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Abstract: The synthesis of the potential indoleamine-2,3-
dioxygenase 1 (IDO1) degrader proteolysis-targeting chimeras 
(PROTAC) using sustainable reagents and technologies such 
as ionic liquids and photochemical couplings was investigated. 
The ligand to the protein of interest, an indole derivative, was 
synthesized successfully for three substrates bearing different 
substituents (NO2, (CF3)2 and H) over three steps with good to 
satisfactory results with overall yields ranging from 21 to 71%. 
However, the coupling with the ubiquitin ligase, pomalidomide, 
was unsuccessful due to the degradation of the reactive 
diazoketone functional group.  
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1. Introduction
Proteolysis-targeting chimeras (PROTACs) are heterobifunc-

tional molecules that can both bind to a target protein and a ubiq-
uitin ligase, thus enabling the ubiquitination of the target and 
its subsequent degradation. This mechanism allows the selective 
degradation of proteins otherwise difficult to target by traditional 
small molecules.[1,2]

Herein, we report the synthesis of potential indoleamine 
2,3-dioxygenase 1 degraders which have been proven to be in-
teresting targets for cancer immunotherapy.[3,4] The family of 
PROTAC targeted in this study is composed of an indole deriva-
tive as a ligand to the protein of interest and of a pomalidomide 
moiety as the ubiquitin ligase. These two structures are linked by 
dioxane linker as shown in Fig. 1.

The choice of the indole derivative moiety was based on the 
biological inhibition tests against human indoleamine 2,3-dioxy-
genase (hIDO) and tryptophan 2,3-dioxygenase (TDO2). Indeed, 
in the context of our collaboration with Prof. S. Sen, we have re-
ported a library of C2-aroyl indole derivatives that has demon-
strated substantial inhibition of hIDO1.[5] The most active com-
pound N-(2-(2-(4-nitrobenzoyl)-1H-indol-3-yl)ethyl)acetamide 
2a, inhibits hIDO1 at 180 nM IC50 and also demonstrated the in-

hibition of the proliferation of numerous cancer cells such as 
HeLa, A549, MCF7, HCT116 and MDA-MB-231 in low to mid 
nanomolar range IC50s. As a proof-of-concept study, compound 
2a was connected to pomalidomide 4, an E3 ligase binding ligand, 
through dioxyalkyl linker 1 and it was observed that the resulting 
PROTAC molecule 6a induced persistently moderate degradation 
of hIDO1 with maximum degradation of 59% in HeLa cells. Flow 
cytometric analysis indicated that IFN-γ induced an increase of 
IDO1, which was reduced by compound 6a (Table 1).

Based on these studies we herein propose to identify a 
PROTAC hIDO1 degrader that could inhibit the proliferation of 
lung/breast cancer cells. We aim to improve the lead 6a to be 
a more potent PROTAC degrader of hIDO1 by connection of 
N-(2-(2-(3,5-bis(trifluoromethyl)benzoyl)-1H-indol-3-yl)ethyl)
acetamide 2b and methyl(2-(2-benzoyl-1H-indol-3-yl)ethyl)
carbamate 2c to obtain the PROTAC degrader 6b and 6c while 
performing the last synthetical step (coupling of the two biologi-
cally active moieties on the linker) in a photochemical manner 
using a blue LED as an eco-friendly alternative to an organic 
coupling agent (Scheme 1).

2. Results and Discussion 

2.1 Synthesis of Indole Moiety
The first step consists of a Pictet-Spengler reaction between 

tryptamine and a benzaldehyde derivative to afford the tetrahydro-
β-carboline ring. This reaction was carried out in an ionic liquid 
which offered both solvent and catalytic properties.

The reaction time was highly dependent on the substituent 
present on the benzaldehyde moiety, as electron withdrawing 
groups enhance the aldehyde electrophilic properties which in 

MCF7 A549 HeLa HCT 116 MDA-MB-
231

1.00 µM 0.76 µM 0.32 µM > 5 µM 1.2 µM

Table 1. Synthesis of IDO-PROTAC degrader 6a from 2a and biological 
activity (IC50) tests results of 2a.
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Fig. 1. General structure of a PROTAC.
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return accelerates the formation of the imine intermediate. Thus, 
4-nitrobenzaldehyde forms the tetrahydro-β-carboline product 8a 
in only 20 minutes at room temperature (Table 2, Entry 1) and 
benzaldehyde requires consistent heat for 20 hours to yield the 
compound 8c (Table 2, Entry 3).[6] By fine tuning the reaction time 
for each reaction, products could be isolated without presence of 
impurities or side products and could be readily used for the next 
step, an N-alkylation reaction. 

Alkylations were initially performed with acetyl chloride. This 
highly reactive partner yielded the desired product efficiently (up 
to 98% yield) with little to no side product. However, subsequent 
reactions could not be efficiently carried out. To solve this issue, 
new alkylating partners were investigated. Phenylacetyl chloride 
was selected for its increased reactivity over less activated partners 
such as methyl phenyl acetate. The bulkiness of the phenyl substit-
uent helped stabilize the oxidation product. The N-alkylated prod-
ucts 9a-c were obtained in good to excellent yield after 3 hours of 
reaction at room temperature (Table 3, Entry 1–3).[7] The isolated 
crude was used without further purification for the following step.

Entry Compound R Time [h] Yield [%]
1 8a 4-NO2 0.3 97
2 8b 3, 5-CF3 8 76
3 8c H 20 47

Table 2. Results of the Pictet-Spengler reaction.

The ring opening oxidation was smoothly carried out using io-
dine in the presence of hydrogen peroxide to form the strong oxi-
dizing agent HOI. This step was successfully conducted and did 
not require any modification from the published route.[6] Again, 
the isolated products 10a-c were pure enough to allow the subse-
quent step without purification (Table 4, Entry 1–3). 

2.2 Formation of the Photosensitive Diazo Ketone
The photochemical coupling step requires a photolabile 

functional group, diazo, which can be installed by reaction 
with p-ABSA (4-acetamidobenzensulfonyl azide) as a diazo 
donor and under DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) 
catalysis.[8] 

The characterization of these diazoketones is not trivial as they 
are sensitive to light and air. 1H-NMR spectra indicated the forma-
tion of the diazoketone 11b (Table 5, Entry 2). The other sub-
strates 10a and 10c, however, did not show any conversion to 11a 
and 11c (Table 5, Entries 1 and 3). 

2.3 Photochemical Coupling Reaction
The last step to obtain the desired PROTAC consists of a pho-

tochemical coupling reaction between the previously formed di-
azoketone and dioxane (which undergoes ring opening) followed 
by the addition of Pomalidomide, the ubiquitine ligase. To deter-
mine the absorption range and facilitate the LED selection, a UV 
absorption spectrum of the diazo compound 11b was performed. 
A maximum absorption is achieved at 272 nm. Unfortunately, 
no lamp with such wavelength was available. Trials at 265 nm 
were performed, but with no conversion. It seems that the diazo 
compound undergoes degradation through Wolff rearrangement 
before being able to react with the linker and the ubiquitine ligase. 
This hypothesis was confirmed by elemental analysis that proved 
the presence of the ketone instead of the diazoketone. It seems 
that the diazo compound is not stable enough to be isolated. This 

Entry Compound R Yield
1 11a 4-NO2 0
2 11b 3,5-CF3 98
3 11c H 0

Table 5. Results from diazoketone formation.

Scheme 1. Eco-friendly coupling route.

Entry Compound R Yield [%]
1 9a 4-NO2 94
2 9b 3,5-CF3 98
3 9c H 50

Table 3. Results N-alkylation.

Entry Compound R Time [h] Yield [%]
1 10a 4-NO2 4.5 60
2 10b 3,5-CF3 4 96
3 10c H 4.5 89

Table 4. Results ring opening oxidation.
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decomposition might be avoided by generating it in situ and per-
forming the photochemical coupling as a one-pot reaction.

3. Conclusion
The synthesis of the potential indoleamine-2,3-dioxygenase 

1 (hIDO1) degrader through sustainable steps was studied. The 
indole moiety was successfully obtained with global yields rang-
ing from 21 to 72% depending on the benzaldehyde derivative 
selected. The diazoketone was only successfully formed for sub-
strate 10b, which quickly underwent Wolff rearrangement to form 
the corresponding ketene, which was further degraded into the 
ketone derivative according to elemental analysis. A solution to 
avoid degradation would be the in situ formation of the diazo fol-
lowed by direct photochemical coupling with 1,4-dioxane and 
pomalidomide. This route was not explored due to a lack of ma-
terial. Indeed, a lamp corresponding to the maximal absorbance 
wavelength of 272 nm and with sufficient power would be neces-
sary, which was not available to us at the time of the experiment. 
In addition, a different route for the formation of the reactive di-
azoketone would be necessary for substrates 10a and 10c as they 
showed no reactivity under the conditions tested. 
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