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Carbonylation reactions rank among the most important
examples of industrially applied homogeneous catalytic
reactions. In addition to hydroformylation, the synthesis of
carboxylic acid derivatives from unsaturated hydrocarbons
has in particular attracted considerable industrial and aca-
demic interest.!! Since the pioneering work of Reppe,”
various organometallic catalysts and synthetic procedures
have been explored for the carbonylation of alkynes."!
Initially, nickel-based catalysts prevailed in industry. In fact,
the carbonylation of acetylene to acrylic acid was one of the
first large-scale industrial applications of organometallic
complexes.!

After the important development by Drent et al. in the
1980s,5! cationic palladium complexes became the catalysts of
choice for the carbonylation of alkynes to substituted acrylic
acid derivatives. Thus, Shell developed a palladium-catalyzed
process for the production of methyl methacrylate from
propyne.l®! Since then, mainly noble-metal catalysts have been
investigated for such transformations.”” However, the high
cost, limited availability, and sometimes sensitivity as well as
toxicity of precious-metal complexes means there is increas-
ing interest to substitute them by more easily available
biorelevant metals. In this respect, homogeneous catalysis
with iron complexes offers a highly attractive replacement.
Without doubt, this area has become one of the “hot topics”
in organometallic catalysis.®*'"! Although a number of stoi-
chiometric iron-mediated carbonylation reactions are
known,!'! catalytic processes have been only scarcely inves-
tigated. One of the exceptions is our synthesis of 3-(hetero)-
aryl-4-arylsuccinimides and -maleimides. Here, the key step
was the selective double aminocarbonylation of an internal
alkyne in the presence of [Fe;(CO),,] (Scheme 1).'¥ This
work awoke our interest in the selective monocarbonylation
of alkynes to give the corresponding a,p-unsaturated
amides.™™ To the best of our knowledge no such general
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Scheme 1. Iron-catalyzed double carbonylation to 3,4-bisaryl malei-
mides. Ar' = (hetero)aryl, Ar’ = (hetero)aryl, aryl, DDQ = 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone, L= 2-(di-tert-butylphosphino)-N-phenyl-
indole, TMEDA = N,N,N’,N'-tetramethethylenediamine.

Ko[PdCly], L
Arl-Br + A= Ar
Cul, TMEDA

iron-catalyzed method is known. Notably, the resulting acryl-
or cinnamides are present in the structure of numerous
natural products® which show considerable biological and
insecticidal activity."” In addition, acrylamides are employed
in a wide range of organic reactions,' including polymeri-
zations.['”)

At the start of our investigations we studied the influence
of different parameters (ligands, pressure, temperature, and
solvents) on the reaction of phenylacetylene with carbon
monoxide and cyclohexylamine in the presence of various
iron salts and complexes. Selected results are shown in
Table 1. Iron(II) and iron(III) chloride were completely
inactive (Table 1, entries 1 and 2), whereas iron carbonyl
complexes in general showed high activity (Table 1, entries 3—
9). However, in addition to the desired monocarbonylation
product 1, the double carbonylation product N-cyclohexyl-2-
phenylsuccinimide was observed. The chemoselectivity for 1
is significantly increased by using [(cot)Fe(CO);] (cot=
cyclooctatetraene) as the catalyst precursor (Table 1,
entry 8) compared to reactions with [Fe(CO)s], [Fe,(CO),],
or [Fe;(CO),,] as catalyst precursors (Table 1, entries 3-5).
Interestingly, in the latter cases no significant differences were
observed, thus making a similar active species likely. To prove
that the observed catalyst activity does not depend on other
metal impurities, we investigated possible contaminations and
analyzed [Fe;(CO);,] by atomic absorption spectroscopy
(AAS) and inductively coupled plasma (ICP). However, all
other metals were below the detection limits of these methods
(see the Supporting Information).” Furthermore, catalytic
experiments were carried out using Smol% [Cr(CO),
[Mo(CO),], and [W(CO)], and with 100 ppm [Ru;COy,],
[Pd(dba),] (dba = trans,trans-dibenzylideneacetone), [Ni-
(acac),] (acac =acetylacetanoate), as well as six different
copper salts. In no case was the carbonylation product
obtained, which clearly proves that the reaction is catalyzed
by iron.

Next, we tested different solvents (diglyme, NMP, THF,
and cyclohexylamine) in the benchmark reaction (Table 1,
entries 5, 11-13). Performing the reaction in neat amine
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Table 1: Iron-catalyzed mono carbonylation of phenylacetylene: cata-
lysts, ligands, and conditions.®

NH, Fe (5 mol%)
— Ph
= THF \/\[r \O
CO (10 bar)
el
PPh;
L1
Entry Iron catalyst Lt Solvent Yield
[%]"

1 Fe'Cl, - THF 0

2 Fe''Cl; - THF 0

3 [Fe(CO)s] - THF 58

4 [Fe,(CO)s] - THF 59

5 [Fe;CO,,) - THF 60

6! [Fe;CO,,) - THF 59

74 Na,[Fe(CO),] - THF 49

8 [COTFe(CO);] - THF 74

9 [HNEt;][HFe;(CO);,]™ - THF 63
10 [NEt,][Fe(NO)(CO),]"™ - THF 1
1 [FesCOyy - diglyme 53
1200 [FesCOyy - NMP 1
13 [Fe;CO4,) - CyNH, 17
148 [Fe;COy,) - THF 72
15 [Fe;CO4,) L1 THF 51
16 [Fe;CO4,) L2 THF 66
17 [Fe;COy,) L3 THF 77

[a] Reaction conditions: 20 mL THF, 2 mmol phenylacetylene, 30 mmol
cyclohexylamine (CyNH,), 5mol% Fe, 10bar CO, 120°C, 16h.
[b] Determined by HPLC with o-xylene (0.5 mL) as internal standard.
[c] Only 2 mol% Fe. [d] Collmann’s reagent 94% purity; addition of
200 pL degassed H,0. [e] Fe/L=3:1. [f] N-Methyl-2-pyrrolidine (NMP).
[g] Reaction with 10 equiv amine and 5 equiv NEt;.

resulted in the catalyst activity and product yield decreasing
(Table 1, entry 13). The best result was obtained using THF as
the solvent. Nevertheless, the amine concentration has an
important influence on the product yield (Table 1, entries 5,
13, and 14). The addition of triphenylphosphine somewhat
decreased the selectivity of the catalyst (Table 1,
entry 15). However, the chemoselectivity for 1 was
improved in the presence of 1,4-diazabutadiene
ligands® (Table 1, entries 16 and 17), and the best
result was achieved using L3 as the ligand. The
optimum catalytic activity was observed at 120°C
with full conversion of the alkyne achieved. Further-

ceeds by a concerted double insertion of CO,? whereas the
monocarbonylation would take place by a stepwise mecha-
nism (Scheme 2). For this latter process we propose that an
iron hydride carbonyl cluster reacts with the alkyne. It is well
known that [HNEt;][HFe;(CO),,] is formed easily by addition
of the amine to various iron carbonyl species.”” Indeed, the
use of [HNEt;][HFe;(CO),;] as the precatalyst gave similar
product yields and selectivities as [Fe;(CO)y,], [Fe,(CO)],
and [Fe(CO)s] (Table 1, entries3-5 and 9). Subsequent
formation of an acylcarbonyliron complex and nucleophilic
attack by the amine should lead to an acrylamide and
regenerate the active iron species. It is important to note that
the observed anti-Markovnikov regioselectivity is in contrast
to most known palladium-catalyzed carbonylations of
alkynes.*!

Next, the scope of the optimized iron catalyst system was
demonstrated in the carbonylation of phenylacetylene with
various primary and secondary amines (Table 2). In most
cases the corresponding N-substituted cinnamides were
obtained in good to very good yields. It is important to note
that in all cases the linear, E-configured products were
formed as the main product (>90% selectivity) with com-
plete conversion. Bulky primary amines provided the desired
monocarbonylation product in higher yields, and no double
carbonylation product was detectable. However, in the case of
linear pentylamine and 2-methoxyethylamine the corre-
sponding succinimides were also isolated as side products
(Table 2, entries 6 and 7) in 20 and 32 % yield, respectively.
The use of secondary amines as substrates results in only
monocarbonylation taking place, since double carbonylation
is not possible, and the corresponding N-substituted cinna-
mides are formed in excellent yields (Table 2, entries 2 and 3).

Finally, various alkynes were also applied in the standard
reaction (Table 3). The synthesis of substituted cinnamides
proceeded smoothly in good yields (Table 3, entries 1-8).
Comparison of the reactions of different phenylacetylenes
shows that electron-donating substituents (Table 3, entries 2,
3, and 6-8) seem to have no or little influence on the product
yield, whereas electron-withdrawing substituents such as the
CF; group lead to lower yields (Table 3, entry 4). The reason
for this might be the lower nucleophilicity of the acceptor-

R—=—R' + H,NR"+ CO

R' +CO

. . . . /\Fea(CO)ﬂ] + base/\
more, the CO pressure has a major influence on the R

catalysis. The best selectivity for the monocarbonyla-
tion product 1 was observed at 10 bar CO pressure;
higher pressure resulted in the double carbonylation
increasing.

We propose two independent reaction pathways
to give either mono- or double carbonylation prod-
ucts since it is impossible to generate N-cyclohexyl-2-
phenylsuccinimide from 1 under the typical reaction
conditions. On the basis of previous stoichiometric
studies we assume that succinimide formation pro-
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Scheme 2. Proposed mechanism for the iron-catalyzed carbonylation of alkynes.
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Table 2: Carbonylation of phenylacetylene with different amines.?
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Table 3: Reaction of various substituted alkynes with pyrrolidine.?

Entry Amine Product Yield™ Entry Alkyne Product Yield™d
[%] (%]
NH, o 0
A x
1 @M””O oy 1 (= WN 78 (87)
1 0
o} e}
2 () \ ) 78 (87) Me, ~ D)
H N )= Me. 74
2 Me N
o Me 8

S
©/\)J\NH 78
4
e
©/\)J\NH 96
5

o
X
6a
(0]
7 Me\o/\/NHZ

©/\)J\NH/\/O\Me 60
7a

[a] Reaction conditions: 20 mL THF, 2 mmol phenylacetylene, 20 mmol
amine, 10 mmol NEt;, 5 mol% Fe ([Fe;CO,,]), 1:1 Fe/L2, 10 bar CO,
120°C, 16 h. [b] Yields of isolated product. Yields from HPLC in
parenthesis; determined with o-xylene (0.5 mL) as internal standard.

substituted alkynes. To our delight, symmetric and nonsym-
metric internal alkynes are also aminocarbonylated in good to
excellent yields (Table 3, entries 9 and 10). In the case of
diphenylacetylene, both E and Zisomers were isolated
(Table 3, entry9). The configuration was determined by
NOE measurements (see the Supporting Information). Up
to four isomers can be formed in the case of 1-phenyl-1-
propyne. However, (E)-cinnamide 15 was isolated as the main
product in a 10:1 ratio of the anti-Markovnikov to Markov-
nikov product (see the Supporting Information). Further-
more, challenging terminal aliphatic alkynes such as 1-octyne,
cyclohexylacetylene, and 1-ethynylcyclohexene provided the
corresponding acrylamides in moderate to almost quantita-
tive yields (Table 3, entries 11-13).

In conclusion, we have developed the first general iron-
catalyzed aminocarbonylation of alkynes. Starting from
commercially available amines and alkynes, a range of
structurally diverse cinnamides and acrylamides are obtained
smoothly in the presence of catalytic amounts of [Fe;(CO);,]
and L3. Notably, the method is highly chemo- and regiose-
lective, and no expensive catalyst is required for this novel
environmentally friendly reaction.

Experimental Section
General procedure: A mixture of alkyne (2 mmol), amine (20 mmol),
triethylamine (10 mmol) and [Fe;(CO);,] (Smol% Fe) and L3
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[a] Reaction conditions: 20 mL THF, 2 mmol alkyne, 20 mmol pyrroli-
dine, 10 mmol NEt;, 5mol% Fe ([Fe;CO;,)), 1:1 Fe/L2, 10 bar CO,
120°C, 16 h. [b]Yields of isolated product. Yields from HPLC in

parenthesis; determined with o-xylene (0.5 mL) as internal standard.
[c] Product ratio determined by '"H NMR spectroscopy. [d] Z/E=1.2:1.
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(0.1 mmol) was dissolved in THF (20 mL) in a 50 mL Schlenk flask
under argon before being transferred into an autoclave. The
autoclave was then pressurized with 10 bar CO and heated to
120°C for 16 h before the contents were cooled to room temperature.
The pressure was then released, and the reaction mixture was
transferred to a 50 mL Schlenk flask and o-xylene (0.5 mL, internal
standard) added. A sample was taken to determine the yield by
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HPLC. QuadraSil TA (0.5-1 g) was added and the reaction mixture
stirred at room temperature for 30 min. After filtration of the
QuadraSil TA and removal of the solvent in vacuo, the crude reaction
mixture was purified by column chromatography on silica gel. The
yield of the amide was measured by HPLC.

Synthesis of 1 (Table 2, entry 1): Following the general procedure,
amide 1 was prepared from [Fe;(CO)y,] (17.7 mg, 0.033 mmol,
5 mol % Fe), L3 (40.4 mg, 0.1 mmol), THF (20 mL), cyclohexylamine
(2.3 mL, 20 mmol), triethylamine (1.4 mL, 10 mmol), and phenyl-
acetylene (220 pL, 2 mmol). The crude product was purified by
column chromatography (heptane/ethyl acetate 10:1—3:1) to give 1
in 60 % yield as a colorless solid. "H NMR (400 MHz, CDCl;) 6 = 7.61
(d, Jeuen =159 Hz, 1H, CH), 7.50-7.47 (m, 2H, CH,,), 7.37-7.33
(m, 3H, CH,,), 6.37 (d, *Jeucn=15.9 Hz, 1H, CH), 5.53 (brs, 1H,
NH), 3.96-3.87 (m, 1H, CH), 2.02-1.97 (m, 2H, CH,), 1.76-1.63 (m,
3H, CH,), 1.47-1.36 (m, 2H, CH,), 1.24-1.14 ppm (m, 3H, CH,).
3C NMR (100 MHz, CDCly): 6 =164.9 (s, CO), 140.7 (s, CH), 135.0
(Cqu)s 129.5, 128.8, 127.8 (35, Cypy1), 121.1 (s, CH), 48.3 (s, CH), 33.2,
25.6,24.9 (3s,3 x CH,). MS (EI): m/z (1) 230 (7), 229 (48), 148 (32),
146 (36), 132 (10), 131 (100), 103 (30), 102 (4), 98 (10), 77 (13). HRMS
(ESI): caled for C;sH,NO: [M+H]" 230.15394, found: 230.15374. IR
(ATR): 3272 (m), 3080 (w), 3030 (w), 2915 (m), 2851 (m), 1652 (s),
1615 (s), 1577 (w), 1550 (s), 1496 (w), 1446 (m), 1370 (w), 1342 (s),
1284 (w), 1259 (w), 1243 (m), 1219 (s), 1153 (w), 1096 (w), 1073 (w),
1027 (w), 997 (m), 989 (m), 980 (m), 966 (m), 893 (w), 869 (w), 841
(w), 803 (w), 762 (m), 724 (s), 692 (m), 673 (s).
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