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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-
d ine (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 dialkyl amine 
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

Boc-Gly-L-Phe-L-Leu-OMe Boc-L-Ser(Bzl)-L-Leu-L-Ala-OMeFmoc-L-Ile-L-Phe-Gly-OEt

O
H
N

O
N
H

O
H
N

OMeBoc

O

NH
O

O
N
H

O
H
N

OMe

Boc

O

NH O
N
H

O
H
N

OEt

Fmoc

1. Peptide Coupling, 50 min, 91%
2. LiOH, 40 min, 83%
3. Peptide Coupling, 60 min, 89%

1. Peptide Coupling, 60 min, 83%
    1.2 g scale
2. LiOH, 40 min, 84%
3. Peptide Coupling, 60 min, 74%

1. Peptide Coupling, 50 min, 92%
2. LiOH, 40 min, 84%
3. Peptide Coupling, 60 min, 86%

Figure 1  Selected examples



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

Literature CoverageSynform

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.”
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