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Novel Hinge-Binding Motifs for Janus Kinase 3 Inhibitors:
A Comprehensive Structure-Activity Relationship Study on

Tofacitinib Bioisosteres

Matthias Gehringer, Michael Forster, Ellen Pfaffenrot, Silke M. Bauer, and Stefan A. Laufer*®

The Janus kinases (JAKs) are a family of cytosolic tyrosine kin-
ases crucially involved in cytokine signaling. JAKs have been
demonstrated to be valid targets in the treatment of inflamma-
tory and myeloproliferative disorders, and two inhibitors, tofa-
citinib and ruxolitinib, recently received their marketing au-
thorization. Despite this success, selectivity within the JAK
family remains a major issue. Both approved compounds share
a common 7H-pyrrolo[2,3-dlpyrimidine hinge binding motif,
and little is known about modifications tolerated at this heter-
ocyclic core. In the current study, a library of tofacitinib bioisos-
teres was prepared and tested against JAK3. The compounds

Introduction

The Janus kinases (JAKs) are a family of four receptor-associat-
ed tyrosine kinases (JAK1-3, TYK2) essentially involved in a vari-
ety of physiological processes such as hematopoiesis and
immune response."? Janus kinases associate with type | and I
cytokine receptors not possessing intrinsic kinase activity and
play a critical role in the signaling of various cytokines. Upon
receptor activation, JAKs dimerize, auto-phosphorylate, and
subsequently phosphorylate STAT (signal transducers and acti-
vators of transcription) proteins that dimerize, translocate to
the nucleus, and induce gene expression.”’ Whereas JAK1/2
and TYK2 (tyrosine kinase 2) are ubiquitously expressed and
mediate a plethora of physiological functions, JAK3 is only ex-
pressed in cells of the lymphoid lineage, which limits its func-
tion to the immune system. JAK3 solely associates with type |
cytokine receptors featuring a common gamma chain (y.) sub-
unit activated by interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15, and IL-
21." Inhibition of JAK3 has proven to provide immunosuppres-
sion, which led to the development of tofacitinib (1, Xeljanz;
Figure 1), a small-molecule pan-JAK inhibitor developed by
Pfizer.””) Tofacitinib was recently approved by the US Food and
Drug Administration for treatment of rheumatoid arthritis. In
contrast, the European Medicines Agency denied its approval,
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possessed the tofacitinib piperidinyl side chain, whereas the
hinge binding motif was replaced by a variety of heterocycles
mimicking its pharmacophore. In view of the promising ex-
pectations obtained from molecular modeling, most of the
compounds proved to be poorly active. However, strategies
for restoring activity within this series of novel chemotypes
were discovered and crucial structure-activity relationships
were deduced. The compounds presented may serve as start-
ing point for developing novel JAK inhibitors and as a valuable
training set for in silico models.

owing to an unfavorable side effect profile.®” Being unselec-
tive within the JAK family, severe side effects such as anemia
are believed to be mediated by JAK2 inhibition.”! Consequent-
ly, selective JAK3 inhibitors with little affinity toward JAK2 are
clearly needed for anti-inflammatory treatment. In a recent
study, we presented tricyclic Janus kinase inhibitor 3 with in-
creased JAK3 selectivity relative to that of tofacitinib.””’ Never-
theless, there is no selective JAK3 inhibitor in current clinical
trials, even though some have been described in recent publi-
cations."* Ruxolitinib (2, Jakafi), the other JAK inhibitor cur-
rently in the clinic, preferably inhibits JAK1 and JAK2. It is used
to treat myeloproliferative disorders associated with the acti-
vating JAK2V617F mutation such as polycythemia vera and pri-
mary myelofibrosis."” In contrast to tofacitinib, no structural
data of a Janus kinase-ruxolitinib complex is publicity available
to date; hence, tofacitinib was chosen as a template for this
study.
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Figure 1. Approved JAK inhibitors tofacitinib (1) and ruxolitinib (2), and tri-
cyclic inhibitor 3 exhibiting increased selectivity for JAK3.
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Figure 2. a) 3D pharmacophore extracted from the tofacitinib/JAK3-complex (PDB code: 3LXK). b) Superposition of the JAK3 docking poses of representative
compounds from our library (i.e., compounds 1, 3, 21, 30, 32, 40, 43, and 47 and a cyanoacetyl-substituted analogue of 15). Hydrogen bonds are depicted as
red/green arrows, and lipophilic interactions are depicted as yellow spheres. Graphics were generated by using Inte:Ligand LigandScout.??

Tofacitinib binds the hinge region of the Janus kinases
through a bidentate hydrogen bond. An additional hydrogen
bond is formed to a conserved water molecule (HOH99 in the
PDB structure 3LXK), which is present in all tofacitinib/JAK crys-
tal structures. The methyl group attached to the chiral center
on the piperidine ring is buried into a small hydrophobic
pocket on the bottom of the binding cleft, whereas the cya-
noacetyl group packs against the glycine-rich loop to form
multipolar interactions (a detailed depiction of the binding
mode can be found in the Supporting Information, Fig-
ure 51).* Remarkably, only the R,R-configured isomer is active
against the JAKs, whereas the other three stereoisomers are at
least 200 times less potent.™ Although forming only two
direct hydrogen bonds to the enzyme, tofacitinib is highly se-
lective against the kinome outside the JAK family. Selectivity is
provided by the spatially defined side chain and the resulting
high shape complementarity between the enzyme and the in-
hibitor.™™

Bioisosterism is a well-established concept in drug discovery
that has been exploited by various academic and industrial re-
search groups to improve potency, selectivity, and the physico-
chemical properties of bioactive compounds.'” In our discov-
ery program, we aimed to design and prepare a tofacitinib-de-
rived library retaining the highly optimized side chain and to
replace the hinge binding motif by various bioisosteric hetero-
cycles. The initial aim of the current research was to discover
inhibitors based on alternative chemotypes maintaining JAK3
potency and overall kinome selectivity. By generating a diverse
array of tofacitinib bioisosteres (see compounds 4-47), we en-
visaged to exploit subtle differences in the shape of the hinge
region, the size of the ATP binding pocket, and the electrostat-
ic surface potential of the JAKs. The most promising com-
pounds should then be further elaborated to increase JAK3 se-
lectivity, and this finally led to the discovery of compound 3 re-
cently published in a preliminary communication article.”’
During the course of this work, several patent applications
claiming tofacitinib-like JAK inhibitors were filed comprising

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

some compounds included in our library."®*" However, sys-
tematic studies linking modifications in the hinge binding
motif to JAK3 potency remain largely elusive, and the data
published in those patent applications is sparse and often in-
complete. Furthermore, data from different assay system can
hardly be compared, which makes it useless for generating
proper structure-activity relationships (SARs) or training in sili-
co models.

Preliminary modeling studies were performed to provide fur-
ther insight into the binding of tofacitinib to JAK3 and the
constitution of the surrounding protein environment. In a first
step, the 3D pharmacophoric interaction pattern of JAK3 and
tofacitinib was extracted from the respective X-ray crystal
structure (PDB accession code: 3LXK), and the protein sur-
rounding was scanned for possible additional interaction
points by using the LigandScout® software package
(Figure 2). Different strategies to alter the hinge binding motif
were selected taking into account exclusion volumes from the
pharmacophore model. Those strategies included bioisosteric
C—H/N replacements, addition of halogen and/or hydrogen
bond donors, scaffold truncation or scaffold extension, as well
as rigidification. On the basis of these principles, a virtual li-
brary was designed, the molecules were docked into the re-
spective crystal structure (by using Schrédinger Glide,”® for de-
tails, see the Supporting Information), and the binding modes
were manually analyzed. Compounds selected for synthesis
had to display a tofacitinib-like binding mode. Chemical acces-
sibility and structural diversity were used as additional criterion
for synthesis candidate selection.

Chemistry

For introducing the tofacitinib side chain to various heterocy-
cles, different synthetic approaches and protective group strat-
egies were necessary. Benzyl-protected side chain 48 and N-de-
methylated analogue 49 were prepared according to literature
procedures.”?” The side chain was linked to the heterocyclic
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Scheme 1. Reagents and conditions: a) 1a, K,COs/water, sealed tube, 115°C. b) 4a, DIPEA, 1,4-dioxane, 80 °C. c) 84, neat, 145°C. d) 9a, DIPEA, EtOH, sealed
tube, 120°C. e) 1) H, (0.7 MPa), Pearlman’s catalyst, MeOH, RT. 2) Cyanoacetic acid, DCC, CH,Cl,, RT. f) 1) H, (0.7 MPa), Pearlman’s catalyst, MeOH, RT. 2) Methyl
chloroformate, K,CO;, CH,Cl,, 0°C. g) 1) H, (0.1 MPa), Pearlman’s catalyst, iPrOH, 50 °C. 2) Cyanoacetic acid, HATU, DIPEA, DMF, RT. h) 1) H, (1.0 MPa), Pearlman’s
catalyst, MeOH, RT. 2) Ethyl cyanoacetate, DBU, nBuOH, RT (for details, see the Supporting Information). For structures of the final compounds, see Tables 1, 2,

and 4.

cores by nucleophilic aromatic substitution (SyAr)
under various conditions. The first approach relied on
a protocol by Flanagan et al., although substantial
modifications were required for several substrates
(Scheme 1).”' Dependent on the electrophilicity of
the halogenated heterocycle, the SyAr reaction was
performed in an organic solvent by using N,N-diiso-
propylethylamine as the base (for 4a and 9a) or in
an aqueous biphasic system by using inorganic car-
bonate bases (for 1a). In the case of 8a, melting an
excess amount of the side chain with the heteroaryl
halogenide under forcing conditions was necessary
to achieve satisfactory conversion. The N-benzyl pro-
tecting group was removed from the side chain by
catalytic hydrogenation with the use of palladium on activated
carbon and Pearlman’s catalyst. Cyanoacetylation was subse-
quently performed by using DCC, TBTU, or HATU as the cou-
pling reagent. Notably, cyanoacetic acid should not be pre-acti-
vated with the respective coupling reagent, as the activated
acid is very prone to decomposition, which leads to poor
yields and side-product formation. For preparing 9H-purin-2-
amine-derived analogue 9, conventional peptide coupling re-
sulted in unclean reactions and was consequently replaced by
a milder method making use of the nucleophilic activation of
ethyl cyanoacetate by a catalytic amount of DBU (Scheme 1).
The former SyAr approach was not applicable to the 1H-
pyrrolo[2,3-b]pyridine scaffold because neither 4-chloro-1H-
pyrrolo[2,3-b]pyridine nor its fluorinated counterpart were suf-
ficiently reactive to couple with the side chain, which
decomposes at approximately 200°C (depending on
the solvent used). N-Tosylation on the pyrrole ring
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Scheme 2. Reagents and conditions: a) NaH, DMF, 0°C, then methyl iodide. b) Cs,CO,,
THF/MeOH (3:2), RT. ¢) 1) H, (0.1 MPa), Pearlman’s catalyst, MeOH, RT. 2) Cyanoacetic acid,
HATU, DIPEA, DMF, RT (for details, see the Supporting Information).

ditions previously established in our laboratories.”” The secon-
dary arylamino group of 7a was methylated with methyl
iodide, and the tosyl (Ts) protecting group was removed from
7b with in situ generated cesium methanolate.”” After catalyt-
ic hydrogenolysis of the benzyl group with simultaneous re-
moval of the bromo auxiliary, amide coupling with cyanoacetic
acid and HATU gave final product 7 in acceptable overall yield
(Scheme 2).

To prepare  3H-imidazo[4,5-blpyridine  derivative 6
(Scheme 3), side chain 48 was substituted onto 2-amino-4-
chloro-3-nitropyridine (6a). Reduction of the nitro function by
using zinc and ammonium formate followed by acid-catalyzed
cyclization of diamine 6c by using trimethyl orthoformate
gave benzyl-protected precursor 6d, which was further elabo-

did not sufficiently increase the electrophilicity of the G G O CN
halogenated pyrrolo[2,3-b]pyridine. A complementary ] SN N‘Bn SN N-gn SN N
palladium-catalyzed arylamination approach®” with ~ ~_R ¢ o~ R o NN d) NN O
the use of N-MOM-protected 4-bromo-1H-pyrrolo[2,3- |\ | a) | Ly LY
blpyridine as the starting material did not provide NT R N© K N H ”

the coupling product in satisfactory yield, even after 6a:R=NO, b) E 6b: R = NO, 6d 6

extensive optimization (data not shown). In an alter- 6c: R=NH,

native procedure, side chain 49 possessing a primary
amino group was substituted on N-tosylated 5-
bromo-4-chloro-1H-pyrrolo[2,3-b]pyridine under con-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 3. Reagents and conditions: a) DIPEA, dioxane, 80 °C. b) Zn/NH,COOH, HCIl, EtOH,
RT. ¢) HC(OMe)s, p-TSA (cat.), toluene, 70°C. d) 1) H,
RT. 2) Cyanoacetic acid, DCC, CH,Cl,, RT (for details, see the Supporting Information).

(0.1 MPa), Pearlman’s catalyst, MeOH,
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Scheme 4. Reagents and conditions: a) DIPEA, dioxane, 80-95°C. b) 1) LIHMDS, Pd,(dba),, P(tBu);-HBF,, dioxane, 80 °C. 2) HCl,,, RT. c) Methylamine in EtOH, mi-
crowave irradiation, 125 °C. d) Ethylamine in MeOH, microwave irradiation, 130°C. e) 1) H, (0.1-0.4 MPa), Pearlman’s catalyst, MeOH, RT. 2) Cyanoacetic acid,
DCC, CH,Cl,, RT (for details, see the Supporting Information). For the structure of the final compounds, see Table 3.

rated to 6 under conditions similar to those described in
Scheme 1.

Truncated tofacitinib bioisosteres based on a pyrimidine
core were prepared by substitution of precursor 48 on 4,6- or
2,4-dichloropyrimidine (18a and 24a), and a methyl-/ethyla-
mine group could subsequently be introduced to 18b and
24b by microwave heating under forcing conditions with
a large excess amount of the amine. This procedure failed
upon applying ammonia as the nucleophile. Among the ple-
thora of ammonia substitutes tested (data not shown), only
the palladium-catalyzed coupling of LIHMDS with 18b fol-
lowed by acidic cleavage of the N-TMS groups gave diamino-
pyrimidine 20a in satisfactory yield. The benzylated intermedi-
ates were deprotected by hydrogenation and coupled with ac-
tivated cyanoacetic acid, as for the previous compounds, to
obtain final products 18, 20-22, and 24 (Scheme 4).

For preparing tofacitinib bioisosteres bearing very electron-
deficient heterocycles, the synthetic route had to be modified
because some substrates were incompatible with hydrogeno-
lytic cleavage of the benzyl group. Thus, a high-yielding
method for preparing the entire cyanoacetylated side chain 50
or N-demethylated analogue 52 was established. Compounds
50 and 52 can be directly introduced to electron-deficient het-
eroaryl chlorides provided that the reaction conditions are suf-
ficiently mild to leave the amide bond intact. In some cases,
a more stable derivative was needed, which led to the prepara-
tion of N-methoxycarbonyl protected analogue 51 (Scheme 5).

R. \O\l a) O b) .
N Bn R‘N‘ N‘Bn R‘N‘

G“H c) or d)

For preparing 50-52, precursors 48 and 49 were N-Boc pro-
tected by using di-tert-butyl dicarbonate followed by removal
of the benzyl group by catalytic hydrogenation. The cyanoace-
tyl group was introduced by using DCC as the coupling re-
agent, and the Boc protecting group was subsequently
cleaved by HCI in dioxane to obtain 50 and 52 as shelf-stable
hydrochloride salts. For synthesizing N-methoxycarbonyl ana-
logue 51, methyl chloroformate was used instead of DCC/cya-
noacetic acid to derivatize 50b, and the Boc group was subse-
quently cleaved with HCl in dioxane (Scheme 5).

Side chains 50 and 52 were introduced to various chlorinat-
ed heterocycles, generally in polar aprotic solvents by using
N,N-diisopropylethylamine as the base (Schemes 6-8). The
temperature required for the nucleophilic aromatic substitu-
tion is strongly dependent on the nature of the heterocycle.
Compounds 33 and 37 were subsequently derivatized with
methylamine to obtain 34 and 38 (Scheme 6). Derivatives 10b,
15b, and 40b required deprotection of the N-tosyl group
before testing, which was smoothly be accomplished without
degrading the cyanoacetamide residue by using cesium car-
bonate in THF/methanol.””’ Upon substituting N-phenylsulfon-
yl-4-chloro-6-iodo-7H-pyrrolo[2,3-d]pyrimidine  (15a) or 7-
chloropyrazolo[1,5-alpyrimidine (16a), the harsh conditions
needed were incompatible with the cyanoacetamide function;
thus, more stable derivative 51 was used instead of 50
(Scheme 8).

R. O\l R _® | R. O\l R’
N N hig

H l|30c éoc Boc O H (o)
(R.R)-48: o (R,R)-50 / 51
R=CH, 50a: g?::R():H = 50c:R=CHs (+/-)-52

or 3 50b: R=CH; —— 8 = CH,CN
(+/-)-49: 52a: (+/—) —— 51a:R=CH;
R=H =H = OCH3
52b: R = H ©) 52c:R=H
= CH,CN

Scheme 5. Reagents and conditions: a) Boc,0, THF, RT. b) H,

(0.7 MPa), Pearlman’s catalyst, MeOH, RT. ¢) Cyanoacetic acid, DCC, CH,Cl,, RT. d) Methyl chlorofor-

mate, K,CO;, CH,Cl,, 0°C. e) HCl in dioxane, THF, RT (for details, see the Supporting Information).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemMedChem 2014, 9, 2516-2527 2519


www.chemmedchem.org

G CN
Cl R Nm)
Nz

A N X

32a:A=CH;X=Y=H;Z=N 32,33 _ _

: R=CH,
33a:A=CH:X=CLY=H:Z=N 35.37
38a:A=N:X=H;Y=H:Z=N M R=H
36a:A=N:X=ClY=H:Z=N _
37a:A=CH; X=Cl Y =-0-Z=N 33,37 — 2=C

a: = ; = ; = - -; = y
41a:A=CH;X=Y = H; Z=CNO, 34,33:")
X = NHCH,

Scheme 6. Reagents and conditions: a) DIPEA, dioxane or DMF/dioxane (5:1),
50-115°C. b) Methylamine in EtOH, sealed tube, RT to 80°C (for details, see
the Supporting Information). For the structure of the final compounds, see
Tables 3 and 4.
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Scheme 7. Reagents and conditions: a) DIPEA, dioxane or DMF/dioxane (10:1)
(for details, see the Supporting Information). For the structure of the final
compounds, see Tables 2-4. *This compound is the same as 6a in Scheme 3.

Substitution of 50 on 4-chloro-1H-pyrazolo[3,4-dlpyrimidine
(5a) required a slightly different strategy (Scheme 9). Owing to
the high acidity of the pyrazole NH group, direct substitution
with the side chain led to polymerization of the starting mate-
rial. To prevent side reactions, the pyrazole nitrogen atom was
Boc protected by using di-tert-butyl dicarbonate to give 5b.
S\Ar on 5b proceeded smoothly, and quenching the reaction
with HCl in 1,4-dioxane immediately gave deprotected product
5.

Several di- and trihalogenated pyrimidines and 1,3,5-triazines
were substituted with 50 in a manner similar to that used for
the compounds in Scheme 6. Then, the remaining halogen
substituents were successively replaced by methylamine and/

Cl @ :
Ry N\n/R

10b: R = CH3; R' = CH,CN
16b: R=CH3 R'=
| 40b: R=H; R'= CH,CN

N~ N a N~ N 50
L LN . N NN ©
N~ N N~ N b) L LN
H Boc N H
5a 5b 5

Scheme 9. Reagents and conditions: a) Boc,O, DIPEA (cat.), THF, RT.
b) 1) DIPEA, dioxane/DMF (10:1), 75°C. 2) HCl in dioxane, RT (for details see,
the Supporting Information)
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18a/24a 19:A=CH;X=Cl: Y =H e) 31
23 A=CH: X=H;Y=Cl
26a: A=N TA=N-Y=V=
Vg 26:A=N;X=Y=Cl

Scheme 10. Reagents and conditions: a) DIPEA, THF, 0°C. b) Ammonia in di-
oxane, sealed tube, 40°C. c) Methylamine in ethanol, dioxane, RT. d) Ammo-
nia in MeOH, dioxane, sealed tube, 90°C. e) Methylamine in EtOH, dioxane,
sealed tube, 75°C (for details, see the Supporting Information). For the struc-
ture of compounds 26-30, see Table 3.

or ammonia. Under the mild conditions used, no cleavage of
the cyanoacetamide residue was observed (Scheme 10).

Rigid derivatives incorporating the exocyclic side chain
amino function into an imidazole ring were prepared from pri-
mary amine 49 and ortho-nitro-substituted heteroaryl chlorides
444, 45a, and 46a (Scheme 11). Given that resolution of race-
mic precursor amine 49 by crystallization with several chiral
acids was not successful (data not shown), those compounds
were prepared as racemates. After introducing 49 by S\Ar, the
nitro group was reduced with Raney nickel under a hydrogen
atmosphere, and the resulting diamines were cyclized to imi-
dazoles with an excess amount of formic acid by using micro-
wave heating. 1H-Imidazo[4,5-clquinoline 44 c and 1H-imidazo-
[4,5-c]pyridine 45 c were debenzylated by catalytic hydrogena-
tion, and the cyanoacetyl residue was introduced by amide
coupling with DCC/cyanoacetic acid.

The final step of the previous sequence was not applicable
to 1H-imidazo[4,5-clpyridin-6-amine derivative 46¢, because
the primary pyridinyl amino group was cyanoacetylated in-
stead of the piperidine NH function upon using HATU or DCC

as the coupling agent. An alter-
native strategy was set up that
made use of a formyl group to
protect pyridinylamine 46c. Hy-
| drogenolytic debenzylation fol-

OCH;

AT 50/51/
mY 52 SNy
— A N\
X" N7 N a) )i Y
Ts “ N
10a: A=N; X=CIl; Y =H Ts

16a: A=N; X=H; Y =|
40a: A = CNOQ,X =H

Scheme 8. Reagents and conditions: a) DIPEA in DMF/dioxane or K,COj; in water (for 15a), 95-115°C. b) Cs,COs,
THF/MeOH (3:2), 0°C (for details, see the Supporting Information). For the structure of compounds 10, 15, and

40, see Tables 1, 2, and 4.
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10, 15, 40

lowed by cyanoacetylation by
employing HATU and subsequent
removal of the formyl group
from 46 with hydrochloric acid
gave 1H-imidazo[4,5-c]pyridin-6-
amine bioisostere 47 in good
overall yield (Scheme 12).

Y =NTs
b)
Y =NH
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Scheme 11. Reagents and conditions: a) DIPEA, dioxane, RT to 100°C. b) 1) H, (0.1 MPa),
Raney nickel, EtOH, RT. 2) Formic acid, microwave irradiation, 135°C. c) 1) H, (0.1 MPa),
Pearlman’s catalyst, MeOH, RT. 2) Cyanoacetic acid, DCC, CH,Cl,, RT (for details, see the
Supporting Information). For the structure of compounds 44 and 45, see Table 5. *This

ray structure (see Figure S2 and Table S1 for poses
and docking scores). This discrepancy might be ex-
plained by the different electronic properties of the
two heterocycles and by the different preferences for
the tautomeric equilibrium inadequately handled by
the docking/scoring algorithm. In contrast, 3H-
imidazo[4,5-b]pyridine derivative 6, which is unable
to form a hydrogen bond to the conserved water
molecule (HOH99), is only 37 times less active than 1.
With 1C5,=98 nm, 1H-pyrrolo[2,3-b]pyridine derivative
7 was even more potent than 6, despite the fact that
it is a racemic mixture of syn diastereomers.

Taking into account the SAR known from the tofa-

compound is the same as 42a in Scheme 7.

O v

/N 4N /N
N N N

=z | a) = | 0 b) = |

|
.R
SN NH, SN N) SNTON
H H
46¢ 46d

¢) HCl,,, MeOH, 0°C (for details, see Supporting Information).

aqr

3-Trifluoromethylated tofacitinib derivative 11 was prepared
from 1 by applying a novel method from Baran et al. for trans-
ferring alkyl radicals generated from zinc sulfinate salts to het-
erocycles (Scheme 13).2%

Model compounds 12 and 13 were prepared from 4-chloro-
7H-pyrrolo[2,3-dlpyrimidine (1a) by nucleophilic aromatic sub-
stitution with N-methylcyclohexylamine and subsequent hy-
drogenation with Raney nickel under forcing conditions
(Scheme 14). Tricyclic inhibitors 3 and 43" were prepared by
modified literature procedures (see the Supporting Information
for details).

Results and Discussion

The inhibitory activity of the prepared compounds was as-
sessed by using our JAK3 ELISA system® (see the Supporting
Information). Compounds derived from the purine scaffold
were first evaluated (Table 1). Whereas the enantiopure refer-
ence (R,R)-tofacitinib (1) exhibited an ICs, value of 8 nm, inser-
tion of a nitrogen atom to give purine 4 resulted in a minor
loss in activity (eightfold). However, moving the imidazole ni-
trogen atom of 4 by one position to generate 1H-pyrazolo[3,4-
dlpyrimidine scaffold 5 resulted in a >200-fold drop in activity
relative to that of 1. This is surprising, as both compounds
share a common hydrogen bonding pattern and have similar
space requirements. The docking pose of 5 superimposes well
with that of tofacitinib bound to JAK3 and has a docking score
that is similar to that of tofacitinib redocked into the JAK3 X-
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Scheme 12. Reagents and conditions: a) Formic acetic anhydride, THF, —30°C. b) 1) H,
(0.1 MPa), Pearlman’s catalyst, MeOH, RT. 2) Cyanoacetic acid, HATU, DIPEA, DMF, RT.

citinib discovery program,"®#! it is very likely that the
R,R enantiomer of 7 is the main contributor to poten-
cy with an estimated IC;, value of approximately
50 nm, which makes it approximately six- to seven-
fold less potent than 1. 5,7-Dihydro-6H-pyrrolo([2,3-
dlpyrimidin-6-one derivative 8 demonstrated very
weak activity against JAK3 with only 33% inhibition
at 10 um inhibitor concentration. This finding was un-
expected, as the docking pose superimposed very
well with that of tofacitinib and both had a similar
docking score (Glide gscore: —9.27 and —9.56 for
1 and 8, respectively, (re)docked into PDB structure
3LXK). To establish an additional hydrogen bond to
the Leu905 backbone carbonyl group, 9H-purin-2-
amine-derived compound 9 was prepared. This strat-
egy, however, led to a weakly active inhibitor. Switch-
ing back to the 7H-pyrrolo[2,3-d]pyrimidine scaffold and re-
placing the hydrogen bond donating amine residue of 9 by
a chlorine atom (see compound 10) potentially interacting
through a halogen bond with the Leu905 backbone carbonyl
group®" only weakly increased the activity relative to that of 9
so that both had an ICs, value in the single-digit micromolar

O \[ﬁCN FsC O \HACN

J L
H

1 1

AN
B

Iz

Scheme 13. Reagents and conditions: a) Zinc trifluoromethanesulfinate, TBHP,
CH,Cl,/water (5:2), sealed tube, 55°C (for details, see the Supporting Infor-
mation).

. O O
O 2 D - ”@Q

N N H
1a 12 13

Scheme 14. Reagents and conditions: a) N-Methylcyclohexylamine, dioxane,

microwave irradiation, 110°C. b) Raney nickel, H, (1.0 MPa), EtOH, 35°C (for
details, see the Supporting Information).
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Table 1. JAK3 inhibitory activities of tofacitinib (1) and bicyclic “purine-
like” bioisosteres 4-11.
\N\\'Q Y\CN
o e}
Compd Heterocycle ICso [1um]®
~
1 Nk I 0.008 40.001
H
4 0.062 4-0.008
5 1.887 £0.434
= N
6 > 0.298+0.028
N
N
N"H
=
7 g N 0.098 +0.006"!
NTR
N ~
8 s | o 32.9%
H
N7 N\
9 IR N> 3.371£0.190
H,N" N N
“
10 /NK N 1.245+0.209
N
cIoNT N
CF;
d
1 ']'\ ry 172940251
H
[a] Values are the average+SE of at least three independent dose-re-
sponse curves. [b] Racemic. [c] Percent inhibition at 10 um.

range. 5-(Trifluoromethyl)-7H-pyrrolo[2,3-dlpyrimidine deriva-
tive 11 was prepared to target the entry of a small hydropho-
bic back pocket (“hydrophobic region 1)®? behind the relative-
ly flexible gatekeeper residue Met902. This tubular cavity is
filled with two water molecules in the tofacitinib/JAK3 com-
plex, and one of those molecules is supposed to be displaced
by the CF; function. Unfortunately, this modification resulted
in a dramatic loss in activity, probably caused by an altered
minimum conformation of the unbound inhibitor owing to
steric repulsion (compare with Figure 3, anti conformation, ¢
~180°) or by unfavorable interactions of the remaining water
molecule with the CF; group. It remains to be tested whether
this approach proves to be more fruitful if combined with a ri-
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Figure 3. QM relaxed torsional scan (360° in 10° steps) of the tofacitinib side
chain relative to the planar heterocyclic core. The dihedral C—-N—-C—C angle
¢ was fixed at the respective values and the molecular geometry was opti-
mized without further constrains at the B3LYP/6-31G** level of theory by
using Jaguar.®”

gidification approach in which the side chain is fixed into its
active conformation.

An initial aim was to prepare a partially saturated 5,7-dihy-
dro-6H-pyrrolo[2,3-d]pyrimidine analogue of 1. Given that the
synthesis of this compound was challenging, model compound
13 bearing a simplified N-methylcyclohexylamino side chain
was prepared. With IC5,=7.8 um, the inhibitor was far less
active than 7H-pyrrolo[2,3-d]lpyrimidine derivative 12 (Table 2).
Hence, no efforts were made to prepare the 5,7-dihydro-6H-
pyrrolo[2,3-dlpyrimidine analogue bearing the entire tofacitinib
side chain.

A 6-iodo-substituted analogue of 1 was prepared to evalu-
ate if a halogen bond between the iodine atom and the sulfur
atom of the methionine gate keeper residue®™ positively af-
fected inhibitor binding (see Figure S3). Owing to the incom-
patibility of the hydrogenation step with the iodine substitu-
ent, the SyAr approach with the complete side chain had to be
applied (Scheme 8). Given that the cyanoacetyl-substituted res-
idue was incompatible with the required forcing conditions,
more stable methyl carbamate analogue 15 was prepared.
Compound 15 was substantially less potent than the methyl
carbamate analogue of tofacitinib (14). Accordingly, a potential
halogen bond, assuming that it is formed, cannot compensate
for repulsive interactions or distortion of the hydrogen bond-
ing geometry caused by the bulky iodine atom. Compound 16
with a pyrazolo[1,5-alpyrimidine core was likewise prepared
with the methyl carbamate substituted side chain for related
reasons. This molecule has steric requirements that are very
similar to those of 1; however, it lacks the hydrogen bond
donor function. In preliminary docking experiments, the best
ranked pose aligned well with the tofacitinib/JAK3 complex, al-
though the score was significantly lower (see Figure S4). We
anticipated that a weak C—H--O interaction with the backbone
carbonyl group of GIu903 in combination with a decreased de-
solvation penalty could partially compensate for the loss of
one classical hydrogen bond.?¥ Against expectation, the com-
pound proved to be completely inactive at the concentrations
tested. Given that kinase inhibitors anchored to the hinge
region through one or two halogen bonds have been de-
scribed,® we probed if introducing a bromine atom to the 3-
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Table 2. JAK3 inhibitory activities of model compounds 12 and 13 and Table 3. JAK3 inhibitory activities of pyrimidine-, pyridine-, 1,3,5-triazine-,
tofacitinib analogues 14-17. and (aza)quinazoline-derived compounds 18-38. All compounds pos-
sessed the R,R-configured tofacitinib side chain.
Compd Structure ICso [um]®
: Compd Heterocycle ICs [um]®
\N 18 N/ Nl[b]
12 y 0.311£0.045 |
g N
NS
N
NT N J
19 NK | NI®!
-
~N N Cl
13 7.834+0.493
N~ NZ
R | 20 X | 4517 +0.248
SNTTON SNTNH
H 2
~ O“ N 21 N7 1.106+0.321
N b N - 10650
14 o) 0.23340.008 N™ °N
N~ H
g
NTN N7
22 | 2646+1.132
Clo NS
R
15 y o} 39.2%" y
NK N 23 )N\ | NI®
SNON cI” N
..
S N\[ro\ 24 s | 34.5%9
16 0 NI N N
Z NN
\NN = NO,
25 | 10.3%
O“ SN”NH,
\N\v \[‘(\CN i’
[c]
17 E\N,N\ (¢} NI 2 /,\I‘\/ |N Ni®
\N/‘*g c” SN el
Br -
. N - N oplcd
[a] Values are the average-SE of at least three independent dose-re- 27 | 15.4%
sponse curves. [b] Percent inhibition at 10 um. [c]<10% inhibition at Cl N™ "NH;
10 um.
Nj:N
28 o | 15.1%"
N . I NTNT
position of heterocycle 17 could restore the activity of the H
pyrazolo[1,5-alpyrimidine-derived compounds. This modifica- j:
-
tion, however, did not cause any improvement in activity, 29 N JN\ NI®!
.
probably as a result of steric clash of the bromine atom with HoN™ "N™ "NH,
the Glu903 backbone and the low flexibility of the inhibitor in j:
its binding pocket, which prevented the molecule from adapt- 30 N~ )'N\ 15.5%
ing the strict geometric requirements for halogen bond forma- H,N SNTONT
tion.B* H
Next, a series of truncated scaffolds sharing a monocyclic Nj:N
hinge binding motif was investigated (Table 3). Pyrimidine 18 31 NP Ni®?
is capable of accepting two hydrogen bonds in a geometry H N H
similar to that of tofacitinib, whereas the hydrogen bond do-
nating pyrrole ring is completely removed. The total loss in ac- 32 N~ | NI
tivity might not only be attributed to the missing hydrogen SN

bond but also to improper filling of the ATP pocket. Introduc-
tion of a chlorine atom to the 4-position of the pyrimidine ring
partially occupying the empty part of the binding pocket and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. (Continued)
Compd Heterocycle ICso [1um]®
33 N 15.6%
s
Cl N
N ’
34 24.5%"
N | °
H
35 N/ | N Nl[b]
S 2
N™ °N
36 NI®!
37 Nl[b]
38 NI®!
[a] Values are the average+SE of at least three independent dose-re-
sponse curves. [b] <10% inhibition at 10 um. [c] Percent inhibition at
10 pm.

potentially acting as a halogen bond donor did not result in in-
creased activity. An amino group in the 4-position of the pyri-
midine mimicking the hydrogen bond donating pyrrole ring of
tofacitinib restored some of the activity, but compound 20 still
remained >500-fold less potent than parent compound 1.
Decorating the primary amino function with a methyl group
(see compound 21) to fill the ATP pocket and to decrease the
desolvation penalty upon receptor binding led to a fourfold in-
crease in inhibitory potency relative to that of 20. Replacing
the methyl by an ethyl residue (see compound 22) decreased
the inhibitory potency relative to that of 21 by a factor two.
Anyway, all of the compounds from the 4,6-diaminopyrimidine
series were far less potent than tofacitinib. Similar compounds
with a 2,4-substitution pattern (see compounds 23 and 24)
proved to be even less active. Compound 25 based on the 2-
amino-3-nitropyridine scaffold was prepared to test whether
masking one of the protons of the amino group through an in-
tramolecular hydrogen bond could partially compensate the
loss in activity observed for 20, but this modification led to an
almost inactive compound as well. In the docking experiments,
2,4,6-amino-substituted 1,3,5-triazines gave reasonable poses
that allowed one or two additional hydrogen bonds to the
hinge region and the conserved water molecule (see Fig-
ure S5). Because this compound class was synthetically accessi-
ble in a nearly combinatorial fashion, we prepared a number
of analogues with different substitution patterns (see com-
pounds 26-31, Table 3). In opposition to the promising expect-
ations from modeling, all compounds proved to be virtually in-
active. Possible explanations apart from the altered surface

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

electrostatic potential of the heteroaromatic ring could be the
nonoptimal arrangement of the hydrogen bond donor and ac-
ceptor functions and the larger desolvation penalty (especially
for compounds 29 and 30). The flexibility of the methylamino
residue in compounds 28, 30, and 31 that leads to an in-
creased entropy loss upon binding might also be responsible
for a part of the affinity loss. The halogen substituent in com-
pounds 26-28 that causes steric clash with the hinge region,
which overcompensates for the potentially formed attractive
interactions though halogen bonding, might also have an in-
fluence.

A series of inhibitors based on the quinazoline scaffold,
which is a common hinge binding motif in several approved
tyrosine kinase inhibitors,®® was also investigated (Table 3).
The docking pose of quinazoline 32 superimposed well with
that of tofacitinib bound to JAK3 (see Figure S6). We argued
that the increased lipophilic bulk combined with the weak
CH---O interaction of the aryl group with the backbone carbon-
yl group of Glu903 could produce a compound with reasona-
ble activity. Unfortunately, no inhibitory activity was detected.

Upon introducing a chlorine atom at the 2-position of the
quinazoline ring (see compound 33), some weak activity was
gained. Replacing the chlorine atom by a methylamino func-
tion (see compound 34) to establish a second hydrogen bond
toward the hinge region slightly increased the potency of the
inhibitor, but the ICs, value remained above 10 um. Modifica-
tion of the last-mentioned compounds by introducing another
nitrogen atom to give a pyrido[2,3-d]pyrimidine scaffold result-
ed in thoroughly inactive compounds (see compounds 35 and
36). The same applied to more bulky analogues 37 and 38
bearing a dioxolane ring.

In the SAR of side-chain-modified tofacitinib analogues pro-
vided by Flanagan et al.,”” no information on the influence of
the exocyclic N-methyl group on the binding affinity was pro-
vided. Therefore, compound 39, the N-demethylated derivative
of 1, was prepared. The activity observed for this inhibitor was
drastically reduced relative to that for 1 (Table 4). Because the
methyl group is not involved in direct interactions with the
protein,"™ and because the molecule had a docking pose that
was similar to that of the parent compound, this loss was be-
lieved to be caused by an increased desolvation penalty that is
not compensated upon binding. Furthermore, the missing
methyl group causes a shift in the conformational equilibrium
of the side chain relative to that of the heterocycle, which pre-
fers the energetically more favorable anti conformation (similar
to Figure 3, ¢a180°). Given that this minimum energy confor-
mation is not compatible with the JAK3 binding mode of 1, it
is thought to contribute to the decreased affinity.**”

In consequence of this proposition, the introduction of a hy-
drogen bond acceptor in the ortho position to the secondary
arylamine was envisaged to mask its hydrogen bond donor
functionality and to shift the conformational equilibrium to the
biologically active syn conformation (Figure 3, ¢~ 0°). Despite
its relatively weak acceptor capabilities, the nitro group was
chosen as the hydrogen bond acceptor® owing to the good
synthetic accessibility of the starting material. Although stan-
dard docking did not recognize the predicted intramolecular
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Table 4. JAK3 inhibitory activities of N-desmethyl tofacitinib analogues Table 5. JAK3 inhibitory activities of rigidified bi- and tricyclic com-
39-42. pounds 3 and 43-47.
N CN R CN
(0] (6]
Compd Heterocycle ICso [um]® Compd Heterocycle ICso [um]®
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N~ N ) /]
39 s | 1.574+£0.204 HsC ]
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H N I
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S /
NT N N
H 43 = 1B 0.005 +0.003"
O2N \N N
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a2 | 392069 |
X N
N~ NH,
N%“
[a] Values are the average+SE of at least three independent dose-re- N//\
sponse curves. [b] Racemic. [c] Percent inhibition at 10 pm. 45 = 16.19%"
|
N
hydrogen bond, which produced low-scoring poses not resem- //\NE%
bling the bound conformation of 1, a quantum mechanical tor- N
. ¢ d 40 ted thi h ( Fi 46 = | o 313%™
sion scan of compoun supporte is approach (see Fig- - 7
ure S7). N H
The existence of an intramolecular N—H--O—N bond in this 5
class of molecules was proven with the X-ray crystal structure N
of a close analogue of 40.°% In accordance with our hypothe- 15.49%"9

sis, compound 40 was far more active than 39. With IC;,=
64 nm for the syn racemate, 40 was the most-active molecule
at this point of the study (Table 4). Assuming that a change in
the conformational preferences of the side chain was partially
responsible for the dramatic loss in inhibitory potency that
was observed for the pyrimidine and quinazoline series, we
evaluated whether some activity could be restored by the pre-
vious strategy. Unfortunately, neither compound 41 nor 42
showed significantly better activity than 20 and 32.

Instead of probing other hydrogen bond acceptors to in-
crease the strength of the intramolecular hydrogen bond,
a more rigorous approach was applied. The tofacitinib side
chain was covalently fixed in its syn conformation (see
Figure 3) by annulation of a third ring incorporating the exocy-
clic amino function (Table 5).

In a first attempt, we focused on preparing tricyclic inhibitor
43 based on the 1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyri-
dine-1-yl scaffold. During the course of this work, researchers
from Genentech published a large series of tricyclic com-
pounds based on the same scaffold (including compound 43)
and extensively characterized them in various in vitro and
in vivo assays. It turned out that this series potently inhibited
all JAKs with a preference for JAK1 and JAK2.”? In our ELISA,
racemic 43 was found to be an extremely potent JAK3 inhibi-
tor with a slightly lower ICs, value than that of enantiopure to-
facitinib (Table 5). On the basis of this finding, 3-methyldihy-
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[a] Values are the average+SE of at least three independent dose-re-
sponse curves. [b] Racemic. [c] Percent inhibition at 10 pum.

drodipyrrolo[2,3-b:2',3" d]pyridine-derived JAK3 inhibitor 3 was
developed and recently published by our research group.”
Subsequent application of this rigidification approach
toward other scaffolds that had failed to provide sufficient in-
hibitory activity resulted in weakly active inhibitors. The poten-
cy of tricyclic inhibitor 44 was slightly increased relative to that
of its bicyclic counterpart 32. A rigidified bicyclic inhibitor
based on the imidazo[4,5-b]pyridine scaffold (see compound
45) possessed poor activity as well. Against the promising ex-
pectations from modeling, bicyclic imidazo[4,5-c]pyridin-6-
amine derivative 47 and N-formylated precursor 46 were also
almost inactive. As mentioned before, the same holds true for
nitro derivative 42. Surprisingly, their non-rigidified counterpart
20 showed an IC;, value in the single-digit micromolar range.
Both 47 and 42 should be able to bind JAK3 with a tofacitinib-
like binding mode to form a bidentate hydrogen bond to the
hinge region (see Figure S8). Two possible explanations for the
weak activity relative to that of diaminopyrimidine 20 might
be a distinct binding mode as well as an increased desolvation
penalty relative to that of 20 or other water-related effects.
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Conclusions

In the current study, tofacitinib analogues with different bioiso-
steric hinge binding motifs were investigated, and several
novel synthetic approaches toward those compounds were de-
veloped. Our biological data impressively highlights that the
space for structural modifications on the hinge binding hetero-
cycle is very narrow within this substance class.

As revealed by our structure-activity relationship, bioiso-
steric replacement of aryl-CH groups by sp? nitrogen atoms
results in minor losses in activity relative to that of the parent
compound tofacitinib. A notable exception is 1H-pyrazolo[3,4-
dlpyrimidine derivative 5, which is significantly less potent. In
general, substitution of the purine-derived heterocycles is
poorly tolerated within the presented compound set and re-
moval of the hydrogen bond donor function completely sup-
presses JAK inhibition. Introducing additional lipophilic bulk
does not counterbalance this loss. Truncating the core scaffold
while maintaining the three-dimensional pharmacophoric in-
teraction pattern leads to pyrimidine-derived inhibitors with
single-digit micromolar 1C, values. Removal of the exocyclic N-
methyl substituent of tofacitinib causes a severe drop in po-
tency, which can be compensated by attaching a nitro group
in the ortho position of the amino function. The key driver of
this increase in potency is the stabilization of the bioactive syn
conformation through an intramolecular hydrogen bond, as
evidenced by quantum chemical calculations and X-ray crystal
structure analysis. This strategy might be transferred to similar
heterocycles; however, it fails to restore the activity of other
scaffolds within our series. It remains to be tested whether re-
placement of the nitro group with stronger sp*-hybridized hy-
drogen bond acceptors such as carbonyl, carboxamide, or car-
boxylate groups could be used to further enhance this
“pseudo-rigidification” effect while simultaneously serving as
attachment points for additional substituents targeting the hy-
drophobic front region (“hydrophobic region II”) of the kinase.
Ultimately, tricyclic tofacitinib analogues proved to be extreme-
ly potent and a good starting point for further modification.
Substitution with residues targeting the hydrophobic front
region and the side chain of Cys909 exclusively found in JAK3
might be the next step toward inhibitors selectively inhibiting
this Janus kinase isoform. Another promising future approach
consists of targeting the hydrophobic back pocket by attach-
ing suitable substituents to the 8-position of rigidified tofaciti-
nib analogues such as 3 or 43. Given that most compounds in
our set were significantly less potent than tofacitinib, the selec-
tivity within the JAK family was not further assessed. Neverthe-
less, the current study is unique in providing a dataset contain-
ing a diverse array of bioisosteric compounds tested in a single
assay system, which delivers directly comparable results. We
observed that results from docking poorly correlated with the
outcome of biological testing within our library, although the
poses obtained were reasonable and mostly resembled the
binding mode of template 1. Thus, the data set represents
a valuable tool for the training and validation of computational
models. In contrast to many other studies presenting success-
ful efforts only, we also provide detailed evidence for which
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kind of modifications should be avoided in designing novel
JAK3 inhibitors.

Experimental Section

Detailed experimental procedures and characterization of all com-
pounds are provided in the Supporting Information. A structure-
data file (SDF) including all compounds and the corresponding in-
hibition data for modeling purposes is available from the authors
upon request.
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maximal inhibitory concentration; JAK: Janus kinase; LiIHMDS: lithi-
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mechanical; PDB: protein data bank; p-TSA: p-toluenesulfonic acid;
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tert-butyl; THF: tetrahydrofuran; TMS: trimethylsilyl; Tosyl: p-tolue-
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