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Cyclometallated Cp*Ir(N" C)Cl complexes derived from N-aryl ketimines
are highly active catalysts for the reduction of N-heterocycles under
ambient conditions and 1 atm H, pressure. The reaction tolerates a
broad range of other potentially reducible functionalities and does not
require the use of specialised equipment, additives or purified solvent.

The hydrogenation of organic substrates is one of the great success
stories of homogeneous catalysis. Building on the pioneering work
of Wilkinson, Crabtree, Knowles and Noyori, highly effective
hydrogenations of C—C and C—O0 bonds have been developed
and widely adopted by the synthetic community." However, the
field of C=N hydrogenation is much less well developed and
utilised, particularly for N-heterocycles. Reduced heterocyclic com-
pounds are present in many pharmaceuticals, natural products,
organic dyes, fragrances and hydrogen storage materials, and as a
result, efficient methods for the synthesis of these compounds are
desirable.” Of the methods developed, the catalytic hydrogenation
of the parent unsaturated N-heterocycles with hydrogen gas is an
attractive route to these products due to the lack of stoichiometric
waste products associated with the use of reactive metals and
metal hydrides or other hydrogen sources.’

In comparison to the hydrogenation of olefins, carbonyls and
imines, the hydrogenation of N-heterocycles is more challenging due
to the aromaticity of the N-heterocycles. Transition metal catalysts
based on Rh, Ir, Ru, Os, Mo and Fe have been applied to the
homogeneous hydrogenation of N-heterocycles.*” Unfortunately,
these reactions are often characterised by the use of high
temperatures or hydrogen pressures, and many systems require
the use of additives such as Brgnsted acids,* chloroformates®”
or I,.*¥ Furthermore, to the best of our knowledge, there is no
single reported homogeneous catalyst capable of hydrogenating
quinolines, 3,4-dihydroisoquinolines, quinoxalines and indoles.
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Crabtree and co-workers reported that a [Ir(NHC)(PPh;)(COD)][PFs]
complex is active for the reduction of N-heterocycles at room
temperature and low H, pressures (1-5 atm).>? However, additional
PPh; was required for catalytic activity and the substrates were
limited mainly to quinolines.

We recently reported that cyclometallated Cp*Ir(N"~C)Cl com-
plexes are highly active catalysts for a range of hydrogen transfer
reactions.® We now report that related complexes, if appropriately
functionalised, catalyse the selective reduction of N-heterocycles at
room temperature and 1 atm H,, allowing for the operationally
simple synthesis of various reduced N-heterocyclic compounds.

Initially we screened complexes 1a-11 (Fig. 1) for the reduction of
2-methylquinoline 2a in as-received 2,2,2-trifluoroethanol (TFE) at
ambient temperature (Table 1). A hydrogen balloon was used as the
hydrogen source. Surprisingly, of all the complexes 1a-1f, only the
electron rich 3,4-methylenedioxy-substituted 1f showed any activity
(entries 1-8). To assess the effect of the N-donor substituent,
complexes 1g-11 were screened,’ but all showed diminished activity
in comparison to 1f (entries 9-14). No reaction was observed when
[Cp*IrCl,], or no catalyst was used (entries 1-7). Notably, ligands
bearing the 3,4-methylenedioxy group underwent selective cyclo-
metallation with [Cp*IrCL], (ref. 7) to give the more hindered
products with 85:15-95:5 isomeric ratios (Fig. 2), due to the
ortho-directing effect of the oxygen atoms.® In contrast, the 3-OMe
group of 1e resulted in selective cyclometallation para to the OMe,
and 1e proved to be inactive (entries 1-7).

Screening a variety of different solvents suggested that the
use of TFE was essential for good catalytic activity at 1 atm H,
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Fig. 1 Catalysts examined in this study (see Table 1), PMP = p-methoxyphenyl.
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Table 1 Optimisation of the hydrogenation of 2-methylquinoline®
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Table 2 Hydrogenation of quinolines with 1f?

m 1 mol% catalyst g, i A Rz_:\(:(\_& _ Tmol%tf Ry N 2,
N H_ balloon, 3h, rt T AN H, balloon, TFE A
2a H 3a 2a-n H 3a-n

Entry Complex Solvent Conversion” (%) Temp Time
Entrty R, R, Prod. (°c)  (h)  Conv.” (%)

1-7  1a-1e, [Cp*IrCl,],, none TFE N.R.

8 if TFE >98 1 2Me H 3a 1t 3 >98(96)

9 1g TFE 9 2 2Me H 3a 85 16 92 (85)

10  1h TFE 21 3 H H 3b rt 3 >98(95)

11 1 TFE 77 4  3Me H 3c 40 20  >98(97)

12 1j TFE 87 5 4Me H 3d 40 20  >98(98)

13 1k TFE 88 O S O H

14 11 TFE 6 PN N >98 (97),

15-17 1f MeOH, EtOH, iPrOH N.R. 6 < \ H 3e rt 3 4i1dr

18-20 1f DCM, THF, toluene N.R.

21, 22 1f H,0, EtOAc N.R. O \

. » 7 N N 3 It 3 >98 (99)

Conditions: 2a (0.5 mmol), complex (1 mol%), solvent (3 mL), rt, 3 h,

H, balloon. ? Conversion determined by "H NMR of the crude reaction N N N NH

mixture and normalising the sum of the product and starting material g 4 3 & 3 40 20 >98 (93)

integrals to 100%. A conversion of >98% was assigned when the = — g

substrate was not observable in the spectrum. N.R. = no reaction. y \ (Q}
9 _ L3 40 20  >98 (80)
10 H 6-COEt  3i rt 3 >98(97)
11 2-Me 6-OMe 3j 40 3 95(92)
12 H 6-Br 3k rt 3 >98(97)
13 H 6-Cl 3l rt 3 >98(96)
14 H 8-OH 3m rt 3 >98 (98)
15 H 8-Me 3n 40 3 >98 (97)

Fig. 2 Molecular structures of 1f (major isomer, left) and 1g (minor isomer,
right) determined by X-ray diffraction. See the ESI¥ for details.

pressure (entries 15-22). However, the reaction was found to occur
slowly in MeOH at 20 bar (see the ESLT S1.5 for full details),
although TFE remained the most effective solvent. TFE is known to
solvate chloride ions much more strongly than MeOH,” and so may
enhance the dissociation of chloride from the coordinatively
saturated 18 electron complexes 1, creating a vacant, active site
on Ir(m) for H, coordination. In line with this, the hydrogenation in
TFE was found to be inhibited by the addition of chloride ions
(6 fold decrease in conversion with 10% NBu,Cl) or PPh; (no reaction
with 1% PPhs;) (see ESL} S1.8 for further details). In addition, as
TFE (pK, 12.4) is more acidic than MeOH (pkK, 15.5) or EtOH
(pKa 15.8),'? it can hydrogen bond to substrate or product more
effectively, and thereby may help prevent them from competing
with H, for the single vacant site on Ir(m). Indeed, '"H NMR
showed that upon mixing 2a with TFE in CDCl;, the chemical
shift of the TFE hydroxyl proton changed from 2.5 to 3.5 ppm,
suggesting that TFE hydrogen bonds to 2a (see ESL} S1.6 for
further details). Not entirely surprisingly, the use of chloride
abstracting agents (AgSbFs and NaBAr',) did not allow the
reaction to proceed in MeOH at 1 atm H, pressure (see ESLT
Table S2), given the weaker hydrogen bonding ability of MeOH.

Using the optimised conditions, a variety of quinolines (includ-
ing substitutions at 2-, 3-, 4-, 6- and 8-positions), were hydrogenated
to give the 1,2,3,4-tetrahydroquinoline products in good to excellent
yields (Table 2). The reaction was found to be highly tolerant of
other functionalities, such as halides, esters, and free hydroxyl
groups (entries 10 and 12-14). It is worthy to note that 3- and
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“ Conditions: substrate (0.5 mmol), 1f (1 mol%), TFE (3 mL), H,
balloon. ? As for Table 1. A conversion of >98% was assigned when
the substrate was not observable in the spectrum. Isolated yields in
parentheses. ¢ 0.01 mol% 1f.

4-methylquinolines, which are often challenging substrates,*” were
reduced with full conversion, although a slightly elevated tempera-
ture and prolonged time was necessary. Reduction of phenanthro-
lines gave the partially hydrogenated 1,2,3,4-tetrahydrophenan-
throlines as the exclusive products (entries 8 and 9)."" Notably,
entry 6 represents the 1st homogeneous hydrogenation of 2,2'-
biquinoline. Acridine was reduced to the 9,10-dihydro product
(entry 7). The presence (or lack of) 2-substituents did not unduly
affect the reaction, suggesting that the substrate and/or product
does not coordinate or affect the coordination of H, to the single
active site in TFE. The catalyst loading can be lowered. For instance,
in the reduction of 2a, a TON of 9200 (85% isolated yield) was
achieved at 85 °C in 16 h and 1 atm H, pressure, showing the robust
nature of the hydrogenation catalyst (entry 2).

We also investigated the reduction of a variety of other N-hetero-
cycles and imines (Table 3). Quinoxalines were reduced with full
conversions, which is, to our knowledge, the first example of
homogeneous hydrogenation of these substrates under ambient
conditions (entries 1-3). Cyclic and acyclic imines were also effi-
ciently hydrogenated (entries 4-10). The presence of a nitro group
was well tolerated (entry 10). Unprotected indoles (entries 11-13),
which are often challenging substrates for homogeneous hydroge-
nation,"” could be reduced to the corresponding indolines. How-
ever, no reaction was observed for either ketone or styrene
substrates (entries 14 and 15), showing the chemoselectivity of 1f
for the reduction of C=N bonds over C—0 and C—C bonds.

To further demonstrate the utility of complex 1f for the
reduction of N-heterocycles, three widely used heterogeneous
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Table 3 Hydrogenation of other C=N bonds with 1f°

Rie Rie, H
|N 1 mol% 1f N H
R:” "Rsda-m  Hybalioon, TFE, 3h, it R2™ Rs 5a-m
Entry Substrate Prod. Conv.” (%)
1° Quinoxaline 5a >98 (95)
2 2-Me-quinoxaline 5b >98 (93)
3 6-Me-quinoxaline 5¢ >98 (95)
R4

_N
4-8 Rzm 5d-5h See below

Rs
4 Ry, R, = H, R; = Me 5d >98 (88)
5 Ry, R, = H, R; = 'Pr 5e >08 (93)
6 R, R, = H, R; = Cy 5f >98 (89)
7 Ry, R, = MeO, R; = Cy 5g >98 (91)
8 Ry, R, = MeO, R; = Ph 5h >98 (90)

Y N
9 N 5i 96 (85)
H
O:N

N-PMP .
10 5§ >98 (99)
11 2-Me-indole 5k 86 (83)
12 Indole 51 82 (78)
134 5-MeO-indole 5m >98 (95)
14 4-MeO-acetophenone 5n N.R.
15 4-MeO-styrene 50 N.R.

“ Conditions: substrate (0.5 mmol), 1f (1 mol%), TFE (3 mL), rt, 3 h, H,
balloon. ” As for Table 1. A conversion of >98% was assigned when the
substrate was not observable in the spectrum. Isolated yields in
parentheses. ¢ 0.5 mol% 1f. N.R. = no reaction. ¢ 40 °C, 20 h.

e o N o
P ) _10eq. NaOOCH, Ny, 18h PMP—N" 3
Y O 1:1 DCM/H,0, TBA-OOCH ©
1f 699%

e
~ ™ BF,
m 0.2 eq. _ 0.2eq. e ©\/j\
N N
7 H
N

N
CD4CN, Ny, 5 min, rt @ CD4CN, Ny, 5 min, rt H

2a No reaction 3a 50% conversion

Fig. 3 Synthesis and reactions of hydride 6.

hydrogenation catalysts'®> and five homogeneous catalysts,
including systems that have been shown to be extremely
effective for quinoline hydrogenations,’>®' were compared to
1f for the reduction of 2a (see ESLF Table S3). Complex 1f was
found to be over 14 times more active than Rh/C which was the
most active of the heterogeneous catalysts and 6 times as active
as [IrCl(COD)],/P-Phos/I,, which was the most active of the
other homogeneous catalysts previously reported.”

In order to gain further information about the reaction mecha-
nism, we prepared the iridium hydride'* species 6 by treating 1f with
an excess of sodium formate in DCM-H,O (Fig. 3). Treatment of 6
with 0.2 equivalents of 2-methylquinoline 2a did not lead to the
formation of 3a. However, the reaction of 6 with 0.2 equivalents of
2-methyl quinolinium tetrafluoroborate led to the rapid formation of
the fully reduced product 3a (see ESL} S1.4 for further details).
Repeating the reactions in the presence of TFE did not alter the
results. These results suggest that the protonated, instead of the
neutral quinoline, is the species that is reduced in the reaction (Fig. 3).
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In conclusion, we report the reduction of a diverse range of
N-heterocyclic compounds under mild conditions (ambient
temperature, 1 atm H,) without the use of any additives. Key
to the success of the reaction is the choice of ligand and the use
of TFE as solvent. The reaction was found to be tolerant of a
wide range of other, potentially reducible, functional groups
and could be carried out using standard laboratory glassware
and non-purified solvent. Thus, our results demonstrate a
simple, yet highly selective reduction of N-heterocycles and
imines with hydrogen gas as a highly effective alternative to
the heterogeneous metal catalysts and borohydrides commonly
used for these reactions, whilst offering greatly increased
reactivity and selectivity.

We thank the University of Liverpool (JHB) and Pfizer (JW)
for funding. Mass spectrometry data was acquired at the EPSRC
UK National Mass Spectrometry Facility at Swansea University.
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