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Cross Coupling of Alkyl Redox-Active Esters with Benzophenone 

Imines via Tandem Photoredox and Copper Catalysis 

Runze Mao, Jonathan Balon, and Xile Hu* 

 

Abstract: Alkyl amines are an important class of organic compounds 

in medicinal and materials chemistry. Until now very few methods 

exist to synthesize alkyl amines by metal-catalyzed cross coupling of 

alkyl electrophiles with nitrogen nucleophiles. Described here is an 

approach to employ tandem photoredox and copper catalysis to 

enable the cross coupling of alkyl N-hydroxyphthalimide esters, 

readily derived from alkyl carboxylic acids, with benzophenone imines. 

Hydrolysis of the coupling products furnish alkylated primary amines. 

Primary, secondary, and tertiary alkyl groups can be transferred, and 

the coupling tolerates a diverse set of functional groups. The method 

allows rapid functionalization of natural products and drugs, and can 

be used for expedite syntheses of pharmaceuticals from readily 

available chemical feedstock. 

Alkyl amines are prevalent in synthetic intermediates and bio-

active molecules.[1-2] Although certain alkyl amines can be 

conveniently prepared by direct substitution of alkyl halides with 

nitrogen nucleophiles,[3] the substitution is difficult or even 

impossible for bulky secondary and tertiary alkyl halides. 

Moreover, elimination and overalkylation are common pitfalls of 

substitution. Transition metal catalyzed C(sp3)-N cross coupling 

has the potential to overcome the shortcomings of direct 

substitution. However, this coupling method is only at its infancy.[4-

12] -H elimination from metal alkyl intermediates and difficulty in 

C(sp3)-N reductive elimination are two perceived problems. 

The groups of Baran[13] and others[14] have reported 

remarkable applications of alkyl redox-active esters in C-C cross 

coupling reactions. These esters can be easily prepared from 

alkyl carboxylic acids, which are readily available, stable, and 

non-toxic. Due to the challenge in C(sp3)-N cross coupling 

described above, alkyl redox active esters have not been widely 

used for C-N coupling.[7, 12, 15] Fu, Peters, and co-workers[7] 

developed photoindued, Cu-catalyzed intramolecular 

decarboxylative C-N coupling of primary and secondary alkyl N-

hydroxyphthalimide (NHPI) esters, a prototypical class of redox-

active esters, to give alkyl phthalimides (Fig. 1A). However, only 

primary and secondary alkyl NHPI esters could be coupled. We 

reasoned that the inability to couple tertiary alkyl NHPI esters in 

this method might be due to steric hindrance or difficulty in 

reductive elimination.  

 

 

Figure 1. (A) A previous method for the intramolecular C-N coupling of alkyl 

NHPI esters (B) A previous method for the cross coupling of alkyl bromides with 

benzophenone imines (C) Reaction scheme for the present C-N coupling 

method. (D) Design of tandem photoredox and Cu catalysis for the present C-

N coupling method. 
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Table 1. Summary of the effects of reaction parameters and conditions on the 

reaction efficiency 

 

Entry Imine PC Copper catalyst Yield (%)[a] 

1[b] 2a A CuBr/L1 30 

2[b] 2a A Cu(MeCN)4PF6 32 

3[c] 2a A Cu(MeCN)4PF6 19 

4 2a A Cu(MeCN)4PF6 39 

5[d] 2a A Cu(MeCN)4PF6 trace 

6[e] 2a A Cu(MeCN)4PF6 trace 

7 2a B Cu(MeCN)4PF6 40 

8 2a C Cu(MeCN)4PF6 49 

9 2a C Cu (100 mol%) 24 

10 2a C CuCl2 28 

11 2b C Cu(MeCN)4PF6 33 

12 2c C Cu(MeCN)4PF6 29 

13 2d C Cu(MeCN)4PF6 70 

14 2d none Cu(MeCN)4PF6 trace 

15 2d C none trace 

16[f] 2d C Cu(MeCN)4PF6 trace 

[a] Corrected GC yield using n-dodecane as an internal standard. [b] Same 

condition as the optimized reaction condition in reference 12. Reaction was 

carried out with 1a (0.2 mmol), 2a (2 equiv.), Ru(bpy)3(PF6)2 (1 mol%), CuBr (20 

mol%), L1 (7.5 mol%), Et3N (5 equiv.) and MeCN (2.0 mL). [c] MeCN (0.1 M). 

[d] K2CO3 (2 equiv.) as the base. [e] KOtBu (2 equiv.) as the base. [f] No light. 

PC=photocatalyst; A=Ru(bpy)3(PF6)2; B=Ir[dF(CF3)ppy]2(dtbbpy)PF6; C 

=Ir[(dtbbpy)(ppy)2]PF6; DMA=N,N-dimethylacetamide. 

 

These issues might be solved using a benzophenone imine 

nucleophile with a sp2-hybridized nitrogen, which is sterically 

more accessible and more prone to reductive elimination.[16] The 

benzophenone imine group in the products can be easily 

hydrolyzed or transaminated to give primary amines[10, 17-18] 

Furthermore, Hartwig and co-workers[10] showed that 

benzophenone imines could be coupled to secondary and tertiary 

alkyl bromides to give protected amines (Fig. 1B). However, 

coupling to primary alkyl bromides was not reported.  

Here we report the successful development of a method that 

indeed allows the intermolecular coupling of alkyl NHPI esters 

with benzophenone imines (Fig. 1C). This method works with 

primary, secondary and tertiary alkyl electrophiles, which provides 

a clear advantage over reductive amination and substitution (not 

suitable for tertiary alkyl groups). Broad scope, highly functional 

group tolerance, and applications in medicinal chemistry have 

been demonstrated. 

We envisioned the following tandem photoredox and copper 

catalysis[19-20] for the decarboxylative coupling of alkyl NHPI esters 

with benzophenone imines (Figure 1D). Initially, the coordination 

of the benzophenone imines with a low-valent copper catalyst (I) 

followed by deprotonation would form the copper(I)-amido 

species (II). Concurrently, excitation of a photocatalyst (PC) 

would generate a photoexcited complex (PC*), which could 

reduce the NHPI ester through a single-electron transfer (SET), 

affording an alkyl radical upon fragmentation. Subsequent 

capture of the alkyl radical by II would yield intermediate (III). 

Oxidation of III by the oxidized photocatalyst (PC+) forms a high-

valent metal alkyl amido complex IV and regenerates the PC. IV 

is expected to undergo reductive elimination to give the desired 

coupling product and regenerate a low-valent Cu species (I), 

closing the copper catalytic cycle. In this design, the photoredox 

catalysis has two important roles: generation of an alkyl radical 

from an alkyl NHPI ester and one-electron oxidation of a Cu alkyl 

amido complex. The former is necessary because metal amido 

species has not been shown to activate alkyl NHPI ester under 

thermal conditions. The latter is intended to facilitate the difficult 

C(sp3)-N reductive elimination. 

We recently applied a similar design for the decarboxylative 

coupling of alkyl NHPI esters with anilines.[12] Using the optimized 

conditions in that study, however, the coupling of cyclohexyl NHPI 

ester 1a with benzophenone imine 2a was inefficient (Table 1, 

entry 1). Optimization was conducted to search for the best 

conditions for this coupling (Table 1; SI, Table S1). After various 

ligands were screened, it was found that ligand-less conditions 

gave even slighly higher yields (Table 1, entry 2; SI, Table S1, 

entries 1-10). Among various copper salts, Cu(MeCN)4PF6 gave 

the best yield (SI, Table S1, entries 7-10). Cs2CO3 was the best 

base (Table 1, entries 2-6; SI, Table S1, entries 11-17), probably 

due to coordination the NHPI ester with Cs2CO3 as proposed in a 

previous study.[21] Dimethylacetamide (DMA) was the best solvent 

(Table 1, entries 3-4; SI, Table S1, entries 12, 18-20). By 

changing the photocatalyt from  Ru(bpy)3(PF6)2  (A) to an Ir(III) 

complex such as Ir[dF(CF3)ppy]2(dtbbpy)PF6 (B) or 

Ir[(dtbbpy)(ppy)2]PF6 (C), the yield was improved (Table 1, entries 

4, 7-8; Table S1, entries 21-23). An optimized yield of 49% was 

obtained using 1a (0.2 mmol), benzophenone imine (2a, 2 equiv.), 

Ir[(dtbbpy)(ppy)2]PF6 (1 mol%), Cu(MeCN)4PF6 (20 mol%), 

Cs2CO3 (2 equiv.), and DMA (0.1 M) under blue LED irradiation 

for 20 h at room temperature (Table 1, entry 8). Interestingly, 

when the Cu(I) complex Cu(MeCN)4PF6 (20 mol%) was replaced 

by either a Cu metal (100 mol%) or a Cu(II) salt CuCl2 (20 mol%), 

the coupling product was also obtained, but with lower yields 

(Table 1, entries 9-10). The Cu metal might be oxidized by the 

excited Ir photocatalyst to Cu(I), generating the Ir(II) form of the 

photocatalyst which upon reducing the NHPI ester regenerates 

the photocatalyst. Likewise, CuCl2 might be reduced by the 

excited Ir photocatalyst to Cu(I), while the resulting Ir(IV) species 

might be reduced to the Ir(III) photocatalyst by the solvent. In 

these cases, a catalytic cycle similar to Fig. 1D is operating. 

Alternatively when CuCl2 is used as catalyst, the catalytic might 

occur via an alternative pathway where Cu(II) imine species 
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captures the alkyl radical from the NHPI ester to give the key 

Cu(III) intermediate,[15] which upon reductive elimination gives the 

C-N coupling product (Fig. S1, SI). 

Different substituted benzophenone imines were then 

explored as the imine partners (Table 1, entries 8, 11-13). The 

coupling of the electron-deficient imine 2d (Table 1, entry 13) 

gave a higher yield (70%) than that of electron-rich imines 2b and 

2c as well as the parent imine 2a (Table 1, entries 8, 11-12). An 

added advantage of using 2d is that the products are less 

sensitive to silica gel chromatography. Thus, 2d was chosen as 

the preferred nitrogen nucleophile. Photocatalyst, copper catalyst 

and light are all essential for the coupling. Without any one of the 

three elements, no coupling was obtained (Table 1, entries 14-

16).  

 
Table 2. Scope of the cross coupling of alkyl NHPI esters with substituted 

benzophenone imines 

 

[a] General conditions for secondary and tertiary NHPI ester: NHPI ester (1 

equiv.), 2d (2 equiv.), Ir[(dtbbpy)(ppy)2]PF6 (1 mol%), Cu(MeCN)4PF6 (20 

mol%), and Cs2CO3 (2 equiv.) in DMA (0.1 M), irradiated at room temperature 

for 20 h, isolated yield. [b] General conditions for primary NHPI ester: NHPI ester 

(2 equiv.), 2d (1 equiv.), Ir[(dtbbpy)(ppy)2]PF6 (1 mol%), Cu(MeCN)4PF6 (20 

mol%) and diisopropylamine (2 equiv.) in MeCN (0.1 M), irradiated at room 

temperature for 16 h, isolated yield. [c] 2a as the nucleophile. [d] Following acidic 

work-up was conducted. 

The optimal reaction conditions in Table 1 (entry 4) could be 

applied to the coupling of a wide range of secondary alkyl NHPI  

esters (Table 2). Cyclic alkyl groups including small and large 

rings (3ad-3c), indane group (3d) and heterocyclic alkyl group 

(3e-3f), as well as acyclic secondary alkyl groups (3g-3h) were all 

successfully coupled. Tertiary alkyl electrophiles are challenging 

substrates in cross-coupling reactions due to their bulky nature. 

To our delight, tertiary alkyl NHPI esters are viable substrates as 

well (Table 2). Protected amines substituted by acyclic (4a-4b), 

cyclic (4c) alkyl groups as well as those containing relatively 

complex skeletons such as adamantane (4d-4e) and a bridged 

bicyclic structure (4f) could be obtained in synthetically useful 

yields. 

 

Figure 2. Synthesis of amine drugs using the present coupling method.  

The coupling of primary alkyl NHPI esters was also possible, 

but required a slight modification of reaction conditions (SI, Table 

S2). The optimized conditions employed the same reaction 

stroichiometry, photocatalyst, and Cu catalyst as in the coupling 

of secondary alkyl NHPI esters, but the base was changed to 

diisopropylamine (2 equiv) and the solvent was changed to 

acetonitrile (MeCN). The modified conditions were successfully 

applied to the coupling of various primary alkyl NHPI esters (5a-

5i, Table 2) in moderate to excellent yields. Functional groups 

such as aryl, ester and bromo groups were tolerated (5d-5f). A 

polyfluorinated alkly ester could also be coupled (5g), providing a 

convenient route to a polyfluorinated alkyl amine, which can be 

difficult to access otherwise. Coupling of the esters derived from 

6-heptenoic acid and cyclopropylacetic acid, which served as 

radical-clock probes, gave the 5-exo-trig cyclized and ring-

opening products 5h and 5i, respectively. This result indicates the 

intermediacy of alkyl radicals. This decarboxylative amination 

method also enabled the synthesis of protected primary amines 

substituted by a complex alkyl group, derived from natural 

resources and known drugs (Table 2). For example, NHPI esters 

from fatty acids such as elaidic acid, oleic acid, and linoleic acid 

could be used to give the corresponding coupling products in 

good yields (6a-6c), without isomerization or oxidation of the 

10.1002/anie.201804873

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

olefin group. Drugs and natural products such as dehydrocholic 

acid (6d), chlorambucil (6e), abietic acid (6f) and gemfibrozil (6g) 

were easily transformed into their protected amine derivatives, 

demonstrating the potential of the method in post-synthetic drug 

and natural product modification. The cases of 5f, 6d and 6e 

highlight the orthogonal functional group compatibility of the 

present method compared to direct alkylation and reductive 

amination: 5f has a bromo group and 6e has two chloro groups 

which are incompatible with direct alkylation; 6d has three keto 

groups which are incompatible with reductive amination. It is 

important to note that multiple stereocenters are conserved in 6d 

and 6f. 

To further demonstrate the synthetic utility of the present 

coupling method, it was applied for the synthesis of two drugs: 

amphetamine and tranylcypromine. As shown in Figure 2, both 

cases were successful, and following acidic deprotection of the 

imine group, amphetamine•HCl and tranylcypromine•HCl were 

obtained in 60% (7a) and 41% (7b, d.r. > 20:1) overall yields, 

respectively. 

In summary, tandem photoredox and Cu catalysis has been 

developed to enable the cross coupling of alkyl NHPI esters with 

benzophenone imines. The method allows the rapid 

transformation of readily available alkyl carboxylic acids into 

alkylated primary amines, which are important compounds in 

medicinal and materials chemistry. The work significantly 

expands the scope of C(sp3)-N coupling. Analogous tandem 

photoredox and Cu catalysis may find further applications in C-C 

and C-heteroatom coupling reactions.  

Acknowledgements  

This work is supported by the NoNoMeCat Marie Skłodowska-

Curie training network funded by the European Union under the 

Horizon 2020 Program (675020-MSCA-ITN-2015-ETN). 

Keywords: photoredox · decarboxylation · C-N coupling · 

copper catalysis · alkylation 

 

[1] S. A. Lawrence, Amines: Synthesis Properties and Applications, 

Cambridge University Press, Cambridge, 2004.  

[2] A. Ricci, Amino Group Chemistry: From Synthesis to the Life Sciences, 

Wiley-VCH, Weinheim, 2008. 

[3] R. N. Salvatore, C. H. Yoon, K. W. Jung, Tetrahedron 2001, 57, 7785–

7811. 

 

[4] A. C. Bissember, R. J. Lundgren, S. E. Creutz, J. C. Peters, G. C. Fu, 

Angew. Chem. 2013, 125, 5233–5237; Angew. Chem., Int. Ed. 2013, 52, 

5129-5133. 

[5] H.-Q. Do, S. Bachman, A. C. Bissember, J. C. Peters, G. C. Fu, J. Am. 

Chem. Soc. 2014, 136, 2162-2167. 

[6] Q. M. Kainz, C. D. Matier, A. Bartoszewicz, S. L. Zultanski, J. C. Peters, 

G. C. Fu, Science 2016, 351, 681-684. 

[7] W. Zhao, R. P. Wurz, J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 2017, 

139, 12153–12156. 

[8] J. M. Ahn, J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 2017, 139, 18101-

18106. 

[9] C. D. Matier, J. Schwaben, J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 

2017, 139, 17707-17710. 

[10] D. M. Peacock, C. B. Roos, J. F. Hartwig, ACS Cent. Sci. 2016, 2, 647-

652. 

[11] C. W. Cheung, X. Hu, Nat Commun 2016, 7, 12494. 

[12] R. Mao, A. Frey, J. Balon, X. Hu, Nat. Catal. 2018, 1, 120-126. 

[13] For representative examples, see: a) J. Cornella, J. T. Edwards, T. Qin, 

S. Kawamura, J. Wang, C. M. Pan, R. Gianatassio, M. Schmidt, M. D. 

Eastgate, P. S. Baran, J. Am. Chem. Soc. 2016, 138, 2174-2177; b) T. 

Qin, J. Cornella, C. Li, L. R. Malins, J. T. Edwards, S. Kawamura, B. D. 

Maxwell, M. D. Eastgate, P. S. Baran, Science 2016, 352, 801-805; c) F. 

Sandfort, M. J. O'Neill, J. Cornella, L. Wimmer, P. S. Baran, Angew. 

Chem. 2017, 129, 3367-3371; Angew. Chem., Int. Ed. 2017, 56, 3319-

3323; d) F. Toriyama, J. Cornella, L. Wimmer, T. G. Chen, D. D. Dixon, 

G. Creech, P. S. Baran, J. Am. Chem. Soc. 2016, 138, 11132-11135; e) 

J. Wang, T. Qin, T.-G. Chen, L. Wimmer, J. T. Edwards, J. Cornella, B. 

Vokits, S. A. Shaw, P. S. Baran, Angew. Chem. 2016, 128, 9828-9831; 

Angew. Chem., Int. Ed. 2016, 55, 9676-9679. 

[14] a) K. M. Huihui, J. A. Caputo, Z. Melchor, A. M. Olivares, A. M. Spiewak, 

K. A. Johnson, T. A. DiBenedetto, S. Kim, L. K. Ackerman, D. J. Weix, J. 

Am. Chem. Soc. 2016, 138, 5016-5019; b) C. R. Jamison, L. E. Overman, 

Acc. Chem. Res. 2016, 49, 1578-1586. 

[15] Y. Liang, X. Zhang, D. W. C. MacMillan, ChemRxiv 2018, doi: 

10.26434/chemrxiv.5877868.v1 

[16] G. Mann, J. F. Hartwig, M. S. Driver, C. Fernandez-Rivas, J. Am. Chem. 

Soc. 1998, 120, 827-828. 

[17] M.-C. Lamas, S. E. Vaillard, B. Wibbeling, A. Studer, Org. Lett. 2010, 12, 

2072-2075. 

[18] A. Laouiti, M. M. Rammah, M. B. Rammah, J. Marrot, F. Couty, G. Evano, 

Org. Lett. 2012, 14, 6-9. 

[19] For pioneering work and selected reviews of tandem photoredox and 

nickel catalysis in C-C coupling, see: a) C. K. Prier, D. A. Rankic, D. W. 

MacMillan, Chem. Rev. 2013, 113, 5322-5363; b) K. L. Skubi, T. R. Blum, 

T. P. Yoon, Chem. Rev. 2016, 116, 10035-10074; c) J. C. Tellis, D. N. 

Primer, G. A. Molander, Science 2014, 345, 433-436; d) Z. Zuo, D. T. 

Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C. MacMillan, Science 

2014, 345, 437-440. 

[20] For selected examples of tandem photoredox and copper catalysis, see: 

a) D. Wang, N. Zhu, P. Chen, Z. Lin, G. Liu, J. Am. Chem. Soc. 2017 

139, 15632-15635; b) Y. Ye, M. S. Sanford, J. Am. Chem. Soc. 2012, 

134, 9034-9037; c) W.-J. Yoo, T. Tsukamoto, S. Kobayashi, Angew. 

Chem. 2015, 127, 6687–6690; Angew. Chem., Int. Ed. 2015, 54, 6587–

6590; d) H. Zhang, P. Zhang, M. Jiang, H. Yang, H. Fu, Org. Lett. 2017, 

19, 1016-1019; e) H. R. Zhang, D. Q. Chen, Y. P. Han, Y. F. Qiu, D. P. 

Jin, X. Y. Liu, Chem. Commun. 2016, 52, 11827-11830. 

[21] Y. Jin, H. Yang, H. Fu, Chem. Commun. 2016, 52, 12909-12912 

 

 

 

 

10.1002/anie.201804873

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

COMMUNICATION 

A tandem photoredox and 

Cu catalysis has been 

developed to enable the 

cross coupling of alkyl NHPI 

esters with benzophenone 

imine derivatives. 

 

 

 
R. Mao, J. Balon, X. Hu* 

Page No. – Page No. 

Cross Coupling of Alkyl 

Redox-Active Esters with 

Benzophenone Imines via 

Tandem Photoredox and 

Copper Catalysis 

 

  

 

10.1002/anie.201804873

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


