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The new iron carbonyl cyanide trans-[Fe(CN)2(CO)3]2-, [2]2-, forms
in high yield via photosubstitution of Fe(CO)5 with 2 equiv of
Et4NCN. Protonation of [2]2- generated [HFe(CN)2(CO)3]-, [2H]-,
the first H−Fe−CN−CO species. Further protonation gives dihy-
drogen. This simple system provides insights into hydrogen
evolution by the hydrogenase enzymes, which also feature H−Fe−
CN−CO centers.

Iron carbonyl cyanide complexes1-7 have assumed special
importance in light of the discovery of Fe-CO-CN motifs
in the active sites of both Fe-only and [Ni-Fe] hydrogenases,
the enzymes responsible for virtually all bioprocessing of
dihydrogen.8-10 Thus, Fe-CO-CN-H species may be
considered as minimalist biomimetic models of Fe-only and
possibly the [Ni-Fe] hydrogenases. Although several Fe-
CO-CN species have been described, none features hydro-
genic ligands, the sine qua non of hydrogenases.11 Herein,
we describe the synthesis of the first hydrides of iron
carbonyl cyanides and the conversion of these hydrides into
dihydrogen. The development of functional analogues12,13of
the hydrogenase enzymes could lay the foundation for new
fuel cell and related clean-energy applications.14,15

Initial studies examined the protonation of the well-known
Fe(0) complex K[Fe(CO)4CN] (K[1]).5,6 Treatment of K[1]
with 1 equiv of HCl (2.0 M solution in Et2O) in MeCN
solution (-30 °C) leads to an 1:8 mixture of HFe(CO)4CN
(1H, δ -9.67) and Fe(CO)4CNH (broad, δ 8.50). This
mixture readily decomposes to, inter alia, Fe(CO)5. The
instability of 1H can be attributed to the facile elimination
and lability of HCN, which is facilitated by the four electron-
withdrawing CO groups. The Fe sites of both families of
hydrogenases feature donor ligands (thiolates) in addition
to CO and CN-; furthermore, the Fe site in [NiFe] hydro-
genase features two CN- ligands.8 This logic suggested that
the replacement of a further CO by CN- might stabilize the
Fe-H bond.

The Et4N+ salt of [Fe(CN)2(CO)3]2- ([22-]) can be
synthesized on a gram scale from Fe(CO)5 by photosubsti-
tution with 2 equiv of Et4NCN (Scheme 1). The product was
isolated as colorless crystals from Et2O-MeCN (70% yield).
The same salt can also be generated by stepwise photosub-
stitution from [1]- as well as by thermal displacement of
bda from [Fe(CO)3(bda)]16 (bda) PhCHdCHCOCH3). The
salt (Et4N)2[Fe(CN)2(CO)3] air oxidizes to give a mixture
of [Fe(CN)5CO]3- and trans-[Fe(CN)4(CO)2]2-.2,3,7

Crystallographic analysis of (Et4N)2[2] reveals the expected
trigonal bipyramidal (D3h) arrangement of the CN- and CO
ligands (Figure 1). The Fe-CO (1.779(2) Å) and Fe-CN
(1.925(2) Å) distances indicate extensiveπ-back-bonding in
the Fe-CO bond and the predominantlyσ-bond character
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Scheme 1. Synthesis oftrans-[Fe(CO)3(CN)2]2-
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of the Fe-CN bond. In octahedral and square planar cyano-
carbonyls, CO is typically trans to the strong donor CN-.

The IR spectrum of (Et4N)2[2] in MeCN, displayingνCN

and νCO bands at 2059 and 1844 cm-1, respectively, is
consistent with the solid state structure as is the13C NMR
spectrum. The cyclic voltammogram of (Et4N)2[2] shows an
irreversible oxidation at-400 mV; in contrast, [1]- oxidizes,
again irreversibly, at+150 mV (all potentials vs Ag/AgCl
in MeCN). The 550 mV shift in theEox and the ca. 175 cm-1

shift in νCO both indicate that [2]2- is substantially more
electron-rich than [1]-.

Protonation of [2]2- with 1 equiv of p-TsOH (or NH4-
PF6) gave the hydride [HFe(CO)3(CN)2]- (Et4N[2H]), three
isomers of which are possible (Scheme 2).

Low temperature (-30 to 0 °C, MeCN solution) pro-
tonations revealed the formation of two major isomers (δ
-7.90, -8.33) with a third minor isomer (δ -11.2).
Protonation is complete at 10°C with the three isomers atδ
-7.90, -8.30, -11.2 in the ratio of 10:6:1, regardless of
the solvent used for the protonation (MeNO2, CH2Cl2,
MeCN).

The1H-coupled13C NMR spectrum (Figure 2) of [2H*] -

at 10°C consists of two intense doublets in the CN region
(δ 135.2 (J ) 16 Hz), 132.9 (J ) 13 Hz)) consistent with
the predominance of isomers A and B (Scheme 2), both of
which have similar coupling to13CN as observed in the13C
NMR spectra of enriched samples. It proved difficult to
separate a pure sample of [2H]- from the co-formed
conjugate salt; however, a solid sample, analytically found
to be a 1:1 mixture of (K)[2H] and co-formed [K(18-c-6)]-
Cl was obtained by the protonation of [K(18-c-6)2][2] with
anhydrous HCl in MeCN at 0°C followed by precipitation
with diethyl ether.

The most notable feature of the IR spectrum of [2H]- is
the ca. 175 cm-1 shift of the (νCO)av stretching frequency
upon protonation (Figure 3), indicative of substantial elec-
tronic rearrangement associated with conversion of the five-
coordinate zerovalent metal center to the divalent octahedral
derivative. The shift is comparable to the∆(νCO)av shift of
166 cm-1 previously recorded for the protonation of
[Co(CH3CN)6][Co(CO)4]2 in MeCN.17 Although splitting of
the νCO bands is not observed,νCO andνCN bands in the IR
spectra of [2H]- in MeCN and [Fe(CO)3(CN)2Br]- in THF,
which adopts isomer B (in Scheme 2), are very similar.18

(Et4N)2[2] is protonated by NH4PF6 (pKa ) 16 in MeCN),
whereas1H is fully deprotonated by C6H5NH2 (pKa ) 11).
Thus,1H is >105 more acidic than [2H]-. These data further
establish that the protonation in [2]2- occurs at the Fe(0)
center and not at the CN- to yield the hydride, [2H]-,
although protonation at the metal center in cyanometalates
is rare.19,20

Further protonation of [2H]- in principle should afford
Fe(CN)2(CO)3(H2), which would be of obvious relevance to
the H2-evolution function of the hydrogenases. Treatment
of [2H]- with excessp-TsOH (pKa ) 8) at room temperature
completely consumed the hydride and gave 67% yield H2,
analyzed by1H NMR spectroscopy and gas chromatography.
The evolution of H2 is associated with an equimolar evolution
of CO (analyzed by gas chromatography) and the formation
of a yet unidentified Fe-containing product (νCN and νCO
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Figure 1. Structure of the dianion ([2]2-) in (Et4N)2[Fe(CO)3(CN)2] with
thermal ellipsoids (50% probability) and selected atom labels; hydrogen
atoms are not shown. Selected bond distances (Å) and angles (deg): Fe-
(1)-C(1), 1.785(2); Fe(1)-C(2), 1.780(2); Fe(1)-C(3), 1.773(2); Fe(1)-
C(4), 1.921(2); Fe(1)-C(5), 1.929(2); C-O(av), 1.161(2); C-N(av),
1.160(2); C(4)-Fe(1)-C(5), 177.7(1); Fe(1)-C-O(av), 178.9(2); Fe(1)-
C-N(av), 178.4(2); OC-Fe-CO(av), 120.0(1); NC-Fe-CO(av), 90.0-
(1).

Scheme 2. Isomers of [HFe(CO)3(CN)2]-, [2H]-

Figure 2. 1H NMR (500 MHz, CD3CN) spectrum (hydride region) (left)
and13C NMR (125 MHz, CD3CN) spectrum (CN region) (right) of [Et4N]-
[HFe(CO)3(CN)2].

Figure 3. IR spectra of (Et4N)2[2] (a) and (Et4N)[2H] (b) (CH3CN).
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bands at 2108 and 2069 cm-1 in MeCN). Interestingly,
treatment of [2H]- with excessp-TsOD gave mainly D2,
identified by 2H NMR spectroscopy. This finding can be
rationalized by the occurrence of a rapid protonation-
deprotonation equilibrium of the proposed intermediate,
Fe(CN)2(CO)3(H2-xDx) (Scheme 3).

In summary, a minimalist, purely inorganic representation
of the Fe site in the metallo hydrogenases has been prepared
via the synthon [Fe(CN)2(CO)3]2-, the newest and most
reactive member of the growing iron carbonyl cyanide
family.1-7 The new dianion gives rise to the first Fe-CN-
H-CO species and further connects to the formation of
dihydrogen via a pathway that implicates an FeII-CN-CO-
H2 intermediate.
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