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The conversion of aldehydes and ketones to 1° amines could be promoted by half-sandwich 
iridium complexes using ammonium formate as both the nitrogen and hydride source. To 
optimize this method for green chemical synthesis, we tested various carbonyl substrates in 
common polar solvents at physiological temperature (37 °C) and ambient pressure. We found 
that in methanol, excellent selectivity for the amine over alcohol/amide products could be 
achieved for a broad assortment of carbonyl-containing compounds. In aqueous media, selective 
reduction of carbonyls to 1° amines was achieved in the absence of acids. Unfortunately, at Ir 
catalyst concentrations of <1 mM in water, reductive amination efficiency dropped significantly, 
which suggest that this catalytic methodology might be not suitable for aqueous applications 
where very low catalyst concentration is required (e.g., inside living cells).
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Introduction

Primary amines are ubiquitous in nature (e.g., in amino acids, nucleic acids, and alkaloids) and are key 
components in numerous synthetic products such as dyes, pharmaceuticals, and agrochemicals.1-4 Because of 
their central importance to both life and industry, the synthesis of 1° amines is a major focus in modern organic 
chemistry. Conventional methods for the synthesis of 1° amines include reduction of nitrile/amide/nitro groups,5 
alkylation of ammonia,6 and hydroamination of alkenes.7 One of the most attractive methods to prepare 1° 
amines is reductive amination (RA) of aldehydes and ketones because it can be performed under mild reaction 
conditions and tolerates a broad range of functional groups (Scheme 1).8 The RA process involves condensation 
between carbonyl compounds with ammonia to generate imine intermediates that are subsequently reduced using 
a hydride donor. Unfortunately, a common competing side reaction is the reduction of the starting carbonyl 
compound to the corresponding alcohol.

The selection of suitable hydride reagents and reaction conditions are important factors in determining the 
efficiency and selectivity of RA reactions. The most common reductants used for this application are sodium 
cyanoborohydride (NaBH3CN),9 sodium triacetoxyborohydride (NaBH(OAc)3),10 organosilanes,11,12 and other 
similar reagents (Scheme 2).13-15 Such reagents, however, can give poor chemoselectivity and generate 
potentially non-innocent byproducts (e.g., cyanide and boron-containing species are toxic to cells in biological 
applications). RA of aldehydes/ketones could also be achieved using metal catalysts in the presence of alkyl 
amines and hydrogen gas to give 2° amines (hydrogenation)16,17 or ammonium formate to give 1° amines 
(Leuckart-Wallach reaction).18 A disadvantage of the former is the use of flammable gas and a disadvantage of 
the latter is the requirement for high temperatures (>120 °C).

One of the earliest examples of using organometallic catalysts for transfer hydrogenative reductive amination 
was reported by Ogo/Watanabe and co-workers in 2001, who used pentamethylcyclopentadienyl (Cp*) iridium 
catalysts and ammonium formate in water to convert aldehydes and ketones to 1° amines.19 Ogo and Fukuzumi 
also discovered that Cp*Ir complexes were capable of furnishing α-amino acids from α-keto acids using excess 
ammonium formate (20 equiv. relative to substrate) in aqueous solutions (pH = 5.0-6.5) at 80 °C.20 In 2002, 
Kitamura and co-workers showed that [Cp*RhCl2]2 in combination with HCOONH4 was highly effective for the 
chemoselective synthesis of 1° amines from ketones in methanol.21 In 2003, Kadyrov and co-worker achieved the 
asymmetric RA of aromatic ketones by taking advantage of ruthenium catalysts in the presence of chiral ligands 
and ammonium formate in ammonia/methanol solutions.22 Lastly, Xiao and co-workers developed 
cyclometallated Cp*Ir complexes that efficiently provided 2° or 3° amines from ketones, 1° or 2° amines, and 
azeotropic mixtures of formic acid/triethylamine.23 The synthesis of 1° amines was also achieved.24 Although the 
examples above demonstrate the remarkable progress made in catalytic amine synthesis in recent years, some of 
the methods required high temperatures (≥ 80 °C) and have poor chemoselectivity in water. RA in aqueous 
solutions is particularly challenging because water is unfavorable for the formation of imines, which are key 
reaction intermediates (Scheme 1).25

Because our research group is interested in biocompatible chemistry, we were intrigued by the prospect of 
applying transfer hydrogenative RA in biological systems.26-28 A seminal report by McFarland and Francis in 
2005 showed that lysozymes could be alkylated via reductive amination between lysine side chains and carbonyl 
containing substrates using [Cp*Ir(bipyridine)OH2]2+ catalysts in the presence of sodium formate.29 This example 
was noteworthy because the reactions were carried out under physiologically relevant conditions (pH 7.4 
aqueous buffer, 37 °C) and were as efficient as classical protein conjugation methods such as lysine acylation or 
reductive amination using sodium cyanoborohydride. Given our previous success in demonstrating that 

[Cp*Ir(N-phenyl-2-
pyridinecarboxamidate)Cl] (Ir1) is capable of 
promoting intracellular transfer 
hydrogenation,30 we wanted to assess whether 
such complexes could also mediate transfer 
hydrogenative RA to afford 1° amines under 
mild reaction conditions. Recently, Kuwata, 
Watanabe, and co-workers reported a study 
showing that Ir1 and related complexes could 

be used with very low catalyst loading (e.g., substrate/catalyst ratio of up to 20,000) to achieve efficient transfer 
hydrogenative RA.31 Unfortunately, these reactions were performed at temperatures ≥ 60 °C in methanol, which 
are not suitable conditions for biological environments. In the present work, we report on the scope and 
limitations of transfer hydrogenative reductive amination using organoiridium complexes in both methanol and 

water at 37 °C. Our studies showed that 
iridium-catalyzed RA reactions could 

Scheme 1. Reductive amination (RA) of carbonyl compounds to give 1° amines

Scheme 2. Methods for conversion of carbonyls to amines
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proceed with excellent selectivity for a variety of carbonyl substrates in polar organic solvents; however, catalyst 
loading below 1.0 mM is not sufficient to achieve appreciable reaction rates for practical synthesis in aqueous 
media.   

Results and Discussion

Catalyst Screening. Pentamethylcyclopentadienyl iridium complexes are attractive catalysts because they are 
air and water stable, can be easily prepared, and show excellent transfer hydrogenation activity.19,26,32 To 
determine whether such catalysts could be employed for synthetically challenging applications, such as in 
reactions involving thermally sensitive substrates or inside living environments, we evaluated a series of Ir 
complexes in open air and mild temperatures. Our studies focused primarily on Cp*Ir N-heterocyclic-
carboxamidate complexes (Ir1-Ir9, Chart 1) because of their demonstrated ability to catalyze RA at ultra low 
catalyst loading.31 For comparison, we also screened reactions using [Cp*Ir(N-tosylethylenediamine)Cl] (Ir10),27 
[Cp*Ir(bipyridine)Cl]Cl (Ir11),33 and [Cp*Ir(PPh3)Cl2)] (Ir12)34 as examples of other common half-sandwich 
complexes. All of these Ir complexes were synthesized according to reported procedures. 

Table 1. Comparison of catalyst efficiency and chemoselectivitya

Entry Cat. Solvent Temp.
(°C)

Conv.
 (%)b

2a
 (%)b

3a
 (%)b

4a
 (%)b

1 Ir1 MeOH 25 40 28 12 <1
2 Ir1 MeOH 37 >99 93 7 <1
3 Ir2 MeOH 37 >99 95 5 <1
4 Ir3 MeOH 37 96 92 4 <1
5 Ir4 MeOH 37 >99 98 2 <1
6 Ir5 MeOH 37 >99 95 5 <1
7 Ir6 MeOH 37 >99 90 10 <1
8 Ir7 MeOH 37 >99 93 7 <1
9 Ir8 MeOH 37 >99 96 4 <1
10 Ir9 MeOH 37 >99 96 4 <1
11 Ir10 MeOH 37 80 12 67 <1
12 Ir11 MeOH 37 71 11 59 <1
13 Ir12 MeOH 37 50 21 29 <1
14c Ir1 MeOH 37 >99 81 <1 18
15c Ir1 EtOH 37 >99 52 <1 48
16c Ir1 iPrOH 37 >99 62 <1 38
17c Ir1 THF 37 35 10 25 <1
18c Ir1 MeCN 37 >99 96 4 <1
19 none MeOH 37 <1 <1 <1 <1

aReagents and conditions: 1a (100 µmol), Ir1 (1.0 µmol), HCOONH4 (200 µmol), solvent (0.5 mL), 15 h. bDetermined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. c10 equiv. of HCOONH4 was used.

Our initial studies were conducted in 
methanol because it provided the best 
solubility for the catalysts and reagents 
(Table 1). At 25 °C, reaction of 
benzaldehyde (1a) with 2 equiv. of 
HCOONH4 using Ir1 gave only about 40% 
conversion (Entry 1). The product 
selectivity was poor, showing 28% 
benzylamine (2a, product of reductive 
amination) and 12% benzyl alcohol (3a, 
product of direct reduction). Only trace 
amounts of N-benzylformamide (4a) was Chart 1. Organoiridium complexes tested in this study.
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detected, which is presumably obtained from the condensation of benzylamine with formate. When the reaction 
temperature was increased to 37 °C (Entries 2-10), complexes Ir1-Ir9 all gave excellent yield and selectivity for 
benzylamine (> 90%) over benzyl alcohol (< 10%). The complex containing an electron-donating dimethylamino 
group (Ir6, Entry 7) gave slightly more benzyl alcohol than the one containing an electron-withdrawing 
trifluoromethyl group (Ir8, Entry 9). This result is consistent with our previous study,26,27 which found that 
electron rich Ir6 was faster at reducing carbonyls than electron poor Ir8. Because reductive amination is a two-
step process (Scheme 1), the faster transfer hydrogenation catalyst Ir6 is actually less ideal for RA because it 
could reduce carbonyl groups to alcohols before they undergo imine condensation. We found that when the 
amount of HCOONH4 was increased to 10 equiv., relative to substrate, the formation of 3a by Ir1 in various 
alcohol solvents was suppressed but significant quantities of 4a were obtained (Entries 14-16). When the solvent 
was changed to either THF (Entry 17) or acetonitrile (Entry 18), formation of 4a was significantly reduced but 
various amounts of 3a were observed (25% and 4%, respectively). These results indicate that the 
chemoselectivity of the Ir catalysts is strongly influenced by their reaction conditions.

Interestingly, complexes Ir10-Ir12 showed moderate activity (< 80% conversion) and gave more alcohol than 
amine products (Table 1, Entries 11-13), which demonstrated that Cp*Ir pyridinecarboxamidate complexes are 
more efficient RA catalysts than other typical Ir half-sandwich complexes. 

Table 2. Reductive amination of benzaldehydesa

Entry Aldehyde 2 (%)b 3 (%)b 4 (%)b

1 1a R = H 81 (72c) <1 18
2 1b R = p-OMe 79 (92c) <1 21
3 1c R = p-Br 87 (73c) 2 11
4 1d R = m-Br 72 (84c) 7 21
5 1e R = o-Br 97 (89c) 3 <1
6 1f R = p-Cl 98 (90c) <1 <1
7 1g R = p-F 48 26 26
8 1h R = p-NO2 87 (81c) 4 9
9 1i R = m-NO2 86 4 10
10 1j R = o-NO2 71 8 21
11 1k R = p-CN 63 9 28

aReagents and conditions: aldehyde (100 µmol), Ir1 (1.0 µmol), HCOONH4 (1.0 mmol), CH3OH (0.5 mL), 37 °C, 15 h. bDetermined 
by 1H NMR with 1,3,5-trimethoxybenzene as internal standard, each experiment was performed in triplicate and the average yield was 
calculated. cIsolated yield. Some isolated yields of 2 were higher than their NMR yields because compound 4 was hydrolyzed to 2 
during the workup step.

Benzaldehyde Substrate Scope. Using an excess of HCOONH4 to maximize the yield of 2/4, we examined 
the benzaldehyde substrate scope using Ir1 (Table 2). The reaction of benzaldehyde with HCOONH4 (10 equiv.) 
in methanol at 37 °C for 15 h led to complete consumption of starting material. High chemoselectivity of 2 over 
3 was achieved in reactions with benzaldehyde (1a, Entry 1), p-methoxybenzaldehyde (1b, Entry 2), and p-
chlorobenzaldehyde (1f, Entry 6). Compounds containing bromo (1c-1e, Entries 3-5), nitro (1h-1j, Entries 8-10), 
and nitrile (1k, Entry 11) groups gave minor amounts of alcohol in addition to the major amine product. Notably, 
4-fluorobenzaldehyde (1g, Entry 7) was converted to significantly larger amounts of alcohol (26%) in 
comparison to other aldehydes (<10%). The amine/alcohol product ratios for ortho-, meta-, and para-substituted 
isomers (1c–1e and 1h-1j) varied but with no obvious trend. In most reactions, formamide by-products (4) were 
detected in different amounts. Because formamide can be hydrolyzed to the free amine during the workup step, 
its formation is not a major concern from a practical standpoint. Overall, our results suggest that RA of 
benzaldehyde and its functionalized analogues (except for those bearing fluoro substituents) by Ir catalysts is 
highly efficient in methanol.

Aromatic Ketone Substrate Scope. Kuwata, Watanabe, and co-workers demonstrated that high yields of 
amines could be obtained from reactions of ketones and HCOONH4

 promoted by Cp*Ir pyridinecarboxamidate 
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complexes at 60-80 °C.31 Using our standard reaction conditions, we screened a variety of aromatic ketones as 
substrates (Table 3). We observed that most reactions produced exclusively RA products (i.e., amine 6 and 
formamide 8), with almost no trace of alcohol 7. Only 4-acetylbenzonitrile 5h gave a minor amount of 7h in 
addition to 6h (Entry 8). The high selectivity for amines over alcohol products is attributed to the reduced 
electrophilicity and increased steric bulk of the C=O moieties in ketones compared to those in aldehydes. 
Furthermore, we have demonstrated previously that reduction of ketones to alcohols by Ir catalysts/formate does 
not occur readily.26

Table 3. Reductive amination of aromatic ketonesa

Entry Ketone Conv. 
(%)b

6
(%)b

7
(%)b

8
(%)b

1 5a R = Ph
R’ = Me >99 99 

(96c) <1 <1

2 5b R = p-OMePh
R’ = Me >99 >99 

(93c) <1 <1

3 5c R = p-OHPh
R’ = Me >99 >99 <1 <1

4 5d R = p-BrPh
R’ = Me >99 87 

(82c) <1 13

5 5e R = p-FPh
R’ = Me 81 79 <1 2

6 5f R = p-NO2Ph
R’ = Me >99 92 

(87c) <1 8

7 5g R = m-NO2Ph
R’ = Me >99 >99 <1 <1

8 5h R = p-CNPh
R’ = Me >99 96 4 <1

9 5i R = Ph
R’ = CF3

>99 98 <1 <1

10 5j O
O

>99 99 <1 <1

11 5k S
O

86 81 <1 <1

12 5l
N
H

O

20 20 <1 <1

13 5m
O

64 
(>99d)

63 
(70c,d) <1 <1

14 5n
O

O

<1 0 0 0

aReagents and conditions: ketone (100 µmol), Ir1 (1.0 µmol), HCOONH4 (1.0 mmol), CH3OH (0.5 mL), 37 °C, 15 h. bDetermined by 
1H NMR with 1,3,5-trimethoxybenzene as an internal standard. Each experiment was performed in triplicate and the average yield was 
calculated. cIsolated yield. dReaction was run for 24 h.

In contrast to the acetophenone substrates that gave high conversion (Table 3, Entries 1-9), other aromatic 
ketones were not as easily converted to amines. Although 2-acetylfuran 5j (Entry 10) gave quantitative yield of 
amine, 2-acetylthiophene 5k (Entry 11) and 3-acetylindole 5l (Entry 12) exhibited only 86 and 20% conversion, 
respectively. We hypothesized that the reduced yields of the latter substrates might be due to their metal 
coordinating abilities, which may poison the iridium catalyst. The sterically congested ketone 9-fluorenone 5m 
was successfully converted to the corresponding amine in 70% yield after 24 h (Entry 13). Although it has a 
similar structure to that of 9-fluorenone, xanthone 5n did not undergo reductive amination (Entry 14). 
Benzophenone 5o produced an unexpected product 6o (Scheme 3). This species most likely formed from imine 
condensation between 5o and an in situ generated amine product. Because 6o has low solubility in methanol, it 
readily precipitated out of solution and was isolated in 97% yield. 
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Ketoacid Substrate Scope. To explore further the versatility of transfer hydrogenative RA, we targeted a 
variety of ketoacid substrates. Because the RA products of α-ketoacids are α-amino acids, this method could 
provide easy access to both natural and unnatural polypeptide building blocks. In addition, α-amino acids are 
important precursors for various pharmaceuticals, such as ampicillin,35 amoxicillin,36 resorcinomycin,37 and 
pheganomycin.37 

In the presence of Ir1 and HCOONH4 (10 equiv.) at 37 °C for 6 h, a wide range of ketoacids were converted to 
the desired amino acids (Scheme 4 and Table S1). The natural α-amino acids glycine (10a), alanine (10b), and 

tyrosine (10d) were obtained in >90% yield, whereas phenylalanine (10c) and DOPA (10f) were obtained in 62 
and 82% yield, respectively. The lower yields of the latter two compounds were attributed to product lost from 
washing with methanol in the workup step. The unnatural α-amino acids, such as tert-leucine (10e), 
phenylglycine (10g), 4-methylphenylglycine (10h), 4-methoxyphenylglycine (10i), and N-methyl-3-
indoleglycine (10j) were produced in ≥ 95% yield. Several other γ-ketoacids (10k, 10l) and δ-ketoacids (10m, 
10n) were also converted into the corresponding amino acids with high efficiency (94–97% yield). Our results 
were consistent with those reported by Kuwata, Watanabe, and co-workers, who showed that structurally diverse 
amino acids could be obtained from transfer hydrogenation RA of ketoacids by Ir catalysts and HCOONH4.31 
However, since the present studies were performed at 37 °C rather than under reflux, our reaction conditions are 
more compatible with applications involving thermally sensitive molecules or biological environments.

Reactions in Aqueous Media and Possible Biological Relevance. Although the results above showed that 
polar organic solvents (e.g., alcohol or acetonitrile) promoted selective transfer hydrogenative RA, the use of 
water is preferred in terms of green chemistry38 and biological compatibility.28 However, examples of aqueous 
RA are still relatively rare,20,32,39,40 particularly those that employ reaction temperatures below 80 °C.41,42 To 
explore the feasibility of carrying out aqueous RA under physiological conditions, we conducted reactions using 
Ir1 with formate/formic acid and pyruvic acid (9b) in water at 37 °C. Consistent with other reports,20,32 we found 
that product selectivity was highly dependent on acid concentration. For example, reaction of Ir1 with pyruvic 
acid and HCOONH4 produced a mixture containing 58% of alanine (10b) and 42% of lactic acid (11b) (Fig. S2). 

Scheme 3. Reductive amination of benzophenone 5o.

Scheme 4. Reductive amination of ketoacids. Reagents and conditions: ketoacid (100 µmol), Ir1 (1.0 µmol), HCOONH4 (1.0 mmol), 
CH3OH (0.5 mL), 37 °C, 6 h. Reactions were performed in triplicate and the average yields are shown above. Products were 
quantified by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. Isolated yields are shown with an asterisk 
(*).
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In contrast, when sodium pyruvate was used instead of pyruvic acid, about 95% of the α-amino acid product was 
obtained (Fig. S3). Importantly, in pH 7.4 aqueous solutions, such as phosphate buffered saline (PBS) or cell 
growth media RPMI-1640, > 90% yield of alanine was achieved (Table S2). These results were surprising given 
that other researchers reported transfer hydrogenative RA was most efficient at ~pH 5.20,32 However, we have not 
yet conducted a detailed pH dependence study so we cannot comment on the optimal pH range of Ir1 at this 
time.

Another important point to consider in terms of possible biological relevance is whether the iridium catalysts 
could operate at appreciable rates in dilute solutions. For example, it is generally recommended that use of metal 
catalysts inside living cells be restricted to concentrations as low as possible to minimize any potential 
cytotoxicity issues.28 In these experiments, we kept the stoichiometry of Ir1, HCOONH4, and sodium pyruvate 
constant in all reactions but only varied their concentrations (Table S3). We observed ≥ 80% reaction conversion 
after 15 h at 37 °C when the concentration of Ir1 was 2.5 and 1.0 mM. Unfortunately, at 0.5, 0.2, and 0.1 mM 
catalyst loading, the conversion dropped to 41, 12, and <1%, respectively (Fig. 1). These results were not entirely 
surprising given we had found in prior work that the overall rate law for transfer hydrogenation was first-order in 
the Ir1 complex.27 Additionally, because the IC50 (half maximal inhibitory concentration) of Ir1 in NIH-3T3 
mouse fibroblast cells is about 0.1 mM,30 our data suggest that keeping Ir1 below its toxic threshold might not be 
sufficient to enable fast catalysis inside cells. However, due to the complexity of cellular environments, such as 
the possibility of catalyst aggregation within specific organelles,43 further biological studies are needed to assess 
the capability of Ir1 to promote intracellular RA reactions.

Conclusion

In summary, we have shown that [Cp*Ir(N-phenyl-2-pyridinecarboxamidate)Cl] and related complexes are 
excellent catalysts for converting aldehydes and ketones to 1° amines using HCOONH4 as both the hydride and 
nitrogen donor. This work has expanded upon other studies by demonstrating that aqueous transfer 
hydrogenative RA could be carried out at mild temperatures (37 °C) and in many cases, with excellent selectivity 
of amine over alcohol products. A broad range of substrates was tolerated, including ketoacids and sterically 

hindered carbonyls. Product selectivity in water was highly pH dependent, in which neutral and pH 7.4 buffered 
solutions gave appreciable yields of the desired amine product. A limitation of these Ir complexes is that they are 
not efficient catalysts at concentrations below 1 mM in water, which may be problematic for applications 
requiring low catalyst loading. For intracellular reactions, this problems could perhaps be mitigated by taking 
advantage of polymeric vesicles44 or other delivery systems to increase catalyst and substrate accumulation inside 
cells.
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Figure 1. Comparison of reaction efficiency as a function of catalyst concentration. Reaction conditions: Ir1, HCOONH4, and sodium 
pyruvate in 0.5 mL of H2O at 37 °C for 15 h. See Table S3 for more details.
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Supplementary data to this article can be found online at https:///
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