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Here we describe the early stages of a fragment-based lead discovery (FBLD) project for a recently

elucidated synthetic lethal target, the PRMT5/MTA complex, for the treatment of MTAP-deleted cancers.

Starting with five fragment/PRMT5/MTA X-ray co-crystal structures, we employed a two-phase fragment

elaboration process encompassing optimization of fragment hits and subsequent fragment growth to

increase potency, assess synthetic tractability, and enable structure-based drug design. Two lead series

were identified, one of which led to the discovery of the clinical candidate MRTX1719.

Introduction

Protein arginine methyl transferase 5 (PRMT5) is an essential
class II PRMT that catalyzes the symmetric transfer of two
methyl groups to the arginine residues of substrate proteins
using S-adenosyl-L-methionine (SAM) as the methyl donor.1 In
2016, several independent research groups reported that loss
of the tumor suppressor gene CDKN2A is commonly
accompanied by co-deletion of the proximal gene encoding
methylthioadenosine phosphorylase (MTAP).2–4 In turn, MTAP
deletion causes the accumulation of the cellular metabolite
methylthioadenosine (MTA). MTA is an intermediate of the
methionine salvage pathway and weakly inhibits PRMT5,
competing with SAM to bind in the co-factor binding site to
form the PRMT5/MTA complex.4 It was postulated that a
compound which binds to and stabilizes the PRMT5/MTA
complex would inhibit PRMT5 activity in MTAP-null cancers
cells while preserving PRMT5 activity in healthy cells and
could potentially increase the therapeutic safety index in
CDKN2A/MTAP co-deleted cancer cells relative to first
generation PRMT5 inhibitors that are not selective binders of
the PRMT5/MTA complex. Recently, we reported the discovery
of clinical candidate MRTX1719, a small molecule that
potently binds to the PRMT5/MTA complex, and inhibits
PRMT5 selectively in MTAP-deleted HCT116 cells.5 Two other

groups have published patent applications6,7 that also appear
to target the PRMT5/MTA complex, with MRTX1719 and
literature examples shown in Fig. 1.

Herein we describe a fragment-based lead discovery
(FBLD) program focused specifically on fragment elaboration
strategies starting with five fragment hits (1–5, Table 1)
supported by structure-based drug design. We outline a two-
phase process. Phase 1: optimization of the fragment hit
prior to fragment growth strategies, and phase 2: fragment
growth to increase potency supported by the development of
versatile synthetic chemistry and, exploration of growth
vectors aided by structure-based drug design (SBDD). In some
instances, phase 1 was skipped and efforts were immediately
focused on phase 2. The five fragment hits described in
Table 1 led to the discovery of two lead series.

FBLD is a hit finding and lead generation approach where
libraries of fragment compounds are screened at high
concentration, typically in the range 100 μM to 1 mM.8,9

Libraries typically range in size from 350 to 15 000
compounds and a fragment is typically defined as a
compound with between 10 and 17 heavy atoms.10 Due to the
small size of the fragments, affinities are weak, thus sensitive
screening methods are employed for detection. As a result of
testing fragments at high concentration careful attention
needs to be paid to factors such as compound aggregation,
compound solubility, and pan-assay interference compounds
(PAINS).11 Since the first disclosure of an FBLD project in
1996,12 commercially available, well curated fragment
libraries are widely available. When we initiated our PRMT5/
MTA inhibitor project, there was no evidence in the literature
of compounds that were characterized to bind to the PRMT5/
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MTA complex. We concluded that an FBLD screen of a
commercially available fragment library against PRMT5/MTA
would be a rapid and cost-effective method to identify hits.
Our decision to select a fragment screen rather than a high
throughput screen (HTS) or a DNA encoded library (DEL)
screen was based on timelines. We did not have immediate
access to HTS or DEL, but we had the capability to rapidly

run a fragment screen. The details of the fragment screen
performed against PRMT5/MTA were previously described.5

To summarize, a commercially available fragment library was
screened using surface plasma resonance (SPR) with the
PRMT5 protein immobilized on the surface. Formation of the
PRMT5/MTA complex was achieved by adding MTA (20 μM)
to the running buffer. 24 hits with saturable KDs ≤ 500 μM

Fig. 1 MRTX1719 and representative compound structures of PRMT5/MTA inhibitors from recently published patent applications.

Table 1 Fragment hits 1–5 with PRMT5/MTA X-ray co-crystal structures

Ex. Structure PRMT5/MTA KD (μM) LE/LLE clog P PRMT5/MTA X-ray crystal structure PDB

1 0.74 0.78/4.9 1.2 8CSG

2 10.2 0.54/4.9 0.1 7S0U

3 12.0 0.57/3.2 1.7 8CTB

4 62.0 0.49/3.1 1.1 7UYF

5 53.0 0.50/3.2 1.1 7UY1
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were identified. The SPR assay was designed to detect affinity
for the PRMT5/MTA complex and the affinity of the
compounds for PRMT5 alone was not measured. From these
24 hits, five X-ray co-crystal structures were obtained with
fragments bound to the PRMT5/MTA complex. The
compound structures, SPR data, LE,13 LLE,14 clog P, X-ray co-
crystal structures, and PDB codes are shown in Table 1.

Fragment hit 1, a 1H-pyrrolo[3,2-b]pyridin-5-amine
scaffold, was the most potent and efficient binder identified
in the screen (PRMT5/MTA KD = 0.74 μM, LE = 0.78, LLE =
4.9). The X-ray co-crystal structure of fragment hit 1 with
PRMT5/MTA (PDB: 8CSG) is shown in Fig. 2A. 1 binds in the
PRMT5 substrate binding site with a series of specific
interactions with the protein and MTA. The productive
interactions with the protein include an H-bond between the
pyrrolo N–H and the backbone carbonyl of Ser578, a
bifurcated H-bond between the –NH2 substituent and the
backbone carbonyl of Glu435 and the side chain of Glu444,
an ionic interaction between the protonated pyridinyl
nitrogen and Glu444 and a halogen bond between the bromo
substituent and the Glu435 side chain. Productive van der
Waals interactions between MTA and 1 include the sulfur
atom interacting with the –NH2 and bromo substituents. The
MTA methyl also makes a productive bifurcated van der
Waals interaction with the bromo substituent of 1 and the
CD atom of Glu435. Fragment hit 1, along with the fragments
and analogs described herein, make π-stacking interactions
with Phe327 and Trp579 (Fig. 2B).

Fragment hit 2, a 4-(aminomethyl)phthalazine-1(2H)-one
scaffold, was the second most potent binder and despite the
38-fold lower potency compared to 1, the LLEs for 1 and 2
were identical due to the lower lipophilicity of 2 (PRMT5/
MTA KD = 10.2 μM; LE = 0.54, LLE = 4.9 and clog P = 0.1). The
X-ray co-crystal structure of fragment hit 2 with PRMT5/MTA
(Fig. 3; PDB: 7S0U) was previously reported.5 In addition to
the previously described H-bond interactions the van der

Waal interactions between the sulfur atom of MTA and the
primary amino group of 2 and the MTA methyl with the CD
atom of Glu435 are highlighted in Fig. 3.

The binding potency of fragment hit 3, a 1-methyl-1H-
benzo[d]imidazol-2-amine scaffold, was almost identical to 2
(PRMT5/MTA KD = 12.0 μM). However, due to its higher
lipophilicity (clog P = 1.7) the LLE was lower compared to 2
(LLE = 3.2). The X-ray co-crystal structure of 3 with PRMT5/
MTA (PDB: 8CTB) is shown in Fig. 4. The 7-chloro-1-methyl-
1H-benzo[d]imidazol-2-amine fragment binds in the PRMT5
substrate binding site with a series of specific interactions
closely related to fragment hit 1. These include a bifurcated
H-bond between the –NH2 substituent and the backbone
carbonyl of Glu435 and the side chain of Glu444, and an
ionic interaction between the protonated imidazo nitrogen

Fig. 2 A) The X-ray co-crystal structure of fragment hit 1 bound to PRMT5/MTA (PDB: 8CSG) showing H-bond interactions with Glu444, Glu435 and
Ser578, halogen bond interaction with Glu435 and van der Waals interactions between MTA, 1 and Glu435 highlighted in grey. B) A cutaway visual to
illuminate the proximity of MTA to 1 and the π-stacking interaction between the bicyclic scaffold and the side chains of Phe327 and Trp579.

Fig. 3 X-ray co-crystal structure of fragment hit 2 bound to PRMT5/
MTA (PDB: 7S0U) showing H-bond interactions with Glu444, Glu435
and Lys333 and van der Waals interactions between MTA, 2 and
Glu435 highlighted in grey.
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and the Glu444 sidechain. The sulfur atom of MTA makes a
productive van der Waals interaction with the methyl and
–NH2 substituent of 3. There is a potentially unfavorable
interaction between the sigma hole on the chlorine atom and
the Lys333 sidechain. This observation highlighted a possible
opportunity to optimize the fragment prior to initiating
fragment growing strategies.

Fragment hits 4 and 5, a 1,5-naphthyridin-2-amine
scaffold, are closely related structurally and have similar
binding potencies (PRMT5/MTA KD = 62.0 μM and 53.0 μM
respectively) and their LLE values (LLE = 3.1 and 3.2
respectively) are almost identical to 3. The X-ray co-crystal
structures of 4 and 5 with PRMT5/MTA (PDB: 7UYF and PDB:
7UY1) are shown in Fig. 5. The binding modes and
interactions of 4 and 5 are closely related to those observed
for fragment hits 1 and 3, with one notable difference—the
Ser578 side chain in the fragment hit 4 X-ray co-crystal
structure makes a productive H-bond interaction with the
5-naphthyridine nitrogen lone pair (Fig. 5A). Surprisingly, the
Ser578 side chain and backbone loop rotate away from the

fragment in the PRMT5/MTA X-ray co-crystal structure with 5
and does not make the same Ser578 H-bond interaction as 4
(Fig. 5B). The extent of the side chain and loop movements
are visualized in Fig. 5C. Given the high similarity of 4 and 5
it was not clear what was causing the loop and sidechain
movement between the two structures.

The output of the fragment screen revealed several
important pharmacophoric features of the PRMT5/MTA
complex. First, an interconnected H-bond network between
the Glu444 side chain, the Glu435 backbone carbonyl and
the ligand was common to each fragment hit. In addition,
each fragment hit made productive van der Waals
interactions with MTA. Second, a “2-aminopyridinyl-like”
motif comprised of a 2-amino substituent ortho to an
aromatic nitrogen lone pair, is a pharmacophoric feature
common to fragments 1, 3, 4 and 5. Third, fragment 2 is a
unique pharmacophore that creates the key H-bond network
with a 4-(aminomethyl)phthalazine-1(2H)-one motif. A series
of other productive protein/ligand interactions were also
discovered from the screen. For example, fragment hit 1
picked up an H-bond interaction with the Ser578 backbone
carbonyl, fragment hit 2 picked up an H-bond interaction
with the Lys333 side chain and fragment hit 4 picked up an
H-bond interaction with the side chain of Ser578.

Fragment elaboration

As described above, the hits can be divided into two classes
of pharmacophores: the “2-aminopyridinyl-like”
pharmacophore class, represented by fragment hits 1, 3, 4
and 5 and the 4-(aminomethyl)phthalazine-1(2H)-one
pharmacophore class represented by fragment hit 2. We
elected to invest in the exploration of both pharmacophore
classes. To explore the SAR of the “2-aminopyridinyl-like”
pharmacophore we chose to combine hits 4 and 5 together
due to their similarity and elaborate fragments 1, 3 and 4
concurrently. The basis for the decision to explore the SAR of
three separate representatives of the “2-aminopyridinyl-like”
class was supported by the observation that, despite the
similarity of 1, 3 and 4, there were significant differences in

Fig. 4 X-ray co-crystal structure of fragment hit 3 bound to PRMT5/
MTA (PDB: 8CTB) showing H-bond interactions with Glu444 and
Glu435, van der Waals interaction between MTA and 3 in highlighted in
grey and a potentially repulsive interaction with Lys333.

Fig. 5 A) X-ray co-crystal structure of fragment hit 4 bound to PRMT5/MTA (PDB: 7UYF) showing H-bond interactions with Glu444, Glu435 and
Ser578. Van der Waals interactions between MTA and 4 are highlighted in grey. B) X-ray co-crystal structure of fragment hit 5 bound to PRMT5/
MTA (PDB: 7UY1). Interactions are closely related to 4 however H-bond interaction with sidechain Ser578 not observed. C) Overlay of fragment hits
4 and 5 showing the movement of Ser578 loop and sidechains.
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the geometries of their growth vectors. We speculated that
these differences could lead to divergent SAR. The three
divergent growth vector geometries for 1, 3 and 4 are
depicted in Fig. 6.

We developed several key questions to investigate in the
first round of fragment elaboration. First, could binding
potency be improved? And, if so, was the potency increase
due to adding lipophilicity—the hydrophobic effect,15 or was
the increase in potency driven by the ligand making
additional productive interactions with the protein? ΔLLE
(ΔLLE = LLEanalog − LLEparent) is a useful analysis tool to tease
this question apart.14 A positive ΔLLE suggests the analog
added favorable interactions with the protein, and a negative
ΔLLE suggests the loss of favorable interactions and/or the
creation of unfavorable interactions or clashes with the
protein. A zero ΔLLE suggests the change in potency is
lipophilicity driven. Second, could tractable synthetic
chemistry be developed to explore the growth vectors of
interest?16 And third, could one or more additional X-ray co-
crystal structures be obtained with analogs of the hit to
further enable SBDD? And, if so, was the fragment binding
mode and the conformation of the protein in the binding
pocket reproducible? With data in hand addressing these
questions, the goal was to then decide which series to elect
as a lead series.

Fragment hit 1 – series 1

The chemical reactivity of the bromo substituent of 1
created challenges to develop versatile synthetic chemistry;
therefore, a series of bromo replacements including-methyl
(6), -cyclopropyl (7) and –CF3 (8) were investigated to
optimize the fragment, shown in Table 2. The methyl
analog 6 increased potency less than two-fold (PRMT5/MTA
KD = 0.46 μM), and due to a reduction in clog P, LLE
increased (clog P = 0.8; ΔLLE = +0.6). The larger and more
lipophilic cyclopropyl analog 7 decreased potency and LLE

(PRMT5/MTA KD = 3.3 μM; ΔLLE = −1.0). The –CF3 analog 8
resulted in a 15-fold decrease in potency and a lower LLE
(PRMT5/MTA KD = 11.7 μM; ΔLLE = −1.3). Presumably, the
electron withdrawing nature of the –CF3 substituent reduced
the pKa of the conjugate acid of the pyridinyl nitrogen lone
pair, leading to a significant reduction in the potency for 8.
An X-ray co-crystal structure of 7 with PRMT5/MTA was
generated and is shown in Fig. 7A. The binding mode of 7
with PRMT5/MTA is closely related to the binding mode of
fragment hit 1. Indeed, 7 makes the same H-bond
interactions with the protein as fragment hit 1. An overlay
of fragment hit 1 and 7 is shown in Fig. 7B. Interestingly,
the larger cyclopropyl substituent is accommodated in the
binding pocket by the ligand shifting out of the pocket by
approximately 0.5 Å, as opposed to the protein moving to
accommodate the increased steric volume of the cyclopropyl
substituent. By the end of phase 1—optimization of the
fragment hit prior to fragment growing—we were
encouraged to find that the bromo substituent could be
effectively replaced by a methyl substituent and that a
second X-ray co-crystal structure could be obtained that
maintained the original fragment binding mode.

Visual inspection of the X-ray co-crystal structure of
fragments 1 and 7 revealed that the 2-position of the 1H-
pyrrolo[3,2-b]pyridine scaffold was the most suitable position
for fragment growth. Identifying a synthetically tractable
route to rapidly explore the 2-position vector was a challenge,
even with replacement of the 6-bromo substituent with a
6-methyl substituent. Therefore, a less exploratory approach
not dependent on rapid parallel synthesis techniques was
initiated. To create bespoke molecules for synthesis we
employed SBDD molecular modeling with MOE (Molecular
Operating Environment).17 An overlay of 1 with the X-ray co-
crystal structure of EPZ015666,18,19 a first generation PRMT5
inhibitor bound to the PRMT5/SAM complex (Fig. 8A, PDB:
4X61) inspired a chimeric design, example 9, where the
methylene linked pyrimidine-4-carboxamide group of

Fig. 6 Overlay of fragments 1, 3 and 4 with the divergent growth
vectors depicted by magenta, orange and purple arrows, respectively.

Table 2 Examples 6–8 designed to optimize fragment hit 1 at the
fragment level

Ex. Structure PRMT5/MTA KD (μM) LLE clog P

1 0.74 4.9 1.2

6 0.46 5.5 0.8

7 3.3 3.9 1.6

8 11.7 3.6 1.3
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EPZ015666 was fused to the 2-position of 1. A MOE model of
9 bound to PRMT5/MTA is shown in Fig. 8B, where the amide
carbonyl group mimics the homologous moiety of
EPZ015666, making a productive H-bond interaction with
Phe580 backbone N–H. The potency of 9 increased 82-fold
(PRMT5/MTA KD = 9 nM) with an increase in LLE (ΔLLE =
+2.5), Fig. 8D. This example demonstrates how powerful a
chimeric approach with known ligands can be to increase the
potency of a fragment. However, what is remarkable in this
case is that the chimera was generated between two ligands

binding to significantly different conformations of the
PRMT5 protein. The X-ray co-crystal structure of 9 in PRMT5/
MTA (Fig. 8C, PDB: 7ZUQ) revealed that the binding mode of
the initial fragment 1 is conserved but the methylene linker
orients the amide in an alternative conformation to the
conformation generated by molecular modeling. Indeed, the
amide carbonyl group makes a productive H-bond interaction
with Leu312 backbone N–H and a water-mediated H-bond
with the Ser439 backbone N–H and the sidechain of Asn443.
We noted that this result was a fortunate discovery, for it

Fig. 7 A) X-ray co-crystal structure of 7 bound to PRMT5/MTA (PDB: 7ZVL). B) Overlay of 7 (orange) with fragment hit 1 (magenta). 7 has the same
binding mode including H-bond interactions as 1 but is shifted by 0.5 Å to accommodate the cyclopropyl substituent.

Fig. 8 A) Overlay of fragment hit 1 (magenta) onto the EPZ015666 (pink) PRMT5/SAM X-ray co-crystal structure (PDB: 4X61). B) Model of
compound 9 bound in PRMT5/MTA conceived by the overlay of fragment hit 1 and EPZ015666. C) X-ray co-crystal structure of 9 bound to
PRMT5/MTA (PDB: 7ZUQ). 9 adopts an alternative conformation to the model forming an H-bond between the amide carbonyl of 9 and Leu312
and water mediated H-bonds to Asn443 and Ser439. D) SBDD enabled optimization of fragment hit 1 to give compound 9.
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highlighted the interaction with the Leu312 backbone N–H
as a favorable interaction. This example illustrates the
exploratory—and often serendipitous—nature of fragment
growing strategies and highlights the value in obtaining X-ray
co-crystal structures during the fragment growing process.

Fragment hit 2 – series 2

A detailed description of the optimization of fragment 2 was
previously reported.5 In summary (Fig. 9A), versatile bromo
intermediate 10 was prepared, and a series of 20 analogs
were made and tested. The rapid exploration of the SAR
returned compound 11 with a 2040-fold increase in binding
potency and improved LLE (PRMT5/MTA KD = 5 nM; ΔLLE =
+3.5). The X-ray co-crystal structure of 11 with PRMT5/MTA
(PDB 7S1Q)5 is shown in Fig. 9B. The initial binding mode of
2 was maintained and the N-methylpyrazol-4-yl substituent
made a favorable H-bond interaction between the pyrazolo
lone pair and the Leu312 backbone N–H. Interestingly, this is
the same backbone N–H interaction that was discovered in
the chimeric approach with series 1, example 9. This example
of fragment growth illustrates how a dramatic increase in
binding potency can be achieved with a modest number of
analogs when supported by SBDD.

Fragment hit 3 – series 3

Fragment hit 3 was the most lipophilic (clog P = 1.7) of the
five fragment hits. Therefore, before embarking on a
fragment growing strategy, optimization of the fragment
was investigated. A series of analogs were designed to
replace the 7-chloro substituent, reduce clog P and/or make
a productive interaction with the Lys333 sidechain,
examples 12–18 in Table 3. LLE was tracked to assess
progress. Replacement of the 7-chloro substituent with
hydrogen (12) reduced the clog P by 0.7 units, while potency
dropped approximately 6-fold and the LLE was unchanged
(PRMT5/MTA KD = 70.0 μM; ΔLLE = 0, clog P = 1.0).
Exchanging the 7-chloro with a 7-nitrile substituent (13)
reduced clog P by 0.8, increased potency almost 6-fold and

LLE increased significantly (PRMT5/MTA KD = 2.2 μM; ΔLLE
= +1.6; clog P = 0.9). The positive LLE suggested the nitrile
was making a favorable interaction with the protein. This
binding hypothesis was indeed confirmed later by a series

Fig. 9 A) Discovery of compound 11 from fragment hit 2 via versatile synthetic intermediate 10. B) X-ray co-crystal structure of 11 bound to
PRMT5/MTA (PDB: 7S1Q). 11 adopts same binding mode as the original fragment hit and adds an additional H-bond interaction with Leu312.

Table 3 Examples 12–18 designed to optimize fragment hit 3 at the
fragment level

Ex Structure PRMT5/MTA KD (μM) LLE clog P

3 12.0 3.2 1.7

12 70.0 3.2 1.0

13 2.2 4.8 0.9

14 23.9 3.4 1.2

15 35.0 3.1 1.4

16 240 2.6 1.0

17 43.0 4.0 0.4

18 28.0 4.0 0.6
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of X-ray co-crystal structures with analogs closely related to
13, vide infra. A series of 7-fluoro, 7-methyl and 7-methoxy
analogs (14–16) were also investigated. A similar LLE was
observed for 14 and 15 while a drop in LLE was observed
for 16 (ΔLLE = +0.2; −0.1 and −0.6 respectively). Introduction
of an aza into the ring (17) reduced the clog P to 0.4 and
LLE increased (PRMT5/MTA KD = 43.0 μM; ΔLLE = +0.8).
Homologation of 17 yielded N-ethyl analog 18 (PRMT5/MTA
KD IC50 = 28.0 μM). An X-ray co-crystal structure of 18 with
PRMT5/MTA (PDB: 7ZUP) revealed that 18 maintains the
same binding mode as the initial fragment, and the
pyridinyl nitrogen lone pair makes a water-mediated
H-bond interaction with the side chains of Lys333 and
Ser578, shown in Fig. 10. With the X-ray co-crystal
structures of 3 and 18 in hand, a molecular model of 13
bound to PRMT5/MTA was generated using MOE, shown in

Fig. 11A. The model indicated that the 7-nitrile substituent
made a productive H-bond with the Lys333 sidechain. In
summary, optimization of the fragment prior to fragment
growth was successful, with an approximate 6-fold increase
in potency and a 1.1-unit reduction in clog P. In addition, a
second X-ray co-crystal structure was determined with the
observation that the new structure maintained the binding
mode of the original hit. Encouraged by these findings, an
SBDD enabled fragment growing strategy was initiated
starting with optimized fragment 13.

By visual inspection of the PRMT5/MTA X-ray co-crystal
structures of 3 and 18, we envisioned a series of analogs at
the 5-position of the 2-amino-1-methyl-1H-benzo[d]imidazole-
7-carbonitrile scaffold. Further analysis of the model of 13
with PRMT5/MTA identified two unsatisfied backbone N–Hs
(Leu312 and Phe580) accessible within 6 Å of the 5-position,

Fig. 10 A) X-ray co-crystal structure of 18 bound to PRMT5/MTA (PDB: 7ZUP). 18 adopts the same binding mode as the original fragment hit 3 B)
18 picks up an additional water mediated H-bond to the side chains of Lys333 and Ser578.

Fig. 11 Model of compound 13 bound to PRMT5/MTA (A) H-bond network predicted to mimic parent fragment hit 3 with the addition of an
H-bond to Lys-333 (B) backbone N–Hs of Leu312 and Phe580 highlighted as residues to target in SBDD fragment growing designs at the 5-position
of the 1-methyl-1H-benzo[d]imidazol-2-amine scaffold.
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shown in Fig. 11B. Thus, a series of analogs incorporating
hydrogen bond acceptors designed to target a productive

interaction with either of the two available N–Hs were
investigated as shown in Table 4.

To explore the 5-position vector of 13 a series of versatile
synthetic routes and intermediates were developed as shown
in Scheme 1. Examples 22–24 were prepared from the
6-bromo-2-(2,5-dimethylpyrrol-1-yl)-3-methyl-benzimidazole-4-
carbonitrile intermediate 19. Example 22 was synthesized via
an Ullman coupling20,21 between pyridin-3-ol and 19 followed
by removal of the 2,5-dimethylpyrrole protecting group under
acidic conditions. Example 23 was prepared via bromo-
lithium exchange of 19 with n-butyl lithium followed by
quenching with 3-(3-pyridyldisulfanyl) pyridine. Subsequent
removal of the 2,5-dimethylpyrrole protecting group under
acidic conditions gave 23. Example 24 was prepared from
carboxylic acid 20 which was submitted to standard amide
coupling conditions with aniline followed by removal of the
2,5-dimethylpyrrole protecting group under acidic conditions.
20 was prepared by bromo-lithium exchange of 19 with
n-butyl lithium followed by quenching with 2-bromoacetic
acid. Example 25 was accessed via Suzuki–Miyaura22 coupling
between intermediate 21 and 3-(chloromethyl)-1-methyl-
pyrazole followed by removal of the 2,5-dimethylpyrrole
protecting group under acidic conditions. Examples 26 and
27 were prepared by the same method as example 25.

The synthetic routes described in Scheme 1 enabled the
rapid preparation of approximately 150 analogs. Exemplar
compounds, 22–27 (Table 4) were selected to highlight key

Table 4 Examples 22–27 designed, using SBDD, to target interactions
with the free backbone N–Hs of either Leu312 or Phe580

Ex R1 PRMT5/MTA KD (μM) LLE clog P

22 1.48 4.5 1.3

23 1.02 4.3 1.7

24 0.057 5.1 2.1

25 0.205 5.8 0.9

26 0.179 5.9 0.8

27 0.008 5.5 2.6

Scheme 1 Synthesis of compounds 22–27. (a) Pyridine-3-ol, 2-(dimethylamino)acetic acid CuI, K3PO4, DMSO, 120 °C, 64%; (b) 12 M HCl, EtOH,
120 °C, 21%; (c) 3-(3-pyridyldisulfanyl) pyridine, nBuLi, THF, −65 °C – rt, 28%; (d) 12 M HCl, EtOH, 120 °C, 48%; (e) 20, nBuLi, 2-bromoacetic acid,
THF, −65 °C – rt, 12% (f) aniline, EDCI, HOBT, DIEA, DMF, rt, 89%; (g) TFA, 80 °C, 27%; (h) (chloromethyl)–R1, Pd(dppf)Cl2, K2CO3, DMF, 100 °C, 28–
71%; (i) 12 M HCl, EtOH, 120 °C, 26–59%.
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aspects of the SAR for this series. O-linked pyridin-3-yl
example 22 did not increase potency significantly and
compared to example 13 a slight reduction in LLE was
observed (PRMT5/MTA KD = 1.48 μM; ΔLLE = −0.3).
S-linked pyridin-3-yl example 23 behaved similarly to 22
(PRMT5/MTA KD = 1.02 μM; ΔLLE = −0.5). Meanwhile,
N-phenylacetamide analog 24 increased potency by 39-fold
and increased LLE (PRMT5/MTA KD = 0.057 μM; ΔLLE =
+0.3). Methylene linked N-methyl pyrazole analogs 25 and
26 gave similar results to each other with a potency
increase of 11-fold and together with a reduction in clog P
this translated to a significantly higher LLE (PRMT5/MTA
KD = 0.205 μM and 0.179 μM; ΔLLE = +1.0 and +1.1
respectively). The methylene linked analog 2-cyanobenzyl 27
was the most potent analog from this cohort (PRMT5/MTA
KD = 0.008 μM; ΔLLE = +0.7). Fig. 12A–C show the three
PRMT5/MTA X-ray co-crystal structures generated from this
cohort of analogs. The X-ray co-crystal structure of 22
(PDB: 7ZV2, Fig. 12A) was the first X-ray co-crystal structure
of the 1-methyl-1H-benzo[d]imidazol-2-amine scaffold

containing the nitrile substituent. The structure confirmed
that the binding mode of 22 maintains the original
binding mode of fragment hit 3, and the nitrile substituent
indeed makes a favorable H-bond interaction with the
Lys333 sidechain residue as predicted by molecular
modeling. The pyridinyl nitrogen lone pair of 22 makes a
productive H-bond interaction with the Phe580 backbone
N–H and the oxygen linker makes a water bridged H-bond
to the Leu312 backbone N–H. The X-ray co-crystal
structures of 25 and 26 with PRMT5/MTA are shown in
Fig. 12B (PDB: 7ZVU) and Fig. 12C (PDB: 7ZVY). The
N-methylpyrazole lone pair of 25 makes a productive
H-bond with the Leu312 backbone N–H while the
N-methylpyrazole lone pair of 26 makes a water bridged
H-bond with the Leu312 backbone N–H. It was notable
that the 2-amino-1-methyl-1H-benzo[d]imidazole-7-
carbonitrile scaffold remains in a constant position while
the 5-position substituents scan a range of geometries and
make a diverse set of interactions with the protein. This
example highlights the value of obtaining X-ray structures

Fig. 12 (A) X-ray co-crystal structure of 22 bound to PRMT5/MTA (PDB: 7ZV2). (B) X-ray co-crystal structure of 25 bound to PRMT5/MTA (PDB:
7ZVU). (C) X-ray co-crystal structure of 26 bound to PRMT5/MTA (PDB: 7ZUY). (D) MOE model of compound 27 bound to PRMT5/MTA showing
the 2-cyano phenyl substituent making a productive H-bond interaction with the Leu312 backbone N–H.

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 1
0:

08
:4

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2md00163b


RSC Med. Chem., 2022, 13, 1549–1564 | 1559This journal is © The Royal Society of Chemistry 2022

during a fragment elaboration campaign. An X-ray co-
crystal structure of 27 bound to PRMT5/MTA was not
obtained; therefore, 27 was modelled into the binding site
using MOE, shown in Fig. 12D. The 2-amino-1-methyl-1H-
benzo[d]imidazole-7-carbonitrile scaffold was overlayed with
the binding poses of 22, 25 and 26 and molecular
modeling indicated the 2-cyano phenyl substituent would
make a productive H-bond interaction with the Leu312
backbone N–H.

Fragment hits 4 and 5 – series 4

We elected to focus on hit 4 with the option to transfer SAR
to fragment hit 5 at a later timepoint. Therefore, in an
analogous approach to the growing strategies of fragment
hits 1 and 3 we envisioned a series of analogs branching off
the 7-position of the 1,5-naphthyridin-2-amine fragment 4
scaffold. Versatile intermediates 28–31 (Fig. 13) were
prepared, and a series of 50 analogs were synthesized using
palladium-mediated and copper-mediated coupling chemistry
(see ESI† for experimental details).

Exemplar compounds (32–37, Table 5) were selected to
highlight key aspects of the SAR for this series. Thiazol-4-yl
analog 32 increased potency 8-fold with no change in LLE
indicating the increase in potency was lipophilicity driven
(PRMT5/MTA KD = 7.5 μM; ΔLLE = 0.0). Whereas O-linked
pyridin-3-yl analog (33) increased potency 25-fold and
increased LLE (PRMT5/MTA KD = 1.5 μM; ΔLLE = +1.0).
Methylene linked pyridin-3-yl and N-methyl pyrazol-4-yl
analogs 34 and 35 increased potency 267-fold and 452-fold
respectively and increased LLE (PRMT5/MTA KD = 0.232 μM
and 0.137 μM; ΔLLE = +1.6 and +2.8 respectively). An X-ray
crystal structure of 34 was solved with PRMT5/MTA (PDB:
7ZUU) and is shown in Fig. 14A. The 1,5-naphthyridine
scaffold remains in the same binding mode as the original
fragment hit and the methylene linked pyridinyl nitrogen
lone pair makes a productive H-bond interaction with the
Leu312 backbone N–H. Interestingly the Ser578 loop moves
and rotates away from the ligand in a fashion reminiscent of
the loop conformation for the fragment hit 5 co-crystal
structure, shown in Fig. 14B. Notably, the movement of the
Phe577 side chain is more pronounced with 34 than what
was previously observed. The movement of the Ser578 loop

was not observed with fragment hits 1–3, thus making the
properties of the PRMT5 protein structure unique for the
1,5-naphthyridin-2-amine fragment scaffold. The chimeric
approach described with fragment hit 1 was also applied to
fragment hit 4. This resulted in the identification of 36 and
37 with PRMT5/MTA KD = 0.094 μM and PRMT5/MTA KD =
0.151 μM respectively.

Discussion

A fragment screen to identify chemical matter for the
PRMT5/MTA complex resulted in the discovery of five
fragment hits whose binding modes were verified by co-
crystal crystallography with PRMT5 in the presence of MTA.
The five hits represented four distinct scaffolds. With no
validated chemical matter reported in the literature at the
time the project was initiated, these hits provided an

Fig. 13 Analogs to explore the SAR of fragment hit 4 were prepared from versatile intermediates 28–31.

Table 5 Examples 32–37, fragment hit 4 growth designs at the
7-position of the 1,5-naphthyridin-2-amine scaffold

Ex R1 clog P PRMT5/MTA KD (μM) LLE

32 2.1 7.50 3.0

33 1.5 2.46 4.1

34 1.9 0.232 4.7

35 1.0 0.137 5.9

36 2.0 0.094 5.0

37 0.5 0.151 6.3
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opportunity to leverage both structure- and synthesis-enabled
fragment elaboration strategies to identify potent compounds
to further investigate the role of the PRMT5/MTA complex in
cancer biology. Fragment elaboration strategies were
investigated for each scaffold, ultimately resulting in the
identification of two lead series, from fragment hit 2 and
fragment hit 3.

The chemistry for fragment hit 1 was challenging to
develop; therefore, a bespoke set of compounds were
designed via a chimeric approach with a known PRMT5
inhibitor EPZ015666, although 666 binds to PRMT5 in an
alternative binding mode. Two X-ray crystal structures were
obtained via this approach and demonstrated the original
fragment binding mode was retained in the elaborated
molecules. Compound 9 was the most potent example with
PRMT5/MTA KD = 9 nM, LLE = 7.4 and ΔLLE = +2.4, and this
molecule highlighted the importance of an H-bond
interaction with Leu312 to improve potency.

The chemistry for fragment hit 2 was readily accessible
and a viable vector was rapidly identified. Compound 11 was
the most potent example identified in the first round of
fragment elaborations (PRMT5/MTA KD = 5 nM, LLE = 8.4
and ΔLLE = +3.5). An X-ray co-crystal structure with 11 was
obtained demonstrating the binding mode of the original
fragment hit was conserved and additional vectors for further
growth were clearly identified to support additional rounds
of SAR. Ultimately, this series gave rise to the discovery of
clinical candidate MRTX1719 (Fig. 1).5

Fragment hit 3 was first optimized before examination of
the fragment growth SAR. Fragment analog 13 was identified
with improved potency and LLE compared to the starting
fragment hit 3. The synthetic chemistry for fragment growth
was enabled via several versatile synthetic intermediates
developed from fragment 13. A series of 150 analogs were
investigated. Compound 27 was the most potent example

identified with a PRMT5/MTA KD = 8 nM, LLE = 5.5 and ΔLLE
= +2.3. Four additional X-ray structures were discovered in
this series, each demonstrating that the original fragment
binding mode was conserved and additional vectors for
further growth were clearly identified to support further
rounds of fragment growing SAR (not reported here).

Finally, the chemistry for fragment hit 4 was also enabled
via a series of versatile intermediates 28–31. Example 36 was
the most potent example identified, with PRMT5/MTA KD =
94 nM, LLE = 5.0 and ΔLLE = +1.9. An X-ray structure was
determined with example 34 which highlighted protein
movements in the Ser578 loop. It remains unclear if protein
mobility in the Ser578 loop would be an advantage by
creating a new pocket to grow into, or a disadvantage by
introducing ambiguity into the SBDD molecular modeling.
Although the original intention was to examine if the SAR
would transfer from fragment 4 to fragment 5 or if the SAR
would be divergent, we decided to not perform this exercise
but to focus efforts on driving forward series 2 and series 3.

Conclusions

Starting with five fragment hits, each with a clear binding
orientation in a PRMT5/MTA co-crystal structure, we
embarked on a round of fragment elaboration to generate a
dataset with the objective of answering three questions
designed to help prioritize the fragment hit series: could
the binding potency be improved? Were the series
chemically tractable? Could additional co-crystal structures
be solved? We discovered that the potency and LLE could
be improved for hits 1–4. Indeed, examples with sub-10 nM
KDs were discovered for series 1–3, while the most potent
example from series 4 was approximately 10-fold weaker.
Chemistry enablement and access to versatile intermediates
was achieved for hits 2–4. The chemistry was challenging

Fig. 14 A) X-ray co-crystal structure of 34 bound to PRMT5/MTA (PDB: 7ZUU) showing the methylene linked pyridine-3-yl lone pair making a
productive H-bond interaction with the Leu312 backbone N–H. B) Overlay of 4 and 34 highlighting the movement of the Ser578 loop and
sidechains.
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for hit 1, and access to versatile intermediates to probe the
vectors of interest was not enabled. Crystallography
enablement to support SBDD was excellent for series 1–3,
while there were questions raised for series 4 related to
protein flexibility and movement of the Ser578 loop. With
these data in hand, series 2 and series 3 scored most
favorably across the three proposed questions. Thus, these
two series were selected as lead series for further
optimization. Ultimately, a clinical candidate was discovered
from hit series 2 and is currently in a phase 1/2 clinical
study in solid tumors with MTAP deletion.23

Experimental
Chemistry

General experimental. All chemicals were purchased from
commercial suppliers and used as received unless otherwise
indicated. Nuclear magnetic resonance (NMR) spectroscopy
was performed on a Brüker Avance III 400 MHz spectrometer,
where proton NMR (1H NMR) spectra and carbon NMR (13C
NMR) spectra acquired at 400 and 101 MHz respectively. All
spectra were recorded in deuterated dimethyl sulfoxide
(DMSO-d6), deuterated methanol (CD3OD-d4) or deuterated
chloroform (CDCl3) obtained from Cambridge Isotope
Laboratories Inc. Chemical shifts (δ) were measured in parts
per million (ppm) and referenced against the internal
reference peaks. Coupling constants ( J), when given, are
reported in hertz. Multiplicities are reported using the
following abbreviations: s = singlet, d = doublet, dd = doublet
of doublets, t = triplet, q = quartet, m = multiplet (range of
multiplet is given), br = broad signal, dt = doublet of triplets.
Final Compounds were purified by reverse phase high-
performance liquid chromatography (prep-HPLC) by either of
the following conditions: HCl condition – Phenomenex Luna
C18 75 × 30 mm × 3 μm; mobile phase: [water (0.05% HCl)–
ACN]; B%: 10–40%, 6.5 min. Basic condition – Waters
Xbridge 150 × 25 mm × 5 μm; mobile phase: [water (0.05%
ammonia hydroxide v/v)–acetonitrile]; B%: 3–40%, 10 min.
Ammonium bicarbonate condition – Waters Xbridge 150 × 25
mm × 5; mobile phase: water (10 mM ammonium
bicarbonate)–acetonitrile; B: 2–40%, 10 min. The purity for
test compounds was determined by high-performance liquid
chromatography (HPLC) on a LC-20AB Shimadzu instrument.
HPLC conditions were as follows: Kinetex C18 LC Column 4.6
× 50 mm, 5 μm, 10–80% ACN (0.0375% TFA) in water
(0.01875% TFA), 4 min run, flow rate 1.5 mL min−1, UV
detection (λ = 220, 215, 254 nm) or XBridge C18, 2.1 × 50
mm, 5 μm, 10–80% ACN in water buffered with 0.025%
ammonia, 4 min run, flow rate 0.8 mL min−1, UV detection (λ
= 220, 215, 254 nm), or Kinetex EVO C18 100 × 4.6 mm, 2.6
μm, 0–60% (or 10–80%) ACN (0.0375% TFA) in water
(0.01875% TFA) 10 min run, flow rate 1.0 mL min−1, UV
detection (λ = 220, 254 nm) or Eclipse plus C18 150 × 4.6
mm, 3.5 μm, 10–80%) ACN (0.0375% TFA) in water
(0.01875% TFA) 15 min run, flow rate 1.0 mL min−1, UV
detection (λ = 220, 254 nm). The mass spectra were obtained

using liquid chromatography mass spectrometry (LCMS) on a
LCMS-2020 Shimadzu instrument using electrospray
ionization (ESI). LCMS conditions were as follows: Kinetex
EVO C18 30 × 2.1 mm, 5 μm, 5–95% ACN (0.0375% TFA) in
water (0.01875% TFA), 1.5 min run, flow rate 1.5 mL min−1,
UV detection (λ = 220, 254 nm), or Kinetex EVO C18 2.1 × 30
mm, 5 μm, 5–95% ACN in water buffered with 0.025%
ammonia, 1.5 min run, flow rate 1.5 mL min−1, UV detection
(λ = 220, 254 nm). High resolution mass measurements were
carried out on an Agilent 1290LC & 6530Q-TOF series with
ESI. All compounds are >95% pure by HPLC.

Examples 1–5, 12 and 14–18 were commercially available.
Intermediate 10 and Example 11 were previously described.5

Preparation of intermediates 19, 21 and 28–31 and examples
6–9, 13 and 32–37 are described in the ESI.† Examples 22–27
were prepared according to Scheme 1 and the procedures are
described below.

2-Amino-3-methyl -6-(3-pyridyloxy)benzimidazole -4-
carbonitri le (22 )

Step a. To a solution of 19 (150 mg, 455 μmol, 1.00 eq.),
pyridin-3-ol (130 mg, 1.37 mmol, 3.00 eq.) and
2-(dimethylamino)acetic acid (18.8 mg, 182 μmol, 0.40 eq.) in
DMSO (3.0 mL) was added copper iodide (17.4 mg, 91.1
μmol, 0.20 eq.) and potassium phosphate (290 mg, 1.37
mmol, 3.00 eq.). The mixture was stirred at 120 °C for 16 h.
After such time the reaction was poured into water (20 mL)
and extracted with ethyl acetate (50 mL × 3). The combined
organic layers were concentrated and the residue purified by
silica gel chromatography (ethyl acetate in petroleum
ethergradient 0–100%) to give 2-(2,5-dimethylpyrrol-1-yl)-3-
methyl-6-(3-pyridyloxy)benzimidazole-4-carbonitrile (100 mg,
291 μmol, 64% yield) as a yellow solid. LCMS [M + 1]+: 344.2.

Step b. To a solution of 2-(2,5-dimethylpyrrol-1-yl)-3-
methyl-6-(3-pyridyloxy)benzimidazole-4-carbonitrile (50 mg,
146 μmol, 1.00 eq.) in ethanol (1.5 mL) was added
hydrochloric acid (12 M, 375 μL). The mixture was microwave
heated at 120 °C in a sealed microwave vial for 2 h. The
cooled mixture was then treated with ammonium hydroxide
(0.1 mL) to adjust the pH to 7. The mixture was then
concentrated and the residue purified by prep-HPLC
(ammonium bicarbonate condition) to give 2-amino-3-
methyl-6-(3-pyridyloxy)benzimidazole-4-carbonitrile, 22 (8.3
mg, 30.6 μmol, 21% yield) as a white solid. LCMS [M + 1]+:
266.0; 1H NMR (400 MHz, CD3OD-d4) δ = 8.32–8.24 (m, 2H),
7.41 (d, J = 1.6, 3.2 Hz, 2H), 7.16 (d, J = 2.4 Hz, 1H), 7.05 (d, J
= 2.4 Hz, 1H), 3.85 (s, 3H); HRMS (ESI, +ve ion) m/z calcd for
C14H11N5O 265.0964; found 265.0949; HPLC Rt 0.582 min,
96.8%.

2-Amino-3-methyl-6-(3-pyridylsulfanyl)benzimidazole-4-
carbonitrile hydrochloride (22)

Step c. To a solution of 19 (100 mg, 303 μmol, 1.00 eq.)
in THF (2.0 mL) was added n-butyllithium (2.50 M, 145 μL,
1.20 eq.) at −65 °C. The mixture was stirred at −65 °C for 0.5
h. A solution of 3,3′-dithiodipridine (80 mg, 364 μmol, 1.20
eq.) in THF (0.5 mL) was then added at −65 °C. The mixture
was stirred at −65 °C for 0.5 h, then warmed up slowly to 25
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°C and stirred for an additional 0.5 h. The mixture was
diluted with saturated ammonium chloride (50 mL),
extracted with ethyl acetate (50 mL), dried over sodium
sulfate, filtered, and concentrated. The residue was purified
by silica gel chromatography with (ethyl acetate in petroleum
ether 0–50%) to afford 2-(2,5-dimethylpyrrol-1-yl)-3-methyl-6-
(3-pyridylsulfanyl)benzimidazole-4-carbonitrile (37 mg, 85.4
μmol, 28% yield) as a yellow gum. LCMS [M + 1]+: 360.1.

Step d. To a solution of 2-(2, 5-dimethylpyrrol-1-yl)-3-
methyl-6-(3-pyridylsulfanyl)benzimidazole-4-carbonitrile (32
mg, 89.0 μmol, 1.0 eq.) in ethyl alcohol (0.5 mL) was added
12 M hydrochloric acid (0.05 mL, 503 μmol, 5.6 eq.). The
mixture was stirred at 120 °C in a microwave reactor for 1 h
and then concentrated. The residue was purified by
prep-HPLC (HCl condition) to afford 2-amino-3-methyl-6-(3-
pyridylsulfanyl)benzimidazole-4-carbonitrile hydrochloride,
23 (13.9 mg, 43.1 μmol, 48% yield) as a white solid. LCMS [M
+ 1]+: 282.0. 1H NMR (400 MHz, CD3OD-d4) δ = 8.72 (s, 1H),
8.69 (br d, J = 5.2 Hz, 1H), 8.37 (br d, J = 8.0 Hz, 1H), 7.98 (s,
2H), 7.94 (s, 1H), 3.99 (s, 3H); 13C NMR (101 MHz, DMSO-d6)
δ = 152.40, 147.62, 146.03, 141.23, 134.75, 132.39, 132.18,
131.69, 127.60, 126.12, 120.43, 115.65, 95.29, 30.87; HRMS
(ESI, +ve ion) m/z calcd for C14H11N5S 281.0735; found
281.0720; HPLC Rt 0.863 min, 97.5%.

2-(2-Amino-7-cyano-1-methyl-benzimidazol-5-yl)-N-phenyl-
acetamide hydrochloride (24)

Step e. To a mixture of 19 (300 mg, 911 μmol, 1.0 eq.) in
THF (4.0 mL) at −60 °C under nitrogen atmosphere was
added n-butyllithium (2.50 M, 729 μL, 2.0 eq.). The mixture
was stirred at −60 °C for 0.5 hour. Then 2-bromoacetic acid
(506 mg, 3.65 mmol, 262 μL, 4.0 eq.) in tetrahydrofuran (1.0
mL) was added and the resulting mixture was warmed up to
30 °C and stirred for an additional 0.5 hour. The reaction
mixture was quenched with water (1.0 mL) and purified by
prep-HPLC (formic acid condition) to afford 2-[7-cyano-2-(2,5-
dimethylpyrrol-1-yl)-1-methyl-benzimidazol-5-yl]acetic acid (35
mg, 106 μmol, 12% yield) as a white solid. LCMS [M + 1]+:
309.2. 1H NMR (400 MHz, CD3OD-d4) δ = 7.95 (d, J = 1.2 Hz,
1H), 7.75 (d, J = 1.2 Hz, 1H), 5.98 (s, 2H), 3.83 (s, 2H), 3.77 (s,
3H), 2.04 (s, 6H).

Step f. To a mixture of 2-[7-cyano-2-(2,5-dimethylpyrrol-1-
yl)-1-methyl-benzimidazol-5-yl]acetic acid (35 mg, 114 μmol,
1.0 eq.) and aniline (31 μL, 340 μmol, 3.0 eq.) in DMF
(1.0 mL) was added N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (33 mg, 170 μmol, 1.50 eq.),
1-hydroxybenzotriazole (23 mg, 170 μmol, 1.5 eq.) and N,N-
diisopropylethylamine (340 μmol, 59.3 μL, 3.0 eq.). The
mixture was stirred at 30 °C for 16 hours. The reaction
mixture was concentrated and purified by prep-TLC (SiO2,
petroleum ether/ethyl acetate 3 : 1) to afford 2-[7-cyano-2-(2,5-
dimethylpyrrol-1-yl)-1-methyl-benzimidazol-5-yl]-N-phenyl-
acetamide (40 mg, 100 μmol, 89% yield) as a yellow oil. LCMS
[M + 1]+: 384.3. 1H NMR (400 MHz, CDCl3) δ = 8.01 (d, J = 1.2
Hz, 1H), 7.71 (d, J = 1.2 Hz, 1H), 7.48 (d, J = 7.6 Hz, 2H),
7.33–7.29 (m, 3H), 7.17–7.09 (m, 1H), 5.98 (s, 2H), 3.87 (s,
2H), 3.74 (s, 3H), 2.05 (s, 6H).

Step g. A mixture of 2-[7-cyano-2-(2,5-dimethylpyrrol-1-yl)-
1-methyl-benzimidazol-5-yl]-N-phenyl-acetamide (30 mg, 78.2
μmol, 1.0 eq.) in trifluoroacetic acid (2.0 mL) was stirred at
80 °C for 16 hours. The mixture was concentrated. The crude
was purified by prep-HPLC (HCl condition) to afford 2-(2-
amino-7-cyano-1-methyl-benzimidazol-5-yl)-N-phenyl-
acetamide hydrochloride, 24 (7.5 mg, 21.4 μmol, 27% yield)
as a light green solid. LCMS [M + 1]+: 306.2. 1H NMR (400
MHz, CD3OD-d4) δ = 7.66 (dd, J = 1.2, 14.8 Hz, 2H), 7.55 (dd, J
= 1.2, 8.8 Hz, 2H), 7.35–7.25 (m, 2H), 7.13–7.05 (m, 1H), 3.93
(s, 3H), 3.84 (s, 2H); HRMS (ESI, +ve ion) m/z calcd for
C17H15N5O 305.1277; found 305.1251; HPLC Rt 2.088 min,
97.8%.

General method for the preparation of examples 25–28
(Scheme 1)

To a solution of 21 (1.00 eq.) and R1–Cl (1.5 eq.) in DMF (2.0
mL) was added potassium carbonate (3.0 eq.), followed by
[1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II)
(0.15 eq.) under a nitrogen atmosphere. The mixture was
then stirred at 100 °C for 16 hours. After such time the
cooled reaction mixture was concentrated, and the residue
purified by flash silica gel chromatography to afford an
intermediate product. To a solution of this intermediate
product in ethanol (1.0 mL) was added hydrochloric acid (12
M, 7 eq.). The mixture was stirred at 120 °C for 1.5 hours in a
microwave reactor. The mixture was basified with ammonium
hydroxide until pH 8 and concentrated in vacuum. The
residue was purified by prep-HPLC (ammonium bicarbonate
condition) to give the desired product.

2-Amino-3-methyl-6-[(1-methylpyrazol-3-yl)methyl]-
benzimidazole-4-carbonitrile (25). Prepared according to the
general method with 21 (50 mg, 133 μmol, 1.00 eq.) and
3-(chloromethyl)-1-methyl-pyrazole (26.0 mg, 199 μmol, 1.50
eq.) to afford 25 as a white solid (5.6 mg, 21 μmol, 15%
yield over 2 steps). LCMS [M + 1]+: 267.1; 1H NMR (400
MHz, CD3OD-d4) δ =7.47 (d, J = 2.0 Hz, 1H), 7.32 (s, 1H),
7.14 (s, 1H), 6.04 (d, J = 2.0 Hz, 1H), 3.97 (s, 2H), 3.84 (s,
3H), 3.81 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ = 157.50,
151.26, 144.71, 133.79, 133.74131.71, 122.95, 120.29, 118.04,
104.63, 90.25, 38.65, 33.88, 29.89; HRMS (ESI, +ve ion) m/z
calcd for C14H14N6 266.1280; found 266.1263; HPLC Rt
1.394 min, 95.9%.

2-Amino-3-methyl-6-[(1-methylpyrazol-4-yl)methyl]-
benzimidazole-4-carbonitrile (26). Prepared according to the
general method with 21 (120 mg, 319 μmol) and
4-(chloromethyl)-1-methyl-pyrazole (80 mg, 478 μmol, 1.50
eq.), to afford 26 as a white solid (13.6 mg, 51 μmol, 16%
yield over 2 steps). LCMS [M + 1]+: 267.1; 1H NMR (400 MHz,
CD3OD-d4) δ = 7.38 (s, 1H), 7.33–7.26 (m, 2H), 7.11 (d, J =
1.56 Hz, 1H), 3.84 (s, 2H), 3.82 (s, 3H), 3.79 (s, 3H); 13C NMR
(101 MHz, DMSO-d6) δ = 157.50, 144.80, 138.50, 135.18,
133.69, 129.58, 122.69, 120.76, 120.03, 118.05, 90.29, 38.80,
29.89, 29.79; HRMS (ESI, +ve ion) m/z calcd for C14H14N6

266.1280; found 266.1262; HPLC Rt 1.395 min, 99.7%.
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2 -Amino - 6 - [ ( 2 - c y anopheny l )me th y l ] - 3 -me th y l -
benzimidazole-4-carbonitrile (27). Prepared according to the
general method with 21 (100 mg, 274 μmol) and
2-(chloromethyl)benzonitrile (91 mg, 598 μmol, 1.50 eq.), to
afford 27 as a white solid (47 mg, 167 μmol, 61% yield over 2
steps). LCMS [M + 1]+: 288.2; 1H NMR (400 MHz, CD3OD-d4) δ
= 7.73 (dd, J = 1.1, 7.6 Hz, 1H), 7.69–7.62 (m, 1H), 7.57–7.49
(m, 3H), 7.45 (dt, J = 1.2, 7.6 Hz, 1H), 4.34 (s, 2H), 3.92 (s,
3H); 13C NMR (101 MHz, DMSO-d6) δ = 152.04, 144.13,
135.64, 134.17, 133.69, 131.35, 130.83, 130.64, 128.11, 128.00,
118.39, 117.04, 116.36, 111.94, 93.91, 38.77, 30.75; HRMS
(ESI, +ve ion) m/z calcd for C17H13N5 287.1171; found
287.1149; HPLC Rt 1.486 min, 98.0%.

Biology

Methods and procedures for protein expression and
purification for crystallography, protein expression and
purification for SPR and KD determination by SPR were
previously described.5

Accession codes

Atomic coordinates for the X-ray structures of 1 (PDB 8CSG) 3
(PDB SCTB), 4 (PDB 7UYF), 5 (PDB 7UY1), 7 (PDB 7ZVL), 9 (PDB
4X61), 18 (PDB 7ZUP) 22 (PDB 7ZV2), 25 (PDB 7ZVU), 26 (PDB
7ZUY) and 34 (PDB 7ZUU) bound to PRMT5·MTA are available
from the RCSB Protein Databank (https://www.rcsb.org).
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