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ABSTRACT: The linear tetraphosphine 1,1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane (tetraphos-1, P4) was used as rac- 
and meso-isomers for the synthesis of both molecularly defined and in situ formed Fe(II) complexes. These were used as precatalysts 
for sodium bicarbonate hydrogenation to formate and formic acid dehydrogenation to hydrogen and carbon dioxide with good activ-
ities under mild conditions. Mechanistic details of the reaction pathways were obtained by NMR and HPNMR experiments highlight-
ing the role of the Fe(II) monohydrido complex [FeH(rac-P4)]+ as key intermediate. X-ray crystal structures of different complexes 
bearing rac-P4 were also obtained and are here described. 

INTRODUCTION 
Hydrogen is of crucial importance in the chemical industry 

and holds great potential as secondary energy carrier, as feed-
stock for direct hydrogen fuel cells.1 Its generation from renew-
able sources and its storage in a safe and reversible manner are 
urgent targets for a widespread application of hydrogen in such 
technologies. Among the different H2 storage materials, formic 
acid (FA) is a non-toxic hydrogen source which can be handled 
and transported easily, and possesses a relatively high H2 con-
tent (4.4 wt %). H2 generation from formic acid affords H2 + 
CO2 mixtures and is therefore an “atom efficient” process, since 
no hydrogen is wasted in the formation of by-products (such as 
H2O, as in the case of H2 generation from methanol or methane). 
In addition, the by-product CO2 can be, in the presence of suit-
able catalysts, re-hydrogenated back to FA, affording a zero-
carbon footprint cycle for hydrogen storage and release.2 The 
efficient interconversion of FA to H2 and CO2 is of importance 
for both H2 storage and release, and for the utilization of CO2 or 
bicarbonates obtained by its trapping in alkaline water solu-
tions, as a abundant C1-feedstock. In the past decade, there have 
been a number of reports on selective FA dehydrogenation to 
produce CO-free H2, as well as on the hydrogenation of CO2 or 
bicarbonates to FA or formate salts. However, most of these 
catalysts are based on low-abundant noble metals such as ruthe-
nium3 or iridium4. Only recently, this chemistry has been ex-
tended to non-noble metals such as Fe5 and Co.6  

The most active additive-free Fe-based catalyst system for 
FA dehydrogenation under mild temperature conditions (40 °C) 
reported to date was obtained by combining the iron(II) salt 
Fe(BF4)2·6H2O with the tetraphosphine ligand P(CH2CH2PPh2)3 
(PP3).5e,7 Although the nature of the initial complex formed in 
this reaction has not been fully ascertained, mechanistic studies 
indicated that under catalytic conditions (FA in propylene car-
bonate, PC) complexes [FeH(PP3)]+ and [FeH(2-H2)(PP3)]+ are 

formed.5e,8 This catalytic system was successfully applied to bi-
carbonates hydrogenation to formates and carbon dioxide val-
orization to alkyl formates and formamides.5a In continuation of 
this work, efficient iron-catalyzed hydrogenation of carbon di-
oxide and bicarbonates was achieved using Fe(BF4)2·6H2O and 
PPhP3 [PPhP3 = tris(2-(diphenylphosphino)phenylphosphine]. In 
this case, metal complexation afforded the well defined com-
plex [FeF(PPhP3)]+ via F–BF3 activation. Mechanistic studies es-
tablished that this complex reacts with H2 to give [FeH(2-
H2)(PPhP3)]+. High pressure HPNMR CO2 hydrogenation exper-
iments in the presence of NEt3 suggested the formation of the 
known dihydride complex [Fe(H)2(PPhP3)].5f  

In recent years, our group has been interested in FA dehydro-
genation and CO2 hydrogenation, so far using Ru9 and Ir10 ho-
mogeneous catalysts. In an effort to develop novel, non-noble 
metal-based catalysts for such transformations, we became ea-
ger to explore the potential of Fe(II) complexes of other tetra-
dentate phosphines. 

The linear tetradentate phosphine ligand 1,1,4,7,10,10-hexa-
phenyl-1,4,7,10-tetraphosphadecane (tetraphos-1, P4) exists as 
a mixture of racemic (S,S,R,R) and meso (S,R) diastereoiso-
mers (hereafter rac-P4 and meso-P4, respectively), which can 
be separated by fractional crystallization.11,12 Despite the exist-
ence of these stereoisomers was recognized as early as in 
1974,13 the importance of this isomerism was not fully appreci-
ated until the work of Brown and Canning.11 The configurations 
that these diastereoisomers can adopt in an octahedral complex 
are denoted as cis-, cis- and trans (Chart 1). While the meso 
isomer can adopt only a trans or cis- configuration, all three 
configurations are physically possible for the rac isomer. Nev-
ertheless, the rac isomer is known for its propensity to form cis-
 complexes.11,14 Since the original preparation of tetraphos-1 
by King and co-workers,15 there have been a number of reports 
on its coordination behavior.11-16 By a close perusal of available 
literature, we noticed that the chemistry of the meso isomer is 



 

far more developed than that of the rac isomer. Only complexes 
[FeBr(P4)][BPh4]16d and trans-[FeH(N2)(P4)]16c were charac-
terized crystallographically and in both the ligand exhibits a 
meso configuration. This was probably due to the fact that the 
authors used commercial tetraphos-1 which is richer in the meso 
isomer. The syntheses of [FeH(P4)]X, [Fe(NCS)2(P4)], 
[FeH(NCS)(P4)]X, and [FeH(CO)(P4)] (X = Br, I) were also 
described, but no indications on the configuration of the P4 lig-
and was provided.16e Morris and co-workers reported on the hy-
drogen exchange between 2-H2 and hydride ligands in trans-
[FeH(2-H2)(meso-P4)]BF4, obtained by protonation of the cor-
responding dihydride complex trans-[Fe(H)2(meso-P4)].12,14 To 
the best of our knowledge, the full exploration of the coordina-
tion chemistry of rac-P4 to Fe(II) and the reactivity of the com-
plexes so obtained has never been reported. 

In this work, we describe the synthesis of novel Fe(II) com-
plexes bearing rac-P4, their reactivity toward H2 and CO2, and 
their application as efficient catalysts for FA dehydrogenation 
and sodium bicarbonate hydrogenation to sodium formate. The 
catalytic data are complemented by mechanistic details ob-
tained by model stoichiometric reactions and in operando high 
pressure HPNMR experiments. 

 

 
Chart 1. The rac and meso isomers of tetraphos-1 (P4) and 

allowed configurations for their octahedral complexes. 

 

RESULTS AND DISCUSSION 
 

Syntheses and characterization of Fe(II) complexes. At 
first, rac-P4 and meso-P4 were obtained in pure isomeric form 
from the commercial ligand P4, containing a rac:meso = 1:3 
ratio, by fractional crystallization as described in the literature.14 
In order to test the coordination abilities of the two isomers with 
suitable iron(II) sources, the commercially available salt 
Fe(BF4)2·6H2O and the easily accessible complex17 
[Fe(CH3CN)6](BF4)2 were used as metal precursors. The reac-
tion of Fe(BF4)2·6H2O with rac-P4 (1:1) resulted rather sluggish 
in a variety of common solvents, whereas it proceeded smoothly 
in propylene carbonate (PC), affording a deep purple solution. 
The 31P{1H} NMR spectrum of such solution (C6D6 insert) 
showed two broad signals at P 99.9 and 60.9 ppm, indicative 
of Fe(II) complexation by the ligand. 19F{1H} NMR analysis at 
room temperature showed only a single, sharp peak for the BF4 
anion, suggesting that B–F activation to form the putative fluo-

ride complex [FeF(rac-P4)](BF4), in a similar way to what ob-
served by Beller et al.5f for [FeF(PPhP3)]+ had not occurred. We 
could also exclude the formation of a complex bearing PC as 
ancillary ligand, since the same 31P{1H} NMR pattern was ob-
served in the absence of PC (for example, in CD2Cl2). Due to 
the known propensity of Fe(P4) complexes to adopt a penta-
coordinate geometry, often completed by halide ligands,16c,d,f 
we propose that under these conditions the highly reactive com-
plex [Fe(1-FBF3)(rac-P4)](BF4) (1) has formed, where one of 
the BF4 counterions acts as a weakly coordinating ligand 
(Scheme 1).18 Upon addition of CD3OD to a solution of 1 in PC, 
a new species is formed, and the corresponding 31P{1H} NMR 
pattern gives two triplets at P 107.6 and 73.8 (2JPP = 29.9 Hz). 
This behavior may be attributed to the displacement of the 
loosely coordinated BF4 anion by methanol, yielding a sol-
vento-species such as [Fe(CD3OD)x(rac-P4)](BF4)2 (1’, x = 1 or 
2). To date, all our attempts to obtain crystals of either 1 or 1’ 
failed. A similar reactivity was observed upon reacting 
Fe(BF4)2·6H2O with meso–P4, which resulted in the formation 
of a brown solution containing the putative complex [Fe(1-
FBF3)(meso-P4)](BF4) (1”) also characterized by two broad 
signals in the 31P{1H} NMR at P 104.8 and 70.8 ppm. 

 

 

Scheme 1. Reactivity of Fe(BF4)2·6H2O with rac-P4 and meso-
P4 to give 1, 1’ and 1”. 

In contrast, the reaction of rac-P4 with [Fe(CH3CN)6](BF4)2 
resulted in the quantitative formation of the well-defined com-
plex cis--[Fe(CH3CN)2(rac-P4)](BF4)2 (2) as the sole product 
(Scheme 2). The 31P{1H} NMR spectrum exhibits two triplets 
at 100.7 and 65.6 ppm in CD3CN, which reflect an AA’XX’ 
coupling pattern with equivalent cis-P,P coupling constants 
(2JPP = 31.7 Hz). These values are in close analogy with those 
attributed by Habeck et al. to cis--[Fe(NCS)2(rac-prP4)] (rac-
prP4 = 1,1,4,8,11,11-hexaphenyl-1,4,8,11-tetraphosphaundeca-
ne].19 Crystals suitable for X-ray diffraction analysis were 
grown by adding n-pentane to a solution of 2 in acetoni-
trile/methanol (Figure 1). Complex 2 crystallizes in the C2/c 
space group and has an octahedral coordination geometry at the 
Fe(II) center, with the Fe–Pax distances (Fe1–P1 = 2.2868(13) 
Å and Fe1–P4 = 2.2982(13) Å) that are longer than the Fe–Peq 
distances (Fe1–P2 2.2138(13) and Fe1–P3 2.2247(12) Å). No-
tably, complex 2 resulted air stable as a solid and solutions in 
acetonitrile/methanol could be stored under nitrogen for over a 
month without any appreciable decomposition. In contrast, re-
action of meso-P4 with [Fe(CH3CN)6](BF4)2 was not selective, 
and afforded a mixture of two products in approximately 2:1 
ratio, which were identified on the basis of characteristic 



 

31P{1H} NMR resonances12,19 (see Supporting Information), as 
the trans- and cis- isomers of [Fe(CH3CN)2(meso-P4)](BF4)2, 
respectively. 

 
 

Scheme 2. Synthesis of rac-P4 and meso-P4 complexes starting 
from [Fe(CH3CN)6](BF4)2. 

 

Figure 1. Molecular structure for the cationic portion of 2. Ellip-
soids are set at 50% probability. Hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and bond angles (°): Fe1–N1 
1.943(3); Fe1–N2 1.955(4); Fe1–P1 2.2868(13); Fe1–P2 
2.2138(12); Fe1–P3 2.2247(12); Fe1–P4 2.2982(13). N1–Fe1–N2 
88.70(15); N2–Fe1–P3 93.76(11); P2–Fe1–P3 85.26(4); P2–Fe1–
N1 92.51(11); P1–Fe1–N1 90.36(11); P1–Fe1–N2 91.58(12); P1–
Fe1–P2 85.87(5); P1–Fe1–P3 94.48(5); P1–Fe1–P4 179.53(5); P2–
Fe1–P4 94.29(5); P3–Fe1–P4 85.10(4). 

 

Syntheses of Fe(rac-P4) hydrido-complexes. Due to the rel-
evance of Fe-hydrido complexes to FA dehydrogenation and bi-
carbonate hydrogenation reactions, we targeted the syntheses of 
the so far unknown mono- and dihydride iron complexes of rac-
P4. The analogues of the meso isomer have been previously re-
ported.12,16e The monohydrido complex [FeH(rac-P4)][BPh4] 
(3·BPh4) was obtained upon reacting rac-P4, anhydrous FeCl2, 
NaBPh4 and NaBH4 in stoichiometric amounts in THF/MeOH, 
and was characterized by NMR and X-ray diffraction studies 
upon growing suitable crystals from these solutions. The 
31P{1H} NMR spectrum of 3·BPh4 in d8-THF showed two tri-
plets at P 119.4 and 99.4 ppm, reflecting an AA’XX’ coupling 
pattern with an observed splitting of 24.5 Hz, while in the cor-
responding 1H NMR spectrum, the hydride signal appears as a 
broad triplet at -9.16 ppm (2JHP = 24.0 Hz). The crystal structure 

of 3·BPh4 displays a pseudo-octahedral geometry, with the hy-
dride ligand occupying alternatively one or the other cis posi-
tions in 50% occupancy (Figure 2). The distortion from the ideal 
octahedral geometry is evident from the P1–Fe1–P4 angle 
(170.4°), which is significantly bent compared to the analogous 
P1–Fe1–P4 angle in 2 (179.5°), whereas the P2–Fe1–P3 angle 
is comparable in 2 and 3 (85.3° vs. 85.7°).  

 

Figure 2. Molecular structure for the cationic portion of 3·BPh4. 
Ellipsoids are set at 50% probability. Hydrogen atoms are omitted 
for clarity except the hydrido ligand. Selected bond lengths (Å) and 
bond angles (°): Fe1–P1 2.2189(7); Fe1–P2 2.1961(7); Fe1–P3 
2.2207(7); Fe1–P4 2.1993(8); Fe1–H1h 1.61(5); Fe1–H1h’ 
1.41(5); H1h–Fe1–H1h’ 90(3); P1–Fe1–P2 85.38(3); P1–Fe1–P3 
102.58(3); P1–Fe1–P4 170.41(3); P2–Fe1–P3 85.74(3); P2–Fe1–
P4 96.87(3); P3–Fe1–P4 86.91(3); H1h–Fe1–P1 89.0(2); H1h–
Fe1–P2 172.4(18); H1h–Fe1–P3 100.6(18); H1h–Fe1–P4 87.(2); 
H1h’–Fe1–P1 83.(2); H1h’–Fe1–P2 83.(2); H1h’–Fe1–P3 168(2); 
H1h’–Fe1–P4 87 (2). 

The neutral dihydrido complex cis-α-[Fe(H)2(rac-P4)] (4) 
was synthesised from rac-P4, anhydrous FeCl2 and excess 
NaBH4 under reflux conditions in a THF/EtOH mixture. The 
31P{1H} NMR spectrum of 4 in d8-THF displayed two triplets 
at P 123.8 and 113.1 ppm with a 2JPP = 13.5 Hz due to cis-P,P 
coupling, whereas the two hydride ligands gave a complex mul-
tiplet centered at -11.7 ppm (apparent double septuplet; see SI). 
Crystals of 4 suitable for X-ray analysis were grown by diffu-
sion of MeOH into the solution which resulted from the reaction 
mixture, after filtration and partial evaporation of the solvent. 
The solid state molecular structure of 4 displays a significantly 
distorted octahedral coordination geometry at the Fe(II) center 
with the rac-P4 ligand adopting a cis-α configuration (Figure 
3). The P1–Fe1–P4 angle in 4 (159.6°) is significantly more dis-
torted than in 3·BPh4 (170.4°). Furthermore, all Fe–P bond dis-
tances are significantly shorter (all < 2.17 Å) respect to those 
observed in 2 (2.19 – 2.22 Å) and 3·BPh4 (2.21 – 2.30 Å).  

 

Reactivity of 1 and 2 toward H2. To verify the potential of 
1 and 2 as hydrogenation catalyst precursors, we investigated at 
first their reactivity towards molecular H2 in model reactions. 
Bubbling H2 (1 atm) into a solution of 1 in PC at room temper-
ature resulted in the quantitative formation of the monohydrido 
complex 3·BF4, having identical NMR patterns as the isolated 
3·BPh4. Notably, the heterolytic H–H cleavage promoted by the 
Fe/P4 system 1 occurs without an additional base.20  



 

 

Figure 3. Molecular structure of 4. Ellipsoids are set at 50% prob-
ability. Hydrogen atoms are omitted for clarity except hydrido lig-
ands. Selected bond lengths (Å) and bond angles (°): Fe1–P1 
2.1249(7); Fe1–P2 2.1510(7); Fe1–P3 2.1654(7); Fe1–P4 
2.1303(7); Fe1–H1h 1.55(3); Fe1–H1j 1.57(2); H1h–Fe1–H1j 
90.6(13); P1–Fe1–P2 89.00(3); P1–Fe1–P3 106.14(3); P1–Fe1–P4 
159.62(3); P2–Fe1–P3 86.05(2); P2–Fe1–P4 106.21(3); P3–Fe1–
P4 88.71(3); H1h–Fe1–P1 85.0(9); H1h–Fe1–P2 91.8(9); H1h–
Fe1–P3 168.6(9); H1h–Fe1–P4 81.1(9); H1j–Fe1–P1 82.3(9); H1j–
Fe1–P2 93.3(9); H1j–Fe1–P3 171.8(9); H1j–Fe1–P4 83.0(9). 

The experiment was repeated under a pressure of H2 (30 bar) 
and monitored by high pressure HPNMR spectroscopy. A solu-
tion of Fe(BF4)2·6H2O and rac-P4 in PC (1.5 mL, 0.01M) was 
initially transferred in a 10 mm medium-pressure HPNMR sap-
phire tube. 31P{1H} NMR analysis at room temperature under 
Ar atmosphere showed, as expected, the broad signals due to 1. 
Upon addition of CD3OD for deuterium lock (0.5 mL), the 
31P{1H} NMR pattern due to 1’ appeared, while no hydride sig-
nals were observed in the corresponding 1H NMR spectrum. 
The tube was then pressurized at RT with 40 bar H2, which re-
sulted in the quantitative conversion of 1 and 1’ into the mono-
hydride 3·BF4. In a variable temperature (VT) NMR experiment 
in the temperature range 233–353 K we never observed the for-
mation of a hydrido-dihydrogen complex such as [FeH(2-
H2)(rac-P4)]+, in analogy to what previously described for 
[FeH(meso-P4)]+.14  

Complex 2 resulted remarkably less reactive towards H2 than 
1. Bubbling H2 (1 atm) into a solution of 2 in CD3OD did not 
result in any visible changes in the initial 31P{1H} NMR pattern. 
Under 30 bar H2 pressure (HPNMR experiment, see SI), besides 
the peaks of unreacted 2, four distinct 31P{1H} NMR resonances 
were observed, having equal intensities, at P 121.7 (br.s), 104.0 
(br.d), 101.2 (br.d), 96.3 (br.s). The corresponding 1H NMR 
spectrum showed a complex signal centered at H -8.5 ppm (dq, 
2JHPtrans 36.7 Hz, 2JHPcis,eq Hz, 51.3 2JHPcis,ax1 = 2JHPcis,ax2 = 51.1 
MHz). These patterns, indicative of unequivalent phosphorus 
atoms typical of an octahedral Fe complex, were attributed to 
the formation of cis-α-[FeH(NCMe)(rac-P4)](BF4) (5). Upon 
heating to 40 °C, we observed also the formation of 3·BF4 (see 
SI for details). However, quantitative transformation of 2 could 
be achieved only in the presence of an added base (NEt3), af-
fording at first a mixture of 3·BF4 and 5 (upon heating), and then 
5 as the final product. Addition of Et2O/pentane to the reaction 
mixture resulted in the precipitation of yellow crystals of 5. The 

corresponding (highly disorderd) X-ray crystal structure con-
firmed the proposed formula (see SI). This behavior is likely 
due to the lower reactivity of 2 with H2 due to the better donor 
properties to Fe of the MeCN ligands compared to the loosely 
bound 1-FBF3 in 1. As a consequence, MeCN elimination in 
passing from 2 to 3·BF4 follows a stepwise pathway involving 
the stable intermediate 5 (Scheme 3). A different Lewis acidity 
of the Fe center in these complexes must also be involved.20  

 

 

Scheme 3. Conversion of 2 to 3·BF4 via intermediate 5. 

Reactivity of 3·BPh4 and 4 toward CO2. In the next step, 
we explored the reactivity of the mono- and dihydrides 3·BPh4 
and 4 toward CO2. Beller et al. showed that insertion of CO2 
into the Fe–H bond of complex [FeH(PP3)]+ could be achieved 
under 10 atm of gas pressure giving the corresponding formate 
complex.5a In an NMR-scale experiment, we reacted the mon-
ohydride 3·BPh4 with CO2 (1 atm) in d8-THF, obtaining as ex-
pected, the formate complex cis-α-[Fe(2-O2CH)(rac-
P4)](BPh4) (6·BPh4, Scheme 4), having 31P{1H} NMR signals 
at P 106.8 (t) and 77.4 (t, 2JPP = 29.5 Hz). In the corresponding 
13C{1H} NMR spectrum, apart from the signal at C 162.4 ppm 
due to BPh4

-, a broad singlet at 171.9 ppm, compatible with a 
coordinated formate anion, was observed.5a,21 Unfortunately, 
the 1H NMR expected in the range 8.2-8.5 ppm for the formate 
ligand, diagnostic for 1 vs. 2-coordination, was lying under 
the ligand aromatic protons multiplet. After 24 h, the 31P{1H} 
NMR spectrum showed signals of a new complex with triplets 
at P 107.5 and 74.1 ppm (2JPP = 30.4 Hz), which we assigned 
to the neutral carbonate complex cisα-[Fe(2-O2CO)(rac-P4)] 
(7). The attribution was confirmed by independent synthesis of 
7 by reaction of 1 with an excess of K2CO3 in PC. In addition, 
the formation of complex 7 was observed also in HPNMR ex-
periments upon reacting either 1 or 2 with NaHCO3 (vide infra). 

 

Scheme 4. Reactivity of complex 3·BPh4 with H2 to give 6·BPh4 
and 7. 

MeOH diffusion into the d8-THF solution recovered after the 
NMR experiment described above afforded few purple crystals 
which were found to be suitable for X-ray diffraction data col-
lection. Quite surprisingly, the solid-state structure revealed a 
trimetallic unit in which a central [Fe(MeOH)4]2+ moiety, 
bridges two [Fe(O2CO)(rac-P4)] moieties via the two carbonate 
ligands by 1-O coordination, as shown in Figure 4. Despite the 



 

fact that the formation of complex {2-[Fe(MeOH)4]-1-O-
[Fe(2-O2CO)(rac-P4)]2}(BPh4)2 (7’) may be accidental, its 
solid-state structure confirmed the presence of CO3

2- ligands. 
Carbonate is likely to form by reductive disproportionation of 
CO2 into CO3

2- and CO, promoted by 3·BPh4.22 This reaction, 
occurring via a formate intermediate, has been previously de-
scribed with Fe(II) hydrido-complexes such as trans-
[Fe(H)2(dppe)2] and [Fe(H)2(PP3)].22,23 

Complex 4 was also tested for reactivity with CO2, to check 
for the possible formation of Fe-hydrido formate complexes, 
similarly to what proposed by Beller et al. for [Fe(H)2(PPhP3)].5f 
No reaction was observed under the conditions described above 
(i.e. 1 atm CO2 in d8-THF, RT). The experiment was repeated 
under moderate pressure of CO2 (7 bar) under HPNMR condi-
tions, but again no reaction occurred. 

Fe-Catalyzed Sodium Bicarbonate Hydrogenation. The 
added base-free hydrogenation of sodium bicarbonate to for-
mate in MeOH was tested in stainless steel autoclaves at differ-
ent H2 pressures and temperatures. In a preliminary experiment, 
we tested the activity of a combination of commercial tetraphos-
1 (P4) and Fe(BF4)2·6H2O (0.01 mmol, 1:1 ratio) in the hydro-
genation of sodium bicarbonate in MeOH. To our delight, at 80 
°C under 30 bar H2, sodium formate was formed with TON = 
154 (entry 1). The activity of 1 and 1” was then tested to check 
for ligand effects. 

The in situ formed pre-catalysts were obtained from stock so-
lutions made from Fe(BF4)2·6H2O and either rac-P4 or meso-P4 
(0.01M in PC). The solutions were analyzed by 31P{1H} NMR 
before use to confirm the formation of the corresponding Fe(II) 
complexes 1 and 1”. Catalyst precursor 1” gave a rather poor 
catalytic performance, reaching a TON = 62 after 24 h under 60 
bar H2 and 80 °C using 0.1%mol catalyst (Table 1; entry 2). In 
contrast, 1 resulted rather active in the catalytic hydrogenation 
of NaHCO3 in MeOH. Under 60 bar H2 pressure, using 0.1 
%mol catalyst, rather good yields (58% and 59%) and TONs 
(575 and 588) were achieved at 80 °C and 100 °C, respectively 
(Table 1; entries 3 and 4). TON values are in the order of mag-
nitude obtained by Beller et al. with the Fe(BF4)2/PP3 system 
under comparable conditions.5a At 60 °C (entry 5) the TON de-
creased to 186 with a formate yield of 19%. The effect of H2 
pressure on the productivity of the reaction was also tested. 
TON and yield were not affected at 80 °C in passing from 60 to 
30 bar (entry 6), whereas at 10 bar the yield of formate was 
slightly reduced (entry 7). Using a catalyst/substrate ratio = 
1:10000, significantly lower TON and yield were obtained (en-
try 8). At an intermediate catalyst/substrate ratio (1:3000, ob-
tained by increasing the substrate concentration) good activity 
was observed with TON = 723 and 24% yield in formate (entry 
9). The hydrogenation of NaHCO3 to NaHCO2 using the well-
defined molecular complex 2 as catalyst precursor (0.1 mol%) 
proceeded smoothly at 80 °C, affording sodium formate in ex-
cellent yields (76 and 71%) and good TONs (762 and 766) un-
der 60 and 30 bar H2 pressure (entries 10 and 13, respectively). 
Lowering the catalyst loading to 0.01 mol%, an increased TON 
= 1229 was measured, albeit with a lower yield in formate 
(12%) (entry 14). At this catalyst/substrate ratio, 2 performed 
better than 1 (1.2 mmol sodium formate vs. ca. 0.1 mmol ob-
tained, entries 14 and 8, respectively). Finally, at higher (100 
°C) or lower temperatures (60 °C) in the presence of 2 (0.1 
mol%), lower yields of formate were obtained (entries 11 and 
12). 

Mechanistic studies. To gain mechanistic insights into the 
iron-catalysed hydrogenation of NaHCO3 to sodium formate in 
the presence of the best performing catalysts tested, namely 1 
and 2, we monitored the catalyst evolution by HPNMR spec-
troscopy under in operando conditions. In details, a 10 mm 
HPNMR sapphire tube was initially charged with a 0.01M so-
lution of 1 in PC (1.5 mL), CD3OD (0.5 mL) and NaHCO3 (84 
mg; 1.0 mmol, 100 equiv). The 31P{1H} NMR pattern showed 
the presence of 1 (25%), 1’(25%) and of the carbonate complex 
7 (50%) (percentages are based on integrals). Pressurization of 
the reaction mixture with H2 (30 bar) resulted in the formation 
of the monohydride complex 3·BF4 (34%) at room temperature. 
The mixture composition evolved fully to 3·BF4 in less than 2h 
upon slow heating to 60 ºC, as confirmed by 31P{1H} NMR 
spectra. Further heating to 80 ºC did not result in further 
changes of the NMR patterns. The relative rate of conversion of 
complexes 1, 1’ and 7 into 3·BF4 follows the order 1 >> 1’ > 7. 

A similar experiment was carried out using 2 (0.01 mmol) 
and NaHCO3 (100 equiv) in CD3OD (2 mL). The initial mixture 
prepared under Ar atmosphere showed in the corresponding 
31P{1H} NMR the presence of unreacted 2 (84%), 7 (7%), and 
a new minor species 8 (9%), characterized by two triplets at P 
105.4 and 68.7 ppm (2JPP = 30 Hz).24 Upon standing at room 
temperature for 75 min, the resonances observed for 7 and 8 
increased significantly (up to 34% and 27%), by slow reaction 
of 2 with NaHCO3. The slow ligand exchange from CH3CN to 
CO3

2- mirrors the reactivity of 2 with H2 described above. By 
pressurization of the HPNMR tube with H2 (30 bar), the reso-
nances due to 5 appeared in the 31P{1H} and 1H NMR spectra, 
already at room temperature. At 80 °C, the signals of 2, 7 and 8 
disappeared, with concomitant formation of 3·BF4 and 5 and 
free sodium formate (broad signals at 8.6-8.9 in the 1H NMR 
spectrum). The experimental results clearly indicate in 3·BF4 
the key intermediate in the catalytic hydrogenation of NaHCO3 
with 1 and 2, similarly to what described by Beller and co-work-
ers in the case of CO2 hydrogenation by [Fe(H)(PP3)]+.5a A pro-
posed mechanism accounting for the observed reactivity is 
shown in Scheme 5. 

 

  
 

Scheme 5. Proposed mechanism for the catalytic hydrogena-
tion of NaHCO3 in the presence of 1 and 2. 

 



 

 

Figure 4. Molecular structure for the cationic part of {2-[Fe(MeOH)4]-1-O-[Fe(2-O2CO)(rac-P4)]2}(BPh4)2 (7’). Ellipsoids are set at 
50% probability. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and bond angles (°): Fe(1)–O(1) 2.034(5); Fe(1)–
O(2) 2.029(5); Fe(1)–P(1) 2.287(3); Fe(1)–P(2) 2.204(3); Fe(1)–P(3) 2.198(2); Fe(1)–P(4) 2.296(3); Fe(2)–O(4) 2.032(5); 
Fe(2)–O(5) 2.045(5); Fe(2)-P(5) 2.282(2); Fe(2)–P(6) 2.217(3); Fe(2)–P(7) 2.203(2); Fe(2)–P(8) 2.260(2); Fe(3)–O(3) 
2.133(6); Fe(3)–O(6) 2.077(6); O(2)–Fe(1)–O(1) 65.0(2); O(2)–Fe(1)–P(3) 104.37(18); O(1)–Fe(1) –P(3) 165.38(18); O(2)–
Fe(1)–P(2) 167.62(17); O(1)–Fe(1)–P(2) 106.28(19); P(3)–Fe(1)–P(2)  85.68(9); O(2)–Fe(1)–P(1) 87.62(17); O(1)–Fe(1)–P(1) 
96.23(17); P(3)–Fe(1)–P(1) 93.20(9); P(2)–Fe(1)–P(1) 84.57(9); O(2)–Fe(1)–P(4) 94.17(17); O(1)–Fe(1)–P(4) 86.72(17); P(3)–
Fe(1)–P(4) 84.02(9); P(2)–Fe(1)–P(4) 94.06(10); P(1)–Fe(1)–P(4) 176.99(9); O(4)–Fe(2)–O(5) 64.8(2); O(4)–Fe(2)–P(7) 
166.91(18); O(5)–Fe(2)–P(7) 107.33(16); O(4)–Fe(2)–P(6) 104.68(17); O(5)–Fe(2)–P(6) 164.85(16); P(7)–Fe(2)–P(6) 
84.94(9); O(4)–Fe(2)–P(8) 86.44(16); O(5)–Fe(2)–P(8) 92.75(17); P(7)–Fe(2)–P(8) 83.46(9); P(6)–Fe(2)–P(8) 97.55(9); 
O(4)–Fe(2)–P(5) 93.82(16); O(5)–Fe(2)–P(5) 85.33(16); P(7)–Fe(2)–P(5) 95.95(9); P(6)–Fe(2)–P(5) 84.56(9); P(8)–Fe(2)–
P(5) 177.73(10). 

 
Table 1. Hydrogenation of sodium bicarbonate using either in situ formed or defined molecular Fe(II) pre-catalysts.a 

Entry Catalyst 

precursor 

substrate 
/catalyst 

T 

(°C) 

p (H2) 

(bar) 

TONi,k Yield (%)j,k 

1b i 1000 80 60 154(±4) 15(±0) 

2c 1” 1000 80 60 62(±16) 6(±2) 

3d 1 1000 80 60 575(±52) 58(±5) 

4d 1 1000 100 60 588(±74) 59(±7) 

5d 1 1000 60 60 186(±14) 19(±1) 

6d 1 1000 80 30 620(±36) 62(±4) 

7d 1 1000 80 10 398(±14) 40(±1) 

8e 1 10000 80 60 83(±27) 1(±0) 

9d,f 1 3000 80 60 723(±40) 24(±1) 

10g 2 1000 80 60 762(±105) 76(±11) 

11g 2 1000 100 60 555(±15) 55(±1) 

12g 2 1000 60 60 161(±6) 16(±1) 

13g 2 1000 80 30 766(±81) 71(±14) 

14h 2 10000 80 60 1229(±18) 12(±0) 

a General reaction conditions: catalyst precursor (0.01 mmol); NaHCO3 (10 mmol); MeOH (20 mL); H2 pressure, 24 h. b Catalyst precursor 
i: 1 mL of a 0.01M stock solution of commercial P4 and Fe(BF4)2·6H2O (1:1). c Catalyst precursor 1”: 1 mL of a 0.01M stock solution of 1” 
in PC. d Catalyst precursor 1: 1 mL of a 0.01M stock solution of 1 in PC. e 0.1 mL of a 0.01M stock solution of 1 in PC. f 30.0 mmol NaHCO3. 
g Complex 2 (0.01 mmol) was added to the autoclave from a CH3CN stock solution, from which the solvent was subsequently removed (0.02 
M, 0.5 mL, see Experimental Section for details). h Complex 2 (0.001 mmol) was added to the autoclave from a CH3CN stock solution, from 
which the solvent was subsequently removed (0.02 M, 50 L). i TON = mmoles of sodium formate per mmoles of catalyst. j Yields calculated 
from the integration of 1H NMR signals due to NaHCO2, using THF as internal standard. k Values of yields and TONs were calculated as 



 

averages from the analysis of 2-4 samples, the largest deviations are reported in brackets; selected experiments were repeated to ensure 
reproducibility. 

 

Formic Acid Dehydrogenation. FA dehydrogenation to 
H2/CO2 gas mixtures was tested in the presence of the in situ 
and pre-formed catalysts described above, using an inert sol-
vent (PC) under isobaric conditions (1 atm) and in absence of 
added base, measuring the development of gas during the re-
action with a manual gas-burette. The gas mixtures were ana-
lyzed off-line by FT-IR spectroscopy, showing absence of CO 
for all tests (detection limit 0.02%).25 Much to our surprise, 
the well-defined catalyst precursor 2 (0.1 %mol) resulted in-
active in the dehydrogenation of FA in PC at 40 °C. Thus, we 
targeted the use of in situ catalysts formed using rac- and 
meso-P4. Initially, we checked the activity of commercial P4 
(0.1 %mol, meso/rac = ca. 3) under the same conditions de-
scribed above, and observed a FA conversion of 4 % after 6 h, 
corresponding to a TON = 444 (Table 2; entry 1). When pure 
rac-P4 was used, generating in situ catalyst 1 (0.1 %mol) FA 
dehydrogenation proceeded with good conversions, reaching  
TON = 604 after 8 h at 40 °C (entry 2). As reported for the 
PP3/Fe(BF4)2·6H2O catalyst system,5e higher ligand/Fe ratios 
are beneficial to reach high reaction turnovers. Using a 
Fe/rac-P4 = 1/2 ratio,5e as expected the catalyst performance 
improved significantly, affording full conversion of FA in ca. 
6 h (TON = 1000; entry 3). Using a catalyst/substrate ratio = 
1:10000 at 40 °C, low conversions (11 %) were obtained after 
6 h, with TON = 1081 (entry 5). Using the same catalyst/sub-
strate ratio at 60 °C, gave a higher TON = 3088 after 6 h (entry 
6). Using a higher Fe /ligand = 1:4 ratio, at 60 °C considerably 
enhanced catalytic activity was achieved (TON = 6061, 6h; 
entry 9). In contrast, pre-catalysts obtained from 
Fe(BF4)2·6H2O and meso-P4 showed worse catalytic activities 
(generally ca. 33% lower) compared to rac-P4 (entries 4, 7,8 
and 10). Selected results are summarized in Table 2. Selected 
reaction profiles (volumes vs. time) of catalytic runs obtained 
at catalyst/substrate = 1:10000 ratio, at various Fe/ligand ra-
tios and temperatures, are shown in Figure 5. Disappointingly, 
recycling experiments at catalyst / substrate = 1:1000, Fe/lig-
and = 1:2, 40 °C showed a severe drop in activity from the 
first to the third cycle, namely from TON = 1000 to 295 after 
6 h.  

Mechanistic studies. The reactivity of the different pre-cat-
alysts with FA was studied by monitoring stoichiometric re-
actions by NMR and by HPNMR in operando conditions. A 
solution of complex 2 (0.7 mL, 0.012 M in PC, C6D6 insert) 
was reacted with FA (1 equiv) for 1h in a NMR tube. No 
changes in the 31P{1H} and 1H NMR spectra were observed 
even after heating to 60 °C, confirming that 2 is not reactive 
under these conditions, probably due to stable coordination of 
MeCN ligands to the Fe center. 

In contrast, addition of 1 equivalent of FA to a solution of 
1 in PC in a NMR tube (0.7 mL, 0.042 M, C6D6 insert) at room 
temperature, resulted in the formation of the monohydride 
[FeH(rac-P4)](BF4) (3·BF4) and of the formate complex 
[Fe(2-O2CH)(rac-P4)](BF4) (6.BF4, P 107.6 (t), 76.0 (t); 2JPP 
= 29.0, 28.9 Hz), initially in 6:1 ratio. Heating to 40 °C for 1h 
then leaving the tube overnight at 25 °C gave almost complete 
conversion to 3·BF4. The experiment was repeated in the pres-
ence of a large excess of FA (100 equiv) monitoring catalyst 
evolution by HPNMR spectroscopy. A 10 mm HPNMR sap-
phire tube was thus charged with a solution of 1 in PC (1.8 

mL; 0.012 M), to which CD3OD (0.4 mL) was added for deu-
terium lock.  

Upon addition of FA at RT, complexes 3·BF4 and 6·BF4 
were observed to form in 1:6 ratio. The probehead was then 
heated to 40 °C. After 1h, the reaction mixture evolved further 
with formation of a new species (9), characterized by four 
structured signals in the 31P{1H} NMR (see Experimental Sec-
tion) and by a complex high field resonance signal (ddd; H -
9.55 ppm, 2JPP = 25.5, 46.5, 70.7 Hz; 1H, FeH) in the corre-
sponding 1H NMR spectrum, indicative of the formation of an 
octahedral [FeHL(rac-P4)] complex with cis-α configuration. 
Prolonged heating resulted in the complete conversion to 9, 
affording a yellow solution. Further multinuclear NMR anal-
ysis and ESI-MS spectroscopy data obtained from aliquots of 
the final solution allowed to identify complex 9 as the Fe-car-
bonyl hydrido complex cis--[FeH(CO)(rac-P4)](BF4) (L = 
CO; for details see Experimental Section).26 

As CO may result from the a competitive FA decomposi-
tion pathway, i.e. dehydration to H2O and CO, we thought of 
interest to investigate further the reaction of 1 with FA. Some 
hints were given from the experimental data described above. 
Firstly, CO was never detected in the gas mixtures resulting 
from the catalytic runs by off-line FTIR measurements (see SI 
for a representative spectrum).25 Secondly, complex 9 was 
never obtained in the NMR experiment carried out using a 
FA:1 = 1:1 ratio. Thirdly, 9 was formed under isochoric con-
ditions (HPNMR) in the presence of 100 equiv. of FA. Under 
these conditions, it is likely that the CO2 pressure built up in 
the HPNMR tube during the course of the experiment may 
have undergone partial reductive disproportionation to CO 
and CO3

2- as previously observed upon prolonged reaction of 
the monohydride 3·BPh4 with CO2. 

To confirm this hypothesis, we repeated the experiment in 
the glass reactor (isobaric conditions) normally used for the 
catalytic runs. Under the same conditions applied for the 
HPNMR experiment, gas evolution was complete after 20 min 
and again no CO was detected in the gas mixture. Further-
more, the mixture color remained purple throughout the run, 
whereas a bright yellow color should be expected upon for-
mation of 9 in high concentrations. As further confirmation, 
NMR analysis of the catalytic mixture at the end of the run 
showed the typical 31P{1H}NMR resonances of 3·BF4 and 
6·BF4 in 1:1 ratio, while the signals due to 9 were not ob-
served. Based on these data, although we cannot rule out that 
at low catalyst concentrations (0.01 %mol) catalyst deactiva-
tion may occur by formation of 9, we propose that in closed 
(isochoric) vessels Fe-catalyzed CO2 reductive disproportion-
ation becomes a competing pathway, and CO coordination to 
3·BF4 gives the stable (and catalytically inactive) octahedral 
9.  

The following pathway for the base-free FA catalytic dehy-
drogenation reaction is thus proposed (Scheme 6). In step (i), 
the catalyst precursor 1, formed in situ from Fe(BF4)2·6H2O 
and rac-P4, reacts with FA to give the formate complex 
[Fe(2-O2CH)(rac-P4)](BF4) (6.BF4), which after 2 → 1 co-
ordination shift from 6 to 6’ (ii) and rearrangement (iii), un-
dergoes -hydride elimination to give back 3·BF4 and CO2 
(iv). Protonation of 3·BF4 by FA results in the fast elimination 
of H2 and regeneration of the formate complex 6·BF4 (v). 



 

Table 2. Formic Acid Dehydrogenation catalyzed using in situ Fe(II) pre-catalysts. 

Entry Ligand 
Sub-

strate/cata-
lyst 

Fe/Ligand T (°C) V1h (mL)d  TON1h
e Vfinal (mL)d TONfinal

e 
Total 

Conv. (%) 

1a P4c 10000 1:2 40 25 97 115 444 (6h) 4 

2a rac-P4 1000 1:1 40 220 85 1560 604 (8h) 60 

3a rac-P4 1000 1:2 40 345 133 2570 1000 (6h) 100 

4a meso-P4 1000 1:2 40 165 64 810 313 (8h) 31 

5b rac-P4 10000 1:2 40 45 174 280 1081 (6h) 11 

6b rac-P4 10000 1:2 60 215 830 800 3088 (6h) 31 

7b meso-P4 10000 1:2 40 15 58 90 348 (6h) 3 

8b meso-P4 10000 1:2 60 70 270 260 1003 (6h) 10 

9b rac-P4 10000 1:4 60 400 1544 1570 6061 (6h) 61 

10b meso-P4 10000 1:4 60 140 540 590 2278 (8h) 23 
 

Reaction conditions: a Fe(BF4)2·6H2O, 5.3 mmol; ligand (1 to 4 equiv. to Fe); HCOOH, 5.3 mol (2 mL); PC, 5 mL. b As above, Fe(BF4)2·6H2O, 
5.3 mol. c Commercial tetraphos-1 (P4) ligand, meso-P4/rac-P4 = 3. d Gas evolution measured by manual gas burette, based on 2-4 tests, 
error ± 10%. Gas mixture analyzed off-line by FTIR spectroscopy. e Defined as mmolgas produced / mmolcatalyst. 

 

 

Figure 5. Reaction profiles of selected FA dehydrogenation catalytic runs using catalyst/substrate = 1:10000 ratio at different temperatures 
and Fe:P4 ratios. For legenda and conditions see Table 2. 

 

 

0

200

400

600

800

1000

1200

1400

1600

1800

0 50 100 150 200 250 300 350 400

V
 (
m
L)

t (min)

entry 5

entry 6

entry 9

entry 7

entry 8

entry 10



 

 

9

 
Scheme 6. Proposed mechanism for the catalytic dehydro-

genation of FA. 

 

CONCLUSIONS 
In summary, the coordination chemistry of the rac- and meso-

isomers of the linear tetraphosphine 1,1,4,7,10,10-hexaphenyl-
1,4,7,10-tetraphosphadecane (tetraphos-1, P4) towards Fe(II) 
was explored in details, obtaining novel complexes which were 
applied as catalysts for base-free H2/CO2 generation from for-
mic acid and for the hydrogenation of sodium bicarbonate to 
formate under mild conditions, showing a higher activity in the 
case of Fe/rac-P4 systems. Mechanistic studies highlighted the 
pivotal role of the monohydride [FeH(rac-P4)]+ in both reac-
tions, and that CO2 reductive disproportionation should not be 
underestimated as a competing pathway in the case of 
Fe(II)/polyphosphine systems. A full DFT study of both cata-
lytic reactions promoted by Fe/tetraphos-1 is currently under 
way. 

 

EXPERIMENTAL SECTION 

GENERAL METHODS AND MATERIALS  
All synthesis were performed using standard Schlenk tech-

niques under an atmosphere of dry nitrogen or argon. Solvents 
were freshly distilled over appropriate drying agents, collected 
over Linde type 3A or 4A molecular sieves under nitrogen, and 
degassed with nitrogen or argon gas. Ligand 1,1,4,7,10,10-hex-
aphenyl-1,4,7,10-tetraphosphadecane (tetraphos-1, P4) was 
supplied by Pressure Chemicals Inc., Pittsburgh, PA. 
[Fe(MeCN)6](BF4)2 was synthesized according to literature 
methods.17 Anhydrous FeCl2, Fe(BF4)2·6H2O and propylene 
carbonate (PC) were purchased from commercial suppliers and 
used without further purification. 

 

SYNTHETIC PROCEDURES. 
Reaction of rac-P4 with Fe(BF4)2·6H2O. Ligand rac-P4 (67 

mg, 0.1 mmol) was dissolved in propylene carbonate (PC) (2.0 
mL) under gentle heating (40-50 °C) to afford complete disso-
lution. One equivalent of Fe(BF4)2·6H2O (34 mg, 0.1 mmol) 
was added to the colorless solution, which immediately turned 

deep purple. 31P{1H} NMR analysis showed quantitative for-
mation of a single product. The purple product could be precip-
itated by adding a large amount of Et2O (at least 8.0 mL). The 
decanted solid was recovered by removing the colorless solu-
tion via cannula, and washed with Et2O to remove all propylene 
carbonate yielding analytically pure complex [Fe(1-
FBF3)(rac-P4)](BF4) (1). Due to the poor stability of 1 as iso-
lated solid, we chose to use stock solutions of 1 in PC for both 
catalytic and NMR experiments. Yield: 78 mg (94%). 31P{1H} 
NMR (121.49 MHz, PC + C6D6 capillary): P 99.9 (br.s.; 2P, 
PPh), 60.9 ppm (br.s.; 2P, PPh2). 19F{1H} NMR (376.15 MHz, 
PC + C6D6 insert): P 154 ppm (s.; 4F, BF4) 

 

Reaction of meso-P4 with Fe(BF4)2·6H2O. In a 5 mm NMR 
tube, rac-P4 (20 mg, 0.03 mmol) was dissolved in propylene 
carbonate (PC, 0.7 mL). Gentle heating (40-50 °C) was needed 
to afford complete dissolution of the ligand. One equivalent of 
Fe(BF4)2·6H2O (10 mg, 0.03 mmol) was added to the colorless 
solution, which immediately turned brown and then yellow. 
31P{1H} NMR analysis showed formation of [Fe(1-
FBF3)(meso-P4)](BF4) (1”) as a single product. No attempts 
were made to isolate the product. 31P{1H} NMR (121.49 MHz, 
PC + C6D6 insert): P 104.3 (br.s.; 2P, PPh), 70.3 ppm (br.s.; 
2P, PPh2).  

 

Synthesis of cis--[Fe(MeCN)2(rac-P4)](BF4)2 (2). Ligand 
rac-P4 (134 mg, 0.2 mmol) was suspended in MeCN (10.0 mL) 
and the mixture was vigorously stirred until the tetraphosphine 
turned into a thin powder. One equivalent of 
[Fe(MeCN)6](BF4)2 (95 mg, 0.2 mmol) was added to the white 
suspension, affording a bright orange solution. The reaction 
mixture was allowed to stir until a clear solution was obtained, 
and was subsequently stirred one more hour. The solution was 
then concentrated under vacuum to remove all volatiles. The re-
sulting orange solid was then dissolved in a minimum volume 
of acetonitrile (ca. 0.5 mL). Addition of pentane resulted in the 
precipitation of analytically pure 2 as a crystalline, orange solid. 
Yield: 170 mg (87%). Crystals of 2 suitable for X-ray diffrac-
tion data collection were grown by adding pentane (4.0 mL) to 
an acetonitrile/methanol solution (0.5 + 1.0 mL) of 2. 31P{1H} 
NMR (121.49 MHz, CD3CN): P 100.7 (t, 2JPP = 31.7 Hz; 2P, 
PPh), 65.6 ppm (t, 2JPP = 31.7 Hz; 2P, PPh2). ESI-MS: calcd. for 
12C46

1H48
14N2

56Fe31P4, [M]+: m/z = 404.10532, found: m/z = 
404.10474. 

 

Reaction of meso-P4 with [Fe(MeCN)6](BF4)2. In an NMR-
scale experiment, meso-P4 (13 mg, 0.02 mmol) was placed into 
an NMR tube, to which 0.5 mL of CD3CN were added. The 
NMR tube was shaken vigorously to help dissolution of the lig-
and and subsequently [Fe(MeCN)6](BF4)2 (ca. 10 mg, 0.02 
mmol) was added, resulting in immediate color change to red-
orange. The reaction mixture was analyzed by 31P{1H} NMR, 
which showed the formation of trans-[Fe(MeCN)2(meso-
P4)](BF4)2 (trans-2) and cis--[Fe(MeCN)2(meso-P4)](BF4)2 

(cis--2) in approximately 2:1 ratio. 31P{1H} NMR for trans-2: 
(121.49 MHz, CD3CN): P 85.4 (m; 2P, PPh), 75.4 (m; 2P, 
PPh2). 31P{1H} NMR for cis--2 (121.49 MHz, CD3CN): P 
115.2 (m; 1P), 111.4 (m; 1P), 72.1 (m; 1P), 59.9 (m; 1P). 
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Synthesis of [FeH(rac-P4)](BPh4) (3·BPh4). In a flame-
dried Schlenk tube kept under argon, rac-P4 (67 mg, 0.1 mmol) 
was dissolved in 3.0 mL of THF. A stoichiometric amount of 
anhydrous FeCl2 (13 mg, 0.1 mmol) was added as a solid, and 
the resulting deep blue solution was allowed to stir for 5 min. at 
room temperature. NaBPh4 (35 mg; 0.01 mmol) and MeOH (1.5 
mL) were added to the reaction mixture, which was then stirred 
vigorously for about 10 min. NaBH4 (4 mg, 0.1 mmol) was then 
added to the reaction mixture as a solid, and a vigorous reaction 
took place, affording an intense red mixture. All volatiles were 
removed under vacuum and the solid residue was re-dissolved 
in THF (8.0 mL). The resulting suspension was filtered via can-
nula into a second Schlenk tube kept under argon, affording a 
limpid red solution, from which all volatiles were removed un-
der vacuum, affording analytically pure 3·BPh4. Yield: 114 mg 
(100%). Crystals suitable for X-ray diffraction data collection 
were obtained by adding MeOH to a THF solution of 3·BPh4. 
31P{1H} NMR (d8-THF, 121.49 MHz): P 119.4 (t, 2JPP = 24.5 
Hz; 2P, PPh), 99.4 (t, 2JPP = 24.5 Hz; 2P, PPh2). 1H NMR (d8-
THF, 300.13 MHz, negative region): H -9.16 (t, 2JHP = 24.0 Hz; 
1H, FeH). 

 

Synthesis of cis--[Fe(H)2(rac-P4)] (4). The synthetic pro-
cedure described for the synthesis of trans-[Fe(H)2(meso-P4)] 
was adapted with slight modifications.14 A three-necked round 
bottom flask, equipped with reflux condenser was charged un-
der argon with rac-P4 (67 mg, 0.1 mmol) and dry THF (2.5 
mL). A solution of anhydrous FeCl2 (13 mg, 0.1 mmol) in THF 
(2.5 mL) was added via cannula and the resulting mixture was 
allowed to stir for 10 min. NaBH4 (20 mg, 0.55 mmol) was 
added as a solid, and the dark blue reaction mixture obtained 
was heated to reflux. As no visible changes occurred, additional 
THF (3.0 mL) was added, followed by another aliquot of 
NaBH4 (10 mg, 0.27 mmol) and absolute EtOH (0.5 mL). As 
EtOH was added, a vigorous reaction took place and the deep 
blue mixture turned orange. After gas evolution had ceased, ad-
ditional NaBH4 (10 mg, 0.27 mmol) and absolute EtOH (0.5 
mL) were added, and again, gas evolution was observed. The 
orange mixture was refluxed for about 10 min after gas evolu-
tion had ceased, after which it was allowed to cool to room tem-
perature and filtered via cannula. The volume of the solution 
was partly reduced under vacuum and dry methanol was subse-
quently layered on top of the orange solution, from which bright 
yellow crystals formed. Yield: 53 mg (72 %). 31P{1H} NMR 
(d8-THF, 121.49 MHz): P 123.8 (t, 2JPP = 13.5 Hz; 2P, PPh), 
113.1 (t, 2JPP = 13.5; 2P, PPh2). 1H NMR (d8-THF, 300.13 MHz, 
negative region): H -11.7 (m; 2H, Fe(H)2). ESI-MS: calcd. for 
12C42

1H43
56Fe31P4, [M-H]+: m/z = 727.16592, found: m/z = 

727.16523.  

 

Reaction of 3·BPh4 with CO2. A few crystals of 3·BPh4 (ca. 
10 mg) were placed in an NMR tube under argon and dissolved 
in d8-THF (0.5 mL). CO2 (1 atm) was then bubbled through the 
solution, whose color turned light purple. NMR analysis re-
vealed quantitative formation of the expected formate complex 
[Fe(2-OCHO)(rac-P4)](BPh4) (6·BPh4). 31P{1H} NMR for 
6·BPh4 (d8-THF, 161.99 MHz): P 106.0 (t, 2JPP = 28.5 Hz; 2P, 
PPh), 76.5 (t, 2JPP = 26.1 Hz; 2P, PPh2). 13C{1H} NMR for 

6·BPh4 (d8-THF, 100.6 MHz): C 162.4 (dd; 2JPP = 49.4 Hz, 2JPP 

= 98.7 Hz, BPh4), 171.9 [br. s., Fe(O2CH)].  

After 24h acquisition, the 31P{1H} NMR spectrum revealed 
the formation of carbonate complex [Fe(2-O2CO)(rac-P4)] 
(7). Based on 31P{1H} NMR integration, complexes 5 and 7 re-
sulted in approximately 1:0.6 ratio. 31P{1H} NMR for 7 (d8-
THF, 161.99 MHz): P 104.7 (t, 2JPP = 30.4 Hz; 2P, PPh), 71.3 
(t, 2JPP = 30.4 Hz; 2P, PPh2). No 13C{1H} NMR resonance was 
observed for the carbonate O2CO carbon atom of 7.  

Few purple crystals suitable for X-ray diffraction data collec-
tion were obtained by layering MeOH on top of the d8-THF so-
lution and standing for 1 day. The X-ray crystal structure re-
vealed the serendipitous formation of trimetallic complex {2-
[Fe(MeOH)4]-1-O-[Fe(η2-O2CO)(rac-P4)]2}(BPh4)2 (7’). 

 

Reaction of 1 with K2CO3. 0.5 mL of a 0.01 M stock solu-
tion of 1 in PC were placed in a 5 mm NMR tube under argon. 
Solid K2CO3 (7.0 mg, 0.05 mmol) was then added. The solution 
in the NMR tube was stirred with a small stirring bar and the 
purple solution turned initially bright pink and then bright red.  
d8-toluene (0.2 mL) was added for deuterium lock and the red 
solution was analyzed by 31P{1H} NMR and 13C{1H} NMR. 
31P{1H} NMR analysis revealed the quantitative formation of 
carbonate complex 7, whereas no 13C{1H} NMR resonance was 
observed for the carboxylic O2CO carbon of 7. 31P{1H} NMR 
for 7 (PC + d8-toluene, 121.49 MHz): P 104.7 (t, 2JPP = 30.4 
Hz; 2P, PPh), 71.3 (t, 2JPP = 30.4 Hz; 2P, PPh2). 

 

Synthesis of cis--[FeH(CO)(rac-P4)](BF4) (9). A 10 mm 
HPNMR sapphire tube was charged with a solution of 
Fe(BF4)2·6H2O (14 mg; 0.04 mmol) and rac-P4 (28 mg; 0.04 
mmol) in propylene carbonate (1.8 mL) under argon. CD3OD 
(0.4 mL) was then added for deuterium lock, followed by 
HCOOH (0.15 mL, 4.15 mmol; 100 equiv. to Fe). The tube was 
closed and placed in the NMR probe. The probehead was grad-
ually heated to 60 °C and the reaction was monitored by 
31P{1H} NMR (see Supporting Information). The tube was left 
at 60 °C overnight, resulting in a yellow solution. 31P{1H} and 
1H NMR analysis revealed the quantitative formation of cis--
[Fe(H)(CO)(rac-P4)](BF4) (9). 31P{1H} NMR (121.49 MHz, 
CD3OD): δ 114.6 (dt, 2JPP = 23.5, 2JPP = 38.6, 1P), 105.1 (br.dd., 
2JPP = 8.6, 2JPP = 21.9; 1P), 100.9 (ddd, 2JPP = 10.5, 2JPP = 39.3, 
2JPP = 68.7; 1P), 92.3 (dd, 2JPP = 37.9, 2JPP = 68.5; 1P). 1H NMR 
(300.13 MHz, CD3OD, negative region): δ -9.6 (ddd, 2JPP = 
25.5, 2JPP = 46.5, 2JPP = 70.7; 1H, FeH). 13C{1H} NMR (75.47 
MHz, CD3OD, carbonyl region): δ 162.77 (s; CO). A sharp sin-
glet of higher intensity was also observed at δ 162.1 ppm for 
HCOOH. ESI-MS: calcd. for 12C43

1H43
56Fe16O31P4 [M]+: m/z 

=753.16550, found: m/z = 753.16517.  

 

CATALYTIC TESTS 

Catalytic sodium bicarbonate hydrogenation tests. In a 
typical experiment, a 40 mL magnetically stirred stainless steel 
autoclave built at CNR-ICCOM is charged under inert atmos-
phere (glovebox) with NaHCO3 (typically 840 mg, 10 mmol) 
and the catalyst (0.01–0.001 mmol as solid or stock solution in 
PC). The autoclave is then closed and thoroughly purged 
through several vacuum/argon cycles. MeOH (20.0 mL) is then 
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added to the autoclave by suction. Finally the autoclave is pres-
surized with H2 gas at the desired pressure. The autoclave is 
then placed into an oil bath pre-heated to the desired tempera-
ture and left stirring for the set reaction time. After the run, the 
autoclave is cooled in an ice/water bath, de-pressurized, and the 
catalytic mixture is transferred to a flask and concentrated under 
vacuum at room temperature. The formate content is deter-
mined by analyzing aliquots (ca. 30 mg) of the solid mixture 
dissolved in D2O (0.5 mL) by 1H NMR, using dry THF (20 μL) 
as internal standard with a relaxation delay of 20 seconds.   

 

Catalytic formic acid dehydrogenation tests. In a typical 
experiment, a solution of catalyst (typically 5.3 mmol) in pro-
pylene carbonate (5 mL) is placed under an argon atmosphere 
in a magnetically stirred glass reaction vessel thermostated by 
external liquid circulation and connected to a reflux condenser 
and gas-burette (2 mL scale). After heating to 40-60 °C, 
HCOOH (2.0 mL) is added and the experiment started. The gas 
evolution is monitored throughout the experiment by reading 
the values reached on the burettes. The gas mixture is analyzed 
off-line by FTIR spectroscopy using a 10 cm gas-phase cell 
(KBr windows) to check for CO formation (detection limit 
0.02%). 

 

ASSOCIATED CONTENT 
Supporting Information. General methods and equipment. NMR 
spectra and details of HPNMR experiments. Supplementary infor-
mation on FA dehydrogenation tests. Cif files for X-ray crystal 
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