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A combination of protein crystallography and vibrational
spectroscopy has established a [(CysN&),-S-Cys)Fe(CO)-
(CN);] binuclear unit as the active site of the-Nte hydroge-
nase enzymes:2 Previously, neither CO nor CNhad been
found as a native ligand in a metalloprotein. In addition to the
two bridging cysteines, there is crystallographic evidence for a
light atom (X) bridging the two metal cente¥sRecent FTIR

studies indicate that the various redox states of the enzyme give(

characteristic shifts in the CO and CN stretching frequeriéigs.
The shifts in the stretching frequencies (CO 1949898 cnt;
CN 2093-2044 cnt?) could reflect (a) changes in oxidation
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Figure 1. Structural diagram of [F€PS3)(CN)}~ (HOCHs) (1).
Selected bond distances (A) and angles (deg)-$e2.306(1); Fe
S22.279(1); FeS3 2.278(1); FeC1 1.947(4); Fe P1 2.142(1); Ct
N1 1.156(4); S+Fe—S2 117.25(5); StFe—S3 119.11(25) S2Fe—
S3 122.69(5); StFe—P1 86.73(4); S2Fe—P1 86.91(5); S3Fe—P1
86.61(5); StFe—C1 93.8(1); S2Fe—C1 92.5(1); S3-Fe—C1 93.5-
1); P1-Fe—-C37 179.3(1).
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Cs symmetry axis. The lithium cation is coordinated to the N
atom of the CN ligand and to three DMF molecules.

states of the iron center, (b) changes in electron density on theCompoundsl and 2, which are the first crystallographically
iron center caused by changes in the redox state of the nickep_hayactenzed iron thiolate cyanide complexes, are structurally
center and/or (c) changes in the ligation of the iron center (i.e., Similar to the previously reported [iN][Fe' (PS3*)(CO)] @).12

the X ligand). Vibrational bands consistent with CO andCN
or similar multiply bonded diatomics have also been found in
iron-only hydrogenase®. An [Fe'—CN—Ni] assembly has
been proposed for cyanide inhibited carbon monoxide dehy-
drogenasé. As has been frequently the case in the history of
bioinorganic chemistry, a metalloprotein center has been

discovered with no counterpart among the synthetic coordination

complexes. The coordination chemistry of iron(ll) complexes
with CN~ and CO as ligands is severely limitedWe report
the synthesis and characterization of the first iron(ll) thiolate
complex with CN and CO ligands and its reversible oxidation
in solution to an Fe(lll) species.

The reaction of 3 equiv of NaCN with Fe&4H,O and Li-
PS3 in MeOH followed by the addition of M@BzNBr gives
[MesBzN][F€'(PS3)(CN)] (HOMe) 1).” A related synthesis
in which the Fe(ll) species is oxidized with air gives an Fe(lll)
analog of 1, [Li(DMF)3][Fe"'(PS3*)(CN)] @).58 Both 1°
(Figure 1) and2'911 have trigonal bipyramidal structures in
which the CN is trans to the phosphorus. [ there is a
hydrogen-bonding interaction between a MeOH and the N of
the CN". Compound exhibits a crystallographically imposed
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(6) (PS3)H = tris(2-phenylthiol)phosphine; (PS3*}H= tris(3-phenyl-
2-thiophenyl)phosphine.

(7) CompoundL: 'H NMR (DMSO-df) —30.90 (3H),—9.04 (3H), 3.12
(18H), 3.56 (3H), 4.07 (3H), 4.48 (4H), 7.51 (10H); BYVis in DMF, 1
(em) 1064 (5.02x 1(?), 527 (2.81x 10°), 413 (3.95x 10°%), 334 (1.36x
10% nm; (uerr = 2.63 up).
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As was the case fo8, compoundl contains an intermediate
spin ferrous ion $ = 1, ground state), consistent with the
trigonal bipyramidal symmetry, which does not permit&s

0 ground staté? Compound2 has a magnetic moment.s
=1.82ug) consistent with & = %, ground state. There is a
large difference in the FeSaefor 1 (2.29(2) A) and2 (2.167-

(1) A) but no significant difference in the FEN distance
(1.947(4) Ain1; 1.938(7) Ain2). The CN stretching frequency
shifts to lower energy and to higher intensity upon reduction
from Fe(lll) (2094 cm?) to Fe(ll) (2070 cm?).13 Cyclic
voltammetric and controlled potential electrolysis studies indi-
cate thatl and 2 are members of a three-membered electron
transfer series which includes the Fe(lV) analog. The midpoint
potential of the F&3+ couple (forl) is at 0.390 V, whereas
that of the F&2* couple is at—0.588 V (vs SCE).

At 25 °C, reaction ofl with CO (1 atm) in methanol gives
[PhyPL[Fe'(PS3)(CO)(CN)] 4) in 50% yield!* The complex
crystallizes with the CO and CNligands lying on a crystal-
lographically imposed plane of symmetry (Figuré2)The CO
and CN ligands are easily distinguished in the X-ray structure
with the CN~ ligand remainingtrans to the phosphorus and
the CO ligand adding in the plane of the three thiolate donors.

(8) Electronic spectrum & in DMF, 4 (em) 792 (3.87x 10%), 634 (3.17
x 109), 486 (4.64x 10%), 422 (8.06x 10°), 348 nm (1.75x 10%).

(9) Crystal data forl (FePSN303CaoHsg): triclinic, P1 (No. 2),a =
9.811(1) A,b = 14.771(1) A,c = 15.089(2) A,a = 109.010(8), 8 =
106.329(9), y = 90.024(9). V= 1974.5(4) B, Z = 2. A total of 4110
unique reflections with > 3¢(l) were refined toR = 0.043 andR, =
0.033.

(10) Crystal data foR (FePSN4O3sCagHasLi): trigonal, P3cl (No. 165),
a=b=14.9382(9) Ac=25.609(4) AV = 4949.1(4)R, Z = 4. A total
of 1499 unique reflections with > 30(l) were refined toR = 0.044 and
Ry = 0.048.

(11) [Li(DMF)3][Fe" (PS3*)(CN)] @). Selected bond distances (A) and
angles (deg): FeS12.167(1); FeP1 2.141(2); FeC13 1.938(7); C13
N1 1.143(8); Lit-N1 2.03(1); StFe—S1 119.869(5); StFe—P1 87.92-
(4); SI-Fe—C13 92.08(4); P+Fe—C13 180.00.
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(13) Swanson, B. I.; Hamburg. S. I.; Ryan, R. [Rorg. Chem.1974
13, 1685-1687.

(14) Electronic spectrum of in DMF. A (em) 736 (2.70x 109, 511
(1.62 x 10%).

(15) Crystal data fo#t (FeRSNO3CroHsg): monoclinic,P2;/m (No. 11),
a=10.710(3) Ab = 22.845(2) A.c = 12.307(3) A, =101.09(13, V =
2955(1) B, Z= 2. A total of 3068 unique reflections with> 3o(1) were
refined toR = 0.048 andR,, = 0.039.
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Figure 2. Structural diagram of [F§PS3)(CO)(CNJ{~ (4). Selected

bond distances (&) and angles (deg): 54 2.319(1); Fe'S2 2.325- _ ) VELOCITY (mm/s) _ _

(2); Fe~C1 1.950(8); Fe C2 1.710(8); FeP1 2.152(2); C+N1 1.154- Flgure_ 3. Mdssbauer (4.2 K) spectra .Of polycrysta_lllnerecorded in
(8); C2—01 1.173(7); StFe—S2 94.39(4); StFe-S1* 166.13(8) 'ZGI'.O field (A) a_nd an 80T m_ag.netl_c field, applle_d parallel to the
S1-Fe—-C1 95.71(5); S+ Fe—C2 85.83(5); StFe—P1 84.91(5); S2 II.‘ICIdentj/—l’adlatIO.n, (B). Th.e S_OIId_ linein spectru_m Aisa Ieast_—squa_res
Fe—P1 86.60(9); S2Fe—C1 85.2(2); S2Fe—C2 177.7(3); P+Fe— fit to the data, while the solid line in spectrum B is a spectral simulation
C1 171.8(2). C+Fe—C2 92.5(3). generated with the assumption that the electronic ground stdtbas

S = 0; this simulation also shows thatEq < 0 and 0.4< 5 < 0.8.
The Fe-C(N) distance (1.950(8) A) is similar to that in The . .
Fe—C(O) distance (1.710(8) A) lies at the short end of the range &t€d Fe(lll) species shows the same reversible Fe(lll)/Fe(ll)
of Fe—C distances (1.761.80 A) found for six-coordinate Fe- couple add. The infrared spectra of solutions obtained by the

; hemical oxidation o4 in DMF with Cp,FeBF show a CO
(1) monocarbonyl complexée$. The only other crystallographi- € i
cally characterized monomeric complex of iron with Chind stretch at 2006 et and a CN stretch at 2108 cth Attempts

; ; derway to isolate and structurally characterize this
CO ligands is the Fe(0) compound, [PPN][Fe(GIGN)].Y aré un . . .
Among non-structurally characterized complexes, [CpFe- "€ (CO)(CN) species. F&CO species are unusual, with the

(CO)(CN)]Y~ and [Fe(CO)(CNJ3~ are the most relevat:19 few previous examples limited to organometallic compohé.

; ; The redox induced shifts in the stretching frequencies of CO
The IR spectrum oft (DMF) displays sharp absorption bands . oo -
at 2079 and 1904 cm which are assigned to CN and co (102 cn®) and CN (29 cm) in 4 indicate the magnitude of

; : ; ; he shifts that could be expected for a redox change in similar
stretches, respectively. The CN stretching frequency is shifted ! .
by 9 cnt to higher frequency compared to thatlinvhile the Fe(CO)(CNj) centers in the enzymes. The total range of the
CO stretching frequency is shifted to lower energy by 36€m  CO stretching frequency in the various states of-Re
compared to that i8.12 As is observed for hydrogenase, the ydrogenases is 50 cth with smaller shifts occurring during
CO stretch is more intense than the CN stréfeh Because individual 1e reductions of the enzyrt®? There are only small
dilute solutions of4 show evidence for partial dissociation of differences in the CO stretching frequencies in the Ni(1944

: ; ; ; 1), which is the most oxidized form of the enzyme NG
the CO ligand, solution spectroscopic and electrochemical €M ) W . yme,
studies were performed under a CO atmosphere. (1950 cnmh), and Ni-R (1936 cnl), the most reduced form

Méssbauer (4.2 K) spectra of polycrystaliid@re shown in ~ Of the enzymé. The comparison between the redox changes
Figure 3. uTh(e zer)o I?ield spegtra/my(A) Iexhibits ;v slharp in the IR frequencies in the Ni A/B/C and R states of the-Ni

quadrupole doublet withEo = 0.91(2) mm/s and = 0.15(1) Fe hydrogenases (of the order of 10dqor less) and those in

mm/s (with respect to Fe metal, at 298 K). The 8.0 T spectrum the present model complex (102 c#p suggests that the

of Figure 3B exhibits magnetic splittings entirely attributable ©Xidation state of the Fe in the binuclear site of the enzyme
to the nuclear Zeeman interaction, i.e., the compound is stays unchanged upon oxidation/reduction. The EPR spectra

diamagnetic. Taken together, these data imply #hiata low-  Of the Ni-A/B states of hydrogenase showed that there is no
spin Fe(ll) compound. A Mesbauer stud§ of the Chromatium paramagnet close to the Ni site, which led to the conclusion
vinosum Ni—Fe hydrogenase (1 Ni, 12 Fe) has revealed a that the Fe site Is a low-spin iron(ll). L
spectral component with unusually small isomer shift;0.05— The discovery of the [Fe(CO)(CH) structural unit in

0.15 mm/s. The present study, together with the recent proteinNydrogenase enzymes has raised many possibilities as to its
IR and X-ray datd? suggests that the unusual spectral function in the activation and/or evolution of,H Attempts to

component should be assigned to the iron of the dinuclear Ni Model the [Fe(CO)(CN) hydrogenase center in more detail
Fe cluster? are underway in our laboratories.
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