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Remarkable co-catalyst effects on the enantioselective 
hydrogenation of unfunctionalised enamines: both enantiomers of 
product from the same enantiomer of catalyst  

Sergey Tina, Tamara Fanjulb and Matthew L. Clarkea

During studies on the enantioselective hydrogenation of 

unfunctionalised enamines, a very surprising switch in 

enantiopreference was observed; [((R,R)-Et-DUPHOS)-Rh(COD)]BF4 

hydrogenates an enamine to give (R)-amine with up to 73 % e.e., 

but when iodine is added as a co-catalyst, the (S)-amine is formed 

with up to 61% e.e. Mechanistic studies implicate a protonation-

iminium ion reduction pathway. 

The hydrogenation of a wide range of enamides containing 

activating and coordinating N-acyl substituents is a mature and 

core technology in industrial enantioselective catalysis. The 

applicability of this reaction at large scale stems not just from 

the high enantioselectivities observed, but the use of high 

substrate to catalyst (S/C) ratios that make the method 

economic.1 The enantioselective hydrogenation of enamines 

that lack a coordinating substituent is a far more sluggish 

reaction and is problematic to implement commercially.2-4 

Some highly enantioselective catalysts have been reported for 

the especially challenging reduction of unfunctionalised 

enamines to tertiary alkyl amines, but S/C ratios are generally 

around 100 or lower.5 In addition, a broad scope has not yet 

been demonstrated. We began addressing this challenge by 

assessing the catalyst structure requirements for high activity 

in these reactions using Rh catalysts.6 We recently reported 

what seem to be the first examples of homogeneous 

hydrogenation of unactivated enamine at high S/C ratios (up to 

5000) using an achiral catalyst.6b The key observation in this 

approach was that weakly-donating phosphines give the most 

active Rh catalysts. We have attempted to make use of some 

weakly electron-donating chiral ligands for this enamine 

hydrogenation, but getting meaningful enantioselectivity has 

been challenging thus far. We therefore considered if known 

hydrogenation catalysts might give good results if the reaction 

conditions could be optimised. Here we show a remarkable 

solvent effect and a remarkable co-catalyst effect that 

improves the activity and transforms the enantioselectivity of 

Rh / bidentate phospholane catalysts when used in the 

hydrogenation of unactivated unfunctionalised enamines. 

 

Using the well known pre-catalysts, [Rh((R,R)-Et-

BPE)(COD)]BF4, (R,R)-3, and [Rh((R,R)-Et-DUPHOS)(COD)]BF4, 

(R,R)-4, the hydrogenation of unfunctionalised enamine 1a 

proceeds slowly and gives low enantioselectivity (Table 1, 

Entry 1-2 and 4-5). Testing of some other privileged ligands for 

hydrogenation catalysis also showed these substrates to give 

low e.e. when hydrogenated (see ESI). If the hydrogenations 

were carried out in chlorobenzene as solvent, we were 

delighted to find that the activity and the enantioselectivity 

increase markedly when using either catalyst, 3 and 4 (Table 1, 

entries 3 and 6). 

In some hydrogenation processes, co-catalysts such as protic 

additives,7  and halogens8 are occasionally used to good effect. 

A combination of molecular iodine and acetic acid has been 

used as an additive for enamine hydrogenation; the iodine 

improved e.e. and the activity improved when acid was 

present.5c We studied the use of iodine as an co-catalyst in a 

bid to increase the enantioselectivity. The results were truly 

surprising (Chart 1a and 1b); while the use of [Rh((R,R)-Et-

BPE)(COD)]BF4 gives the (R)-enantiomer of product with either 

low (toluene, (R), 14-49% e.e.) or quite good enantioselectivity 

(chlorobenzene, (R), 58% e.e.), when the reactions are carried 

out in the presence of iodine as co-catalyst, the opposite 

enantiomer is formed with very significant enantioselectivity 

(chlorobenzene, (S), 58% e.e.). A similar dramatic switch occurs 

when using [Rh((R,R)-Et-DUPHOS)(COD)]BF4 catalyst. In this 

case, we observe a selectivity of 86.5% for the (R)-enantiomer 

of product (i.e. 73% e.e.) switching to a selectivity of 80.5% for 

the (S)-enantiomer just by including a small amount of iodine 

in the reactor! Similarly large effects were also seen on the 

related enamine 1b using both these catalysts (Chart 1b). 

http://www.rsc.org/


COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Table 1. Enantioselective hydrogenation of enamine 1a to amine 2a using chiral Rh 

catalysts 3 and 4. 

 

Entrya Solvent Catalyst T,  
oC 

2a, %b ee, %c 

1 PhMe (R,R)-3 65 >99 14 (R) 

2 PhMe (R,R)-3 25 36  49 (R) 

3 PhCl (R,R)-3 25 93 58 (R) 

4 PhMe (R,R)-4 65 >99 28 (R) 

5 PhMe (R,R)-4 25 16 27 (R) 

6 PhCl (R,R)-4 25 47 73 (R) 

a General conditions: 1 mmol of enamine, 0.4 mol% of Rh catalyst, 0.1 mL of 1-

methylnaphthalene as an internal standard, H2 gas (60 bar), solvent (2 mL), 16 

hours. b Determined by 1H NMR relative to 1-methylnaphthalene.  The only side 

product observed is a ketone which is formed due to partial hydrolysis of 

enamine. This did not exceed 5% in the reactions above. cEnantiomeric excess 

determined by 1H NMR after addition an excess of (R)-(–)-α-methoxyphenylacetic 

acid. Stereochemistry of amines was assigned after comparison to authentic 

sample of enantiomerically pure (S)-2a. 

Iodine has been used before as an additive, but we are not 

aware of any examples of the co-catalyst promoting such a 

dramatic switch in enantioselectivity in any alkene 

hydrogenation. The additive also has a strong co-catalytic 

effect. This can be seen for both the reactions in 

chlorobenzene (compare the right hand side of Chart 1) and in 

toluene where iodine also exerts this switch in selectivity with 

dramatic differences in productivity (compare Table 1, entry 2 

with Table 2, entry 3). The ESI also shows an example where 

over a thousand turnovers are accomplished in 16 hours 

reaction time at 40 oC in chlorobenzene. In contrast, THF was a 

far less effective solvent (Table 2, entries 7 and 8) and 

reactions carried out in methanol as solvent gave racemic 

products (Table 2, entries 5 and 6). A sample of amine 2a of 

61% e.e. was subjected to the reaction conditions of 

hydrogenation in methanol overnight both with and without 

iodine co-catalyst. No racemisation occurs and hence this is 

not the origin of the lack of selectivity. 

These findings show alternative reaction conditions can have a 

profound effect on the hydrogenation of unfunctionalised 

enamines. These co-catalyst effects imply that the pre-

catalysts have been changed very significantly by the addition 

of iodine. If both catalysts operated by a traditional 

mechanism, it is surprising that both can give similarly high 

selectivity for different enantiomers. It seems quite possible 

that the mechanism of enamine hydrogenation, at least using 

the iodine-modified catalysts, could differ significantly from 

that of an enamide hydrogenation. 

 
Chart 1a and 1b: Enantioselective hydrogenation of enamines 1a (Chart 1a) and 
1b (Chart 1b): remarkable effects of iodine co-catalyst in chlorobenzene as the 
solvent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While fully elucidating all pathways in enamine hydrogenation 

catalysis is a project in its own right, we have carried out some 

informative mechanistic experiments and report these here. 

The reaction of pre-catalyst and iodine was monitored by 
31P{1H} NMR. [Rh((R,R)-Et-BPE)(COD)]BF4 was dissolved in 

CD2Cl2, reacted with 1 equivalent of iodine (See ESI for 

spectra). This gives a mixture of starting material and a new 

species (31P{1H} NMR: δ= 114.5, d,  JP-Rh = 113 Hz; δ= 108.9, 

d, JP-Rh = 115 Hz). The reaction with two equivalents of Iodine 

forms the new species more or less exclusively. Exact mass 

spectroscopy of the solid forms after removal of solvent 

suggests the presence of the [C36H72I5P4Rh2]+ ion.  
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Table 2. Enantioselective hydrogenation of enamines 1a and 1b using Rh-bis-phospholane catalysts in the presence of iodine co-catalysts in toluene. 

 

Entrya Enamine Catalyst* T, oC Conversion of enamine, %b,c Amine, %b ee, %d 

1 1a (R,R)-3 65 >99 >99 48 (S) 
2 1a (R,R)-4 65 >99 >99 58 (S) 
3 1a (S,S)-3 25 >99 >99 [76] 65 (R) 
4 1a (R,R)-4 25 48 44 69 (S) 
5e 1a (S,S)-3 65 >99 83 racemic 
6e 1a (R,R)-4 65 >99 83 racemic 
7f 1a (S,S)-3 65 >99 >99 51 (R) 
8f 1a (R,R)-4 65 >99 96 10 (S) 
9 1b (R,R)-3 65 >99 >99 46 (S) 

10 1b (R,R)-3 25 >99 >99 [85] 60 (S) 
11 1b (R,R)-4 25 59 56 77 (S) 

aGeneral conditions: 1 mmol of enamine, 0.4 mol% of Rh, 0.48 mol% ligand, 0.1 mL of 1-methylnaphthalene as an internal standard, H2 gas (60 bar), toluene as a 

solvent (2 mL), 16 hours. bDetermined by 1H NMR relative to 1-methylnaphthalene. Isolated yield in square brackets. cThe only side product observed is a ketone 

which is formed due to partial hydrolysis of enamine. dEnantiomeric excess determined by 1H NMR after addition an excess of (R)-(–)-α-methoxyphenylacetic acid. 

Stereochemistry of amines was assigned after comparison to authentic samples of chiral amines. eSolvent = MeOH. fSolvent = THF.  

 
Scheme 1. Possible structure of the ion detected by HRMS (top), and key aspects 
of two possible mechanisms for enamine hydrogenation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A possible structure is shown in Scheme 1, which is likely to 

show the observed two separate resonances in the 31P{1H} 

NMR spectrum with equivalent phosphorus environments 

within each ligand. This bimetallic rhodium iodide complex was 

generated first, isolated as a solid and tested as a catalyst; it 

was found to be catalytically competent and to give the 

characteristic enantiopreference of the iodine-modified 

catalysts. The Et-BPE derived complex gave nearly identical 

results to the in situ catalyst (62% e.e. and full conversion 

under conditions similar to Table 2, entry 3). The DUPHOS 

based system under similar conditions of Table 2, entry 4 

returned slightly lower e.e. and conversion (53% e.e. 28% 

conversion). None-the-less, these results are consistent with 

this iodide complex being the pre-catalyst for hydrogenation. It 

is possible that this species can be reduced to form a Rh-

hydride or dihydride of some form allowing a conventional 

mechanism for alkene hydrogenation (Scheme 1, eq. 1).9 

However, an alternative mechanism could involve protonation 

of the enamine, most likely from a Rh-dihydrogen complex 

(e.g. [Rh(I)2(diphosphine)(H2]+, followed by addition of Rh 

hydride to the iminium ion formed (Scheme 1, eq. 2). The 

viability of iminium ion hydrogenation has been proven using 

Ru(II) and Rh(III) hydride piano-stool complexes.10 Despite 

these complexes favouring the reverse acid-base reaction 

where iminium ions are protonated by Rh-H to form enamines, 

a single example of an enamine hydrogenation using 10 mol% 

of an achiral Ru catalyst was demonstrated. It can be 

envisaged that the Rh-iodide complex generated here could 

form an unusually acidic dihydrogen complex, certainly relative 

to the [Rh(diphosphine)(H)2]BF4 intermediates formed from 

iodine-free catalysts. To shed further light on this, we carried 

out a stoichiometric experiment where 100 mol% of the Rh 

iodide catalyst was generated from [Rh((R,R)-Et-

DUPHOS)(COD)]BF4 and iodine and then treated with 50 bar of 

hydrogen. ‡ The gas pressure was reduced to 1 atmosphere 

and then treated with enamine 1a. The proton NMR shows 

essentially quantitative conversion of the enamine to a species 

Rh

P I

P I

I

I

Rh

P

P
I

+
P

P

=where (R,R)-Et-BPE

(1) Conventional alkene hydrogenation pathway H2 ox. addition could 
precede enamine coordination or occur afterwards.

Rh

P H

P

H

X

NR2R3R1

Rh

P

P

H

X

NR2R3

R1

NR2R3

R1

(2) Protonation-hydride reduction pathway (iminium ion intermediate)

Rh

P

P

X

X
N R1

H

H

R2R3

Rh

P

P

X

X
H

N+

R1

solv.

R2R3

NR2R3

R1



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

that can be assigned as the iminium ion (the 1H and 13C 

resonances resemble the known iminium ion formed when we 

add HBF4 is added to enamine 1a). The hydride region of the 

NMR is too weak to fully characterise, implying that some 

catalyst decomposition may occur when the hydrogen 

pressure is removed. This strongly implicates a protonation-

hydride reduction mechanism as being operative when using 

the iodine modified catalysts. 

 
Scheme 2. Stoichiometric reaction between catalyst and enamine 1a gives an 
iminium ion when hydrogen is removed. 

 

 

 

 

 

 

 

 

 

 

In summary, we believe these findings may be enabling 

towards solving the unresolved challenge of making catalysts 

that are active enough to be industrially useful for the 

hydrogenation of unfunctionalised enamines. The use of 

iodine co-catalyst, especially in chlorobenzene as solvent, 

transforms the otherwise poor pre-catalyst [Rh((R,R)-Et-

DUPHOS)(COD)]BF4 so that it gives the opposite enantiomer 

and gives much higher rates of hydrogenation. Preliminary 

investigations show that a Rh-iodide complex is involved as a 

pre-catalyst and that this may utilise a protonation-hydride 

reduction pathway with an iminium ion intermediate for 

enantioselective hydrogenation. The imimium ion pathway 

may help accelerate, or change the nature of, the slow steps in 

the catalytic cycle for the hydrogenation of unfunctionalised 

enamines. Further studies on the mechanism and using these 

insights to identify new catalysts and substrate scope for 

enamine hydrogenation, along with some new applications in 

catalysis are underway. 

Notes and references 

‡ The stoichiometric reaction was carried out in CD2Cl2 to avoid any solubility 

issues, but catalytic enamine hydrogenation does occur with a rate enhancement 

and enantiomer switch in this solvent). This reaction was carried out with the 

enamine added both before the hydrogen and after and gave the same result.  

 
1 a) T. C. Nugent and M. Elshazly, Adv. Synth. Catal. 2010, 353, 

753; b) C. J. Cobley and P. H. Moran, in The Handbook of 
Homogeneous Hydrogenation. De Vries, J, G.; Elsevier, C. J. 
Ed.; Wiley VCH, Weinheim, Germany, 2007, p. 773; c) A. M. 
Palmer, A. Zanotti-Gerosa, Curr. Opin. Drug. Disc. Dev. 2010, 
13, 698; d) P. Etiago and A. Vidal-Ferran, Chem. Soc. Rev. 
2013, 42, 728. e) H-U. Blaser, B. Pugin, F. Spindler, M. 
Thommen, Acc. Chem. Res. 2007, 40, 1240; f) A. M. Palmer, 
A. Zanotti-Gerosa, Curr. Opin. Drug Disc. Dev., 2010, 13, 698; 
g) P. Etago and A. Vidal-Ferran, Chem. Soc. Rev. 2013, 42, 
728; h) A. J. Minnard, B. L. Feringa, J. Lefort, J. G. De Vries, 
Acc. Chem. Res. 2007, 40, 1267; i) Other olefins with 

coordinating substituents also show high activity/selectivity, 
see P. Kleman, P. J. Gonzalez-Liste, S. E. Garcia-Garrido, V. 
Cadierno, and A. Pizzano, ACS Catal, 2014, 4, 4398. 

2 a) A. Pfaltz, S. Bell, in The Handbook of Homogeneous 
Hydrogenation. J. G. De Vries, C. J. Elsevier, Ed.; Wiley VCH, 
Weinheim, Germany, 2007. pp 1049; b) F. Spindler, H-U. 
Blaser  in The Handbook of Homogeneous Hydrogenation. J. 
G. De Vries, C. J. Elsevier, Ed.; Wiley VCH, Weinheim, 
Germany, 2007. pp 1193; c) A. Fabrello, A. Bachelier, M. 
Urrutigoïty, and P. Kalck, Coord. Chem. Rev. 2010, 254, 273; 
d) D. Crozet, L. E. Kefaldis, M. Urrutigoïty, L. Maron and P. 
Kalck, ACS Catal. 4, 435. 

3 D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey, J. 
L. Leazer Jnr., R. J.  Linderman, K. Lorenz, J. Manley, B. A. 
Pearlman, A. Wells, A. Zaks, T. Y.  Zhang, Green Chem. 2007, 
9, 411. 

4 a) Y. Hsiao, N. R. Rivera, T.  Rosner, S. W. Krska, E. Njolito, F.  
Wang, Y. Sun, J. D. Armstrong, E. J. J. Grabowski, R. D. Tillyer, 
F. Spindler, C.  Malan, J. Am. Chem. Soc. 2004, 126, 9918; b) 
A. M. Clausen, B. Dziadul, K. L. Cappuccio, M. Kaba, C. 
Starbuck, Y. Hsiao, T. M. Dowling, Org. Proc. Res. Dev., 2006, 
10, 723; c) X.-B. Wang, D.-W. Wang, S.-M. Lu, C.-B. Yu, Y.-G. 
Zhou, Tetrahedron: Asymmetry, 2009, 20, 1040; d) X.-B. 
Wang, D.-W. Wang, S.-M. Lu, C.-B. Yu, Y.-G. Zhou, 
Tetrahedron: Asym., 2009, 20, 1040; e) P. Mattei, G. Moine, 
K. Püntener, R. Schmid, Org. Process Res. Dev., 2011, 15, 
353; f) J. H. Xie, S. F. Zhu, Q. L. Zhou, Chem. Rev. 2011, 111, 
1713. 

5 a) N. E. Lee, S. L. Buchwald, J. Am. Chem. Soc., 1994, 116, 
5985; b) V. I. Tararov, R. Kadyrov, T. H. Riermeier, J. Holz, A. 
Börner, Tetrahedron Lett., 2000, 41, 2351; c) G.-H. Hou, J.-H. 
Xie, L.-X. Wang, Q.-L. Zhou, J. Am. Chem. Soc., 2006, 128, 
11774; d) C. Pradeep, T. L. Church, A. Trifonova, T. 
Wartmann, P. G. Andersson, Tetrahedron Lett., 2008, 49, 
7290; e) A. Baeza, A. Pfaltz, Chem. Eur. J., 2009, 15, 2266; f) 
P.-C. Yan, J.-H. Xie, G.-H. Hou, L.-X. Wang, Q.-L. Zhou, Adv. 
Synth. Catal., 2009, 351, 3243; g) P.-C. Yan, J.-H. Xie, Q.-L. 
Zhou, Chin. J. Chem. 2010, 28, 1736; h) S. Gauthier, L. 
Larquetoux, M. Nicolas, T. Ayad, P. Maillos, V. 
Ratovelomanana-Vidal, Synlett., 2014, 25, 1606. 

6 a) J. A. Fuentes, G. J. Roff, P. Wawryzniak, M.  Bühl, M. L. 
Clarke, Catal. Sci. Tech. 2011, 1, 431; b) S. Tin, T. Fanjul, M. L. 
Clarke, Beilstein J. Org. Chem. 2015, 11, 622. 

7 a) A. Zanotti-Gerosa, W. A. Kinney, G. A. Grasa, J. Medlock, A. 
Seger, S. Ghosh, C. A. Teleha, B. E. Maryanoff, Tetrahedron: 
Asymmetry, 2008, 19, 938; b) Y. Duan, M.-W. Chen, Q.-A. 
Chen, C.-B. Yu, Y.-G. Zhou, Org. Biomol. Chem., 2012, 10, 
1235; c) D. Cartigny, F. Berhal, T. Nagano, P. Phansavath, T. 
Ayad, J-P. Genet, T. Ohshima, V. Ratovelomanana-Vidal, J. 
Org. Chem. 2012, 77, 4544. 

8 a) P.-C. Yan, J.-H. Xie, Q.-L. Zhou, Chin. J. Chem. 2010, 28, 
1736; b) S. E. Lyubimov, E. A. Rastorguev, P. V. Petrovskii, V. 
A. Davankov, Russ. Chem. Bull., Int. Ed., 2012, 61, 2322; c) J.-
H. Xie, P.-C. Yan, Q.-Q. Zhang, K.-X. Yuan, Q.-L. Zhou, ACS 
Catal., 2012, 2, 561. 

9 a) Hydride mechanism: I. D. Gridnev and U. Imamoto, ACS 
Catal. 2015, 5, 2911; b) Unsaturated mechanism: S. Felgus 
and C. L. Landis, J. Am. Chem. Soc. 2000, 122, 12714. 

10 a) H. Guan, M. Limura, M. P. Magee, J. R. Norton, G. Zhu, J. 
Am. Chem. Soc., 2005, 127, 7805; b)Y. Hu and J. R. Norton, J. 
Am. Chem. Soc. 2014, 136, 5938. 

 
 
 
 
 

Rh

P I

P I

I

I

Rh

P

P
I

+
P

P

= (R,R)-Et-DUPHOS

NEt2Ph

N+

Ph

H2 (50 bar)

active catalyst

(1 equiv.)

remove H2


