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Abstract: HFe3(N=CHR)(CO)Q (6a,b)2 reacts with H2 or CO to give respectively the nitrene complexes H2Fe3(NR')(CO)9 
(7a,b)orFe3(NR')(CO)i0(8a,b) (a, R = CH3, R '= CH2CH3; b, R = Ph, R'= CH2Ph). Thermolysis of 7a,b or 8a,b converts 
them back to6a,b. Complexes with no hydrogen on the a carbon atom, i.e., 7dor 8d (R' = Ph), cannot form.derivatives of type 
6 but they are interconverted directly, i.e., treatment of 7d with CO yields 8d which can be reversed by heating 8d in H2. Treat
ment of 7a with base gives [HFe3(NR')(CO)9]- (9a), which may also be prepared by reduction of 6a with sodium borohy-
dride. Furthermore, complexes 9a,d may be prepared directly by reaction of CH3CH2NO2 or PhNO2, respectively, with 
[HFe3(CO)n]"". Complex 9a can be thermally dehydrogenated to [Fe3(N=CHCH3)(CO)9]" (4a), but this is suppressed by 
carbon monoxide. Air oxidation OfHFe3(RC=NH)(CO)9 (5a,c) gives Fe3(RC=N)(CO)9 (10a,c) (a, R = CH3; c, R = n-Pr) 
which possesses the first known triply bridging nitrile ligand. Complex 10a can be reduced with hydrogen to give a mixture of 
5a, 6a, and 7a, while 10c is reduced by sodium borohydride to a 1:3 mixture of [Fe3(RC=NH)(CO)9]- (3c) and [Fe3-
(N=CHR)(CO)9] - (4c). An attempt to employ 3a and 4a as homogeneous catalysts for the hydrogenation of nitriles resulted 
in their decomposition to iron metal. Possible pathways for these transformations are discussed. 

Introduction 

The use of transition-metal clusters as homogeneous cata
lysts3 and stoichiometric reagents4 is currently of great inter
est.5 Metal-atom clusters permit a greater variety of interac
tions with substrates than is possible in mononuclear com
plexes. Some examples can be cited for the cluster chemistry 
of iron,6a'b but an even richer field has been found for ruthen
ium and osmium.6c'd-7 This greater diversity of interactions is 
also believed to be responsible for the ability of clusters to carry 
out reactions which mononuclear species generally cannot, 
such as the reduction of triple bonds.5 It is often very difficult, 
however, to prove that the cluster is not merely the precursor 
to a mononuclear species or even to free metal which then acts 
as the actual catalyst or reagent. 

In 1964 a patent was issued claiming Fe(CO)5 as the cata
lyst precursor for the high-pressure hydrogenation of nitriles 
to amines.8 In a previous paper,15 we noted that Fe(CO)5 

(probably via [HFe3(C0)i i]~ (2)) reacts with (moist) nitriles 
to give [ F e 3 ( R C = N H ) ( C O ) 9 ] - (3) and [Fe 3 (N=CHR)-
( C O ) 9 ] - (4). We have therefore investigated the chemistry 
of these complexes to see how they might be related to the 
catalytic cycle responsible for the hydrogenation of nitriles. 
The original synthesis of the anions 3 and 4 and the neutral 
derivatives 5 and 6 isolated from these is summarized in 
Scheme I together with the interconversion reactions reported 
in this work. These include the stoichiometric reduction of the 
C-N triple bond of nitriles on the face of an intact Fe3(CO)9 

cluster complex (transformations 10 to 5 to 6 to 7). This pro
vides a detailed model for the steps that might be involved in 
such a reduction on a metal surface. Complex 10a and homo-
logue 10c, for which a structure has been determined, ld rep
resent the first examples of derivatives containing a triply 
bridging nitrile. 

Results 

Hydrogenation and Carbonylation of HFe3 (N=CHRXCO)9 

(6). We observed complex 6 to undergo facile reaction either 
with H2 or CO at 25 0 C (see Scheme I). Spectroscopic data 
for the products obtained in these and other reactions described 
in this section for derivatives in which R = CH 3 and R' = 
CH2CH3 are listed in Table I; the infrared absorptions in the 
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carbonyl stretching region are shown in Figures 1 and 2 
(supplementary material). The reaction of H2 with 6 is pre-
ceptible but slow at 1 atm pressure; preparative reactions for 
7a were carried out at 200 psi. Product 7a was identified by its 
mass spectrum and 1H NMR (Table I); the hydrogens are 
presumed to bridge different edges. In solution under nitrogen, 
7a gradually reverts to 6a. In a facile manner, 6a was also 
found to react with carbon monoxide to give 
Fe3(NCH2CH3)(CO)I0 (8a) (Scheme I). This complex was 
also identified by spectroscopic means (Table I), especially by 
the similarity of its carbonyl IR to that of Fe3(NSiMe3)-
(CO)10:9 i^co in hexane solution (cm - 1 ) 2088 (w), 2048 (vs), 
2019.5 (s), 2014 (m), 1999 (w) and 1743 (s). Gentle heating 
converts 7a back to 6a. 
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Table I. Spectral Data for Complexes 7a-10a 

7a 2099 (9), 2060(41), 2036 (100), 2031 (47), 2022 (8), 2003 (47), 1985 (20), 1972 (9) cm"1 

r 5.12, q (J = 7.0 Hz). 2 H; 8.28, t (J = 7.0 Hz), 3 H; 32.45, s, 2 H 
465 (42), 437 (11), 435 (29), 409 (8), 407 (14), 379 (41), 351 (88). 323 (100), 295 (44), 267 

(26), 241 (11), 239 (21), 213 (14), 21 I (23), 209 (22), 182 (4), 169 (7), 168 (8), 1 12 (4) 
2094 (1), 2049 (100), 2020 (51), 2014 (18), 1994 (7), 1730 (s) cm-1 

r 5.32, q (J = 7.0 Hz), 2 H; 8.27. t (J = 7.0 Hz), 3 H 
491 (2), 463 (17), 435 (18), 407 (4), 379 (9), 351 (9). 323 (100), 295 (83), 267 (17), 239 

(28), 211 (21),209(27), 168 (15); 112 (16), 56 (10) 
2044 (8), 2002 (78), 1971 (100), 1954(70), 1937 (sh), 1891 (12) cm"1 

T 5.45, q (J = 6.5 Hz), 2 H; 8.53, t (J = 6.5 Hz), 3 H; 30.63, s, 1 H 
2086(11), 2037 (85), 2027 (100). 2015 (60), 1993 (13), 1983 (10), 1975 (3) cm"1 

r 6.57, s, 3 H 
461 (20), 433 (14), 405 (10), 377 (3). 349 (8), 321 (100), 293 (45), 265 (27), 237 (36), 209 

(45), 194 (9), 168 (23), 153 (14), 130 (9), 112(12) 

" Relative intensities in parentheses; infrared absorptions in the carbonyl stretching region for complexes 7a and 9a and for complexes 8a 
and 10a are given respectively in Figures 1 and 2 (supplementary material). * A 0.2-0.5-Hz coupling between N-CH? and Fe-H was apparent. 
' ni/e values are given for 56Fe only; fragments due to hydrogen loss are omitted unless they are a substantial component. d Bu4N+ salt. e Me4N + 

salt. 
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We were interested to know whether transformation be
tween 7 and 8 could occur without intervention by complexes 
such as 6; such a direct interconversion would be observed for 
analogues of 7 or 8 which contain no hydrogen atoms on the 
a carbon atom, i.e., 7d (R' = Ph). Unlike its osmium ana
logue,10 7d could not be prepared from the trimetal dodeca-
carbonyl and aniline. We found that it could, however, be 
prepared from [HFe3(CO)i i]~ and nitrobenzene (vide infra) 
and carbonylated to give 8d. In turn, complex 8d can be ther
mally hydrogenated back to 7d but under much milder con
ditions than those required for the analogous transformation 
known for ruthenium." It should be noted that for a trimeth-
ylsilyl analogue of 8, namely, Fe3(NSiMe3)(CO) io, photolysis 
under an H2 atmosphere was required to convert it to the 
corresponding analogue of 7, i.e., to H2Fe3(NSiMe3)-
(CO)9 .9 b 

Synthesis and Characterization of [HFe3(NR^CO)9]- (9). 
Complex 7a is readily deprotonated by hydroxide to give 
[HFe 3 (NC 2 Hs)(CO) 9 ] - (9a) in a reaction analogous to that 
of hydride complexes 5a and 6a. Ib The product was charac
terized by ' H NMR (Table I) and by its clean reprotonation 
to 7a. While anion 9a is stable toward dehydrogenation at room 
temperature, it can be converted to 4a in refluxing acetonitrile 
(80 0C). Under an atmosphere of carbon monoxide, however, 
the thermal dehydrogenation is completely suppressed. 
Complex 4a, on the other hand, could not be hydrogenated 
back to 9a at 1 atm pressure. The mechanistic implications of 
these observations are set forth in the Discussion section. 

Two other methods for synthesizing 9a and its analogues 
were also found. The first is the reaction of nitroethane or ni
trobenzene with [HFe3(CO)i i]~ to give 9a or 9d directly in 
low to moderate yields. The second is the reduction of 6a with 
sodium borohydride. 

Attempted Reduction of HFe3(CH3C=NH)(CO)9 (5a). Un
like 6a, complex 5a could not be hydrogenated under conditions 
less vigorous than those leading to isomerization. In addition, 
reaction with sodium borohydride leads primarily to depro-
tonation to give 3a, rather than reduction of the C = N 
bond. 

Synthesis and Chemistry of Fe3(N=CRXCO)9 (10). During 
routine studies of air stability, we found that air oxidation of 
hexane solutions of 5a leads to a mixture of iron oxide, 
Fe(CO)5, and a new complex, Fe 3 (N=CCH 3 ) (CO) 9 (10a) 
(Scheme I). Product 10a was identified by its mass spectrum 
and 1H NMR (Table 1). The bonding in this complex was 
anticipated to be analogous to that found in the isoelectronic 
acetylide complexes CpFe 3 (C=CR)(CO) 7

1 2 1 1 and 
HRu3(D=CR)(CO)9 .1 2 b No crystals of 10a suitable for X-ray 
structure determination could be obtained, but the butyroni-

trile analogue 10c yielded satisfactory single crystals. The 
mode of bonding shown in Scheme I for the nitrile ligand of 10 
has thus been confirmed crystallographically.id It is interesting 
to note that complex 10a could not be prepared directly from 
Fe3(CO) 12 or Fe2(CO)9 and acetonitrile owing to decompo
sition and formation of Fe(CO)4(CH3CH), respectively. Re
action of 10a with hydrogen at 1 atm pressure at 80 0 C slowly 
leads to the formation of a mixture of 5a, 6a, and 7a (Scheme 
I). Reduction of 10c with sodium borohydride gives a 3:1 
mixture of 4c and 3c. 

By contrast to the oxidation of 5a, oxidation of complex 6a 
gives only decomposition products. 

Attempts to Employ [Fe3(CH3C=NHXCO)9]- (3a) and 
[Fe3(N=CHCH3XCO)9]- (4a) as Homogeneous Catalysts. As 
noted in the Introduction, we have found that clusters 3 and 
4 are formed under the conditions previously patented for the 
catalytic hydrogenation of nitriles to amines.8 A most impor
tant question therefore concerns the relevance of these clusters 
to the catalytic cycle. A "crossed" R group experiment was 
designed employing 3a and 4a (R = CH3) as the catalysts for 
the hydrogenation of butyronitrile; if catalytic reduction were 
to take place and the cluster complexes could be recovered, the 
presence of propyl groups in these clusters would constitute 
evidence for at least one turnover by the cluster complexes. The 
conditions employed were milder (155 0C, 1800 psi, 20 h) than 
those typically employed in the patented process (200 0 C, 4500 
psi, 9 h)8 because, if the clusters were indeed the catalysts, a 
higher specific activity could be anticipated. Also mild con
ditions would help to optimize recovery of at least a portion of 
the cluster complexes. Despite these precautions, the cluster 
complexes were found to be completely decomposed to iron 
metal, even at less than 5% conversion of the nitrile to 
amine. 

Testing of the anions 3a and 4a is equivalent to testing of the 
neutral species 5a and 6a owing to their interconversion 
through solvent-induced disproportionation reactions.Ib 

Discussion 

The synthesis of complexes 3-6 has enabled us to carry out 
the first chemical studies of cluster-bound acimidoyl and al-
kylidenimido ligands. It is interesting to note that the chemistry 
of the alkylidenimido complex 6 is based on reversible ligand 
reduction, while that of the C-iminyl complex 5 is based on 
reversible ligand oxidation. These results, together with the 
irreversible isomerization of 5 to 6, provide a clear example of 
the elementary steps in the reduction of a nitrile triple bond 
on the face of an intact cluster. Although reduction of acety
lenes has been observed on an osmium cluster complex, these 
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interconversions have not yet been studied in any de-
t a i |6c,d,7 

Interconversion of Alkylidenimido and Nitrene Groups. No 
triply bridged alkylidenimido complex was known previous to 
this study.13 On the other hand, there are several known 
complexes containing a triply bridging nitrene ligand, e.g., 
Fe3(NSiMe,)(CO)i0,9a Fe3(NSiMe3)(CO)i0-vLv (L = PR1 

or P(OR)3 , x = 1, 2, or 3),9b H2Fe3(NSiMe3)(CO)9 ,9" 
Ru 3(NPh)(CO) 1 0 , " H 2 Ru 3 (NPh)(CO) 9 , " H2Os3(NPh)-
(CO)9 ,1 0 and Cp 3Ni 3NR.' 4 However, the absence of hydro
gens on the a carbon in all of these complexes precludes their 
conversion to alkylidenimido complexes. Thus the derivatives 
we have isolated in the present work offered the first oppor
tunity to study the interconversion of these two functional 
groups. Our findings regarding these transformations suggest 
the presence of an electronically unsaturated intermediate, 
*Fe3(NCH2CH3)(CO)9 (i-2), 'b '2 linking the products. Sup
port for the existence of such as intermediate is derived from 
the facile interconversions with H2 or CO of derivatives 7 and 
8 containing triply bridging nitrene ligands, including those 
lacking hydrogen atoms on the a carbon. Additionally, inter
mediate i-2 is consistent with hydrogen scrambling in 6a, de
scribed in a previous paper."3 A hydrocarbon analogue of the 
transformation of 6 to 7 is observed in the hydrogenation of 
H 2 Os 3 (C=CH 2 ) (CO) 9 at 125 0 C to give H3Os3(CCH3)-
(CO)9.7d When D2 gas was used, the main product was a di-
deuterated derivative of the latter but tri- and tetradeuterated 
species were also present.7d NMR spectra showed that the ratio 
of methyl hydrogen to metal hydrogen was 0.67; thus, pref
erential attack directly on the carbon ligand was suggested.7cl 

It is not clear, however, whether the 0.67 ratio is a kinetic or 
thermodynamic result. The improbability of direct attack by 
D2 on the ligand and the known thermodynamic preference of 
the C-D and M-H bond pair'b over the C-H and M-D bond 
pair suggest that it may be the result of intramolecular H / D 
equilibration analogous to what has been observed for 
DFe 3(N=CHCH 3)(CO) 9 . " 5 Although equilibration between 
metal- and ligand-bonded hydrogen atoms was not observed 
in HDOs 2 (C=CH 2 ) (CO) 9 at temperatures up to 80 0 C, 1 5 

such might occur at the higher ranges required in the hydro
genation of the vinylidene complex. Further work will be 
needed to sort out these possibilities. 

The complex [HFe 3 (NC 2 H 5 ) (CO) 9 ] - (9a) cannot dehy-
drogenate through an intermediate similar to i-2'b-2 because 
it lacks one of the two cluster hydrogen atoms. It is in fact 
stable to dehydrogenation at room temperature but can be 
converted to 4a by heating at 80 0 C. This dehydrogenation is 
completely arrested in the presence of carbon monoxide. This 
suggests that the first step in the conversion of 9a to 4a is the 
loss of carbon monoxide to give the electronically unsaturated 
octacarbonyl derivative i-3 depicted in Scheme II. The sub
sequent proposed steps are self-explanatory. 

Reduction of Nitro Compounds by [HFe3(CO)M]- (2). 
Landesberg et al.16 found that nitrobenzenes are reduced to 
anilines by 2. Alper et al.17 later proposed a mechanism for this, 
but some of the intermediates postulated are untenable because 
of the extremely electron-deficient iron centers present. Re
gardless of the correctness of the rest of the mechanism, Alper's 
complex 7 can be reformulated according to the EAN principle 
as our complex 9d (see structure in Scheme II, R' = Ph). This 
led us to reinvestigate the reaction of 2 with various nitro 
compounds under aprotic conditions. The reaction is not a 
clean one, but 9a and 9d are obtained in about 25 and 10% 
yield, respectively, from the treatment of 2 with the appropriate 
nitro compound. The low yields may be due to side reactions 
of 2, namely, its cleavage to [ H F e ( C O ^ ] - and its thermolysis 
to as yet unidentified species observed as byproducts. The mass 
spectrum of 7d (the protonated derivative of 9d) shows peaks 
due to free aniline.18 These results implicate complex 9 as at 
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least one of the intermediates in the reduction of nitrobenzenes 
to anilines by 2. As noted by previous workers,'' clusters of this 
type are probably also important in the Ru3(CO)i2-catalyzed 
conversion of nitrobenzene to aniline and urea.19 

Synthesis of Fe3(N=CRXCO)9 (10) by Oxidation of 
HFe3(RC=NH)(CO)9 (5). The air oxidation of 5 is a most un
usual organometallic reaction; this complex is dehydrogenated 
to give 10, the first 7j3-nitrile cluster complex. Attempts to 
prepare 10a directly from acetonitrile and Fe2(CO)9 or 
Fe3(CO) |2 were unsuccessful owing to predominance in this 
pathway of the Hieber disproportionation reaction.20 We have 
not studied the oxidation of 5 in detail, but it seems likely that 
it is initiated by the abstraction of the N - H hydrogen as H -

by O2. Subsequent loss of the highly acidic metal hydrogen as 
a proton together with a 30° ligand rotation would give com
plex 10. The same cationic intermediate could also be reached 
in a two-step process by abstraction of H- followed by one-
electron oxidation. 

Hydrogenation of Fe3(N=CRXCO)9 (10). Complex 10a is 
rather unreactive compared to the other neutral complexes 
reported here. At 80 0 C and 1 atm of hydrogen gas pressure, 
however, it can be slowly converted to a mixture of 5a, 6a, and 
7a. Because 5a cannot be prepared from 6a or 7a, it must be 
a primary product of the hydrogenation of 10a. Complexes 6a 
and 7a are probably secondary products resulting from the 
isomerization of 5a to 6a and the subsequent hydrogenation 
of 6a to 7a. The reluctance of low-valent complexes to exceed 
the EAN electron count requires that 10 undergo loss of CO 
or conversion of the six-electron donor nitrile to a four-electron 
donor prior to addition of hydrogen. The switch in nitrile 
bonding to a four-electron donor has structural precedence in 
the 46-electron complex Fe3(PhC=CPh)(CO)9 .2 1 The hy
drogenation of 10 to 7 is analogous to the known hydrogenation 
of the isoelectronic acetylide complex HOs 3 (C=CH)(CO) 9 

to H3Os3(CCH3)(CO)9,6d except that the latter reaction may 
occur by a different mechanism owing to the presence of a 
metal hydride. 

Borohydride Reductions. In the treatment of H F e 3 ( N = 
CHCH 3 ) (CO) 9 (6a) with borohydride, attack occurs as ex
pected at the carbon of the alkylidenimido group in 6a to give 
9a. A slight side reaction, namely, deprotonation of 6a, is also 
observed, complicating isolation of pure 9a by this route. This 
side reaction dominates when 5a is treated with borohy
dride. 

Reduction of Fe3(N=C-A-Pr)(CO)9 (10c) with sodium 
borohydride gave a 1:3 mixture of 3c and 4c. This is distinctly 
different than the ratio of 4:1 observed in the original synthesis 
of anions 3a and 4a. Ib Since the anions do not interconvert 
under these circumstances, lb these results may well reflect 
kinetic control of attack at nitrogen vs. carbon by BH4-. The 
fact that any attack at nitrogen is observed at all is probably 
related to the ability of the cluster to modify reactivity by 
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serving as an electronic buffer through charge derealiza
tion. 

Conclusions 

Despite the demonstration of the stepwise and, in some cases, 
reversible reduction of the carbon-nitrogen triple bond on the 
face of a triiron cluster, it is significant that none of the com
plexes isolated here is stable under the conditions required for 
the catalytic reduction of nitriles. Do these observations 
therefore have any relevance to the catalytic reaction? We 
believe that they do. 

Clearly, the formation of iron metal from these cluster 
complexes indicates that carbon monoxide is too labile a ligand 
to maintain the integrity of the cluster under the catalytic 
conditions. The isolated species do, however, demonstrate how 
several metal atoms acting in concert can lead to the reduction 
of nitriles. As such, they serve as a model for what may be 
happening at the metal surface of the actual iron metal cata
lyst. The adjacent and subsurface metal atoms in the active 
metal particles may simply be thought of as less liable "Ii-
gands". Similar to the carbonyl groups in discrete clusters, 
these "ligands" stabilized the multimetal atom groupings re
quired for the reduction and also help to delocalize electronic 
fluctuations. 

Perhaps the most crucial point in a catalytic circle for the 
homogeneous species is the desorption of products. This is the 
point at which the present species failed to form a closed cycle. 
The conditions needed to displace amine from the dihydro-
donitrene precursor complex are vigorous enough to lead to 
cluster decomposition, resulting in metallic iron. Although 
excess ligand (ancillary or reactant) can sometimes prevent 
this decomposition, the presence of such ligands often also leads 
to coordinative saturation which prevents the required trans
formations from occurring in the first place. Our work thus 
indicates some of the limitations of homogeneous systems for 
catalyst of reactions observed to occur with great facility in 
heterogeneous systems. 

Experimental Section 

The previous paper"3 should be consulted regarding general in
formation about chemicals, instrumentation, and reaction conditions. 
Tetrahydrofuran was dried by distillation from sodium benzopbe-
none. 

Syntheses of H2Fe3(NCH2RXCO)9 (7) by Hydrogenation of 
HFe3(N=CHRXCO)9 (6). A. R = CH3. A solution of 6a (0.266 g, 575 
/umol) in hexane (150 mL) was treated with hydrogen (200 psi) in a 
Hoke bomb with occasional shaking for 48 h. The bomb was then 
vented by burning the slowly escaping hydrogen at the valve opening. 
The yellow-brown solution was concentrated, passed through a short 
silica gel column to remove any decomposition products, and collected 
under nitrogen. (This complex is the most air sensitive of the neutral 
ones prepared in this work.) Removal of solvent gave 7a (0.231 g, 
87%). Larger scale reactions employed benzene as solvent for greater 
solubility. The analytical sample was recrystallized from hexane. Anal. 
Calcd for CnH7Fe3NO9: C, 28.43; H, 1.52; N, 3.01. Found: C, 24.18; 
H, 1.63; N, 2.99. 

B. R = Ph. Complex 7b was prepared in an analogous manner. IR 
wco in cyclohexane (cm"1): 2099 (16), 2061 (83), 2040 (99), 2030 
(100), 2024 (28), 2002(77), 1985 (32), 1972 (15). 

Attempted Synthesis of 7b from Fe3(CO)] 2 and Aniline. A solution 
of Fe3(CO)I2 (0.470 g, 0.93 mmol) and aniline (0.1 mL, 1.10 mmol) 
in benzene (30 mL) was heated under reflux for 4 h. The solution 
turned from green to red and infrared spectra indicated the presence 
of unkonwn, air-sensitive neutral species but no 7b. 

Thermal Dehydrogenation of 7a to 6a. A solution of 7a in hexane 
was allowed to stand overnight. Infrared spectra indicated that partial 
conversion to 6a had occurred. The solution was then refluxed for 4.5 
h, which completed the transformation. 

Synthesis of Fe3(NC2H5XCO),o (8a) by Carbonylation of 6a. Carbon 
monoxide was bubbled through a solution of 6a (36 mg, 78 /Ltmol) in 
cyclohexane (35 mL) for 50 h. The solvent was then evaporated and 
the residue chromatographed on a short silica gel column to give 8a 

(38 mg, 100%). The analytical sample was recrystallized from hexane. 
Anal. Calcd for C12H5Fe3NOi0: C, 29.37; H, 1.03; N, 2.85. Found: 
C, 29.48; H, 0.97; N, 3.01. 

Thermal Decarbonylation of 8a to 6a. A solution of 8a in hexane 
was refluxed for 8 h, at which time infrared spectra showed complete 
conversion to 6a. 

Synthesis of Fe3(NPhXCOh0 (8d) by Carbonylation of 7d. Carbon 
monoxide was bubbled through a solution of 7d (99 mg) in refluxing 
cyclohexane for 3 h. The solvent was evaporated and the residue 
chromatographed on silica gel to remove traces of 7d (band 1). Band 
2 gave 8d (58_mg, 55%). IR vCo in cyclohexane (cm'1): 2095 (5), 2054 
(100), 2049 (96), 2025 (76), 2016 (21), 1996 (9), 1988 (4), 1739 
(-15). 1H NMR (CDCl3): T (ppm) 3.52 (m). 

Thermal Hydrogenation of 8d to 7d. Hydrogen was bubbled through 
a solution of 8d in refluxing cyclohexane for 1 h, at which time infrared 
spectra indicated that complete conversion to 7d had occurred. 

Synthesis of [HFe3(NC2H5)(CO)9]- (9a) by Deprotonation of 7a. A 
solution of 7a (0.261 g, 0.56 mmol) in methanol (25 mL) was treated 
with methanolic potassium hydroxide (1.7 mL of 0.36 M, 0.61 mmol) 
for 20 min. Addition of tetrabutylammonium iodide (0.244 g, 0.66 
mmol) in water (50 mL) gave a black precipitate which was collected 
by filtration and washed with water. The product was dissolved in 
methanol, filtered, and concentrated. Addition of water to the cloud 
point and cooling at —20 0C gave 9a (0.241 g, 61%). Anal. Calcd for 
C27H42Fe3N2O9: C, 45.91; H, 6.01; N, 3.97. Found: C, 38.68; H, 6.63; 
N,4.21. 

Synthesis of H2Fe3(NR1XCO)9 (7) from Nitroethane or Nitrobenzene 
and [HFe3(CO),,]- (2)- A. R' = C2H5. A solution of nitroethane (0.65 
mL of a 1:10 tetrahydrofuran dilution, 904 ,umol) and 2 (0.470 g, 853 
^mol) in tetrahydrofuran (30 mL) was heated under reflux for 15 h, 
during which time the solution turned from violet to dark red-brown. 
The solvent was then evaporated and the residue extracted with diethyl 
ether until the extracts were pale red. The infrared spectrum of the 
ether-insoluble residue in acetonitrile showed only two bands, a weak 
one at 2008 cm"1 and a very strong, broad one at 1948 cm"1. We have 
found that this complex can also be obtained from the thermolysis of 
2 in tetrahydrofuran. Further attempts at characterization of this 
species have thus far not proved successful. The combined ether ex
tracts were taken to dryness on an aspirator. Infrared spectra indicated 
that the residual solid consisted of [HFe3(NC2H5)(CO)9]- (9a) and 
[HFe(CO)4]-. This mixture was then treated with a few milliliters 
of water and acetic acid (3OmL). The red solution was extracted with 
hexane and then further acidified with water and excess phosphoric 
acid. Hexane extraction was continued until the aliquots were nearly 
colorless. Chromatography gave complex 7a (91 mg, 23%), sometimes 
contaminated with Fe3(CO)j2-

B. R' = Ph. A solution of nitrobenzene (1.8 mL of a 1:10 tetrahy
drofuran dilution, 1.75 mmol) and 2 (0.942 g, 1.71 mmol) in tetra
hydrofuran (40 mL) was heated under reflux for 18 h and then worked 
up as described for R' = C2H5, except that repeated chromatography 
could be used to remove Fe3(CO)]2. This gave complex 7d (99 mg, 
1 1%). IR vco in cyclohexane (cm"1): 2101 (17), 2064 (91), 2041 
(100), 2032 (62), 2028 (31), 2009 (75), 2002 (11), 1985 (32), 1975 
(22). 

Attempted Hydrogenation Of[Fe3(N=CHCH3XCO)9]- (4a). Hy
drogen was bubbled through a solution of 4a in refluxing acetonitrile 
for 24 h. Infrared spectra indicated that no reaction had occurred. 

Dehydrogenation of [HFe3(NC2H5XCO)9]- (9a). A solution of 9a 
in acetonitrile was refluxed for 18 h, which gave nearly complete 
conversion to 4a. When repeated under carbon monoxide, no reaction 
occurred. 

Reduction of HFe3(N=CHCH3XCO)9 (6a) with Sodium Borohy-
dride. A solution of 6a (80 mg) was treated with sodium borohydride 
(12 mg) in tetrahydrofuran (25 mL) for 1.5 h, at which time infrared 
spectra indicated that conversion to [HFe3(NC2H5)(CO)9]- had 
occurred. The solvent was evaporated and the resulting solid acidified 
with phosphoric acid to give H2Fe3(NC2H5)(CO)9 (74 mg) con
taminated with a little 6a. 

Attempted Hydrogenation of HFe3(CH3C=NHXCO)9 (5a). A so
lution of 5a in hexane was treated with hydrogen (200 psi) in a Hoke 
bomb for 4 days. Infrared spectra at that time indicated that no re
action had occurred. 

Reaction of 5a with Sodium Borohydride. A solution of 5a (301 mg) 
was treated with sodium borohydride (31 mg) in tetrahydrofuran (40 
mL) for 3 h, at which time infrared spectra indicated that conversion 
to [Fe3(CH3C=NH)(CO)9]- had occurred. Acidification with 
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phosphoric acid and extraction with hexane followed by chromatog
raphy gave two bands. The first band was a mixture of Fe3(CO)i2, 
H2Fe3(NC2H5)(CO)9 , and a small amount of H F e 3 ( N = C H C H 3 ) -
(CO)9. The bulk of the product was found in the second band, which 
consisted of 5a. 

Syntheses of Fe3(RCNXCO)9 (10) by Oxidation of HFe3(R-
C=NHXCO), (5). A. R = CH3. A solution of 5a (0.464 g, 1.00 mmol) 
in hexane was left exposed to air without stirring for about 50 h. A 
precipitate of iron oxide was present and infrared spectra showed that 
the solution contained about a 1:2 mixture of 5a and 10a. The solvent 
was evaporated and the residue chromatographed on a short silica gel 
column. The first band gave 10a (86 mg, 19%). The analytical sample 
was recrystallized from dichloromethane at —20 0C. Anal. Calcd for 
C, ,H3Fe3NO9 : C, 28.68; H, 0.66; N, 3.04. Found: C, 28.51; H, 0.61; 
N, 3.03. IR: j /Co, see Table I; VCN in C2Cl4 (cm"1) 1610.22 

B. R = Ph. Complex 10b was prepared in an analogous manner 
from 5b (60 mg) in about 18% yield after a 3-day reaction. IR VQO in 
cyclohexane (cm"1): 2086 (16), 2038 (72), 2029 (100), 2016 (45), 
2004(4), 1995 (14), 1984(9). 

C R = Pr. Complex 10c was prepared in an analogous manner from 
5c (0.7 g) in about 25% yield after a 5-day reaction. IR VQO in cyclo
hexane (cm"1): 2086(11), 2036(81), 2027 (100), 2015 (56), 1992 
(12), 1981 (11), 1974(3). VCNInC2Cl4(Cm-'): 1601.22 1H NMR 
(CDCl3, r in ppm, J in Hz): 6.40, t (J = 7.5), 2 H; 7.97, sextet (J = 
7.5), 2 H; 8.82, t (J = 7.5), 3 H. 

Attempted Direct Synthesis of 10a. A. A solution of Fe3(CO) n in 
benzene was treated with 1 equiv of acetonitrile at reflux for 2 h, 
during which time complete decomposition occurred. 

B. Fe2(CO)9 was treated with acetonitrile in benzene solution. In
frared spectra indicated the formation of Fe(CH3CN)(CO)4 and trace 
amounts of an unidentified complex but no 10a. 

Hydrogenation of Fe3(CH3CNXCO)9 (10a). Hydrogen was bubbled 
through a solution of 10a in refluxing cyclohexane for 20 h. Infrared 
spectra and chromatographic workup showed that a mixture of 10a, 
5a, 6a, and 7a was present. 

Reduction of Fe3(PrCNXCO)9 (10c) with Sodium Borohydride. A 
solution of 10c (123 mg) in tetrahydrofuran was treated with an excess 
of sodium borohydride for 20 h, at which time infrared spectra indi
cated that a mixture of 3c and 4c was present. The solvent was re
moved, the residue was acidified, and the hexane extracts were 
chromatographed. Band 1 gave 6c (45 mg) contaminated with traces 
of 7c and 10c. Band 2 yielded 5c (13 mg). 

Attempted Catalytic Hydrogenation of Butyronitrile. Butyronitrile 
(30 mL, 340 mmol) containing a mixture of 3a and 4a (0.71 3 g, 1.33 
mmol, prepared from 5a by deprotonation with hydroxide) was placed 
in a glass-lined autoclave (previously flushed with nitrogen) and 
pressurized to 1800 psi with hydrogen. The autoclave was placed in 
a rocker and heated at 155 CC for 20 h. The hydrogen was then vented 
and the contents of the autoclave transferred to Schlenk flask. A large 
amount of iron metal was presented and the liquid had no red color
ation indicating the absence of cluster complexes. Infrared spectra 
showed trace amounts (<50 mg) of [HFe(CO) 4 ] - and NMR spectra 
showed that less than 5% conversion of nitrile to amine had oc
curred. 

A similar run using Fe(CO)5 (0.5 mL) at 175 0 C for 15 h gave 40% 
conversion but again only iron metal was present when the autoclave 
was opened. 
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