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With the growth in the use of peptides in modern medicine 
and materials,1 the development of novel amide- and peptide-
bond-forming reactions have been deemed amongst the most 
important goals for modern organic synthesis.2 Current pep-
tide coupling methods are extremely powerful and selective, 
but rely heavily on water-sensitive, high-molecular-weight 
coupling agents that are often prepared in multiple steps and 
can lead to large amounts of unwanted co-products.

Transition-metal-catalyzed visible-light photocatalysis 
has been a mainstay in state-of-the-art synthetic chemistry 
in the last decade and a half.3 In many of these reactions, an 
amine is oxidized to give an imine which may undergo further 
transformations.4 This oxidation takes place via a nitrogen 
radical cation intermediate.

The groups of Professor Alex Szpilman at Ariel University 
(Ariel, Israel) and Professor Yoav Eichen at the Technion – Israel 
Institute of Technology (Haifa, Israel) have been interested 
in visible-light-assisted synthetic chemistry for some time. 
Professor Szpilman explained: “We started with the pioneer
ing work by e.g. Lautenberger that showed that visible light 
may activate amine-halo-alkane charge-transfer complexes, 
resulting in the formation of halogen radicals, nitrogen radi-
cal cations, and ultimately imines.5 Our initial excursion into 
the use of this principle led to the development of a visible-
light-assisted amide bond formation between tri-substituted 
amines and carboxylic acids.6 However, in this process one 
of the three alkyl substituents of the amine was unavoidably 
lost, via imine formation, as part of the required formal de
hydration condensation. The reaction was also very slow. This 
work was carried out by Dr. Irit Cohen, a former joint Ph.D. 
student, together with two of the co-authors of this paper, 
Galit Parvari and Abhaya K. Mishra.” 

Professor Szpilman recalls that during this previous re-
search campaign,6 a second key component that would even-
tually lead to the present work was the shift from using blue 
LED as a convenient light source to using the sun instead. “In 
the course of a discussion on this project, we basically looked 
out of the window and realized the folly of limiting our work 
to artificial light sources,7” said Professor Szpilman. One of the 
key advantages of using sunlight is that it is freely available. Its 
intensity may be easily measured in a given location and may 
even be predicted for any given day and area. “While some 
parts of the world have less intense light or short winter days 
this may be compensated for by choosing the right time of 

day or substituting a powerful white LED that generates light 
in the 330–450 nm region where the 4-dimethylaminopyri
dine (DMAP)-Br-CCl3 complex absorbs,” explained Professor 
Szpilman. He continued: “Importantly, the energy-rich shor-
ter-UV components of sunlight that could lead to decomposi-
tion of the reactants or byproducts could be filtered off simply 
by using a standard Pyrex glass vessel that has a cutoff around 
330 nm.”

Despite these attractive features, it was painfully obvious 
to the researchers that the original process could not be applied 
to peptide synthesis. Loss of one alkyl substituent from the 
amine reactant and the long reaction times that might cause 
epimerization were the main challenges that needed to be 
overcome. Furthermore, only trialkylamine and dialkylamine 
charge-transfer complexes with tetrachloromethane absorbed 
in the near UV-VIS part of the electromagnetic spectrum at 
synthetically relevant concentrations. “Thus, we arrived at the 
idea of using DMAP as both the amine responsible for forming 
the charge-transfer complex that would absorb in the desir
able part of the spectrum, and as the precursor for the peptide 
coupling reagent (Scheme 2),” explained Professor Szpilman. 

“The fact that DMAP is a low-molecular-weight and in-
expensive amine were important considerations,” remarked 
Professor Szpilman. He continued: “Furthermore, the fact that 
DMAP is always included as an acylation catalyst in most pep-
tide coupling methods meant that the number of reagents in 
our proposed method would actually be reduced compared 
to standard methods. Indeed, DMAP formed charge-transfer 
complexes with tetrachloromethane, that when irradiated 
with sunlight allowed coupling of standard N-protected 
amino acids with methyl and ethyl esters of a second amino 
acid. However, the reaction was still rather slow. Furthermore, 
tetrachloromethane was used as a co-solvent in order to com-
pensate for the equilibrium for the charge-transfer complex 
formation being heavily shifted towards the un-complexed 
reactants. By substituting bromotrichloromethane for tetra-
chloromethane, it was possible to reduce the amount of both 
DMAP and alkyl halide to 10 equivalents and the peptide 
coupling reactions could now be carried out typically in an 
hour or less using sunlight. Two equivalents of the amino acid 
serving as the free amine component were required for op-
timal yield, but the low cost of amino acid methyl and ethyl 
ester hydrochlorides, especially when aiming at longer-chain 
peptides, reduced the significance of this issue. Excess of one 
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of the peptide-coupling partners is also common in other 
methods.”

Professor Szpilman advised that the reaction is run best at 
around 30 °C. The internal temperature at the end of one hour 
sunlight irradiation was typically 32 °C, but it was found that 
when the reaction was run on colder days where the internal 
temperature reached only 20° the reaction was slower and the 
yields lower. Therefore, the authors recommend using a water 
bath if the reaction is run using sunlight in cold weather or in 
the lab using a LED lamp.

Under such conditions, the reaction is compatible with all 
the standard protecting groups (Scheme 1 and Figure 1) and 
all standard amino acids with the exception of methionine. 

Professor Szpilman said: “An additional advantage of the 
weakly absorbing DMAP-BrCCl3 charge-transfer complex is 
that it can be scaled up to gram scale (Figure 1) without the 
need for flow systems that are typically necessary for strongly 
absorbing transition-metal-catalyzed visible light mediated 
reactions. On gram-scale, excess DMAP is easily recovered 
during chromatography.”

“To support our mechanistic hypothesis, we carefully 
studied the intermediates formed and were lucky to be able 
to isolate the DMAP-imine adduct shown in Scheme 2,” said 
Professor Szpilman. He continued: “The proposal was further 
supported by computational studies on the charge-transfer-
complex formation, including the barrier for formation as well 

Scheme 1  Overview of the sunlight-assisted peptide coupling reaction
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as its lowest-energy triplet state. The two calculation levels of 
theory chosen for this study were MP4SDTQ/6-31G(2df,p) and 
m062x/6-31G(2df,p) with an SMD continuum solvation model. 
The MP4 functional8 was selected due to findings on a similar 
system (phosphorus–bromine bonding) and was shown to be 
considerably superior over MP2.9 The m062x functional10 was 
shown11 to be among the best available hybrid functionals for 
calculating halogen-bound systems. Our addition of the solv
ation model was due to non-negligible interaction between 
the components, persisting even over large distances (120 Å). 
These calculations allowed us to establish the structural geo-
metries for the complexes and allowed us to propose that the 
reaction proceeds through formation of a DMAP-Br radical 
cation and a trichloromethane radical as intermediates which 
are subsequently converted into the observed DMAP-imine 
cation and chloroform, as shown in Scheme 2.”

Professor Szpilman said: “Future developments and ap-
plications include developing better charge-transfer-com-
plex partners for DMAP that may allow for reduction of the 
amounts of these components, as well possibly the amount 
of the amine-coupling partner. Application of the method to 
larger scale, namely kilo- or ton-scale peptide coupling, will 

likely require use of flow chemistry technology12 as well as the 
development of product recovery techniques that do not re-
quire chromatographic separation and purification of the pro-
ducts. Nonetheless, the use of an endergonic charge-transfer 
complex as the photoactive intermediate implies that the ab-
sorbing species is always at a low but constant concentration, 
allowing for deep light penetration to the reacting medium, 
which is highly advantageous in flow photochemistry. 

The application of this method to solid phase would also 
be important to allow it to be compatible with existing auto-
mated peptide synthesis systems, but also for forming well-
defined peptide sequences on surfaces in a spatially resolved 
manner, much like the way DNA chips are made.” He con
cluded: “Due to the possibility of activating the charge-trans-
fer complex using light sources with spatial control, this me-
thod may find use in the preparation of materials, including in 
3D printing technologies.”

A114

N

R1
Pg O

O

H2N

R2
OPg

O

N

R1

Pg N

O R2
OPg

OH

H

H

Br
Cl

Cl

ClNN
Me

Me

Br
Cl

Cl

ClNN
Me

Me

Cl
Cl

Cl
BrNN

Me

Me

BrNN
Me

H2C
Cl

Cl

ClH

BrNN
Me

Cl

Cl

ClHNN
Me

Me

NN
Me

Me

NN
Me

N

R1
Pg OH

OH

NN
Me

Me
Catalysis

HO
NN

Me

+

+ +

++

+

Scheme 2  Proposed mechanism



© 2021. Thieme. All rights reserved. Synform 2021/07, A112–A116 • Published online: June 17, 2021 • DOI: 10.1055/s-0040-1720528

Literature CoverageSynform

REFERENCES

(1) Peptide Synthesis and Applications; K. J. Jensen,  
P. T. Shelton, S. L. Pedersen (Eds.); Springer: New York, 2013.
(2) M. C. Bryan, P. J. Dunn, D. Entwistle, F. Gallou, S. G. Koenig, 
J. D. Hayler, M. R. Hickey, S. Hughes, M. E. Kopach, G. Moine,  
P. Richardson, F. Roschangar, A. Steven, F. J. Weiberth  
Green Chem. 2018, 20, 5082–5103.
(3) C. K. Prier, D. A. Rankic, D. W. C. MacMillan Chem. Rev. 
2013, 113, 5322–5363.
(4) J. W. Beatty, C. R. J. Stephenson Acc. Chem. Res. 2015, 48, 
1474–1484.
(5) W. J. Lautenberger, E. N. Jones, J. G. Miller J. Am. Chem. Soc. 
1968, 90, 1110–1115.
(6) (a) I. Cohen, A. K. Mishra, G. Parvari, R. Edrei, M. Dantus, 
Y. Eichen, A. M. Szpilman Chem. Commun. 2017, 53, 10128–
10131. (b)  A. K. Mishra, G. Parvari, I. Cohen, N. Fridman,  
Y.  Eichen, A. M. Szpilman J. Coord. Chem. 2018, 71, 2082–
2089.
(7) D. M. Schultz, T. P. Yoon Science 2014, 343, 1239176.
(8) R. Krishnan, M. J. Frisch, J. A. Pople J. Chem. Phys. 1980, 72, 
4244–4245.
(9) H. C. Georg, E. E. Fileti, T. Malaspina J. Mol. Model. 2013, 
19, 329–336.
(10) Y. Zhao, D. G. Truhlar Theor. Chem. Acc. 2008, 120, 
215–241.
(11) S. Kozuch, J. M. L. Martin J. Chem. Theory Comput. 2013, 
9, 1918–1931.
(12) (a) Z. J. Garlets, J. D. Nguyen, C. R. J. Stephenson  
Isr. J. Chem. 2014, 54, 351–360. (b) N. Hartrampf, A. Saebi,  
M. Poskus, Z. P. Gates, A. J. Callahan, A. E. Cowfer, S. Hanna,  
S. Antilla, C. K. Schissel, A. J. Quartararo, X. Ye, A. J. Mijalis,  
M. D. Simon, A. Loas, S. Liu, C. Jessen, T. E. Nielsen,  
B. L. Pentelute Science 2020, 368, 980–987.

A115

Abhaya Kumar Mishra received 
his MSc degree in chemistry from 
St. Andrews College Gorakhpur 
(India) in 2009, and obtained his 
PhD from the Indian Institute of 
Technology Kanpur, India in 2017. 
He joined the Schulich Faculty of 
Chemistry, Technion-Israel Institute 
of Technology (Israel) as a postdoc-
toral fellow in 2017; there, he was 
involved in a collaborative project 
between the Eichen and Szpilman 

groups. Currently, he is working at Laboratory of Catalysis 
and Organic Synthesis (LCSO), EPFL, Switzerland as a collabor
ative scientist. His present research interests include synthe-
sis of peptides/proteins and their post synthetic modification 
using rationally designed hypervalent iodine reagents.

Galit Parvari received her PhD in 2014 from the Schulich Fa-
culty of Chemistry at the Technion-Israel Institute of Techno-
logy (Israel). She later continued with postdoctoral studies, 
and at present is a senior researcher in the group of Professor 
Yoav Eichen. Her current research interests include the explo-
ration and applications development of inverse freezing ma-
terials, and the theoretical study of mechanistic pathways in 
organic chemistry reactions.

Sourav Kumar Santra received his 
MSc degree from the Indian Insti-
tute of Technology, Guwahati (In-
dia) in 2011, and obtained his PhD 
from IIT Guwahati in 2016. He was 
a postdoctoral fellow at the Depart-
ment of Chemical Sciences, Ariel 
University (Israel), between 2017 
and 2020. His current research 
interests are in the development 
of new photoredox catalysts and 
hypervalent iodine mediated um-
polung chemistry.

About the authors

Dr. A. K. Mishra

Dr. S. K. Santra

>>

https://doi.org/10.1039/C8GC01276H
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/acs.accounts.5b00068
https://doi.org/10.1021/acs.accounts.5b00068
https://doi.org/10.1021/ja01007a003
https://doi.org/10.1021/ja01007a003
https://doi.org/10.1039/C7CC05300B
https://doi.org/10.1039/C7CC05300B
https://doi.org/10.1080/00958972.2018.1498085
https://doi.org/10.1080/00958972.2018.1498085
https://doi.org/10.1126/science.1239176
https://doi.org/10.1063/1.439657
https://doi.org/10.1063/1.439657
https://doi.org/10.1007/s00894-012-1551-8
https://doi.org/10.1007/s00894-012-1551-8
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1021/ct301064t
https://doi.org/10.1021/ct301064t
https://doi.org/10.1002/ijch.201300136
https://doi.org/10.1126/science.abb2491


© 2021. Thieme. All rights reserved. Synform 2021/07, A112–A116 • Published online: June 17, 2021 • DOI: 10.1055/s-0040-1720528

Literature CoverageSynform

Andrii Bazylevich received his MSc 
degree from the T. Shevchenko Na-
tional University of Kyiv, Ukraine, in 
2003, and his PhD from Ariel Univer-
sity (Israel) in 2018. He is a postdoc-
toral researcher at Ariel University. His 
current research interests include the 
preparation and evaluation of single- 
and double-stranded hyaluronic acid 
conjugates for cosmetic applications 
and cancer treatment, the design and 
synthesis of new chemical entities, 
solid-phase peptide synthesis, and 
substances of natural origin.

Ortal Dorfman received her M.S de-
gree from Ariel University (Israel) in 
2021. She is currently a PhD resear-
cher at Ariel University. Her research 
interests include the photochemistry 
of charge-transfer complexes.

Jonatan Rahamim received his MS 
degree from Ariel University (Israel) in 
2021. He is currently a PhD researcher 
at Ariel University. His research inte-
rests include the chemistry of charge-
transfer complexes and solar-light-
assisted reactions.

Yoav Eichen received his PhD from 
the Hebrew University of Jerusalem 
(Israel) in 1993 and performed his 
postdoctoral research at the Uni-
versité Louis Pasteur, Laboratoire de 
Chimie Supramoléculaire (France) 
with Professor J. M. Lehn (1992–
1994). In 1995, he joined the Schulich 
Faculty of Chemistry at the Technion 
– Israel Institute of Technology (Israel) 
where he serves as an associate pro-
fessor. His current research interests 

center on the chemistry of materials and the photochemical 
processing of materials.

Alex M. Szpilman completed his 
MSc at the Technical University of 
Denmark (DTU) with John Nielsen. 
He earned his PhD in 2003 from 
the Weizmann Institute of Science 
(Israel), under the supervision of Pro-
fessor Mario D. Bachi. Subsequently, 
he was a Carlsberg Postdoctoral Fel-
low in the group of Erick M. Carreira 
at the ETH Zurich (Switzerland). In 
2009, Alex started his independent 
academic career. Currently, Alex 

holds the rank of Associate Professor at Ariel University (Israel) 
and also serves as the University’s Vice Dean for Research. His 
research group works on new synthetic methods using sunlight, 
nitroxide catalysis, and hypervalent iodine mediated umpolung 
of enolates to give enolonium species.

Dr. A. Bazylevich Prof. Y. Eichen

Prof. A. M. SzplimanO. Dorfman

J. Rahamim

A116




