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Abstract 

The catalytic activity of a series of diiron complexes based on the {Fe2Cp2(CO)x} core (x = 2-3) and 

containing a bridging aminocarbyne ligand was screened in transfer hydrogenation reaction of 

cyclohexanone from isopropanol. The series include cationic tricarbonyl complexes, [1a-d]CF3SO3, 

and neutral derivatives obtained by substitution of one carbonyl with hydride (2a-c), cyanide (3a-d) or 

chloride (4a) ligands. The novel compounds 2a-b, 3a-b and 4a were characterized by analytical and 

spectroscopic techniques, and the single crystal X-ray structure of one isomer of 4a was determined. In 

general, diiron complexes exhibited a moderate activity in combination with potassium hydroxide; 

[Fe2Cp2(CN)(CO)(µ-CO){µ-CN(Me)(4-C6H4OMe)}], 3a, emerged as the best catalyst and the study 

of its activity was extended to a range of other ketones. DFT calculations suggest an unusual carbyne-

centred mechanism, and the better performance displayed by 3a is ascribable to the stabilizing effect 

provided by the cyanide co-ligand, which is experimentally supported by IR analyses. 

 

Keywords: transfer hydrogenation; diiron complexes; aminocarbyne ligand; DFT calculations; cyano 

group. 

 

Introduction 

The reduction of carbonyls, imines and other unsaturated organic functions into the corresponding hydrogenated 

derivatives is a key industrial reaction to produce fine chemicals, and transfer hydrogenation (TH) from suitable 

substrates has attracted huge interest since it represents a valid alternative to the use of dihydrogen gas.1,2 The 

development of outstanding ruthenium catalysts for asymmetric hydrogenation eventually led to the assignment 

of the Nobel Prize to Noyori in 2001.3,4 In general, the catalytic cycle during the TH process starts with the 

formation of ruthenium-hydride complexes, then hydride transfer to the unsaturated organic substrate may 

sometimes occur in a concerted way assisted by a protic function on another ligand.5,6,7 Similar mechanistic 

pathways have been accepted and proposed for a wide variety of heterometallic complexes.8,9,10 Homogeneous 
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catalysts for TH reaction are usually based on second and third row transition metals, however the ultimate 

demand for sustainability has fueled the search for more environmentally benign and cost-effective metal 

systems.11,12,13,14,15,16,17 Iron is ideal as a metal element, since it is abundant, relatively nontoxic in many forms 

and displays a range of oxidation states.18,19,20 In this setting, diverse iron compounds have been investigated for 

TH in the last decade.11c,21,22,23 These generally possess a mononuclear structure and, among them, a number of 

piano-stool complexes with a (substituted) cyclopentadienyl ligand has been studied for the ability to promote 

TH of ketones from isopropanol.24,25,26,27,28,29 In several cases, the proposed catalytic mechanism resembles that 

one typical of Noyori-type catalysts, proceeding via the formation of iron-hydride intermediates.21,30,31,32 Diiron 

complexes remain undeveloped in the field of TH, and this is somewhat surprising considering that, in general, a 

bimetallic core may benefit of cooperative effects arising from the two adjacent metal centres, thus enabling on 

the bridging ligand(s) reactivity patterns otherwise not available in monometallic species.33,34 Concerning diiron 

complexes, the metal-metal cooperativity has found practical application in homogeneous catalysis, especially 

on the way to mimic related enzymatic systems,35,36 and for the design and the synthesis of a plethora of 

organometallic structures.37,38 Diiron tris-carbonyl derivatives containing a bridging aminocarbyne ligand39 are 

accessible from the commercially available dimer [Fe2Cp2(CO)4] (Cp = η5-C5H5) by a straightforward two-step 

synthesis working up to multigram scale (Scheme 1).40 These compounds display a rich and versatile chemistry 

ranging from CO substitution reactions, addition of nucleophiles and coupling of the aminocarbyne carbon with 

a variety of unsaturated organic reactants.38,41 The dinuclear structure is essential to provide stability to the 

strongly electron-withdrawing aminocarbyne group,42 allowing at the same time some variability in the type of 

N-substituents and co-ligands. Only two examples of crystallographically characterized monoiron aminocarbyne 

complexes have been reported to date.38,43 Herein, we report a preliminary study focused on the evaluation of the 

potential of a series of diiron aminocarbyne complexes in TH of simple ketones from isopropanol. We evidence 

an uncommon mechanism centered on the bridging carbyne. 
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Scheme 1. Synthesis in two steps of diiron cationic µ-aminocarbyne complexes from [Fe2Cp2(CO)4] (R = alkyl, 
aryl). 
 

Results and discussion 

Synthesis and characterization of complexes 

The diiron aminocarbyne complexes [Fe2Cp2(CO)2(μ-CO){μ-CNMe(R)}]CF3SO3 (R = 4-C6H4OMe, [1a]CF3SO3; R 

= Cy = C6H11, [1b]CF3SO3; R = Xyl = 2,6-C6H3Me2, [1c]CF3SO3; R = CH2=CHCH2, [1d]CF3SO3) were synthesized 

according to published procedures (Scheme 2).40,44 

Starting from [1a-d]CF3SO3, we prepared some targeted derivatives by introducing structural modifications 

which could favour the catalytic TH process. Specifically, complexes with a bridging hydride ligand (2a-c) were 

taken in consideration because metal-hydride species are expected to be important during TH catalytic cycles 

(see Introduction).11c,45,46 Complexes 3a-d, bearing a terminal cyanide ligand, resemble a similar compound (3e, 

R = Me, vide infra) that recently emerged as an efficient catalyst for the electrocatalytic H2 production from 

acetic acid, involving the cyanide and carbyne ligands as active centres.47,48 We reasoned that the chloride 

ligand in 4a could be dissociated under suitable conditions, and the subsequent availability of one metal site 

may favour the catalytic reaction. 



 
 

6 
 
 

Fe Fe
CO

C
O

OC

N
R Me

−
CO2

  −
NMe3

Me3NO, NCMe

Fe Fe
X

C
O

OC

N
R Me

[1a]CF3SO3

[1b]CF3SO3

[1c]CF3SO3

[1d]CF3SO3

R
4−C6H4OMe

Cy = C6H11

Xyl = 2,6−C6H3Me2

CH2CH=CH2

−
NCMe−

CF3SO3M
MX

CF3SO3
−

+
2a-c

Fe Fe
CO

H

OC

N
R Me

NaBH4
THF −

NCMe−
CF3SO3Na

3a-d 
  
X = CN

4a 
     

X = Cl  

Scheme 2. Synthetic routes to diiron complexes investigated in the present work. MX = NBu4CN (reaction 
solvent: CH2Cl2) or LiCl (reaction solvent: THF). 
 

The common feature in the synthesis of 2-4 is the elimination of one carbon monoxide ligand by means of the 

TMNO (trimethylamine-N-oxide) strategy.49 Thus, when the reaction with TMNO is conducted in acetonitrile, a 

labile nitrile adduct is formed,50 and the subsequent treatment with either NaBH4, NBu4CN or LiCl results in the 

formation of neutral products. Within the 2a-c series, [Fe2(µ-H)Cp2(CO)2{µ-CN(Me)(Xyl)}], 2c, was 

previously reported,51 whereas [Fe2(µ-H)Cp2(CO)2{µ-CN(Me)(R)}] (R = 4-C6H4OMe, 2a; R = Cy, 2b) are 

described here for the first time. Notably, while 2c is fairly stable in solution and also as a solid, 2a-b are much 

more reactive species (especially in solution): they do not tolerate alumina chromatography and, in chlorinated 

solvents, they undergo slow hydride-chloride substitution.52,53 The different behaviour of 2a-b with respect to 2c 

appears correlated with the more pronounced electron donor ability of the aminocarbyne R substituent in the 

former, enhancing the anionic character of the hydride ligand. On account of their poor stability, 2a-b could not 

be fully characterized and were excluded from the catalytic tests. However, the IR spectra of 2a-b (in 

acetonitrile solution) match the IR spectrum of 2c, showing two absorptions related to the terminal carbonyl 
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ligands (e.g. at 1933 and 1890 cm-1 in the case of 2b). Evidence for the hydride ligand was obtained by 1H NMR 

spectra, which displayed one signal at around −18 ppm. Complexes 3c-d are already known,51,54 whereas 3a-b 

were synthesized for the first time; they were purified by alumina chromatography and finally isolated as green 

solids in ca. 70% yields. Complexes like 3a-b, of general formula [Fe2Cp2(L)(CO)(µ-CO){µ-CN(Me)(R)}] (R ≠ 

Me, L = anionic ligand), may exist in up to four isomeric forms (Figure 1), i.e. cis-trans isomers (referred to the 

relative orientation of the Cp ligands with respect to the Fe-Fe axis) and α-β isomers (referred to the R and L 

groups). The latter source of isomerism arises from the fact that the carbyne-nitrogen bond possesses a 

significant iminium character, thus preventing rotation around the C-N axis and interchange between the Me and 

R substituents.38,40 
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Figure 1. Possible isomers in diiron µ-aminocarbyne derivatives (R ≠ Me, L = anionic ligand).  

 

The IR spectrum of 3a (in dichloromethane solution) exhibits an absorption for the cyano group at 2091 cm-1, 

and three carbonyl bands attributable to cis (1979, 1804 cm-1) and trans isomers (1963, 1804 cm-1), in analogy 

with data available for related complexes. The IR spectrum of 3b consists of four main absorptions at 2091, 

1978, 1801 and 1560 cm-1, related to the cyanide ligand, the terminal and bridging carbonyl ligands, and the 

carbyne-nitrogen bond, respectively. Accordingly, the NMR spectra of 3a (in CDCl3) contain four sets of 

resonances (cis-α, cis-β, trans-β and trans-α isomers), whereas the NMR spectra of 3b contain only two sets 

(cis-α and cis-β isomers). However, NMR signals due to each isomer could not be unambiguously assigned. 

Salient 13C NMR features are given by the resonance of the aminocarbyne carbon, which falls at typical low-

fields (327.6 − 335.9 ppm),38,55,56,57 and the resonance due to the cyano moiety, occurring at about 120 ppm. 
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The identity of 3a-b was further corroborated by ESI-MS spectra, showing the peak due to the molecular 

cation. 

Complex 4a was obtained in 72% yield, and overall spectroscopic data suggest that this compound is present in 

solution as a mixture of cis-α and cis-β isomers. The solution IR spectrum exhibits two carbonyl bands at 1979 

and 1800 cm-1, and the NMR spectra contain two groups of resonances in a ratio of 2:1, with the aminocarbyne 

carbon resonating at 342.7 and 342.6 ppm, respectively, in the two isomers. The ESI-MS spectrum of 4a does 

not display the peak related to the molecular cation, but a signal related to [M − Cl]+ was clearly recognized, 

suggesting the lability of the chloride ligand in line with the mechanistic studies (vide infra). 

The structure of cis-β-4a was ascertained by a single crystal X-ray diffraction study (Figure 2 and Table 1), 

while we previously reported the X-ray structure of cis-α-4a. The C(3)-N(1) bond [1.273(10) Å] possesses some 

double bond character, as routinely found in related diiron µ-aminocarbyne complexes.38,40,55 

 

Figure 2. View of the molecular structure of cis-β-4a. Displacement ellipsoids are at the 50% probability level. 
 
Table 1. Main bond distances (Å) and angles (°) of cis-β-4a.  

Fe(1)-Fe(2) 2.4924(14) Fe(2)-Cl(1) 2.336(2) 

Fe(1)-C(2) 1.941(8) Fe(2)-C(2) 1.874(8) 

Fe(1)-C(3) 1.888(7) Fe(2)-C(3) 1.857(7) 
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Fe(1)-C(1) 1.814(9) N(1)-C(3) 1.273(10) 

N(1)-C(4) 1.491(10) N(1)-C(5) 1.453(7) 

C(1)-O(1) 1.032(11) C(2)-O(2) 1.195(9) 

Fe(1)-C(1)-O(1) 176.7(8) Fe(1)-C(2)-Fe(2) 81.6(3) 

Fe(1)-C(3)-Fe(2) 83.5(3) C(3)-N(1)-C(4) 121.6(6) 

C(3)-N(1)-C(5) 123.1(6) C(4)-N(1)-C(5) 115.2(6) 

 

Catalytic studies 

We selected cyclohexanone as a model ketone to screen the ability of the diiron complexes to promote 

the hydrogenation from isopropanol. Potassium hydroxide was employed as the base, in analogy to 

literature methods.58,59,60,61,62  

Results were encouraging, and cyclohexanol was afforded in almost quantitative yield after heating at 

85 °C for 20 h (Table 2); shortening the reaction time to 8 h led to yields >75% with the cyano-

complexes 3a-d, and especially 3a revealed efficient (yield = 87%). A blank experiment using only 

KOH was performed under the same reaction conditions, and confirmed the needing of the metal 

catalyst to reach satisfactory yields. 

Cat. (mol %) Yield (%)[a] Time (h) TON [b] TOF (h−1)[c] 
--- 30 20 --- --- 

[1a]CF3SO3 98 20 195 9.8 
[1a]CF3SO3 62 8 124 15.5 
[1b]CF3SO3 94 20 188 9.4 
[1b]CF3SO3 55 8 111 13.8 
[1c]CF3SO3 99 20 198 9.9 
[1c]CF3SO3 71 8 143 17.9 
[1d]CF3SO3 96 20 192 9.6 
[1d]CF3SO3 41 8 82 10.3 

2a 98 20 195 9.8 
2a 61 8 122 15.2 
2c 98 20 195 9.8 
2c 53 8 107 13.4 
3a 99 20 198 9.9 
3a 87 8 173 21.7 
3b 99 20 198 9.9 
3b 77 8 153 19.2 
3c 99 20 198 9.9 
3c 92 15 185 12.3 
3c 78 8 156 19.4 
3d 99 20 198 9.9 
3d 83 8 167 20.8 
4a 99 20 198 9.9 
4a 45 8 91 11.3 
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Reaction conditions: Cyclohexanone (0.100 mL, 0.968 mmol), catalyst 0.5 mol%, KOH 50 
mol%, iPrOH 2 mL, T = 85 °C. [a]Determined by 1H NMR spectroscopy. [b](number of moles 
of ketone consumed)/(mole of catalyst). [c]TON/time. 

 
Table 2. Screening of diiron aminocarbyne complexes as catalysts for TH reaction of cyclohexanone from 
isopropanol. 
 

Based on the preliminary results, compound 3a was selected for further optimization, thus different 

bases were tested in variable amounts, and also the amount of catalyst was screened. According to the 

outcomes reported in Table 3, the most favourable reaction conditions imply the use of 3a and KOH at 

the respective concentrations of 0.5 mol% and 50 mol%. 

 
Cat. (mol %) Yield (%)[a] Base (mol %) TON[b] TOF (h−1)[c] 

3a (0.5) 87 KOH (50) 173 21.7 
3a (0.5) 55 KOH (25) 109 13.6 
3a (0.5) 28 KOH (10) 55 6.9 
3a (1) 80 KOH (50) 80 10.0 
3a (1) 56 KOH (25) 56 6.9 
3a (1) 21 KOH (10) 21 2.6 

3a (0.5) 67 NaOH (50) 133 16.7 
3a (0.5) 73 tBuOK (50) 146 18.2 
3a (0.5) 0 0 0 0 

Reaction conditions: Cyclohexanone (0.100 mL, 0.968 mmol), iPrOH 2 mL, T = 85 °C, 
time = 8 h. [a]Determined by 1H NMR spectroscopy. [b](number of moles of ketone 
consumed)/(mole of catalyst). [c]TON/time. 

Table 3. Optimization of catalyst and base for TH of cyclohexanone from isopropanol. 
 

The optimized reaction parameters were fixed to extend the investigation to a panel of ketones, i.e. 

acetophenone, 3’,4’-dichloroacetophenone, benzophenone, 4-bromobenzophenone, 4-

methoxybenzophenone and fluorenone (Table 4). In combination with KOH, 3a was able to convert 

most of the investigated ketones into the corresponding alcohols, with variable yields (25-99%). 

Extending the reaction time to 48 h led a significant increase of the yield only from acetophenone. In 

general, the catalytic activity displayed by 3a in TH reaction is lower than what previously reported in 

the literature for other iron complexes.21,31 

 

Substrate Product Yield 
(%)[a] 

Time 
(h) TON[b] TOF 
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36[d] 48 72 1.5 

Reaction conditions: ketone (ca. 1 mmol), iPrOH 2 mL, KOH (50 mol%), catalyst 3a (0.5 mol%), 
T = 85 °C. [a]Determined by 1H NMR spectroscopy. [b](number of moles of ketone 
consumed)/(mole of catalyst). [c]TON/time. [d]1H NMR spectra recorded in acetone-d6. 

Table 4. TH reaction of different ketones using complex 3a as catalyst under optimized experimental conditions. 
 

In order to gain information about the mechanism of the different classes of compounds, the stability of 

[1a]CF3SO3, 3a and 4a, in isopropanol solution at reflux in the presence of three equivalents of KOH, 

was monitored by infrared spectroscopy. In the case of 3a, the spectrum after 2 h pointed to the 

disappearance of the band at 1978 cm−1 and the increase of the intensity of the band at 1963 cm−1, 

suggesting an almost quantitative conversion of cis-3a to trans-3a (Figure S15). This outcome agrees 

with previous considerations by other authors on the higher stability of the related complex trans-

[Fe2Cp2(CN)(CO)(µ-CO){µ-CNMe2}], trans-3e, with respect to cis-[Fe2Cp2(CN)(CO)(µ-CO){µ-

CNMe2}], cis-3e. Complexes [1a]CF3SO3 and 4a were almost completely consumed after 1 hour 

in iPrOH/KOH at reflux, affording the hydride compound 2a as the main product and other carbonyl 

species presumably derived from the decomposition of 2a (Figures S14 and S16). The formation of 2a 

was confirmed by 1H NMR spectroscopy (see Experimental for details). Extensive decomposition was 

detected after 10 h of thermal treatment of [1a]CF3SO3 and 4a, however chloride transfer from 4a to 

the organic substrate should be excluded.63,64 
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Overall, results highlight the superior stability of the cyanide complex 3a under the experimental 

conditions employed in catalysis, therefore 3a is assumed to behave as the active species in the TH 

reaction. 

Carbonyl-hydride substitution, as observed for [2a-d]+, is a well known reaction in organometallic 

chemistry, proceeding in a basic environment through CO2 elimination.65.66 Notwithstanding, 

formation of bridging hydride from 4a appears to be the result of chloride displacement and direct 

hydride transfer from the isopropoxide anion (generated by isopropanol deprotonation) to the iron 

centre. DFT calculations indicate that the hydride transfer from the isopropoxide anion to the model 34-

electrons diiron complex cis-[Fe2Cp2(CO)(µ-CO){µ-CNMe2}]+, bearing a coordination vacancy, to 

give cis-2e and acetone is strongly favoured (-49.8 kcal/mol); a suitable transition state was not found, 

which suggests a barrierless process. Instead, an alternative pathway to hydride complexes via 

isopropoxide coordination67,68 seems unlikely due to the fact that the iron coordination sphere in these 

systems is too congested to allow β-hydrogen abstraction.  

 

DFT calculations 

A DFT study was executed to give hints into the mechanism of the TH reaction promoted by diiron 

aminocarbyne complexes containing a cyanide or a hydride ligand. Complex [Fe2Cp2(CN)(CO)(µ-

CO){µ-CNMe2}], 3e, was selected as a representative model of the cyanide derivatives 3a-d. First, the 

relative stability of possible isomers was calculated. Thus, the trans isomer, trans-3e, was found to be 

more stable than the cis one, cis-3e, by 2.5 kcal/mol (Figure 3), in agreement with previous theoretical 

findings and the experimental evidence from the thermal treatment of 3a (see above). The terminal 

coordination of the aminocarbyne ligand (with two carbonyls occupying the bridging sites) was also 

considered, being less favorable by over 20 kcal/mol (Figure 3, structures cis-t3e and trans-t3e). This 

is as expected, since carbyne ligands in polynuclear complexes strongly prefer the bridging 
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coordination mode rather than the terminal one, due to their strong electron-withdrawing character 

which exceeds that of carbon monoxide.38,69 Nevertheless, the exchange of the aminocarbyne group 

between bridging and terminal positions may be relevant to trans-cis isomerization reactions, reported 

in the past for complexes of formula [Fe2Cp2(NCS)(CO)(µ-CO){µ-CN(Me)(R)}] (R = Me, Xyl),70 in 

alinement with the Adams/Cotton mechanism [Fe2Cp2(CO)4].71 

 

Figure 3. DFT-optimized structures of possible isomers of 3e, and relative Gibbs energy values. From left to 
right: cis and trans isomers with bridging-aminocarbyne and cis and trans isomers with terminal-aminocarbyne. 
 

In principle, isopropanol might transfer two hydrogens in a concerted way to cis-3e taking advantage of 

the carbyne-nitrogen bond pair; more precisely, the carbyne carbon is a possible target for a hydride 

unit,41,72 while the alcoholic proton could attack the nitrogen. Notwithstanding, this situation would 

push the {NMe2} group between the Cp rings, leading to a very congested conformation. The same 

concerted H2 addition to trans-3e (i.e., the most abundant metal species in solution) affording trans-

3eH2, is still unlikely (ΔHǂ = 44.4 kcal/mol, TS1c as transition state, Figure S17).  

Due to the presence in solution of a strong base such as KOH, a fraction of isopropanol is assumed to 

be deprotonated to give the isopropoxide anion.73 Isopropoxide is able to interact via hydrogen bond 

with trans-3e (reaction complex, RC, se Figure 4) and then to donate a hydride to the carbyne carbon 

(isopropoxide to acetone conversion). The related transition state TS1 is accessible under the 

experimental conditions (ΔHǂ = 20.6 kcal/mol, ΔGǂ = 28.8 kcal/mol), and the anionic intermediate 

adduct trans-3eH/acetone consequently forms (trans-Int1, ΔH = -13.5 kcal/mol, Figure 4). This 
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finding reflects the tendency of cationic diiron aminocarbyne complexes of types [1a-d]+ to undergo 

hydride addition (usually, from sodium borohydride) at the carbyne carbon.41,72 

 

Figure 4. Energy profiles of two reaction paths for TH of cyclohexanone, via initial hydride transfer to the 
carbyne. RC = trans-3e/isopropoxide; trans-Int1 = [trans-3eH]−/acetone; cis-Int1 = [cis-t3eH]−/acetone; trans-
Int2 = [trans-3eH]−/cyclohexanone; cis-Int2 = [cis-t3eH]−/cyclohexanone; trans-PC = trans-
3e/cyclohexanoxide; cis-PC = cis-t3e/cyclohexanoxide. 
 
 

The protonation of the amine group belonging to the anion [trans-3eH]− by H2O (generated from 

hydroxide and isopropanol) would give the neutral trans-3eH2. However, this reaction is not 

thermodynamically feasible, as OH− is a stronger base than [trans-3eH]−. In this case, trans-3eH2 

should then donate the two protons to cyclohexanone in a concerted way (TS2c), but the related 

activation barrier (ΔHǂ = 39.5 kcal/mol) is too high for the experimental conditions (Figure S17).  

From the calculated results, it is possible that [trans-3eH]− forms an adduct with cyclohexanone 

(trans-Int2 in Figure 4) and subsequently transfers the hydride to the ketone (TS2, ΔHǂ = 18.6 

kcal/mol). The resulting species may be viewed as the adduct between cyclohexanone and the initial 
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trans-3e (product complex, trans-PC). Due to the stability of [trans-3eH]−, the activation enthalpy is 

quite high (29.1 kcal/mol), justifying the high temperature required for the experiment. We hypothesize 

that cyclohexanone finally converts into cyclohexanol by capturing a proton from the medium (e.g., 

water) or during the workup. The overall pathway (Figure 4, black path) would explain why all the 

different diiron aminocarbyne catalysts are more or less efficient in the TH of cyclohexanone. 

The conformational flexibility of the diiron complexes can open up to a second possibility, which is 

depicted in Figure S17: the isomerization of trans-3e to cis-t3e would enable the acceptance of two 

hydrogens from isopropanol, the latter concerted reaction occurring with a high activation enthalpy 

(TS3c, ΔHǂ = 48.8 kcal/mol, Figure S18). 

On the other hand, once the aminocarbene species [trans-3eH]− is formed (Figure 4), it can isomerize 

to [cis-t3eH]−, which is 4.2 kcal/mol more stable and comprises the aminoalkylidene ligand 

{=CHNMe2} in the terminal position, giving the adduct cis-Int1 with acetone (Figure 4, red path). The 

preferential occupancy of terminal sites by aminoalkylidene ligands in diiron bis-cyclopentadienyl 

complexes was previously established.55,74 A hydride might then migrate from [cis-t3eH]− to the 

cyclohexanone (a suitable TS has not been found), giving the complex cis-t3e/cyclohexanoxide (cis-

PC, ΔH = 17.8 kcal/mol), see red path in Figure 4. This can return to its more stable isomer, trans-3e, 

and cyclohexanone (ΔH = -0.7 kcal/mol). The activation enthalpy is at least 34.1 kcal/mol (the 

difference between cis-PC and cis-Int2, Figure 4), larger than in the case of trans-Fe2CN (29.1 

kcal/mol).  

The protonation of the cyano group in [cis-t3eH]−, giving cis-t3eH2, shows a prohibitive activation 

enthalpy (40.2 kcal/mol). 

On considering the experimental evidence whereby diiron µ-hydride complexes are probably 

implicated in the TH reaction catalyzed by [1a-d]CF3SO3, 2a-c and 4a (see above), we extended the 

DFT study to the model complex [Fe2Cp2(CO)2(µ-H){µ-CNMe2}], 2e. Calculations strongly suggest 
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that the hydride ligand in 2e is not reactive toward the cyclohexanone. In any case, as the 

aminocarbyne moiety is still available, a path analogous to that described above for trans-3e (Figure 4, 

black path) can be computed for trans-2e. The activation barrier (21.7 kcal/mol) is slightly higher than 

that obtained for cis-3e (20.6 kcal/mol), but still accessible under the employed experimental 

conditions. Therefore, the major activity of cyanide complexes appears related to their higher stability 

under the process conditions. 

Overall, DFT outcomes indicate that ketone hydrogenation via hydrogen transfer from isopropanol is 

viable as catalyzed by aminocarbyne diiron complexes in association with a suitable base, proceeding 

through the fundamental mediation of the carbyne centre acting as a hydride transferor. This ligand-

based mechanism is favored by the coordinative saturation of the metal centers with firmly bound 

ligands but, on the other hand, takes advantage of the versatility of the diiron framework allowing 

facile interchange of ligands between terminal and bridging positions and cis and trans configurations, 

respectively.  

To the best of our knowledge, the involvement of alkylidyne (carbyne) ligands in any catalytic cycle of 

a chemical hydrogenation reaction promoted by transition metal complexes is unprecedented. Terminal 

alkylidyne ligands may be unstable under hydrogenation conditions, and for instance complete 

dissociation was reported in the case of a mononuclear osmium arene complex.75 On the other hand, 

silica-grafted dinuclear niobium and tantalum compounds with a bridging alkylydine ligand were 

reported to promote the H2 hydrogenation of aromatic substrates but its role in the catalytic cycle is 

unlikely.76 

It should be mentioned that 3e was previously found to be effective in the electrochemically-induced 

H2 production from acetic acid, and in such case the action of the cyanide ligand as a proton abstractor 

is complementary to that of the aminocarbyne as hydride acceptor. 

 

Conclusions 
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The conversion of ketones into alcohols via transfer hydrogenation (TH) is a reaction of considerable impact, 

and the urgency for sustainability to develop efficient catalytic systems based on nonprecious metals goes hand 

in hand with the exploration of novel mechanistic patterns. Here, we have given the first study assessing the 

potential of diiron complexes in promoting the TH of ketones from isopropanol. More specifically, a series of 

easily available diiron complexes, based on the {Fe2Cp2(CO)2} frame and containing a bridging aminocarbyne 

ligand, was screened and revealed a potential to act as TH catalysts in the presence of hydroxide. Neutral 

compounds with a terminal CN ligand performed better, thus outlining an intriguing structural parallelism with 

the active site of [FeFe] hydrogenase enzymes.77 Infrared spectroscopy experiments revealed stability of the 

diiron-cyanide-aminocarbyne assembly, and suggested that no hydride species is produced during the catalytic 

cycle. According to DFT calculations, the aminocarbyne ligand acts as a hydride transferor between the 

hydrogen donor and the ketone reagent. The unique characteristics of the aminocarbyne ligand preserve the 

carbyne carbon towards alcohol/alkoxide addition while, conversely, non-substituted carbyne ligands78,79 and 

thio-carbyne ligands,80,81 in homologous diiron complexes, manifest a significantly higher electrophilicity.  

Although the preliminary results reported herein indicate a moderate activity compared to the literature library 

concerning iron compounds, our work proposes a novel mechanistic possibility for TH reactions (carbyne-

centered outer sphere mechanism). A modulation of steric and electronic factors (i.e., aminocarbyne substituents, 

terminal ligands, Cp substitution), and eventually structural features (introduction of chiral functions for 

asymmetric hydrogenation) would deserve further investigation pointing to optimal catalytic systems. 

 

Experimental 

Materials and methods. Reactants and solvents were purchased from Alfa Aesar, Merck, Strem or TCI 

Chemicals, and were of the highest purity available. Complexes [1a]CF3SO3, [1b]CF3SO3, [1c]CF3SO3 and 

[1d]CF3SO3, 2c and 3c, 3d and 4 were prepared according to the respective literature procedures. Syntheses 

were conducted under N2 atmosphere using standard Schlenk techniques, and products were conserved under N2 

atmosphere once isolated. Dichloromethane, tetrahydrofuran, and diethyl ether were dried with the solvent 

purification system mBraun MB SPS5, while acetonitrile was distilled from CaH2. Chromatography separations 

were carried out on columns of deactivated alumina (Merck, 4% w/w water) using unpurified solvents. IR 
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spectra of solutions were recorded using a CaF2 liquid transmission cell (2300-1500 cm-1) on a Perkin Elmer 

Spectrum 100 FT-IR spectrometer. IR spectra were processed with Spectragryph software.82 NMR spectra were 

recorded at 298 K on a Jeol JNM-ECZ500R instrument equipped with a Royal HFX Broadband probe. Chemical 

shifts (expressed in parts per million) are referenced to the residual solvent peaks.83 NMR spectra were assigned 

with the assistance of 1H-13C (gs-HSQC and gs-HMBC) correlation experiments.84 NMR signals due to 

secondary isomeric forms (where it has been possible to detect them) are italicized. Elemental analyses were 

performed on a Vario MICRO cube instrument (Elementar). Mass spectrometry measurements in positive ion 

scan mode were performed on samples dissolved in MeOH with an API 4000 instrument (SCIEX) equipped with 

an Ionspray/APCI source. 

 

Synthesis of [Fe2Cp2(µ-H)(CO)2{µ-CN(Me)(R)}] (R = 4-C6H4OMe, 2a; R = Cy, 2b). 

[Fe2Cp2(µ-H)(CO)2{µ-CN(Me)(4-C6H4OMe)}], 2a (Figure 5). 

Figure 5. Structure of 2a. 
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A mixture of [1a]CF3SO3 (128 mg, 0.204 mmol) and Me3NO (19 mg, 0.25 mmol) in MeCN (10 mL) was stirred 

for ca. 1 hour, conversion of [1a]+ into [Fe2Cp2(CO)(μ-CO)(NCMe){μ-CN(Me)(4-C6H4OMe)}]CF3SO3 being 

monitored by IR spectroscopy. After complete consumption, NaBH4 (24 mg, 0.63 mmol) was added to the 

mixture and then stirred for a further 2 h. After removal of volatiles, the mixture was redissolved in Et2O (15 

mL) and filtered through celite. After removal of Et2O and extensive drying, a dark-red powder was isolated. 

Yield 54 mg (59%). Anal. calcd. for C21H21Fe2NO3: C, 56.41; H, 4.73; N, 3.13. Found: C, 56.48; H, 4.68; N, 3.20. IR 

(CH3CN): ῦ/cm-1 = 1936s (CO), 1892m (CO). IR (CH2Cl2): ῦ/cm-1 = 1939s (CO), 1897m (CO). 1H NMR (CDCl3): 
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δ/ppm = 7.42-6.53 (m, arom); 4.41, 4.36 (s, Cp); 3.83, 3.66 (s, OMe + NMe); −17.84 (s, μ-H). 1H NMR spectrum 

unclean due to incipient decomposition, only assignments for the prevalent isomeric form are given. 

  

[Fe2Cp2(µ-H)(CO)2{µ-CN(Me)(Cy)}], 2b (Figure 6). 

Figure 6. Structure of 2b. 
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The title compound was prepared by the same procedure described for 2a, from [1b]CF3SO3 (117 mg, 0.195 

mmol), Me3NO (23 mg, 0.31 mmol) and NaBH4 (22 mg, 0.58 mmol). Dark-red powder, yield 51 mg (62%). Anal. 

calcd. for C20H25Fe2NO2: C, 56.77; H, 5.95; N, 3.31. Found: C, 56.71; H, 6.05; N, 3.25. IR (CH3CN): ῦ/cm-1 = 1933s 

(CO), 1890m (CO). IR (CH2Cl2): ῦ/cm-1 = 1938s (CO), 1895m (CO). 1H NMR (CDCl3): δ/ppm = 5.50 (m, 1 H, CHCy); 

4.89 (s, 3 H, NMe); 4.88, 4.19 (s, 10 H, Cp); 2.45, 2.28, 1.91-1.72, 1.59 (m, 10 H, CH2
Cy); −17.45 (s, μ-H). 1H NMR 

spectrum unclean due to incipient decomposition, only assignments for the prevalent isomeric form are given. 

 

Synthesis and characterization of [Fe2Cp2(CN)(CO)(µ-CO){µ-CN(Me)(R)}] (R = 4-C6H4OMe, 3a; R = Cy, 

3b). 

[Fe2Cp2(CN)(CO)(µ-CO){µ-CN(Me)(4-C6H4OMe)}], 3a (Figure 7). 

Figure 7. Structure of 3a. 
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A solution of [1a]CF3SO3 (131 mg, 0.210 mmol) in MeCN (10 mL) was treated with Me3NO (21 mg, 0.28 mmol) 

to obtain the acetonitrile adduct as described above for the synthesis of 2a. Volatiles were removed under 

vacuum, and the dark-brown residue was dissolved in dichloromethane (5 mL). Tetrabutylammonium cyanide 

(57 mg, 0.21 mmol) was added to this solution, and the resulting mixture was stirred for 1 hour at room 

temperature. The final solution was charged on top of an alumina column. Impurities were separated using 

CH2Cl2 and CH2Cl2/THF (4/1 v/v) as eluent, then a green fraction corresponding to 3a was collected with THF. 

Solvent was removed under reduced pressure, and the residue was suspended in hexane for 24 hours. After 

filtration, the solid was dried under vacuum. Green powder, yield 68 mg (68%). Anal. calcd. for C22H20Fe2N2O3: 

C, 55.97; H, 4.27; N, 5.93. Found: C, 55.90; H, 4.21; N, 6.03. IR (CH2Cl2): ῦ/cm-1 = 2091w (C≡N), 1979s (CO), 

1963s (CO), 1804vs (µ-CO), 1587vw (µ-CN). 1H NMR (CDCl3): δ/ppm = 7.85- 7.43, 7.04-6.90 (m, 4 H, C6H4); 4.94, 

4.88, 4.82, 4.76, 4.33, 4.30, 4.24, 4.17 (s, 10 H, Cp); 4.67, 4.56, 4.52, 4.42 (s, 3 H, NMe); 3.89, 3.87, 3.86, 3.81 (s, 

3 H, OMe). 13C{1H} NMR (CDCl3): δ/ppm = 335.9 (μ-CN); 263.6 (μ-CO); 212.4 (CO); 159.2, 159.1, 144.4, 143.7, 

127.2, 126.7, 126.4, 115.0, 114.8, 114.7 (C6H4); 122.6, 119.4 (C≡N); 90.2, 90.1, 89.4, 89.0, 87.4, 87.1, 86.9, 86.9 

(Cp); 55.8 (NMe); 55.7, 55.0 (OMe). Isomer ratio: 35:21:27:17. ESI-MS(+): [M]+ m/z = 473.09 (theoretical for 

[C22H20Fe2N2O3]+: m/z = 473.02).  

 

[Fe2Cp2(CN)(CO)(µ-CO){µ-CN(Me)(Cy)}], 3b (Figure 8). 

Figure 8. Structure of 3b. 
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The title compound was prepared by the same procedure described for 3a, from [1b]CF3SO3 (116 mg, 0.194 

mmol), Me3NO (23 mg, 0.31 mmol) and NBu4CN (52 mg, 0.19 mmol). Green powder, yield 61 mg (70%). Anal. 

calcd. for C21H24Fe2N2O2: C, 56.29; H, 5.40; N, 6.25. Found: C, 56.20; H, 5.32; N, 6.33. IR (CH2Cl2): ῦ/cm-1 = 

2091vw (C≡N), 1978vs (CO), 1801s (µ-CO), 1560w (µ-CN). 1H NMR (CDCl3): δ/ppm = 4.82, 4.79, 4.76, 4.72 (s, 10 

H, Cp); 4.64 (m, 1H, CHCy); 4.06, 3.92 (s, 3 H, NMe); 2.30, 2.11-1.59 (m, 10 H, CH2
Cy). 13C{1H} NMR (CDCl3): 

δ/ppm = 327.8, 327.6 (μ-CN); 263.5, 263.4 (μ-CO); 212.5, 212.2 (CO); 122.5, 119.4 (C≡N); 87.1, 87.0, 86.8, 86.6 

(Cp); 75.8, 75.3 (CHCy); 44.5, 44.1 (NMe); 34.2, 31.8, 31.7, 31.6, 31.4, 26.1, 25.9, 25.8, 25.4, 25.3 (CH2
Cy). Isomer 

ratio= 71:29. ESI-MS(+): [M]+ m/z = 449.11 (theoretical for [C21H24Fe2N2O2]+: m/z = 449.06). 

 

Synthesis and characterization of [Fe2Cp2(Cl)(CO)(µ-CO){µ-CN(Me)(4-C6H4OMe)}], 4a. 

[Fe2Cp2(Cl)(CO)(µ-CO){µ-CN(Me)(C6H4(4-OMe))}], 4a (Figure 9). 

Figure 9. Structure of 4a. 
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A solution of [1a]CF3SO3 (136 mg, 0.218 mmol) in MeCN (10 mL) was treated with Me3NO (30 mg, 0.27 mmol) 

to obtain the acetonitrile adduct as described above for the synthesis of 2a. Volatiles were removed under 
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vacuum to afford a dark-brown residue which was dissolved in THF (5 mL). Lithium chloride (42 mg, 0.99 mmol) 

was added to this solution, and the mixture was stirred for 3 h at room temperature. The final mixture was 

charged on top of an alumina column, and a brown fraction corresponding to 4a was collected using THF as 

eluent. Solvent was removed under reduced pressure and the residue was suspended in pentane for 24 hours. 

After filtration, the solid was dried under vacuum. Brown powder, yield 76 mg (72%). Anal. calcd. for 

C21H20ClFe2NO3: C, 52.38; H, 4.19; N, 2.91. Found: C, 52.43; H, 4.21; N, 2.99. IR (CH2Cl2): ῦ/cm-1 = 1979vs (CO), 

1800s (µ-CO), 1587w (µ-CN). 1H NMR (CDCl3): δ/ppm = 7.94, 7.91, 7.51, 7.49, 7.11, 7.08, 7.06 (C6H4); 4.98, 4.58 

(NMe); 4.79, 4.71, 4.26, 4.15 (Cp); 3.91, 3.90 (OMe). 13C{1H} NMR (CDCl3): δ/ppm = 342.7, 342.6 (μ-CN); 267.4 

(μ-CO); 212.9, 212.2 (CO); 159.3, 159.1, 144.6, 144.0, 127.3, 126.8, 115.0, 114.6 (C6H4); 89.6, 88.3, 87.0, 86.9 

(Cp); 55.8 (NMe); 55.7, 54.7 (OMe). Isomer ratio: 2:1. Crystals suitable for X-ray analysis were obtained from 

slow diffusion of pentane into a solution of 4a in dichloromethane at -30 °C. ESI-MS(+): [M − Cl]+ m/z = 446.10 

(theoretical for [C21H20Fe2NO3]+: m/z = 449.08). 

 

X-ray crystallography 

Crystal data and collection details for 4a are reported in Table 5. Data were recorded on a Bruker APEX II 

diffractometer equipped with a PHOTON2 detector using Mo–Kα radiation. The structure was solved by direct 

methods and refined by full-matrix least-squares based on all data using F2.85 Hydrogen atoms were fixed at 

calculated positions and refined using a riding model. 

 

Table 5. Crystal data and measurement details for 4a. 

 4a 
Formula C21H20ClFe2NO3 
FW 481.53 
T, K 100(2) 
λ,  Å 0.71073 
Crystal system Monoclinic 
Space group P21/c 
a, Å 17.6169(17) 
b, Å 6.7690(6) 
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c, Å 17.0565(16) 
β, ° 108.787(3) 
Cell Volume, Å3 1925.9(3) 
Z 4 
Dc, g∙cm-3 1.661 
µ, mm−1 1.668 
F(000) 984 
Crystal size, mm 0.21×0.19×0.12 
θ limits,° 2.423-27.000 
Reflections collected 24884 

Independent reflections 
4194 [Rint = 

0.0746] 
Data / restraints /parameters 4194 / 150 / 230 
Goodness on fit on F2 1.234 
R1 (I > 2σ(I)) 0.1050 
wR2 (all data) 0.2613 
Largest diff. peak and hole, e Å-3 1.957 / –1.044 

 

 

Catalytic studies 

General procedure. The selected catalyst and the base, dissolved in isopropanol (2 mL), were added to a 

Schlenk tube under N2 atmosphere. The ketone reagent (ca. 1 mmol) was added, and the mixture was heated 

at reflux for a variable time. At the end of the reaction, the system was cooled to room temperature; an aliquot 

of the solution (ca. 0.2 mL) was transferred into an NMR tube and mixed with 0.5 mL of CDCl3. Ketone to 

alcohol conversion was determined by means of 1H NMR spectroscopy. 

 

Stability studies 

The selected complex (0.050 mmol) and KOH (10 mg, 0.178 mmol) were placed in a 15 mL Schlenck tube, that 

was evacuated and filled with dinitrogen. The vacuum/N2 cycle was repeated twice. Isopropanol (5 mL) was 

added, and the resulting mixture was heated at reflux temperature. After 1 hour, an aliquot of the solution (ca 

0.5 mL) was dried, the residue was dissolved in dichloromethane and this new solution was controlled by IR 

spectroscopy. The same procedure was repeated after 2 h and 10 h, and only for 3a after 24 h and 3 days. The 

identity of 2a, as formed from [1a]CF3SO3 and 4a, was confirmed by 1H NMR analyses on CDCl3 solutions of the 
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residues obtained from ca. 1 mL aliquots of the respective reaction solutions which were dried under vacuum (t 

= 1 h). 

From [1a]CF3SO3. IR (CH2Cl2, t0): ῦ/cm-1 = 2022vs (CO), 1990w (CO), 1836s (µ-CO), 1606w, 1563w, 1540w (µ-

CN), 1507w. IR (CH2Cl2, 1 h): ῦ/cm-1 = 2021vs (CO), 1989w (CO), 1965s, 1940s (CO, 2a), 1897w (CO, 2a), 1836m 

(µ-CO), 1789br, 1673s, 1514vs. 1H NMR (CDCl3, 1 h): δ/ppm = -16.77 (br, μ-H). Complete degradation at t = 10 

h. 

From 3a. IR (CH2Cl2, t0): ῦ/cm-1 = 2091w (C≡N), 1979s (CO), 1963s (CO), 1804vs (µ-CO), 1587vw (µ-CN). IR 

(CH2Cl2, 1 h): ῦ/cm-1 = 2091w (C≡N), 1979w (CO), 1963vs (CO), 1804s (µ-CO). IR (CH2Cl2, t2 h, unchanged at t = 

24 h): ῦ/cm-1 = 2091w (C≡N), 1963vs (CO), 1804s (µ-CO). Complete degradation at t = 3 d. 

From 4a. IR (CH2Cl2, t0): ῦ/cm-1 = 1979vs (CO), 1800s (µ-CO), 1598w (µ-CN). IR (CH2Cl2, 1 h): ῦ/cm-1 = 1979w 

(CO), 1937s (CO, 2a), 1898m (CO, 2a), 1800br (µ-CO). Complete degradation at t = 10 hours. 

 

DFT calculations 

All geometries were optimized with ORCA 4.2.0,86 using the B97 functional in conjunction with a triple-ζ 

quality basis set (def2-TZVP). The dispersion corrections were introduced using the Grimme D3-parametrized 

correction and the Becke Johnson damping to the DFT energy.87 All the structures were confirmed to have no 

imaginary frequencies (intermediate species) or only one (transition states). The solvent was considered through 

the continuum-like polarizable continuum model (C-PCM, isopropanol). 
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