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The solid-state structure!? of [(ADPO),Agl* is illustrated in
Figure 1. Silver (with an unusual square-planar geometry for
an 18e, silver cation) is located on a 4-fold symmetry axis. This
may be due to the unique steric requirement of accommodating
4 ADPO units, with each having y-tbp phosphorus centers. The
Ag-P distance of 261.2 (1) pm is slightly shorter than the Ag-P
distances seen for tetrahedral Ag(PPh,),* (range 261.5—>274.6
pm)."'6 The ADPO ligand is essentially planar (largest deviation
is 6.2 pm for one of the ¢-Bu bearing carbons) and has very similar
structural parameters to those of uncomplexed 10-P-3 ADPO3!7
(Table I). The N-P-Ag angle of 113.3 (1)° clearly indicates
the stereochemical activity of a lone pair of phosphorus.

The multinuclear NMR and elemental analysis data are con-
sistent with the above structure. Lability of the ADPO ligands
in (ADPO),Ag* is evident from the 'H NMR data. An averaged
chemical shift and coupling constant were observed when excess
ADPO was added to a CD,Cl, solution of [(ADPO),Ag]*SbF.
However, the downfield shift in the '"H NMR for ring protons
is consistent with the planar, oxidized form of the ligand backbone.
The increase in *Jpy (9.6—14.3 Hz) is consistent with trends
observed for increased phosphorus coordination number is smaller
than in previous examples (~26 Hz).35® The N NMR chemical
shift (6 —124.5, 'Jpy = 64.4 Hz) is close to uncomplexed ADPO
(6 -126.3, 'Jpn = 80.0 Hz). The reduction of P-N coupling
constant follows the expected trend.® The 3'P NMR spectrum
consists of a broad singlet at 6 166 ppm. The absence of Ag-P
coupling down to =95 °C in CD,Cl, reflects the high lability of
ADPO ligands. The NMR data suggest that the ligand exchange
rate in [(ADPO),Ag])*SbF4 is even faster than the rates observed
for Ag[P(C¢H,CH3);]4* or Ag[P(OC,Hs);1,*."

(12) ADPO (500 mg, 2.07 mmol) was dissolved in CH,Cl, (15 mL) and
solid [Ag(NCCH,),]*SbF," (262 mg, 0.517 mmol) was added at room tem-
perature. The resulting yellow-green solution was stirred for 15 min and the
volatiles were removed under vacuum. The residue was extracted into CH,Cl,,
filtered through Celite, and concentrated under reduced pressure. The ad-
dition of hexane followed by cooling to ~25 °C gave yellow crystals of
[(ADPO),Ag]*SbF,™ (453 mg) in 67% yield, mp 173-174 °C dec. NMR
data in CD,Cly: 'H 8 1.24 (s, 18 H), 7.70 (d. *Jpy = 14.4 Hz, 2 H): }*C{'H}
327.9 (CH,). 34.5 (C(CH?),). 113.3 (d. Jpe = 2.8 Hz, NC), 171.6 (CO); ¥'P
8 166; 1*N 8 ~124.5 (d, Jpy = 64.4 Hz) (reference NHNO;). Anal.
(CisHaoAgFgN,OPSb): C, H, N.

(13) Crystal data for [(ADPO),Ag)*SbF, at 203 K with Mo Ka radia-
tion: a=1619.2(2) A, c = 2385.6 (2) pm. tetragonal, Pd/ncc. Z = 4, 1219
unique reflections with / > 3¢(/). The final R factors were R = 0.028, R,,
= (0.026. The largest residual density in the final difference Fourier map was
0.03 ¢/A*. Further details of the crystal structure are available in the sup-
plementary material.

(14) Pelizzi, C.; Pelizzi, G.; Tarasconi, P. J. Organomet. Chem. 1984, 277,
29.

(15) Engelhardt, L. M.; Patawatchai, C.: White, A. H.; Healy, P. C. J.
Chem. Soc., Dalton 1988, 125.

(16) Barron, P. F.; Dyason, J. C.; Healy, P. C.; Engelhardt, L. M.; Skelton,
B. W.: White, A. H. J. Chem. Soc.. Dalton 1986, 1965.

116(‘17) Culley, S. A.; Arduengo. A. J.. 111 J. Am. Chem. Soc. 1984, /06,

(18) This drawing was made with the KANVAS computer graphics program.
This program is based on the program SCHAKAL by E. Keller (Kristallogra-
phisches Institute der Universitat Freiburg, FRG), which was modified by A.
J. Arduengo, 111 (E. 1. du Pont de Nemours & Co.. Wilmington. DE). to
produce the back and shadowed planes. The planes bear a 50-pm grid and
the lighting source is at infinity so that shadow size is meaningful.

Supplementary Material Available: A complete description of
the X-ray crystallographic structure determination on
[(ADPO),Ag]*SbFy" including experimental procedures, tables
of data, and ORTEP structure drawing (7 pages). Ordering in-
formation is given on any current masthead page.
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We report that nitrile hydratase from Brevibacterium sp.
contains a ferric ion in a biologically novel coordination envi-
ronment. Nitrile hydratases are bacterial enzymes that catalyze
the hydration of nitriles to amides.> The best characterized is
from Brevibacterium sp., strain R312, and is probably an a,8,;
tetramer of 94000 Da.*5 The EPR spectrum of this protein (g,
= 2.27, gy = 2.12, gy = 1.97) is consistent with a rhombically
distorted octahedral, low-spin ferric complex.®’ We present
resonance Raman and EXAFS spectra that suggest that the iron
exists in a ligand field of sulfur and nitrogen or oxygen donor
atoms.

The iron k-edge X-ray absorption spectrum® (Figure 1a) of
nitrile hydratase’ shows a shoulder at 7116 eV!® associated with
sulfur coordination.!! The shoulder at 7112 eV, assigned to the

t Please address correspondence to Mark J. Nelson at DuPont.
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Figure 1. (a) Iron k-edge spectra of nitrile hydratase (—) and [Et,N]-
FeCl, (---), normalized to give an edge height of 1.!° (b) The EXAFS
spectrum of nitrile hydratase before (OOQ) and after (—) Fourier fil-
tering (k = 1.7-12.3 A" # = 1.1-2.3 A). The best two-shell fit (see
text) is indistinguishable from the Fourier filtered data [rms (x—Xcued =
0.05): the difference is shown (). Also shown is the best single-shell
fit (---).

Is to 3d transition, has an area of approximately 0.08 eV,'2 much
smaller than that observed for rubredoxin (tetrahedral FeS,),'?
but in the range found for six-coordinate ferric complexes.!! The
best single-shell least-squares fit of the EXAFS data'*!5 (Figure
1b) assumes sulfur scatterers (five at 2.20 A) rather than nitrogen
or oxygen. However, a much better fit was obtained with a
two-shell model with 2.5 oxygen or nitrogen scatterers at 1.98 A
and 2.5 sulfur scatterers at 2.21 A, On the basis of experience
with model compounds and refinements employing alternate
weighting schemes,'® we conservatively estimate the accuracy of
nto be 21 and that of r to be £0.03 A.'4 The Fe-S bond length
is consistent with structurally characterized low-spin ferric thiolate
complexes: for example, bis(2-(({(2-aminoethyl)imino)methyl)-
benzenethiolato)iron(I1I) has Fe-S bond lengths of 2.21 A6 and
tris(1,1,1-trifluoro-4-phenyl-4-mercaptobut-3-en-2-onato)iron(I111)
has Fe-S bond lengths of 2.247, 2,217, and 2.254 A."7

Nitrile hydratase shows an electronic transition at 710 nm (e
~ 1100 M~ ¢m™).47 The resonance Raman spectrum obtained
with 640-nm excitation (Figure 2) has peaks at 348, 378, 412,
452, and 756 cm™. Notably absent are peaks in the 1100-
1600-cm™ region that would support'® the suggestion of tyrosine
coordinated to the metal ion.!® The low-frequency features are
higher in energy than those found in spectra of tetrahedral
high-spin Fe-S centers like rubredoxin?® and ferredoxins,?! but,
with respect to energy. multiplicity, and intensity,?? resemble those

(12) The units (eV) for the area arise from the normalization of the
intensity of the edge.

(13) Shulman, R. G.: Eisenberger, P.; Blumberg, W. E.; Stombaugh, N.
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(=20%k? - 2r/)\) sin (2kr + 25 + ¢). Band ¢ (scattering atom functions) are
from published ab initio calculations (McKale, A. G.: Veal, B. W.; Paulikas,
A. P Chan, S.-K.: Knapp, G. S. J. Am. Chem. Soc. 1988, /10, 3763-3768)
while & (for Fe) is based on the following: Teo, B. K.: Lee, P. A. J. Am. Chem.
Soc. 1979, 101, 2815-2832. k? = 2m, (E - E;)/h% On the basis of expe-
rience with models,!* the amplitude reduction factor, a. is taken to be 0.4, and
Ey = 7128 eV for Fe?*-O(N) and 7124 eV for Fe3*-S.
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Figure 2. Resonance Raman spectrum of nitrile hydratase. Samples
(100 mg/mL) were prepared in 0.0l M HEPES buffer, pH 7.8 (4 °C),
containing 40 mM sodium butyrate, and run at 4 °C, The 983- and
1004-cm™ peaks arise from SO, an internal standard, and phenyl-
alanine in the protein, respectively. All other peaks above 800 cm™ were
also found in the buffer.

found for azurin, a bacterial electron-transfer protein of ap-
proximately 15000 Da that contains a blue (type I) copper site.
In azurin these characteristics are attributed to vibrations of the
relatively strong metal-sulfur bond with coupling to cysteine
deformations. We would expect the strong metal-sulfur bond in
the low-spin ferric center in nitrile hydratase to give rise to a
similar pattern. These features support our assignment of sulfur
ligation to the iron and suggest that the 710-nm absorption is a
transition with cysteinate-to-iron charge-transfer character. Three
of the five cysteines in this enzyme are present in a Cys-X-Y-
Cys-Z-Cys motif at residues 110-115 of the « chain,** which we
tentatively assign to the metal binding site by analogy to the
well-known Cys-X-Y-Cys sequences that supply cysteine ligands
to the iron sites of rubredoxins.??

To our knowledge, this is the first reported example of a pro-
tein-bound six-coordinate mononuclear non-heme iron with a
mixed sulfur and nitrogen or oxygen coordination sphere. There
are well-characterized examples of hydratase/dehydratase enzymes
that contain iron-sulfur units analogous to those found in both
four-iron and two-iron ferredoxins.* With nitrile hydratase, this
analogy may be extended to the single-iron class of iron—sulfur
protein.
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