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ABSTRACT: Earth abundant, first row transition metals offer a cheap and sustainable alternative to the rare and precious metals.
However, utilization of first row metals in catalysis requires harsh reaction conditions, suffers from limited activity, and fails to
tolerate functional groups. Reported here is a highly efficient iron catalyzed hydroformylation of alkenes under mild conditions.
This protocol operates at 10-30 bars syngas pressure below 100 °C, utilizes readily available ligands and applies to an array of ole-
fins. Thus, the iron precursor [HFe(CO),][Ph;PNPPh;] (1) in the presence of triphenyl phosphine catalyzes the hydroformylation of
1-hexene (S2), l-octene(S1), 1-decene (S3), 1-dodecene (S4), 1-octadecene (S5), trimethoxy(vinyl)silane (S6), trime-
thyl(vinyl)silane (S7), cardanol (S8), 2,3-dihydrofuran (S9), allyl malonic acid (S10), styrene (S11), 4-methyl styrene (S12), 4-iBu-
styrene (S13), 4-tBu-styrene (S14), 4-methoxy styrene (S15), 4-acetoxy styrene (S16), 4-bromo styrene (S17), 4-chloro styrene
(S18), 4-vinylbenzonitrile (S19), 4-vinylbenzoic acid (S20), and allyl benzene (S21) to corresponding aldehydes in good to excel-
lent yields. Both electron donating and electron withdrawing substituents could be tolerated and excellent conversions were ob-
tained for S11-S20. Remarkably, the addition of 1 mol% acetic acid promotes the reaction to completion within 16-24 hours. De-
tailed mechanistic investigations revealed in-sifu formation of an iron-dihydride complex [H,Fe(CO),(PPh;),] (A) as an active cata-
lytic species. This finding was further supported by cyclic voltammetry investigations and intermediacy of an Fe(0)-Fe(Il) species
was established. Combined experimental and computational investigations support the existence of an iron-dihydride as the catalyst

resting state, which then follows a Fe(II) based catalytic cycle to produce aldehyde.

INTRODUCTION

Discovered by German chemist Otto Roelen, transition met-
al catalyzed hydroformylation (the “ox0” process) is arguably
the world’s largest homogeneously catalyzed industrial pro-
cess with the production of 12 million ton oxo-products per
annum."” The oxo process is a powerful synthetic tool to con-
vert alkenes into aldehydes with perfect atom economy. It has
been extensively utilized to construct an array of chemical
intermediates.” The first and second generation catalysts de-
veloped by BASF and ICI were based on cobalt.* However,
the cobalt-catalyzed process requires harsh conditions such as
100-350 bars syngas (1:1 mixture of CO:H,) pressure and
around 100-200 °C temperature. Widespread academic and
industrial research to address this bottleneck led to a rhodium
catalyzed low-pressure oxo-process (LPO) (10-60 bars and 80-
135 °C),5 which was developed by Union Carbide and Cela-
nese in the mid-1970s.° To date, terminal alkenes, internal
alkenes, cyclic olefins and aromatic alkenes have been exten-
sively hydroformylated to pharmaceuticals, fragrances and
agrochemicals using the precious rhodium metal.” Thus, due to
technical superiority, the rhodium-based LPO is still the state
of the art process practiced by industry and roughly 70% of
the oxo-products are produced using this process. Howev

the industry is increasingly being faced with the rocketing
prices of rhodium due to the high demand of this metal in the
automotive industry, which consumes about 80% of this metal.
In addition, the natural abundance of this trace element is pos-
ing an even bigger challenge and the search for alternative
metals has already begun.®

Iron (Fe) is an earth abundant element in contrast to pre-
cious rhodium, and its usage is justified for reasons of eco-
nomic and sustainability. Iron catalyzed hydroformylation of
olefins has been reported on few occasions in the past.® Figure
1 depicts the state of the art in iron catalyzed hydroformyla-
tion. The first example of iron catalyzed hydroformylation was
reported by Reppe and Vetter. At 14% loading of [Fe(CO);s],
ethylene was converted to propanol under 100-200 bars of CO
pressure.” Note that no syngas was employed but the water gas
shift reaction was anticipated to deliver the hydrogen. Similar
attempts using 100 bar CO pressure (at 140 °C) were reported
by Palagyi et al. after 30 years, but the conversion remained
very low (30%)."° Ru-Fe cluster catalyzed hydroformylation in
the presence of syngas was
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Figure 1. State of the art iron catalyzed hydroformylation (left)
and present work (right) {[Fe#] = (HFe(CO), ) (L =
PPh;/P(OPh);)}.

reported in 1992 for the first time and the TOF of 0.4-4.0 was
recorded.'" Although it was not clear which metal was respon-
sible for the observed hydroformylation activity, a synergistic
effect between the two metals was claimed to be responsible.
The latest report in iron catalyzed hydroformylation was pub-
lished in 2000, utilizing an isolated iron complex [Fe(n6-
CHT)(n*-COD)], (CHT: 1,3,5-cycloheptatriene; COD: 1,5-
cyclooctadiene).'” Tron catalyzed hydroformylation of 1-
hexene and styrene at 100 °C and 100 bars syngas pressure
was investigated (Fig. 1, left). Thus, the iron catalyzed hydro-
formylation is still in its infancy and suffers from serious limi-
tations, such as high syngas pressure, limited substrate scope,
lack of understanding of ligand effects and low activities. In
addition, no comprehensive picture of the mechanism of Fe-
catalyzed hydroformylation exists, beyond the parallels drawn
with Ru-catalyzed hydroformylation.

Herein, we describe iron catalyzed hydroformylation (HF)
of olefins under mild conditions: 10-30 bars syngas pressure
and below 100 °C, which falls under the purview of LPO. The
generality of the approach has been demonstrated by subject-
ing various olefins, such as 1-octene, 1-hexene, 1-decene, 1-
dodecene, 1-octadecene, trimethoxy(vinyl)silane, trime-
thyl(vinyl)silane, cardanol, 2,3-dihydrofuran, allyl malonic
acid, styrene, 4-methyl styrene, 4-iBu-styrene, 4-fBu-styrene,
4-methoxy styrene, 4-acetoxy styrene, 4-bromo styrene, 4-
chloro styrene, 4-vinylbenzonitrile, 4-vinylbenzoic acid, and
allyl benzene to iron catalyzed hydroformylation. A Fe(II)
based mechanism is proposed as predicated by DFT calcula-
tions and experimental evidence. This methodology relies on
commonly available reagents, does not require harsh condi-
tions, and uses an earth abundant, non-toxic and cheap metal,
which makes this approach highly suitable for practical hydro-
formylation of industrially important alkenes.

RESULTS AND DISCUSSION

Hydroformylation of 1-octene. It is known that the hydro-
formylation reaction proceeds via a metal-hydride intermedi-
ate.”” In our attempts to meet this criteria, we synthesized an
iron-hydride complex [HFe(CO),][PPN] (1) (where PPN =
Bis(triphenylphosphine)iminium) by following a known pro-
cedure.' The identity of (1) was fully established by using a
combination of spectroscopic and analytical methods. An
overview of iron catalyzed reactions reported in the literature
indicated that iron complexes can be activated in the presence
of suitable ligands."”” Guided by these reports, we anticipated
that the best way to manipulate the reactivity of 1 would be to
offer a competitive ligand to replace carbonyls and activate 1
in situ. Phosphorus ligands such as phosphines,'® phosphites,'’
phosphinites,'® diphosphines,"’  diphosphites,"” phosphine-

phosphonite,” phosphine-phosphoramidite” and phosphine-
phosphite®® have been extensively utilized in rhodium cata-
lyzed hydroformylation. Thus, given the success of the phos-
phorus ligand in hydroformylation, we zeroed in on readily
accessible o-donor ligands such as phosphines and c-donor 7t-
acceptor ligands such as phosphites.”> The performance of
precursor 1 in the presence of triphenyl phosphine (L1) and
triphenyl phosphite (L2)

Table 1. Iron (1) catalyzed hydroformylation of 1-octene un-
der mild conditons.”

ooy P o+ T Y
COM, L g CHO
Ru L Sol- CO/H, Time Conv. L:B"
n (equiv.) vent (bars) (h) (%)"
1 L1 (1) MeOH 20 24 47 73:27
2 L1(2.5) MeOH 20 24 95 66:34
3 L1(3) MeOH 20 24 95 64:36
4 L14) MeOH 20 24 92 64:36
5 L1(2.5) THF 20 24 3 NA
6 L1(2.5) DXN 20 24 66 73:27
7 L1(2.5 DCM 20 24 24 63:37
8 L1(2.5) EtOH 20 24 17 67:33
9 L1(.5) iPrOH 20 24 20 70:30
10 L1225 MeOH 30 48 90 60:40
11 L1(2.5) MeOH 30 24 76 70:30
12 L1(2.5) MeOH 15 24 62 67:33
13° LI1(2.5) MeOH 20 24 85 67:33
14 L1(2.5 MeOH 20 24 3 74:26
15 NA MeOH 35 24 0 NA
16 L2(1) MeOH 20 48 18 68:32
17 L2(2.5) MeOH 20 48 47 70:30
18 L2(3) MeOH 20 48 27 65:35
19 L[2(2.5) MeOH 30 48 92 63:37
20 L2(2.5) MeOH 30 24 5 76:24
21 L2(2.5) MeOH 20 24 2 NA
22° L12(2.5) MeOH 20 24 23 68:32

Conditions: 1: 0.0077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent:
1 ml, NA: Not applicable; MeOH-Methanol, THF-
Tetrahydrofuran, DXN-1,4-dioxane, DCM-Dichloromethane,
EtOH-Ethanol, iPrOH-Isopropanol, hardly any (~1%) hydrogena-
tion product was detected. *Determined by GC. “Performed at 120
°C. YPerformed at 80 °C. °L2 was incubated for 24 hours before
addition of 1-octene.

in the iron catalyzed hydroformylation of 1-octene was evalu-
ated and the representative catalytic data is summarized in
Table 1. The catalysts were prepared in situ by mixing a suita-
ble amount of the iron precursor 1 and phosphorus ligands L1

Table 2. Iron (1) catalyzed hydroformylation of alkenes in the
presence of L1. S1: 1-octene, S2: 1-hexene, S3: 1-decene, S4:
I-dodecene, S5: 1-octadecene, S6: trimethoxy(vinyl)silane,
S7: trimethyl(vinyl)silane, S8: cardanol, S9: 2,3-dihydrofuran,
S10: allyl malonic acid, S11: styrene, S12: 4-methyl styrene,
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S13: 4-iBu-styrene, S14: 4-fBu-styrene, S15: 4-methoxy sty-
rene, S16: 4-acetoxy styrene, S17: 4-bromo styrene, S18: 4-
chloro styrene, S19: 4-vinylbenzonitrile, S20: 4-vinylbenzoic
acid, S21: allyl benzene.”

L g CHO
£Ho cHo CHO
R A >
\/\Mg\ \/\Mg\
P1(95%) P2 (50%) P3 (97%)
L:B = 66:34 L:B = 72:28 L:B =61:39
£HO c HC
‘ X | Si(OMe
\/\M;\ \/\M/\ - f V3
P4 (97) P5 (37%) P6 (75%)
L:B=61:39 LB = 48:52 L:B =5:95
CHO
\ OH
OHC —
1 Si(Me)s
P7 (49%)
L:B =67:33 P8 (1 1%)
L:B = 45:55
F/CHO cHo /(fHo
o A N(CooH), \©
P9 (62%) P10 (10%) P11(99%)
L:B=3:97 L:B = 50:50 L:B = 8:92
CHO ' COOH |

oo

P12 (45%) P13 (15%) Ibuprofen
LB =13:87 LB=28:72 eeeeeeeeeeee-
CHO §H0
COOMe

P14 46% P15 (96%) P16 (68%)

L:B =793 L:B =11:89 L:B =2:98

P17 (97) P18 (72% P19 (19%)

L:B = 4:96 L:B = 8:92 L:B = 10:90

CHO
i ~COOH \/\©
P20 (26%) P21 (22%)
L:B=1:99 L:B = 64:36

Conditions: 1: 0.0077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent:
1 ml methanol, L:B = Linear:Branched, Yield (in bracket, %)
determined by GC/'H NMR spectroscopy, hardly any (~1%) hy-
drogenation product was detected.

or L2 in the presence of syngas. Preliminary screening indi-
cated an optimal ligand to metal ratio of 2.5 (Table 1, run 1-
4).** Remarkably, addition of triphenyl phosphine to iron pre-
cursor 1 catalyzed the hydroformylation of 1-octene to nona-
nal with excellent conversion (90-95%) (Table 1, run 2-4),

Journal of the American Chemical Society

without any hydrogenation side reaction. In our attempts to
identify the most suitable solvent, various solvents were
screened (Table 1, run 5-9). Methanol was found to be the
solvent of choice and none of the other solvents were as effec-
tive as methanol. Performing the hydroformylation at lower
and higher syngas pressure indicated an optimal pressure of 20
bars (run 2 vs 10-12) with 95% conversion within 24 hours,
without jeopardizing the regioselectivity. Increasing the tem-
perature to 120 °C led to slightly lower conversion, but de-
creasing the temperature to 80 °C dramatically reduced the
conversion to only 3% (Table 1 runs 13-14). In a control ex-
periment, hydroformylation of 1-octene using precursor (1), in
the absence of ligand, failed to produce the corresponding
nonanal (Table 1, run 15). This observation clearly indicated
that precursor 1 on its own is not capable of interacting with
alkenes and may not be the actual active species. Thus, the
control experiment accentuates the pivotal role of ligand in
iron catalyzed hydroformylation, without which the iron hy-
dride complex 1 is not active enough. Encouraged by these
results, we evaluated the performance of a readily available, o-
donor m-acceptor ligand, triphenyl phosphite (L2).” Initial
screening in the presence of ligand L2 indicated an optimal
ligand to metal ratio of 2.5 (Table 1, run 16-18). However, it
should be noted that a longer reaction time was required to
achieve reasonable conversion under identical conditions (Ta-
ble 1, run 17).** Notably, increasing the syngas pressure to 30
bars revealed an improved yield of 92% in 48 hours (Table 1,
run 19). However, performing the reaction at the same syngas
pressure as in run 19 but for a shorter period of time (Table 1,
run 20), lead to only 5% conversion. This anomalous behav-
iour could be due to the weak o-donation and lower coordinat-
ing ability of L2. At a higher ligand to metal ratio, the phos-
phite ligands are known to be slower, leading to longer reac-
tion times, and the behaviour noted here is in line with the
previous reports.”® Incubating L2 for 24 hours and in situ addi-
tion of substrate revealed slight improvement in the activity
(Table 1, run 22).

Scope of iron catalyzed hydroformylation. With opti-
mized reaction conditions in hand, the scope of the iron cata-
lyzed hydroformylation was examined (Table 2) and about 20
substrates were evaluated. Both aliphatic and aromatic sub-
strates were hydroformylated with good to excellent conver-
sion to aldehydes. The aromatic substrates exhibited slightly
lower reactivity. A short chain alkene, 1-hexene, was hydro-
formylated under further milder conditions with 50% exclu-
sive conversion to heptanal (Table 2, P2) along with 72% line-
ar selectivity. Hydroformylation of long-chain alkenes is even
more challenging, as their reactivity decreases with increasing
carbon number and the possibility of internal isomers and cor-
responding aldehyde products increases.”” With increasing
chain length of the olefin, the reactivity was found to de-
crease.”® Thus, at 15 bars syngas pressure and 100 °C, a C10
olefin S3 led to only 47% yield, whereas increasing the CO/H,
pressure to 30 bars led to an improved yield of 97% (Table S3,
run 2 vs 3).”” Along the same lines, 1-dodecene (S4) and 1-
octadecene (S5) displayed 97% and 87% yield respectively
under identical conditions (Table S3, run 4-5).**!

With this initial success, the resilience of the catalyst was
examined by subjecting functional olefins to iron catalyzed
hydroformylation. The catalyst was found to tolerate tri-
methoxy group without any hindrance and 75% conversion to
aldehyde was observed (Table 2, P6). A slight change in the
silane to trimethyl(vinyl)silane led to 49% conversion to alde-
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hyde. A notoriously difficult cardanol (S9), which is a non-
edible plant oil derived substrate, was tested in the iron cata-
lyzed hydroformylation. Although only 11% aldehyde product
could be observed, the fact that such a mixture (cardanol is
mixture of three different internal olefins) could be hydro-
formylated indicates the potential that the iron catalyst holds.
A highly challenging heterocyclic olefin, 2,3-dihydrofuran
(S9), was hydroformylated to yield (62%) a highly regiose-
letive 3-carbaldehyde with 97% selectivity (Table 2, P9). Hy-
droformylation of 1,1-disubstituted difunctional olefin S10
(allyl malonic acid) lead to reduced activity and only 10%
aldehyde could be observed, clearly indicating the limited
functional group tolerance of the current catalytic system. On
an average, aliphatic olefins were hydroformylated in 24
hours, whereas aromatic substrates required 48 or more hours.
Styrene was chosen as a representative benchmark substrate
and iron catalyzed hydroformylation was examined.”” Under

Table 3. Acetic acid promoted iron (1) catalyzed hydro-
formylation of 1-hexene, styrene and styrene derivatives.”

Run Sub- AcOH Time Conv. L:B"
strate (h) (%)"

1° S2 1 16 49 72:28
2° S2 2 16 25 73:27
3¢ S2 5 16 1 NA

4 S11 1 24 94 14:76
5 S12 1 24 32 16:84
6 S15 1 24 64 16:84
7 S17 1 24 80 8:92

#Conditions: 1: 0.077 mmol, L/M: 2.5, Sub/Fe: 100, Solvent: 1
ml methanol, CO/H,: 20 bars, Temp.: 100 °C, S2: 1-hexene, S11:
styrene, S12: 4-methyl styrene, S15: 4-methoxy styrene, S17: 4-
bromo styrene, NA: Not applicable; "Determined by GC. “Temp.:
80 °C.

optimized conditions, a quantitative conversion was observed
at 20 bars syngas pressure at 100 °C, with the preferred
branched aldehyde formed with 92% selectivity (Table 2,
P11). The reversal of regioselectivity is very commonly ob-
served in styrenic substrates and monodentate phosphine lig-
ands are known to preferably deliver the branched product.™*
Both electron donating and electron withdrawing substituents
were tolerated (Table 2, P12-20). The electron donating sub-
strates 4-methyl styrene (Sl2),35’36 4-tertbutyl styrene (S14)
demanded 30 bars syngas pressure for 45-50% conversion. To
demonstrate the practical significance of this methodology,
hydroformylation of S13 was performed to yield aldehyde P13
which can be eventually oxidized to yield ibuprofen (Table 2),
an anti-inflammatory drug. Whereas the electron withdrawing
substituents fared better and 4-bromo styrene (S17) led to full
conversion at 20 bars syngas pressure (Table S3, runs 21 vs
15). S17 also revealed a high regioselectivity of 96% branched
aldehyde (P17) with an excellent yield of 97%. Acetoxy, ni-
trile and carboxyl groups could be tolerated but at the cost of
slightly reduced conversion to aldehyde (Table S3, run 20, 23-
24).

Thus, the above observations indicate that electron poor sty-
rene derivatives are relatively easy to hydroformylate, whereas
electron rich styrenics are slightly difficult to access. While a
significant amount of literature deals with the hydroformyla-
tion of vinyl aromatics, very little is known about the hydro-

formylation of allyl aromatics.”” The resultant aldehydes are
high value pharamaceutical intermediates.®® As a representa-
tive case, iron catalyzed hydroformylation of allyl benzene
(S21) was investigated. Precursor 1 in the presence of L1 cata-
lyzed the hydroformylation of allylbenzene to yield the linear
selective (64%) product (P21) with a moderate conversion of
22% (Table S3, run 25).

Acetic acid promoted iron catalyzed hydroformylation.
Having established iron catalyzed hydroformylation of various
olefins, we pondered about the role of the solvent. It is to be
noted that hydroformylation was found to take place in alco-
holic solvents, suggesting active participation of the solvent.
In this context, we postulated that the alcoholic solvents might
be delivering a proton to precursor 1, to generate the active
species. To test our hypothesis, we investigated the effect of
acidic additives on the hydroformylation activity. To our de-
light, the addition of 1 mol% (AcOH:[Fe] = 1:1) acetic acid
was found to dramatically promote the hydroformylation reac-
tion.”” Initial additive screening suggested that 1 equivalent (as
compared to iron precursor 1) of acetic acid is sufficient to
promote the reaction (Table 3, run 1-3). Under optimized con-
ditions, hydroformylation of S2 led to 49% conversion within
16 hours, which otherwise required 48 hours for similar con-
version without the additive (Table 3, run 1 versus Table S3
run 1). Remarkably, six fold increased activity was observed
in the hydroformylation of styrene, which was completed
(94% conversion) within 24 hours (Table 3, run 4), instead of
the earlier 16% conversion (Table S3, run 11). Along the same
lines, accelerated hydroformylation of S12, S15 and S17 was
observed in the presence of acetic acid. Table 3 lists the im-
portant experiments. Thus, addition of 1 mol% (1 equivalent
compared to iron precursor 1) acetic acid promotes the hydro-
formylation of 1-hexene, styrene and styrene derivatives and
accelerated conversion could be obtained within 16-24 hours.

Mechanistic investigations.

NMR spectroscopy. Unfolding the elementary steps in the
iron catalyzed hydroformylation will be of great significance
for understanding the reactivity of the iron catalyst and might
unlock the synthetic potential of this earth abundant metal in
hydroformylation. Primitive reports on iron catalyzed HF ei-
ther refer to the ruthenium based mechanism® or cite the
Reppe process, which proposes the CO deficient [H,Fe(CO);]
as an active intermediate.”' However, direct experimental or
theoretical evidence for iron catalyzed HF is largely missing.

In our attempts to trap key intermediates, precursor 1 was
treated with triphenyl phosphine at 45 °C and the progress of
the reaction was monitored by phosphorus NMR spectroscopy.
The *'P resonances at 82.3 and 71.5 ppm indicated coordina-
tion of L1 to the metal and the presence of intermediate (i)
(Schemel) (SI Fig. S27). The above phosphorus chemical
shifts fall within the range of mononuclear iron-phosphine
complexes reported earlier. Beller and co-workers in their
investigation on iron catalyzed hydrogen production using
formic acid reported that the coordinated phosphorus in
[Fe(CO);(PPhs),] complex appear at 82.5 and 70.6 ppm.42
Therefore, the resonance at 82.3 and 71.5 ppm observed in our
investigation can be assigned to coordinated L1. It should be
noted that the phosphine coordination was observed at an ele-
vated temperature of 45 °C. In an ideal situation, addition of
acetic acid at 45 °C would lead to the generation of intermedi-
ate A. However, addition of acetic acid to the above NMR
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tube and recording proton NMR did not show any hydride
resonance. This is most likely due to release of H,

w1

oc—Fe <0 . ,0Cc—Fe %0
| Yco (iii) | Yco
+2PPh; _J.wco AcOH
j OC—Fe, l

co
.\\PPh . . _.\\H
OC—Fe. 3 (i) (ii)OC—Fe
| “PPh, Hy ~H
co -CO co
+AcOH 2PPh;
AcO™[PT PPh,
oc,,,_FI WwH
o R e~
oc” | H
HY? PPh,
! A =
2 R
PPhs PPh;
OC"': | .\“H OC.,,. | «H
~Fe R ~FeS
oc” | oc” | >H
R
N CO c
PPhs
oc,,,,FI WH
e
oc” | ~"R
PPhs

Scheme 1. Proposed catalytic cycle for iron catalyzed hydro-
formylation. The orientation of ligands around the metal is only
for the sake of understanding and does not mean that this is the
final spatial arrangement of the ligands.

from intermediate (A) at elevated temperature. To arrest the
hydrogen release, the NMR tube with added L1 was first heat-
ed for 16 hours at 45 °C, and then the tube was cooled to 0 °C.
At this temperature, acetic acid was added to the NMR tube
and a proton and *'P NMR was recorded. Thus, the addition of
acetic acid led to the appearance of a very weak hydride signal
at -12.28 ppm (SI Fig. S30), but the intensity of the signal was
so weak (even after large number of scans) that it demanded
further support. In the hope of capturing intermediate A, com-
pound 1 was treated with triphenyl phosphine and acetic acid
was added at room temperature without heating the reaction
mixture. Immediately a proton NMR was recorded, which
revealed a doublet centered at -9.50 ppm (SI Fig. S33). This
chemical shift can be assigned to complex A, which is con-
sistent with literature reports.* Similar results were obtained
when deuterated acetic acid (CD;COOD) was used (SI Fig.
S33R). This is most likely due to fast H-D exchange between
added deuterated acetic acid and the protic solvent (methanol).
In a second route to trap intermediate species A (scheme 1), 1
was treated with acetic acid to reveal a hydride resonance at -
15.3 ppm (SI Fig. S34). Observation of the hydride resonance
confirmed the formation of species (ii). However, addition of
L1 did not show any coordination at room temperature and
heating the sample to obtain the desired coordination led to
elimination of H,. Therefore, species A could not be generated
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by following this route.* In a third protocol, formation of A
was accessed by synthesizing the known iron-phosphine com-
plex (iii). Isolated complex (iii) was treated with hydrogen gas
in a high pressure NMR tube and the tube was heated to 60 °C
for 16 hours. The progress of the reaction was monitored by
proton and phosphorus NMR spectroscopy. > P NMR of the
resultant mixture revealed a resonance at 83.1 ppm (SI Fig.
S36) and the corresponding proton NMR displayed two broad
singlets at -8.91 and -9.02 ppm (SI, Fig. S35). These reso-
nances can be tentatively assigned to an iron complex that
would be similar to species A; perhaps with a different spatial
arrangement of the two hydrides. Thus, the above spectroscop-
ic investigations suggest formation of species A, which might
be the potential active species for hydroformylation. The in-
termediate thus prepared is highly unstable and only in situ
characterization has been attempted.

Cyclic voltammetry. The interconversion of Fe(0) to Fe(Il)
species was further supported by cyclic voltammetry (CV)
investigations. The cyclic voltamogram (CVs) of the iron pre-
cursor (1) was recorded before and after the addition of acetic
acid in the electrolyte medium (Fig. 2).45 Initial reduction po-
tential for the compound (1) was found to be 0.43 V (vs Pt),
which was shifted to 0.33 V (vs Pt) after acetic acid addition.
Similarly, a shift in the oxidation peak of the precursor 1 was
noted from 0.55 to 0.40 V(vs Pt). The above shift in the peak
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Figure 2. Cyclic voltamograms of iron precursor (1) (black line)
and (1) + acetic acid (red line), recorded at 50mV/s with an elec-
trode rotation rate of 900 rpm in 0.1 M LiClO, (solution in meth-
anol

potential clearly indicates that the initial Fe(0) species in pre-
cursor 1 is being converted to the iron-dihydride species after
the addition of acetic acid. To verify these results further, con-
trol experiments were conducted under analogous conditions.
Ferrocene, ferrocene carboxylic acid, [Fe(CO);(PPh;),] and
[Fe(CO)s] were selected as control samples. As can be seen in
Figure S41, the ferrocene and ferrocene carboxylic acid,
wherein iron is in the +2 oxidation state, displayed separate
peak positions for oxidation and reduction. The shift in the
peak position is related to the carboxylic group attached to the
cyclopentadienyl ring.

Further, we recorded the CVs of the iron(0) compounds
such as [Fe(CO);(PPh;),] and [Fe(CO)s]. The CV of
[Fe(CO);(PPhs),] revealed an oxidation and reduction peak at
higher potential against the iron(+2) ferrocene and ferrocene
carboxylic acid, whereas no peak for [Fe(CO)s] could be iden-

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

tified in the analogous potential range (SI Fig. S42). The
anomalous behavior of the [Fe(CO)s] could be because of the
homogenous ligand surrounding the metal. As evident from
the control experiments outlined above, it is most likely that
the Fe(0) precursor 1 is converted to Fe(Il) after the addition
of acetic acid. The reduction peak of the acetic acid treated
compound 1 was in close resemblance with Ferrocene (0.26 V
vs Pt), i.e. iron(2+). Whereas precursor 1 (0.43 V vs Pt) with-
out acetic acid treatment resembles [Fe(CO);(PPhs),] (0.46 V
vs Pt) , i.e. Fe(0).

Computational and additional experimental evidence.
The existence of A was investigated by computational meth-
ods and complex A was found to be the lowest energy isomer
(SI, Table S8) among the six possible geometrical isomers.*’
Based on the computational investigations, it is proposed that
the in situ generated active species A forms a n-bond with the
olefin to yield species B (Scheme 1), which inserts into the Fe-
H bond to give the metal-alkyl complex C. The next step is the
formation of the acyl intermediate D. Upon addition of H,, D
releases the aldehyde and regenerates the active species A. In
our attempts to trap the acyl intermediate, a reaction between 1
and 1-hexene was conducted at 0 °C to obtain the acyl inter-
mediate D. The acyl complex D was then treated with iodine
in methanol to obtain methyl heptanoate, which was character-
ized by NMR (SI, Fig. S37), ESI-MS (SI, Fig. S38) and GC-
MS (S1, Fig. S39). The observation of methyl heptanoate con-
firms the intermediacy of species D. Similar evidence was
presented for the cobalt catalyzed hydroformylation mecha-
nism by Heck and Breslow."” Thus, formation and intermedia-
cy of A has been demonstrated by various experimental meth-
ods and it is therefore reasonable to believe that complex A is
the actual active species. The observation of the methyl hep-
tanoate further supports the proposed mechanism.

A radical mechanism with a potential radical species
[*Fe(CO), ] has also been evoked in the past.”*® However, the
existence of the radical mechanism seems unlikely based on
three experimental pieces of evidence. (a) Two control exper-
iments were performed in the presence of excess (150 times)
radical scavengers 2,2,6,6-Teramethylpiperidinyloxy
(TEMPO) and galvinoxyl (SI, section 6). In both these cases,
the aldehyde product was obtained. If a radical mechanism had
been operating, the radical would have been scavenged by
TEMPO or galvinoxyl and there would not have been any
aldehyde formation. Thus, the formation of aldehyde in the
presence of the radical scavenger rules out the possibility of a
radical mechanism. (b) In situ NMR investigations could be
performed without any paramagnetic NMR resonances. The
absence of a paramagnetic species further supports the absence
of a radical mechanism. (c¢) CV experiments indicated two
electron processes and, therefore, intermediacy of one electron
transformations is unlikely.

To obtain detailed insight into the iron catalyzed hydro-
formylation reaction, full quantum chemical calculations have
been performed with density functional theory (DFT) at the
PBE/TZVP level of theory. It is well known that an octahedral
complex with a general formula MA2B2C2 has six different
stereoisomers,” and from the calculations, it is found that A is
the most favorable stereoisomer for [Fe(CO),(H),(PPh;),]
(Fig. 3). The insertion of olefin from the n-complex intermedi-
ate B can follow two pathways: 1,2-insertion (Path A) or 2,1-
insertion (Path B) (Fig. 3). The former would lead to the linear
aldehyde 7a, while the latter would produce the branched al-

dehyde 7b. The energy barriers for this particular step (inser-
tion or hydride transfer) suggested that the 1,2-insertion is
more favorable (by 1.3 kcal/mol) (Fig. 4, bottom) for 1-
hexene. However, an opposite trend is seen in the case of sty-
rene, where the 2,1-insertion is favored (by 1.7 kcal/mol) (Fig.
4, bottom). These computational findings complement
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Figure 3. The reaction mechanism for the hydroformylation
of olefins calculated at the PBE/TZVP level of theory. AG (in
kcal/mol) represents Gibbs free energy of reaction.
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the experimental observations, wherein higher amount of
branched product was observed for styrene (Table 2, run 12)
and the linear product was seen to be the major one for 1-
hexene (Table S3, run 1).

Is it Iron or Rhodium?

Iron catalyzed cross-coupling reactions such as “arylation”
were reported to be influenced by presence of copper impuri-
ties in the Iron precursor FeCly.” In this context; we pondered
about the possible role of rhodium impurities in our iron pre-
cursor.”' Thus, a three prong approach was used to establish if
it is Iron or Rhodium that is catalyzing the hydroformylation
reaction. i) In the first approach, commercially available iron
precursor [Fe,(CO)y] was evaluated in the hydroformylation of
1-octene, in presence and absence of phosphine ligand under
identical conditions and the results are presented in table 4. As
evident, no hydroformylation was observed with [Fe,(CO)y]
and a meager 1% hydroformylation product (Fig. S46) was
observed in presence of triphenyl phosphine ligand. Had there
been any rhodium impurity in the commercial precursor
[Fe,(CO)y], it would have catalyzed the HF in presence of
triphenyl phosphine ligand. Thus, the lack of hydroformyla-
tion in the above experiment suggests that the impurities in the
commercial precursor do not catalyze hydroformylation. ii) In
the catalyst preparation step, [Fe,(CO)y] was converted into
[Fe(CO)s], which is subsequently utilized for the synthesis of
complex 1. In order to further investigate the role of rhodium
impurity in this intermediate, [Fe(CO);s] catalyzed hydro-
formylation of 1-octene with and without triphenyl phosphine
under identical conditions was examined. In this case as well,
almost no hydroformylation was observed (Fig. S47). These
observations rule out the possible hydroformylation by rhodi-
um impurities and support the assumption that the reaction is
most likely catalyzed by Iron. iii) In our attempts to detect the
rhodium, the iron precursor [Fe,(CO)¢] and complex 1 were
subjected to bulk analyses using atomic absorption/emission
spectroscopy and surface analysis using XPS. Both of these
analyses revealed absence of rhodium in the precursor (see
supporting information section 8). Thus, it is most likely that
the hydroformylation is catalyzed by iron and it is highly un-
likely that the rhodium impurity that is beyond the detection
limits (0.01 ppm) is responsible for the observed HF.

Table 4. Hydroformylation of 1-octene with iron in presence
and absence of ligand.”

Run Fe- Ligand L:M Conv.
precursor (%)"

1 [Fey(CO)o] NA 2.5 0

2 [Fey(CO)o] PPh; 2.5 ~1

3 [Fe(CO)s] NA 2.5 0

4 [Fe(CO)s] PPh; 2.5 0

*Conditions: [Fe,(CO)o]: 0.0109 mmol, [Fe(CO)s]: 0.0204
mmol, Sub/Fe: 100, Solvent: 1 ml methanol, CO/H,: 20 bars,
Temp.: 100 °C, Time : 24 hours; NA: Not added; ®Determined by
GC.

CONCLUSIONS

In summary, the current work unveils a new iron catalyst for
the hydroformylation of aliphatic and aromatic olefins under
mild conditions. An iron hydride precursor 1, in combination
with readily available phosphine or phosphite ligand and syn-
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gas, generates the catalytically active species (which is be-
lieved to be A) and delivers hydroformylation of 1-hexene, 1-
octene, 1-decene, 1-dodecene, 1-octadecene, tri-
methoxy(vinyl)silane, trimethyl(vinyl)silane, cardanol, 2,3-
dihydrofuran, allyl malonic acid, styrene, 4-methyl styrene, 4-
iBu-styrene, 4-tBu-styrene, 4-methoxy styrene, 4-acetoxy sty-
rene, 4-bromo styrene, 4-chloro styrene, 4-vinylbenzonitrile,
4-vinylbenzoic acid, and allyl benzene. The reaction operates
under relatively mild conditions of 100 °C and 10-30 bars
syngas pressure within 24-48 hours. Initial optimization stud-
ies with 1-octene indicated an optimal ligand to metal ratio of
2.5, methanol as the most suitable solvent, and a temperature
of 100 °C. Short chain 1-hexene could be hydroformylated at
10 bars syngas pressure and 80 °C. While long-chain olefins
S3-S5 (C10-C18) required slightly higher syngas pressure of
30 bars to achieve excellent conversion to corresponding alde-
hydes. The scope of iron catalyzed hydroformylation was ex-
tended to functional olefins, cyclic olefins, vinyl aromatics and
the hydroformylation S1-S21 was examined. Compared to the
aliphatic olefins, vinyl aromatics required longer reaction
times. The catalyst tolerated electron donating as well as elec-
tron withdrawing functional groups and displayed good to
excellent yields. Notable branched selectivity was observed
for styrenic substrates (S11-S20), along with significant
yields. The addition of 1 mol% of acetic acid was found to
promote the hydroformylation reaction and the reaction time
for vinyl aromatics could be reduced to 24 hours.

Combined experimental and computational investigations
indicate that the di-hydride species A is the actual active cata-
Iytic species. The identity of species A was established by
multiple NMR experiments, which indicated coordination of
ligand L1 and formation of the iron-dihydride complex. Cyclic
voltammetry results revealed a Fe(0) to Fe(Il) inter-
conversion, explaining the accelerating effect of acetic acid.
Control experiments with externally added radical scavengers
ruled out the possibility of a radical or an Fe(I) to Fe(III)
mechanism. The experimental findings were further corrobo-
rated by DFT calculations. Among the six possible stereo-
isomers of iron-dihydride complex, species A was found to be
the most favorable. Transition state calculations for 1-hexene
insertion revealed that 1,2-insertion was favored by 1.3
kcal/mol, whereas styrene preferred 2,l-insertion by 1.7
kcal/mol. Thus, experimental and computational investigations
establish that the iron catalyzed hydroformylation follows a
Fe(Il) catalytic cycle, as depicted in Scheme 1. The role of
rhodium impurities in catalyzing the hydroformylation of al-
kenes was investigated. These studies established that the re-
ported hydroformylation is catalyzed by iron and it is highly
unlikely that the rhodium impurities are responsible for the
observed hydroformylation.

EXPERIMENTAL SECTION

Materials and methods. Unless noted otherwise, all ma-
nipulations were carried out under an inert atmosphere of ar-
gon using standard Schlenk line techniques or M-Braun glove
box.  Tetrahydrofuran  was  distilled from  sodi-
um/benzophenone under argon atmosphere. Methylene chlo-
ride was distilled on calcium-hydride. Methanol, ethanol, and
isopropanol were dried on magnesium cake. Magnesium turn-
ing, triphenyl phosphine, triphenyl phosphite were purchased
from Sigma-Aldrich and used without further purification. 1-
hexene, 1-octene, 1-decene, 1-dodecene, 1-octadecene, sty-
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rene, 4-chloro styrene, trimethoxy(vinyl)silane, trime-
thyl(vinyl)silane, allyl malonic acid, 4-tBu-styrene, 4-acetoxy
styrene, 4-vinylbenzonitrile, 4-vinylbenzoic acid and allyl
benzene were purchased from Sigma-Aldrich and used after
passing through a plug of neutral alumina followed by distilla-
tion. Cashew nut shell liquid was received from Sunshield
Chemicals Limited (subsidiary of Solvay) and was further
purified to obtain cardanol. 4-iso-butyl-styrene was prepared
by following a known procedure.52 [Fe,(CO)y], 4-methoxy
styrene, 4-methyl styrene, 4-bromo styrene were obtained
from Alfa Aesar. Complex [HFe(CO),][PPN] (1) was synthe-
sized by modifying literature procedure.” [(PPhs),Fe(CO);]
(iii) was prepared by following a reported procedure.”” Other
chemicals like methylene chloride, methanol, ethanol, isopro-
panol, 1,4-dioxane, tetrahydrofuran, toluene, chloroform, cal-
cium hydride, 2,3-dihydrofuran, etc. were purchased from
local suppliers. Acetic acid (glacial) was purchased from
Qualigens Fine Chemicals and was dried by adding acetic
anhydride (7:3). The syngas and hydrogen gas were supplied
by Ms. Vadilal Chemicals Ltd, Pune, India. The hydro-
formylation of a-olefins was run in an Amar Equipment Pvt.
Ltd. high pressure reactor equipped with pressure regulators
and safety rupture valve. The hydroformylation of 1-octene
with incubation was run in an Amar Equipment Pvt. Ltd. high
pressure reactor equipped with additional high pressure liquid
charging chamber, pressure regulators and safety rupture
valve. NMR spectra were recorded on Bruker 200, 400, and
500 MHz instruments. Chemical shifts are referenced to exter-
nal reference TMS ('H and “C) or 85% H;PO, (B =
40.480747 MHz, *'P). Coupling constants are given as abso-
Iute values. Multiplicities are given as follows s: singlet, d:
doublet, t: triplet, m: multiplet. In-situ high pressure NMR was
recorded in Wilmad quick pressure valve NMR tube. Mass
spectra were recorded on Thermo scientific Q-Exactive mass
spectrometer; with Hypersil gold C18 column (150 x 4.6 mm
diameter 8 pm particle size mobile phase used is 90% metha-
nol + 10 % water + 0.1 % formic acid). IR spectrum was rec-
orded on Bruker alpha-T spectrometer in liquid state. Sample
was dissolved in chloroform and spectrum was obtained using
sodium chloride window. GC analyses for 1-hexene, 1-octene,
1-decene, 1-dodecene, 1-octadecene, styrene, 4-methoxy sty-
rene, 4-bromo styrene, 4-methyl styrene, other styrenic sub-
strates and allyl benzene were carried out on an Agilent 7890B
GC system. GC-MS analysis was carried out on a Varian 3800
GC-MS (Saturn 2000MS) with VF-5 capillary column (5%
phenyl, 95% dimethyl polysiloxane). The column oven pro-
gram used is same as that for GC analysis. Headspace GC
analysis was performed on an Agilent 7890A GC system
equipped with Porapak column and thermal conductivity de-
tector. Inlet temperature was maintained at 150 C, column
flow = 14 ml/min. Detector temperature was maintained at 200
°C. Temperature program: starting at 60 C with hold time of 5
mins. Ramp 1: @ 10 'C to 100 C, hold for 21 mins. Retention
time for H, = 1.5 mins. The XPS measurements were carried
out using Thermo Scientific Kalphat+ spectrometer using a
monochromatic Al Ka (1486.6 eV) x-ray source. The base
pressure of the spectrometer was 2 x 10” mbar. The wide area
and narrow region scans were acquired using 100 eV and 50
eV pass energy respectively. The bulk analyses for the detec-
tion of rhodium impurity was carried out at three different
places using; Varian atomic absorption spectrometer, model-
220fs (NCL), SPECTRO Analytical Instruments GmbH, Ger-

many, model-ARCOS, Simultaneous ICP Spectrometer (IIT
Bombay), and Agilent model-4100 MP-AES.

Synthesis of [HFe(CO),] [PNP]" (1). The desired iron pre-
cursor [HFe(CO),] [PNP]" was prepared by following a litera-
ture reported procedure."

"H NMR (500 MHz in CDCL): & = -8.52 (s, 1H, Fe-H). *C
NMR (125 MHz in CDCLy): & = 161.5 (C=0), 135.0, 133.6,
130.8, 129.2, 128.3. P NMR (500 MHz in CDClL): & =
21.02. IR (cm™) = 1870 (C=0). ESI-MS (-ve mode): m/z =
168.91 [M] .

General procedure for hydroformylation.53 In a typical
hydroformylation experiment, a stainless steel autoclave (450
mL) equipped with 50 ml high pressure liquid charging cham-
ber, pressure regulator and a safety valve was used. Individual
vials were charged with metal precursor [HFe(CO),] [PNP]"
(5.5 mg, 0.0077 mmol)}, ligand (as in Tables 1-3), solvent (1
ml), substrate (100 equiv.) and stirring bars in a glove box.
The vials were transferred to autoclave and the autoclave was
purged three times with syngas (CO: H, = 1:1) before pressur-
izing it to the desired pressure. Suitable temperature and pres-
sure was maintained during the reaction. After completion of
the reaction, the autoclave was cooled to 0 °C, and excess gas
was vented off in a well-ventilated fume-hood. The conversion
and regio-selectivity were determined by using gas chroma-
tography (GC) and proton NMR.

1-hexene. GC analysis for 1-hexene was carried out on an
Agilent 7890B GC system using HP-05 column (30 m x 320
pm x 0.25 pm), split ratio 30:1, column pressure 10 psi, injec-
tor temperature of 260 °C, detector temperature of 330 °C,
argon carrier gas. Temperature program: Initial temperature 50
°C, hold for 1 min.; ramp 1: 4 °C/min. to 120 °C; ramp 2: 20
°C/min. to 250 °C; ramp 3: 20 °C/min. to 320 °C, hold for 2
min. Retention time for 1-hexene = 2.05 min hydrogenated
product (n-hexane) = 2.07 min.; branched aldehydes = 4.74
min.; linear aldehyde = 5.65 minute (SI Fig. S7).

1-octene. Temperature program: Initial temperature 70 °C,
hold for 1 min.; ramp 1: 4 °C/min. to 120 °C; ramp 2: 10
°C/min. to 250 °C; ramp 3: 20 °C/min. to 320 °C, hold for 2
min. Retention time for 1-octene = 2.7 min.; hydrogenated
product (n-octane) = 2.8 min.; branched aldehydes = 7.02
min.; linear aldehyde = 8.1 minute (SI Fig. S6).

1-decene, 1-dodecene, 1-octadecene. Temperature pro-
gram: Initial temperature 70 °C, hold for 1 min.; ramp 1: 4
°C/min. to 120 °C; ramp 2: 10 °C/min. to 250 °C; ramp 3: 20
°C/min. to 320 °C, hold for 2 min. Retention time for 1-decene
= 5.4 min. hydrogenated product (n-decane) = 5.7 min.;
branched aldehydes = 13.1 min.; linear aldehyde = 14.4 mi-
nute (SI Fig. S8). Retention time for 1-dodecene = 9.9 min.
hydrogenated product (n-dodecane) = 11.2 min.; branched
aldehydes = 18.0 min.; linear aldehyde = 18.8 min. (SI Fig.
S9). Retention time for 1-octadecene = 22.4 min.; branched
aldehydes = 26.0 min.; linear aldehyde = 26.5 min. (SI Fig.
S10).

Styrene, 4-methyl styrene. GC analysis for styrene and 4-
methyl styrene was carried out on an Agilent 7890B GC sys-
tem using Supelco B-dex 225 (30 m* 0.25 mm * 0.25 pm),
split ratio 30:1, column pressure 10 psi., injector temperature
of 220 °C, detector temperature of 300 °C, argon carrier gas.
Temperature program: Initial temperature 100 °C, hold for 2
min.; ramp 1: 2 °C/min. to 160 °C; ramp 2: 20 °C/min. to 210
°C; hold for 2 min. Retention time R, for styrene = 7.3 mins.
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for hydrogenated product (Ethyl benzene) = 6.3 mins, n-
dodecane = 14.7 min. (internal standard), for branched alde-
hydes = 17.0 mins. for linear aldehyde = 23.2 mins. (SI Fig.
S16). Retention time R, for 4-methyl styrene = 10.3 mins. for
branched aldehydes = 22.0 mins. for linear aldehyde = 22.7
mins. (SI Fig. S17).

4-methoxy styrene, 4-bromo styrene, 4-iBu-styrene, 4-
tBu-styrene, 4-acetoxy styrene, 4-bromo styrene, 4-chloro
styrene, 4-vinylbenzonitrile and allyl benzene. GC analyses
for above styrenic substrates was carried out on an Agilent
7890B GC system using Supelco B-dex 225 (30 m* 0.25 mm *
0.25 pm), split ratio 30:1, column pressure 10 psi., injector
temperature of 220 °C, detector temperature of 300 °C, argon
carrier gas. Temperature program: Initial temperature 100 °C,
hold for 2 min.; ramp 1: 2 °C/min. to 160 °C; ramp 2: 10
°C/min. to 210 °C; hold for 2 min. Retention time R, for 4-
methoxy styrene = 20.5 mins. for branched aldehydes = 33.3
mins. for linear aldehyde = 36.0 mins. (SI Fig. S20). Retention
time R, for 4-bromo styrene = 19.3 mins. for branched alde-
hydes = 35.4 mins. for linear aldehyde = 38.5 mins. (SI Fig.
S22). Retention time R, for 4-iso-butyl styrene = 20.7 mins.
for branched aldehydes = 32.6 mins. for linear aldehyde = 37.1
mins. (SI Fig. S18). Retention time R, for 4-tertbutyl styrene =
19.9 mins. for branched aldehydes = 33.3 mins. for linear al-
dehyde = 36.2 mins. (SI Fig. S19). Retention time R, for 4-
acetoxy styrene = 30.0 mins. for branched aldehydes = 32.9
mins. for linear aldehyde = 38.44 mins. (SI Fig. S21). Reten-
tion time R, for 4-chloro styrene = 14.4 mins. for branched
aldehydes = 31.4 mins. for linear aldehyde = 36.0 mins. (SI
Fig. S23). Retention time R; for 4-vinylbenzonitrile = 28.3
mins. for branched aldehydes = 37.0 mins. for linear aldehyde
= 38.5 mins. (SI Fig. S24). Retention time R, for allyl benzene
= 8.4 mins. for branched aldehydes = 24.3 mins. for linear
aldehyde = 29.2 mins. (SI Fig. S25).

Mechanistic investigations. Coordination of L1 followed
by generation of iron-dihydride complex A. In a dried and
argon cooled Schlenk tube 0.010 g (0.0000138 moles) of 1
was dissolved in 0.4 ml CDCI; and 2 equivalent (0.0073 g,
0.0000277 moles) triphenyl phosphine (L1) was added to
above mixture and the resultant solution was transferred to a
high pressure NMR tube. The above mixture was heated to 50
°C for 45 minutes and 45 °C for 16 hours, and the NMR was
recorded at 45 °C (SI Fig. S27).
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Key resonances of (i).
3P NMR (500 MHz, CDCLy): & = 82.4 (s), 71.6 (s).

Having observed L1 coordination, the NMR tube was allowed
to freeze to liquid nitrogen temperature. Now acetic acid (50
puL) was added to above NMR tube under frozen condition and
a proton NMR was recorded at 0 °C immediately. A very
weak hydride resonance appeared at -12.2 ppm. The new hy-
dride signal may be attributed to a di-hydride species A. Room
temperature treatment of 1 with L1 and acetic acid revealed a
doublet at -9.50 ppm (SI, Fig. S33).

Key resonances of A.

At 45 °C: P NMR (500 MHz, CDCLy): & = 81.07 (s). '"H
NMR (500 MHz, CDCl;): 8 = -12.28. At room temperature

Journal of the American Chemical Society

(25 °C): *'P NMR (500 MHz, CDCl;): 8 = 71.5 (s). '"H NMR
(500 MHz, CDCl5): 8 =-9.50 (d, *Jp.;; = 43 Hz).

Formation of iron-dihydride complex (ii). The iron precur-
sor [HFe(CO),][PPN] (1) (0.016 g, 0.000022 moles) was dis-
solved in 0.6 ml CDCl;:MeOH (3:1) mixture in an NMR tube
and the tube was cooled to liquid nitrogen temperature. Excess
(50 pL) (0.00087 moles) amount of acetic acid was added to
above solution at -196 °C. An immediate colour change from
light brown to dark red was observed, indicating the change in
oxidation state of the metal. The NMR tube was taken out
from the liquid nitrogen bath just before inserting it in the
magnet and recording the NMR spectrum.

H ° €O

et

oc—pe O AH OC—Fe(
~ | ~H
co
o co
1 (i)

Key resonances of (ii).

"H NMR (500 MHz, CDCl;): § = -15.38.
[Fe(CO);(PPh;),] to iron dihydride complex (A). 0.010 g
(0.0000150 moles) of [Fe(CO);(PPhs),] was taken in a high
pressure NMR tube and toluene-dg (0.3 ml) was added to it.
The above NMR tube was pressurized with hydrogen gas (10
bars) and an NMR was recorded.

HPhs oc FI)phde
H ~- —
_ _n‘CO 2 Fe
oc F|e\CO oc” | H
PPh, PPhs
(i) A

3P NMR (500 MHz, Toluene-ds): & = 83.1 (s). "H NMR (500
MHz, Toluene-dg): 8 =-8.91 (m), -9.02 (m).
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