
acetylene to ethylene (see Figure 1). Schrauzerl studied this reaction
through the kinetics of ethylene production. dn the basis of these
studies, he concluded that the active catalyst was a monomer, and he
suggested the reduced catalyst was Mo(IV).

Spenceand coworkers2 studied another reaction of the :.mer: high
pH solutions of the dimer turn from orange to blue over periods ranging
from hours to days depending on the dimer concentration. Spencelouked
at the kinetics of the color change, polarographs of solutions of the
dimer, and the reaction of the blue species with flavin. He proposed
the mechanism shown in Figure 2 te explain his results: one of the
dimer's oxygen bridges is hydrolyzed by OH™, producing one blue species
(labeled TI in Figure 2); II goes on to exchange cysteine ligands for

buffer to produce III. The initial hydrolysis is catalyzed by cysteine
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(thus the rate dependence on dimer concentration: the more dimer ini-
ﬁially, the more III produced, releasing more catalyzing cysteine).
Excess cysteine may be added to shift the equilibrium away from III
toward II.

Lately, LaMache3 studied this color change electrochemically,
concluding the change to blue actually represents a disproportionation
of the dimer to MOOZ- and an undefined Mo (IIT) produgt.

It should also be noted that Haight“ observed an EPR signal in the
blue solutions which correspond to 2% of the total Mo in solution. This
he attributed to an equilibrium amount of Mo(V) (the dimer couples the
odd electrons).15

This paper reports the observation of a direct reaction between
M0204(qysteine)§— and acetylene. This reaction occurs at basic pH. No
reductant 1s used. The reaction is manifested by an inhibition of the
color change from orange to blue and the concurrent appearance of a strong
EPR signal, stronger than the signal observed by Haight in the blue
solutions referred to above. Extended X-ray Absorption Fine Structure
(EXAFS) studies show that the final product(s) is a Mo monomer. Mo
K~edge studies suggest that the EPR-active product is Mo(V), not Mo(IIL).
As yet, however, the data are insufficient to describe fully the final

product.

Experimental

M0204(cysteine)§_ was prepared as previously described in Part I.
EPR and VIS-UV studies were performed on solutions approximat:iy 5 x 10-3M
in dimer, 0.1M in borate buffer, pH 9.2. Acetylene was bubbled through

concentrated HZSO/ to remove acetone. All solutions were handled under
4

Ar or acetylene using standard techniques.
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EPR measurements were made on a Varian E~9 EPR spectrometer, VIS-UV

measurements were made on a Cary 118 spectrometer.

Collection of EXAFS data: Na2M0204(cys)2-5H20 was run as a cellu-
lose pellet, 510mg in a 1%" diameter disk. Solutions were run in lucite
cells of 2cm path length with kapton windows. The cells were flushed
with argon earlier in the day, then sealed. The samples were kept in
the tubes in which they had been mixed--sealed uhder the appropriate
atmosphere with rubber septa~-until it was time to take the spectrum.
An aliquot of the sample was then withdrawn from the tube and injected
into the cell with a syringe.

The pH7.1 solution was .04M in dimer and had been prepared one
week before the ;xpefimental run. Eiperience with such solutions,
stored under argon, indicated good stability over considerably longer
periods.

The pH9.2 (.1M borate buffer) samples were prepared as a single
stock solution .04M in dimer and .0IM in excess cysteine. Thls stock
solution was split in half, one portion stored under argon, the other
stored under acetylene. The acetylene gas was bubbled through H2504‘
to remove acetone. The samples were approximately one day old when run.

Each individual scan collected data for one second per poiat.

Scans were repeated at least four times for each sample. Across the
edge region, points were spaced approximately every 0.7eV. Data were
collected to k>17R—1, but were analyzed to only 1c=15.853_l due to a
large "glitch" at that point, extending over many points.. This glitchA
was present in every spectrum of every samjle, and probably represented

a flaw in the crystal monochromator.
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All samples were run at room temperature.
Observations

Solutions S x 10-3M in dimer at pH9.2 under an argon atmosphere turn
from orange (Amax=306nm) to blue in about four days. The final blue
spectrvm is shown in Figure 3, spectrum a. It is characterized by the
broad abscorption from 550-6Q0nm. A similar solution kept under acetylene
rather than argon turns pale yellow with a greenish tint after four days
(Figure 3, spectrum b). Notice that spectra a and b in Figure 3 are
plotted on different absorbance scales, so that the dimer/Ar(spectrum a)
absorbance is 5 times stronger than that of the dimer/acetylene (spectrum
b). The UV spectrum of the final dimer/acetylene solution is showm in
Figure 4. It exhibits features aroumd 285 and 230mm.

3M in dimerx) is

If a blue dimer/argon solution (pH 9.2, 5 x 10~
flushed with acetylene, .the blue color fades in the course of a week to
pale yellow, and the UV spectrum becomes identical to that of an origimal
dimer/acetylene spectrum. Reflushing the now yellow solution with argon
produces no further reaction.

The dimer/acetylene solutlom develops an EPR signal as it changes
from oranre to yellow (Figure 5). No quantitative EPR studies were
performed. The final signal intensity of the dimer/acetylene solution
is an order of magnitude stronger than that present in blue dimer/argon
solutions of identical concentrations. Hyperfine structure due to
coupling with the 25% M095’97 is observed {(a=37.5G). A g-value of 1.989
was measured using DPPH as a standard.

Gas chromatography of the atmosphere over a yellow dimer/acetylenme

solution showed no evidence of ethylene.
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A1l of the above changes in color and the developmeat of the EPR
signal are accelerated by the addition of excess cysteine.

Mo K~edge EXAFS spectra were taken of Naznozoh(cysteine)éiﬂzo,
Mozoa(cysteine)i- (pH 7.1, under argmn), dimer/argon (pH 9.2, after the
color change), and dimer/acetylene (pH 9.2, after the color change).
Figures 6 and 7 illustrate the data. Figure 8 is an expansion of the
edge regions. Table I lists the edge inflection points. Figure 9 is a
plot of the isclated EXAFS. Figure 10 plots the Fourier transform power
spectra. The detalls of the analysis process are discussed in Part II
of this thesis.

Discussion
The above observations are not adequate to characterize fully this

reaction between Mo,0 (cysteina)g— and acetylene. However, the EPR and

274

EXAFS data indicate the final product is monomeric. The dimer is EPR
silent because the single d-electrons of the two Mo(V)'s are coupled
through a direct Mo-Mo bond. Breaking the dimer into monomers, of
course, breaks the coupling, and if the Mo remains Mo(V) an EPR signal
would appear. While no quantitative EPR has been done &et, the intensity
of the signal (ten times that of the blue solutions) suggests that a
significant portion of the Mo present (perhaps 20-30%, extraﬁolating
from Haight's measurementsa)is EPR active after the reaction with
acetylene.

The EXAFS data support the conclusion that the acetylene breaks up
the dimer. Looking first at the isolated EXAFS in Figure 9, one sees
that the oscillations of the dimer/acetylene sample damp out much more

quickly than that of the other samples. This rapid damping is typical
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of light-atom scatterers,5 while the persistent oscillations of the other
three samples are typical of heavy scatterers such as another Mo.

The Fourier transform radial distribution functions (Figure 10) are
difficult to interpret exactly because the Mo is coordinated by so many
different atoms at various distances. Table II lists the ligating atoms
and their distances from Mo in the Na2M0204(cysteine)2'5H20 crystal.6
The coordination in solution is eveﬁ more complicated due to changes in
the conformation of the cysteine ligand (see Part I of this thesis).
¥avertheless, the Mo-Mo distance of 2.57% suggests that the Mo peak
should appear in the Fourier transform at an RFT a little greater than
28. This, combined with a detailed study of the amplitude envelope of
the feature at 2.22 led Cramer to assign that peak to Mo in the spectrum
of the crystallice dimer.7 Whether this peak is a '"'pure" Mo peak is not
obvious, since the Mo-S distance of Z.ABX is only 0.083 less than the
Mo-Mo distance.l3 Nevertheless, it does appear reasonable that the Mo
is a significant part of the 2.23 feature. In the dinmer/acetylene
spectrum, this feature is almost completely attenuated, consistent with
the monomerization of much of the dimer and perhaps loss of the S
coordination as well (discussed below).

The observed EPR active sp-:ies is probably Mo(V). Mo(III), a d3,
S = % system, generally produces no observable EPR signal at room
temperature due to relaxation processes.lh Since no low temperai-'re EPR
studies were attempted, the presence of Mo(III) cannot be definitively
ruled out, however.

Examination of the Mo K-edge inflection points (Table I} reveals

that, within experimental error, the first inflection point does not
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vary among the four samples and is the same as the first inflection
point in NaZMOOA' Cramer8 assigns this pre-edge shoulder (and first
inflection point) as the "1s-4d" bound~state transition as enhanced by
mixing the 4d Mo level with p character from the molybdenyl oxygen
(Mo=0) m-system. Cramer believes this shoulder is diagnostic of the
presence of molybdenyl oxygen. 1If this assignment is correct, one
would expect the energy of this bound-state transition to remain
relatively constant, as observed. Accepting this assignment implies
that a significant.portion of the dimer/acetylene products retain the
molybdenyl oxygen.

The second inflection point of the dimer/acetylene sample is at
significantly higher energy than the dimer/pH7.l sample. Superficiaily,
this edge~shift suggests oxidation. Indeed, the second inflection
point of the dimer/acetylene sample is, within experimental error, at
the same energy as the second inflection point of Na2M°0A' (Table 1).

There is a problem in interpreting this edge posi“ion, however.
The dimer/acetylene sample is likely to contain several Mo species.
This is so because, first of all, it is unlikely that the dimer
reaction with acetylene goes cleanly to completion. Secondly, the EPR
signal is most likely Mo(V), while the edge suggests Mo(VI).

The difficulty is that the inflection point of a mixed sample
does nor have the same physical significance as the inflection point of
a pure sample. The observed edge of a mixed sample is the sum of the
edges of the single ccmponents. It is shown in the appendix to this
chapter that the inflection point -- or points —-- of the sum may be
different from the infleection points of the components. If the

inflection points of the compoments are close enough to "in“erfere”
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with each other, the inflection points of the mixture will appear at an
energy between the energles of the highest and lowest inflection points
of the components. If one species dominates the mixture, the inflection
point of the mixture will tend toward the inflection point of the domi-
nant species.

Because the inflection point of the dimer/acetylene sample has
moved significantly toward Mo(VI), it follows that a considerable portion
of the Mo in the sample has been oxidized. This does not necessarily
mean there has been a formal change in oxidation state. Drastic changes
in coordination may have drastic effects on the electron density of the
Mo, even thougﬁ the form oxidation state remains unchanged. Such a
change in electron density would result in an edge shift.

Nevertheless, the possibility that some fraction of the Mo has been
o-*dized to Mo(VI) cannot be ignored. If one postulates this as an
explanation of the edge shift, one must go further and identify the
oxidant. Since no ethylene was detected, the only oxidant remaining is
other Mo atoms. It appears from the data available, then, that there is
a disproportionation involved here. This ﬁeans elther Mo(III) or Mo(IV)
should be present in the sample. Low temperature EPR would determine
whether Mo(III) is present. However, on the present data it is not
possible to say which, if either, reduced Mo is present.

There is clearly a relatiomship between the reaction converting the
dimer to the blue species and the present reaction with acetylene, but
again nothing definitive can be said. The dimer/argon sample exhibits
the same -- within experimental error -- edge shift as the dimer/
acetylene sample (Table I). The EXAFS of the blue solution reveals that

the "Mo peak” is attenuated relative to the lower R peaks, but is not
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as weak as in the dimer/acetylene sample (Figure 10).

Again, the edge shift observed in the dimer/argon sample suggests
the presence of Mo(VI), which in turn suggests a di: roportionation.
But again, the data are insufficient to say whether Mo(III) or Mo(IV)
is produced. Thus, the present data are consistent wich LaMache's
mechanism of disproportionation to Mo(III), but are insufficient to
prove it.

The continued presence -- albeit attenuated -- of th.e "Mo peak"
likewise does not rule out a disproporc;onation. The pro:ucts may
include Mo(II1) dimers. See, for example, Ott and Schultzll, where they
claim to produce Mo(III) dimers electrochemically. However, the atten-
uated "Mo peak” also fits well with Spence'’s view of the "blue" products:
a weakening of the link between the Mo's ~- by Spence’s partial hydroly-
gis -- would lead to greater movement between the Mo's; this would
increase the effective Debye-Waller factor and reduce the Mo amplitude
considerably.7 Going simply from the solid, crystalline state into
solution causes such an effect as shown by a comparison of the Fourier
transforms of the solid pellet dimer and the pH7.1 dimer solution
(Figure 10).

Understanding this "blue reaction” may be the key to understanding
the acetylene reaction. Since the blue products, whatever they are,
appear to react with acetylene in the same way as the original dimer
(as evidenced by the identical UV spectra of the final products), the
blue products may be intermediates to the reaction with acetylene. This
is further suggested by other parallels: both reactions require basic

pH, and both reactions are catalyzed by cysteine.
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A final point is that considerable cysteine may be freed in the
course of the reaction with acetylene. The UV spectrum exhibits a 230nm
feature (Figure 4). This is the reglon in which cysteine absorbs at
pH 9.12 The fact that it is a shoulder om a larger peak prevents a
preéise statement of the intensity of this peak, but it is high enough
to account for almost all the cysteine présent in the original dimer.

Spence2 attributed the appearance of free cysteine to the exchange
of cysteine ligands for buffer. A similar process could be involved
in the acetylene reaction. However, a disproportionation to HDOZ_ would
also reiease a great deal of cysteine ligand. Whatever the mechanism,
the release of cysteine is also supported by the EXAFS envelope of the
dimer/acetylene sample (Figure 9) which damps out quickly enough to
suggest that even the sulfur is gone.

It is interesting here to mention some recent results of Schrauzer'éﬂ
in which he finds the dimer reduces acetylene in strongly alkaline
solutions (4M NaOH in 20% ethylene glycol/water). Schrauzer proposes a
disproportionatisn of the dimer to Mo(IV) and Mo(VI) to explain his re-
sults., He assumes the solutions are EPR silent, relying on Haight's
reporta that the EPR signal of the blue dimer/argon solutions disappears
at pH 12,

In the present study, of course, much milder reaction conditions are
empioyed, so that there may be little connection between the present
observations and Schrauzer's studies. Nevertheless, it would be inter-
esting actually to check for an EPR signal in Schrauzer's solutions. It
may be that ipn the more mildly alkaline solutions, a stable lo-acetylene

complex forms, while in the more extreme conditions of Schrauzer's
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experiments the acetylene is actually reduced to ethylene. This points
up the possibility that understanding the presently observed Mo-acetylene
may lead to an understanding of the dimer's catalytic role in reducing
acetylene to ethylene.

In summary, then, it is definitely concluded that at basic pH,
Mozﬁb(cysteing)g- reacts with acetylene, producing monomeric Mo products.
A significant portion of these monomers are EPR active, most likely
Mo(V). Shifts in the edge inflection points suggest Mo(VI) may be
produced. There 1s also evidence that the cysteine dissociates from the
Mo. The mechanism may parallel that of the "blue reaction" studied by
Spence and LaMache, with the acetylene finally stabilizing Mo monomers.
The mechanism of thils reaction and the structure of any Mo-acetylene
adducts may shed light on the mechanism of the catalytic reduction of

acetlyene by Mo.
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Reference:

TABLE 11

Crystal Distances, )1
NazMozoa(cysteine)z-SHZO

2.569

2,49

2.23

2.30

1.71

1.95, 1.91

J. R. Knox, C. K. Prout, Acta Crystallogr.,

Sect. B, 25, 1857 (1969).
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Figure Captions

Figure 1: M0204(cysteine)§— structure and the simplest Schrauzer model

Figure

Figure

Figure

Figure

Figure

Figure

2:

3:

4:

5:

6:

7

system for the reduction of CZH2 to CZH4'

Spence's mechanism for the conversiomn of the orange dimer
into blue species in basic solution.

Visible spectra of M0204(cysteine)§— dimer solutions.
Spectrum "a" (—) is a four-day-old 5 x 10-3M dimer solution
in pH 9.2 buffer under an argon atmosphere (dimer/Ar sample).
Spectrum "b" (---) is a solution identical to "a" but main-
tained under an acetylene atmosphere (dimer/CZHZ). Note that
the spectra are not plotted on the same absorbance scale, so
that the dimer/Ar solution has an absorbance roughly five
times higher than that of the dimer/CZH2 sample. Thus.the
dimer/Ar solution appears blue, while the dimerlczﬂzlsample

is greenish yellow.

3M dimer solution in pH

UV spectrum of four day-old 5 x 10
9.2 borate buffer under an acetylene atmosphere (diner/CZHZ).
EPR signal of a dimer/CZH2 solution. The g value is 1.989
(DPPH standard). Hyperfine coupling constant a = 37.5G.

Mo k-edge absorption spectra of 0.4M M0204(cysteine)§_ at pH
7.1 (upper trace) and N32M0204(cysteine)2~5H20 in a cellulose
pellet (lower trace).

Mo K-edge absorption spectra of solutions of .04M MoZO4
(cysteine)i_ at pH 9.2 (borate buffer) and about .0lM in ex-
cess cysteine. The solutions are about one day old. The

upper trace sample was kept under argon. The lower trace

sample was kept under acetylene.
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Figure 8: Mo k-edges of the four samples of Figures 6 and 7. From top'
to bottom: dimer pellet; dimer/pH 7.1; dimer/Ar; dimer/CZHZ.

Figure 9: EXAFS, X(k), of the four samples of Figures 6 and 7. From
top to bottom: dimer/CZHZ; dimer/Ar; dimer/pH 7.1; dimer
pellet.

Figure 10: k3 Fourier transform power spectra, ¢3(r), of the four
samples of Figures 6 and 7. From top to bottom, dimer/csz;

dimer/Ar; dimer/pH 7.1; dimer pellet.



SCHRAUZER MODEL SYSTEM

s\u/ \u
g“‘/l\ -

e

q-2

) . 2- - H9
Moo 04 (cysteine),” +BH, + Csz-p—>CZH4

Figure 1

XBL 764-5806

98



99

Lb2b-/08 1ax

¢ 3n74g
I
24419 ‘0%H ‘HO = X HO HO
X |Ho HO| X
RISk 2 + oW ol
X7] 07 ™x
1 3n19 0 0
o
OH
_Im __._o HQ[ zH_ooo _OH
oouuzx_ /o\ _ 'S HO 2

—= 1

Xt

JONVHO

Figure 2



Absorbance for b

0.2

100

Absorbance for a

——

N
1 | ' 1 [ B S~—a o

400 450 5(50 550 600 650 700 750 800

XBL 799-5022

Figure 3 _



Absorbance

L
r_._
1 J
200 250 300. 350
nm
XBL 799-502!

Figure 4

101



102

506

XBL 799-5023

Figure 5 -



ABSORBANCE

[lfl'Ffﬁ'lr'ﬁfr'l'ﬂf

103

YTyl Y1 I 117 Trrrrrsrrrrrrrrrr

Dimer /pH 7.1 ]

19.700

Dimer Pellet
]
-
| HTEE M T TEE B e DS BTN NS R TS BrEN B Y
Q
a
N
<l
o~
E(KEV]}
XBL 815-4593

Figure 6



ABSORBANCE

104

LN LU LA N A IROLNNE (ML IR BNLANE NNLARY N ANY RN SONLANY BN BN LA BNLANN R

f\v\__\[)imer/ Argon :

— N
- .
B .
Dimer /CH,
S p
Il l ] l L I LI L I i | A l ' I 1 l 4 l ] l L l 'l l#l L
Q Q
Q Q
™ a
()] ot
ot o~

E(KEV)

XBL 815-4594

Figure 7



ABSORBANCE

Dimer Peliet
Dimer /pH 7.1

Dimer/Arg

Dimer / C2H2 7

-
h
L L — L 1 l A L 'l
o
™
G
&
E(REV)
XBL 815-4595

Figure 8

105



x (k)

lll"ﬁ""l“"1Tl"'1Tfl1'|j’Tl

Dimer/ C2H2

Dimer / Argon

Dimer /pH7.

Dimer Pellet

'_l | -l J il LL l - ] l 1 L i l -y

§ o
o

) e
[0} [34]
L)

Ki{i-sA)
XBL 815-4596

- Figure 9 -

106



107

0.293 T T v L L T K

Dimer /C2H2

Dimer /Argon

o«
y?)
e
N -
b -
! Dimer Pellet ]
3-4070-03 A l . J - 1 X
o (=)
5] a
S Q
o n
‘R'(A)
XBL 815-4597

- Figure 10



10.

11.

12,

13.

108

References

P. Kroneck and J. T. Spence, Inorg. Nucl. Chem. Letters, 9, 177
(1973). -

M. LaMache-Duhameaux, Electrochimica Acta, 23, 653 (1978).

T. J. Huang and G. P. Haight, Jr., J. Am. Chem., Soc., 92, 2336 (1978).

B. K. Teo, P. A. Lee, J. Am. Chem. Soc., 101, 2815 (1979).

J. R. Knox and C. K. Prout, Acta Cryst., B25, 1857 (1969).

S. P. Cramer, K. O. Hodgson, E. I. Steifel, W. E. Newton, J. Am.
Chem. Soc., 300, 2748 (1978).

S. P. Cramer, K. O. Hodgson, W. 0. Gillum, L. E. Mortenson, J. Am.
Chem. Soc., 100, 3398 (1978).

P.C.H. Mitchell, Coordination Chemistry Reviews, 1, 315 (1966).

P. R. Robimson, E. L. Moorehead, B. J. Weathers, E. A. Ufkes,

V. R. Ott and F. A. Schultz, Electroanalytical Chem. and Interfacial

Electrochem., 61, 81 (1975).

The 2.2A feature of the MoZOA(cysteine)g- radial distribution

function is probably a mixture of Mo and S contributions. Cramer's
own results suggest this: he reports that Cpp for Mo-S is 0.49A.

This means the S should appear near RFT-Z.OOA (2.49-0.49). Neither

Cramer's published radial distribution nor Figure 10 of this thesis
gives any indication of a separate 2.0A peak. Indeed, perhaps
recognizing the strong possibility of overlap between the Mo and §
in this peak, Cramer limits his claims to a stromg correlation
between this peak's position and the Mo-Mo distance, never saying
the peak is "pure" Mo. This author attempted to isclate the 2.2A
peak and curve-fit the data as described in Part II of this thesis.
One-shell Mo, one-shell S, and two~shell Mo+S fits all failed to
yield meaningful parameters. This may indicate the 2.2A feature is
not a simple superposition of Mo and S. It may be that the S peak
interacts with the Mo peak and the shorter R peaks in such a way
that the S contribution is split between the 2.2A feature and the
1.7A feature. This would make it impossible to fit validly either

peak alone.
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Appendix

The Relationship between the Inflection Point Observed in the K-Edge of
a Mixed Sample and the Inflection Points of the Pure Compoments.

The following discussion is a rough, intuitive discussion of where
the inflection point in the "K-edge" of a sample composed of several
absorbing species may be expected to appear relative to the inflection
points of the components. The basic conclusion reached will be that the
position of the inflection point or points of the mixture is a sort of
weighted average of the positions of the inflection points of the pure
components. The important "weighting" parameters are the separation of
the inflection points of the components and the relative concentrations
of the components.

The shape of the continuous absorption curve at an x-ray "edge" is
that of an arctangent Eunction.l The first derivative of an arctangent
is a Lorentzian. The inflection point of the edge corresponds to the
peak of the Lorentzian.

If one has a two component mixture s(E) = £(E) + g(E), the absorp-
tion curve of the mixture will be the sum of the individual absorption
curves. (Figure A-1). The first derivative of the sum will be the sum
of the component first derivatives, s'(E) = £'(E) + g'(E). (Figure A-2).
Thus, s'(E) is sim;ly the sum of two Lorentziams.

The behavior of the sum of two Lorentzians as the peaks of the

Lorentzians move closer together is well known from other forms of

spectroscopy including NMR.
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Suppose £(E) and g(E) are defined as follows:

E

£(E) = A(L + 2-arctangent (E —>01))
T v,

g(E) = B(1 +-£ arctangent (E = E
T ¥y

02))

Then, £'(E) and g'(E) will be:

1/w1

14 (- EOl>2/(wl)2

f'(E) = A(%)

1/w2

1+ € - B p?

g'® =3B

Now wl and w, are the half-width at half maximum of £'(E) and g'(E),

respectively. The quantities 2wi and 2w2 will be taken to be the "edge
width" of £(E) and g(E), respectively. The degree of "overlap" of the
edges will be taken to be the ratic 2(w1 + wz)/(EOZ-ﬁul),

If this ratio is much less than 1, the edges may be considered
"separate", and s(E) will have inflection points at E01 and EOZ’ the
inflection points of the components, to a very good approximation. As
this ratio approaches 1, the inflection points of s(E) (maxima of s'{(E))
will shift away from EOl and E02 and toward the center of gravity of the
two Lorentzian peaks. The minimum of s'(E) will also be an inflection
and will be located at the center of gravity. As the ratio exceeds 1,
the center of gravity becomes a maximum and the "maximé" of the two
components are washed out, so that s(E) has only a single inflection
point at the center of gravity. ' This sequence is illustrated in Figures

A-3 to A-5 for the case where A = B and W = w,, S0 that the center of

gravity is at (B, + Eg,)/2.
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Where f and g are different absorbing elements, the edges will
generally be far enough apart to assume there is no distortion of the
component inflection points. This is important since many interesting
samples contain more than one element. If all of these edges interacted
appreciably, the edge inflection points would lose all meaning.

Likewise, where f and g are close enough to "interfere", they will
generally be different species of_a single element. e magnitudes A
and B will depend on the total absorption cross-sections of f and g.
Since f and g are the same element, the atomic cross-sections will be
nearly identical. Thus, A and B will depend upon the relative concentra-
tions of f and g. If the concentration of f is much higher than that of
g, A will be much greater than B, and the g'(E) maximum will be washed
out by the tail of f'(E) without shifting the maximum of £'(E) appre-
ciabily, (Figure A~6). Thus s(E) will have an inflection point near
EOl’ the inflection pcint »f the domihant species., This is also an
important result since no sample is 100%Z pure. If small amounts of
impurities appreciably shifted the inflection points, again the points
would have little meaning.

Finally, of course, where f and g are different species of a single
elemeat present in comparable concentrations, the inflection points of
the mixture will be significantly different from the inflection points
of the components. TIf the component edges are separated by more than
the combined widths of the edges, the components' inflection points will
survive but appear shifted toward a new inflection point at the center
of gravity. If the componment edges are within the combined widths of

the two edges, the mixture will show only a single inflection point at
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the center of gravity. Thus, the position of the inflection points of
the mixture will be a sort of weighted average of the positions of the

inflection points of the components.
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