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Reductive Transformations of Carbonyl Compounds
Catalyzed by Rhodium Supported on a Carbon Matrix by
using Carbon Monoxide as a Deoxygenative Agent

Niyaz Z. Yagafarov,”” Dmitry L. Usanov,” Alexey P. Moskovets,” Nikolai D. Kagramanov,®

Victor I. Maleev,™ and Denis Chusov*!

An efficient method for the rhodium on carbon matrix cata-
lyzed preparation of secondary and tertiary amines, cyanoest-
ers, and nitriles through the reductive amination/alkylation of
carbonyl compounds was developed, including a convenient
procedure for the tandem formal reductive addition of acetoni-
trile to aldehydes. The catalyst could be reused, and at least
three consecutive reaction cycles were performed with compa-
rable efficiency. The method was shown to be compatible with
functional groups prone to reduction by hydrogen and com-
plex hydrides.

Reductive C—C and C—N bond-forming reactions are widely
used as powerful and convenient tools to build up molecular
complexity rapidly."” Whereas in the paradigm of fine laborato-
ry synthesis classical synthetic approaches are being constantly
improved and refined to meet ever-increasing stringency of re-
quirements for reactivity, selectivity and cost, we strongly be-
lieve that the academic community should pay greater atten-
tion to optimization of synthetic tools in terms of the integral
economic and environmental effects they might have if con-
ducted on semi-industrial or industrial scale. In this context,
the use of side products of the chemical industry as starting
materials for novel synthetic protocols represents a very valua-
ble concept. Our group recently discovered catalytic reductive
methodology™ that takes advantage of the deoxygenative po-
tential of carbon monoxide and does not require an external
hydrogen source, unlike conventional approaches such as re-
ductive amination and reductive Knoevenagel condensation.
As carbon monoxide is produced in multiton quantities as
a side product of steelmaking,” it represents an abundant
source for chemical synthesis and is a more atom-economical™
alternative to many of the established synthetic agents. More-
over, despite the fact that certain precautions have to be taken
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while working with carbon monoxide because of its toxicity, its
higher flammability limit relative to that of hydrogen repre-
sents an important advantage especially on a larger reaction
scale.”’? Whereas the use of CO has been systematically investi-
gated in the reduction of, for example, aromatic nitro
groups,®” its potential as a reductive agent still remains con-
siderably underexplored.

Heterogeneous catalysis is oftentimes much more conven-
ient with respect to homogeneous alternatives, for example, in
terms of catalyst recovery and purification of the products;®
and the intrinsic merits of heterogeneous catalytic systems are,
therefore, responsible for wide applications thereof in nearly
all areas of chemical industry owing to the improved economic
and environmental profiles. Given that our growing toolbox of
methods employing CO as a deoxygenative agent have so far
involved homogeneous protocols,? we were particularly inter-
ested in the development of a heterogeneous system of com-
parable potential that would render our method more compat-
ible with the general requirements of industrial-scale produc-
tion. Thus, herein we report an atom-economical heterogene-
ous catalytic system equally applicable to the reductive forma-
tion of both C—N and C—C bonds that employs rhodium
supported on carbon matrix as a catalyst and carbon monox-
ide as a deoxygenative agent.

For the initial studies on reductive amination, we decided to
work on the formation of a reduced adduct of p-fluorobenzal-
dehyde with p-anisidine as a model reaction; the choice of
a fluorinated aldehyde as a substrate was made primarily be-
cause of the convenience of NMR spectroscopy monitoring. Ex-
pectedly, no reductive amination reaction proceeded in the
presence of unmodified activated carbon, whereas the use of
activated carbon-supported ruthenium and rhodium (5% w/w,
0.25 mol% metal) led to the detection of a trace amount of
the desired product (Table 1, entries 2 and 3).

Rhodium on the carbon support of less developed surface
area demonstrated marginally greater yield, which could prob-
ably be explained by a lower degree of product absorption
(Table 1, entry 4). The use of alumina-supported metals did not
lead to an improvement in reaction efficiency (Table 1, en-
tries 5 and 6). We then decided to switch to matrix supports
(Table 1, entries 7 and 8); to our delight, rhodium supported
on carbon matrix (Degussa Co.) demonstrated substantially im-
proved performance: the desired product was formed in 37%
yield, which increased up to 82% by changing the catalyst
loading to 1 mol% (Table 1, entry 10). Solvent screening for the
process catalyzed by Rh/carbon matrix showed superiority of

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/cctc.201500493

\\,* ChemPubSoc
* Eu rope
Table 1. Catalyst screening in the model reductive amination reaction.”
CHO OMe catalyst Ol
_THF (095 M) ,@
/©/ /©/ 50 atm CO /©/\ﬁ
160°C, 20 h E .
Entry Catalyst™ Catalyst loading Yield
[mol %] [%]'
1 activated carbon 0.25 0
2 Ru on activated carbon 0.25 5
3 Rh on activated carbon 0.25 3
4 Rh/C 0.25 10
5 Ru on alumina 0.25 6
6 Rh on activated alumina 0.25 4
7 Rh on alumina matrix 0.25 10
8 Rh on carbon matrix 0.25 37
9 Rh on carbon matrix 0.5 42
10 Rh on carbon matrix 1.0 82
[a] A 1:1 ratio of the amine and the aldehyde was employed. 0.2 mmol
scale. [b] 5% w/w of metal on the support. [c] The yield was determined
by NMR spectroscopy with an internal standard.

& Rh on carbon matrix H(R?)
R oNo, (E%wm Tmol%Rh) LR
Ry R s0amco, THF )

160 °C, 20 h R®

REEE @p*@f

1, 96% (79%) 2, 91% (71%)

5, 77% (74%)

9, 79% (57%)

F rF’h N Ph ¢ Ph N
_ IORY;
NH Ph N._Ph e

13, 80% (63%)

3, 75% (50%)

6, 95% (66%) 7, 96% (81%) 8, 88% (74%)

12, 99% (99%)

10, 85% (69%) 11, 92% (66%)

14, 70% (40%) 15, 95% (82%) 16, 64% (38%)

Scheme 1. Substrate scope of the reductive amination catalyzed by Rh on
carbon matrix support in the presence of carbon monoxide. Yields were de-
termined by NMR spectroscopy with an internal standard. Yields of products
after chromatography are shown in parentheses. Reaction conditions: car-
bonyl compound (0.2 mmol), amine (0.3 mmol; for tert-butylamine 2.0 equiv.
was used). For compound 4, the product was isolated as the trifluoroaceta-
mide derivative. 1 atm=101.3 kPa.

tetrahydrofuran to all the other solvents tested (see the Sup-
porting Information). The aldehyde/amine ratio was changed
to 1:1.5, as that led to somewhat higher product yields (1,
Scheme 1 vs. Table 1, entry 10).

With the optimized conditions in hand, we turned to investi-
gation to the scope of the developed methodology
(Scheme 1). Model product 1 of the reaction between p-anisi-
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dine and p-fluorobenzaldehyde was isolated in 79% yield
(96% as determined by NMR spectroscopy); a very similar out-
come was obtained for 1-naphthylamine analogue 2. Good-to-
excellent yields were determined by NMR spectroscopy for p-
anisidine-reduced adducts with aliphatic aldehydes 3 and 4;
however, those products demonstrated greater than average
isolation losses (which were probably due to oxidation and ab-
sorption to silica gel and could be partially resolved by trifluor-
oacetylation, as in 4, or flash chromatography of minimized
duration with minimum amounts of silica gel as in 12). Ketones
such as cyclohexanone and acetone reacted well, which led to
isolation of products 5 and 6 in yields of 66 and 74 %, respec-
tively. tert-Butylamine furnished products 7-12 with a variety
of aromatic aldehydes in yields of 57-99%, which included
substrates prone to be challenging under certain conditions,
such as compound 10 containing a labile benzyloxy functional-
ity and 2-pyridinecarboxaldehyde derivative 11 capable of co-
ordination with metal complexes. Benzylamine and dibenzyla-
mine successfully reacted with the aromatic counterparts:
products 13 and 15 were isolated in yields of 63 and 82 %, re-
spectively. Somewhat lower yields in the series were observed
for more challenging pivalaldehyde adduct 14 (70% vyield ob-
served, 40% yield upon isolation) and pyrrolidine derivative 16
(64 % yield observed, 38% yield upon isolation).

We tested the recyclability of the catalyst on the model reac-
tion between tert-butylamine and isobutyraldehyde conducted
with the metal catalyst (0.08 mol%) under solvent-free condi-
tions (Scheme 2); after each cycle, the product was removed

Rh on carbon matrix
(5% wiw, 0.08 mol% Rh)_
50 atm CO, 160 °C

solvent free

T

2449 TON over 3 cycles

O
7 e
Ho o+

Scheme 2. Recyclability of rhodium on carbon matrix support in reductive
amination.

from the reaction vessel under reduced pressure and the pro-
cess was restarted again with new portions of the reagents.
The experiment demonstrated that the catalyst could be used
over at least three consecutive reaction cycles [overall turnover
number (TON): 2449].

We then considered application of the developed catalytic
system to reductive Knoevenagel condensation.”™® Optimiza-
tion of the reaction between 1-naphthaldehyde and methyl cy-
anoacetate (see the Supporting Information) proved that an
essentially identical set of conditions was optimum, except
that methanol was a superior medium for the process. A range
of substrates were successfully converted into the correspond-
ing adducts in yields of 55-99% (Scheme 3). Isobutyraldehyde
furnished product 17 in almost quantitative yield without any
self-aldol byproducts. Cyano and O-benzyl functionalities, labile
under certain reductive conditions, were well tolerated (prod-
ucts 19 and 22, isolated in yields of 55 and 75%, respectively).
Again, the catalyst was shown to be recyclable and demon-
strated an overall TON of 2350 over three reaction cycles
(Scheme 4).
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Rh on carbon matrix
RL{O NG~ Come (5% Ww 1 mol% RhY_ i~ _CN
2
H t 50 atm CO, MeOH Co,Me

160 °C, 6-24 h

CN
CN - mCN [;/ N
CO,Me CO,Me
/i\ : sze NC COMe
OMe

17, 99 % (99 %)

CN
szMe

21,99 % (94 %)

18, 90 % (81 %)

sze %zMe

22, 85 % (75%)

19, 74 % (55 %) 20, 96 % (85 %)

23,77 % (70 %)

Scheme 3. Substrate scope of the reductive alkylation of aldehydes with
methyl cyanoacetate catalyzed by Rh on carbon matrix in the presence of
carbon monoxide. Reactions were performed with 0.2-0.6 mmol of the alde-
hydes. To obtain compound 22, 2 mol % of the catalyst was used.

Rh on carbon matrix 0

(5% wiw, 0.08 mol% Rh)
OMe
CN

50 atm CO, 160 °C
2350 TON over 3 cycles

i

+ NC\)J\OMe

Scheme 4. Recyclability of rhodium on carbon matrix support in reductive
alkylation.

Conducting the reaction in the presence of water (2 equiv.)
enabled tandem hydrolysis and decarboxylation, which led to
products of formal deoxygenative addition of acetonitrile
(Scheme 5), which in the overwhelming majority of syntheses
is accomplished through Horner-Wadsworth-Emmons chemis-
try with subsequent catalytic hydrogenation or complex hy-
dride reduction."" The reaction proceeded equally well with
electron-rich and electron-deficient aromatic substrates of vari-
ous substitution patterns. Adducts of cyano-, benzyloxy-,
chloro-, and bromo-substituted aromatic aldehydes (i.e., com-
pounds 32-35) as well as aliphatic substrates (i.e., compounds
36 and 37) were successfully isolated in good-to-excellent
yields. For the possible mechanism see the Supporting Infor-
mation.

In summary, we developed an efficient heterogeneous cata-
lytic system that allows the atom economical reductive amina-
tion and alkylation of aldehydes and ketones. This method
takes advantage of the unique deoxygenative potential of
carbon monoxide and does not require an external hydrogen
source, which allows full compatibility with a range of func-
tional groups prone to reduction by, for example, heterogene-
ous catalytic hydrogenation (e.g., N-benzyl, O-benzyl, cyano,
halo). We also reported a convenient tandem hydrolytic decar-
boxylative modification of the reductive alkylation with methyl
cyanoacetate, which led to products of formal deoxygenative
addition of acetonitrile to aldehydes in good yields.
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Rh on carbon matrix

R!_O
¥° + NoT COpMe (8% whw. 1 mol% Ry

H 50 atm CO, MeOH
160°C,20 h

eO CN @NCN
\©/\/ MeO

25,75 % (70 %)

R1’\/CN *+ MeOH

H20

E:(\/CN
OMe

24,99 % (99 %)

Ao O oy

27,83 % (74 %)

oo

30, 82 % (80 %)

©ﬂo©/\/

33,85 % (79 %)

35,80 % (73 %) 36, 99 % (95 %)

26, 88 % (80 %)

28, 77 % (66 %)

O/\/CN
F

31,80 % (72 %)

29, 93 % (70 %)

o
Cl

32,94 % (86 %)
Br]©/\/CN
eO

34,73 % (62 %)

37,92 % (83 %)

Scheme 5. Substrate scope of the hydrolytic decarboxylative reductive alky-
lation of aldehydes with methyl cyanoacetate catalyzed by Rh on carbon
matrix support in the presence of carbon monoxide. Reactions were per-
formed with 0.6 mmol of the aldehydes.

Experimental Section
General method for reductive amination

A 10 mL stainless-steel autoclave was charged with the catalyst
(1.0-2.0 mol %), THF (0.2 mL), the amine (0.2-0.3 mmol), and the
carbonyl compound (0.2 mmol). The autoclave was sealed, flushed
with CO (3x 10 atm), and then charged with the indicated pressure
of CO. The reactor was placed in a preheated oil bath. After the in-
dicated time of stirring, the reactor was cooled to room tempera-
ture and depressurized. The residue was purified by flash chroma-
tography on silica gel.

General method for reductive alkylation by cyanoacetate

A 10 mL stainless-steel autoclave was charged with the catalyst
(1.0-2.0 mol%), methanol (0.2 mL), methyl cyanoacetate
(0.3 mmol), and the carbonyl compound (0.3 mmol). The autoclave
was sealed, flushed with CO (3x 10 atm), and then charged with
the indicated pressure of CO. The reactor was placed in a preheated
oil bath. After the indicated time of stirring, the reactor was cooled
to room temperature and depressurized. The residue was purified
by flash chromatography on silica gel.

General method for the formal reductive addition of aceto-
nitrile

A 10 mL stainless-steel autoclave was charged with the catalyst
(1.0 mol%), methanol (0.2 mL), methyl cyanoacetate (0.6 mmol),

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemcatchem.org

:@2 ChemPubSoc
et Europe

the carbonyl compound (0.6 mmol), and water (1.2 mmol). The au-
toclave was sealed, flushed with CO (3x 10 atm), and then charged
with the indicated pressure of CO. The reactor was placed in a pre-
heated oil bath. After the indicated time of stirring, the reactor was
cooled to room temperature and depressurized. The residue was
purified by flash chromatography on silica gel.
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