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Abstract: In this publication, we highlight our development efforts that resulted in the commercial manufacturing
route of divarasib (1), a highly potent KRAS G12C inhibitor currently undergoing phase lll clinical trials. Most
prominently, our process landmarks, the first example of a highly atroposelective Negishi coupling at scale, al-
lowing isolation of the step product (R,)-4 as a single isomer without chromatography. The implementation of a
continuous process for the metalation steps of the atroposelective Negishi coupling allowed for the elimination
of the cryogenic reaction conditions from the manufacturing process. Furthermore, we detail improvements for
the other chemical steps resulting in an impressive yield increase (factor of 6) and process mass intensity (PMI)

reduction (factor of 39) for this sequence.
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1. Introduction

Mutated rat sarcoma virus guanosine triphosphatase (RAS
GTPase) proteins are oncogenes present in many patients
with pancreatic, colorectal, and non-small cell lung cancer
(NSCLC)."'Within the RAS family, the Kirsten rat sarcoma vi-
rus (KRAS) oncogene is the most commonly mutated isoform
and was found in 22% of the tumours analysed.l2l Specifically,
in NSCLC patients, G12C mutations are the most dominant form
(44%).131 Therefore, the discovery of small-molecule therapeu-
tics by targeting KRAS G12C has been a major focus of cancer
research over the last few decades.[*] Divarasib (1) is a highly
potent and selective small-molecule covalent KRAS G12C in-
hibitor discovered at Genentech and is currently in late-stage
clinical development.l5!

Although several competitive KRAS G12C inhibitor molecules
contain an axis of chirality (Fig. 1), no stereoselective syntheses
for these compounds have been disclosed to date. The syntheses
of these compounds (sotorasib (Amgen), ARS-2102 (Janssen))!!
are either based on preparative chromatographic separation of the
stereoisomers or on diastereoselective salt formation to obtain the
desired axial stereoisomer in pure form.[”!

In contrast, we describe herein our development of a scalable,
asymmetric synthesis of divarasib (1) based on an unprecedented,
atroposelective Negishi coupling at scale (>100 kg batch size) to
support the late-stage clinical development and potential commer-
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Fig. 1. Selected KRAS G12C inhibitors containing an axis of chirality.

cialization of this drug candidate for the benefit of cancer patients
worldwide.

2. First-Generation Synthesis

The first-generation synthesis of divarasib (1) was based on
a Suzuki-Miyaura cross-coupling reaction to establish the C-C
bond connecting the pyridine and quinazoline fragments in mod-
erate yield. Iodination and copper-mediated trifluoromethylation
resulted in a 1:1 diastereomeric mixture of 4, and chiral prepara-
tive supercritical fluid chromategraphy (SFC) was required to
isolate stereochemically pure (R )-4 (Scheme 1).5:101

To complete the synthesis, (R )-4 first underwent S, Ar substi-
tution with N-methyl-L-prolinol followed by warhead (acrylamide
fragment) installation with acrylic anhydride to give the free base
active pharmaceutical ingredient (API). Finally, crystallization as
the adipic acid salt provided divarasib (1).['!) This process was
difficult to scale up due to the limited stability of some interme-
diates under the applied conditions and the cumbersome control
of critical impurities to achieve the anticipated quality of 1 for
late-stage clinical supply (vide infra).

Overall, this first-generation synthesis resulted in a low overall
yield (9%) and a very high PMI (~10,600) for the good manufac-
turing practice (GMP) sequence (2 and 3 to 1). Although it was
suitable for providing initial quantities of API, it was clear that a
new process was required because the initial sequence was; a) not
sustainable due to the low yield and the high PMI, and b) not suita-
ble for large scale supply due to the limited stability of the boronic
ester intermediatel® and the need for preparative SFC separation,
which is technically not feasible for multi-100 kg supplies.

3. Atroposelective Negishi Coupling

As it was apparent that the Suzuki-Miyaura cross-coupling/
trifluoromethylation/SFC sequence is the bottleneck in the above
synthesis, alternative strategies to access (R )-4 were investigated.
Among these, the most intriguing option was to exchange nucleo-
phile and electrophile and couple a nucleophile derived from 3
with a trifluoromethylated analogue of 2 (Scheme 2). The appli-
cation of a suitable ligand could potentially lead to an atroposelec-
tive coupling and the sequence would avoid handling nucleophiles
with poor stability derived from 2 (vide supra).

High-throughput experimentation (HTE) efforts towards an
atroposelective Negishi coupling of 7 with 8 by our Genentech
colleagues revealed the Walphos family as a potential ligand class
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Scheme. 1. First generation synthesis (GLP tox supply) of divarasib (1).

for this transformation.[''] The most selective Walphos ligand L1
resulted in a diastereomeric ratio (dr) of 92:8 (Fig. 2, entry 1), is a
research compound and not commercially available, possibly due
to the inherent challenges associated with the synthesis of these li-
gands.l2l Ligand availability/scalability was a key requirement to
meet our ambitious delivery targets, which required several hun-
dred kilograms of 1 in a very short period of time. For somewhat
better available Walphos ligands such as L2, preparative SFC was
still required to achieve the desired optical purity of (R )-4 as the
d.r. of the crude product was only modest (78:22, entry 2). This
would have resulted in a long production time and high costs.[13]
Therefore, a more selective and readily accessible ligand for
this transformation was deemed necessary. Having access to our
large in-house ligand library at the catalysis laboratories in Basel,
we screened a variety of different chiral ligands. In these initial
screening activities, we observed low to moderate conversions of
7, but encouraging d.r. of up to 90:10 for (R )-4 (Fig. 2, entries
3 — 5),I%l confirmed the possibility of a highly atroposelective
Negishi cross-coupling with structurally diverse ligand types.
Analysis of the Walphos ligand structure showed a 5-atom
bridge between the two P-donors (8-membered chelate ring upon
coordination of the P atoms to palladium). To our delight, test-
ing of some ligands in our library with this feature revealed that
(R,R)-Chiraphite,!'4Thitherto not reported in cross-couplings, gave
(R)-4 in 94:6 d.r. (entry 6). In contrast to the Walphos family
(4-step synthesis starting from Ugi’s amine), which includes the
handling of pyrophoric R,PH derivatives, multiple uses of sec-Bu-
Li, the need of cryogenic conditions (—40 °C) as well as the need
for preparative chromatography to separate a minor diastere-
omer,"2! the synthesis of (R,R)-Chiraphite (3-step synthesis from
bulk starting materials) is much simpler and does not involve the
handling of pyrophoric reagents or the need for low temperature
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Scheme 2. Negishi cross-coupling of 7 with 8.
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equipment or chromatographic purifications (Scheme 3).l14215]
Importantly, (R,R)-pentane-2,4-diol is commercially available on
multi-kg scale and can be accessed from acetyl acetone via a high-
ly enantioselective asymmetric hydrogenation (299.0% ee).!1°!

While we were able to initially supply (R,R)-Chiraphite in-
house,!'” the identification of a reliable external partner was fun-
damental in establishing a supply chain from scratch from gram to
multi-kg supplies in a record time of less than 6 months.

Initially, the Pd/(R,R)-Chiraphite system showed only low to
moderate conversions (Fig. 2, entries 6 — 7). Interestingly, using di-
oxane as a co-solvent led to substantially increased activity and sta-
bility of the catalyst (entry 8) — however, dioxane was not an option
for further development due to health and safety concerns. As we
observed the formation of a precipitate, we assumed that this effect
could possibly be due to sequestration of halides as [MgX  (dioxane)]
(X =Bror Cl) from the reaction mixture. Hence, further optimization
work towards alternative halide scavengers led to the identification
of sodium trifluoroacetate (NaTFA) as a suitable additive (entry 9).
This system was robust and scalable, providing full conversion with
80 — 85% assay yield overnight at 1 mol% Pd loading (entries 10 —
11, Fig. 2).

It is noteworthy that, due to the intrinsic properties of (R )-4
(as well as 3), tight specifications for any type of nucleophile (e.g.
alcohols, amines, water, efc.) in all reagents and solvents are re-
quired in order to; a) avoid quenching of the various reactive orga-
nometallic species, and b) reduce the risk of (critical) side product
formation via nucleophilic substitution at the reactive quinazoline
2-F position (Scheme 4).

Hence, work-up options for the Negishi reaction were limited
and identification of a suitable quench reagent, which would result
in the appropriate pH of the aqueous phase as well as allowing for
good phase separation after extraction, was found to be crucial for
the isolation of high quality (R )-4. Furthermore, low pH leads
to partial cleavage of the tert-butoxycarbonyl (Boc)-protecting
group in (R )-4, and the resulting free amine can react with (R )-4
to form dimer 9. Although 9 was relatively well purged during the
crystallization of (R, )-4 (purge factor of ~3), its formation resulted
in an undesirable reduction in yield. Additionally, increased levels
of F/OH exchange product were found at low pH.

In the Walphos process, the reaction mixture was quenched
with an aqueous NH,Cl solution, which resulted in a slimy, sol-
id-containing interphase after extraction on multi-kg scale, requir-



SCS MaJor Awarps 2025 / SCS FaLL MEeeTinGg 2026

453

CHIMIA 2026, 80, No. 7/8

(PMB),N._N___Br

‘ AN

7
Negishi -

=
PR" T >——:Pr PPh2
: Fe
- é +B
MeO OMe“
PPh,

R' = cyclohexyl; R = cyclopentyl
L1

i R'=Ph;R" —norbornyl (R.R) /F’r BIDIMe (S)- Phanephos
coupling M.{ E i ez L4
Boc Boc 4 8 '
N N ) R |
[ ] i-PrMgCI-LiCI [ ! O tBu t-Bu Q
NT " THF,-70°C (Ra)-4 i
cl ” cl N - | P NMe,
SN then ZnCy, N ! o MeO OMe
Br N7 F MeTHF,-70°Ctort | gz N/)\F i
F F | +Bu
3 8 : (R)-SIPHOS (R,R)-Chiraphite
(L5) (L6)
entry Pd source (mol%) ligand (mol%) solvent additive (eq) T (Ra)-4 dr

1 [Pd(cin)Cl]2 (2.5) L1 (5) THF/MeTHF - 40 °C 85% 92:8
2 [Pd(cin)Cl]2 (2.5) L2 (5) THF/MeTHF - 40 °C 80% 78:22
3 Pd(OAc)z (5) (R,R)-iPr-BIDIME (L3) (10) THF/MeTHF - 40 °C 9% 87:13
4 Pd(OAc)2 (5) (S)-Phanephos (L4) (10) THF/MeTHF - 40 °C 37% 89:11
5 Pd(OAc):2 (5) (S)-SIPHOS (L5) (10) THF/MeTHF - 40 °C 9% 90:10
6 Pd(OAc)2 (5) (R,R)-Chiraphite (L6) (10) THF/MeTHF - 40 °C 20% 94:6
7 [Pd(cin)Cl]2 (1) (R,R)-Chiraphite (L6) (2) THF/MeTHF - 40°C 47%:2 95:5
8 [Pd(cm)CI]z (1) (R,R)-Chiraphite (L6) (2) THF/dioxane - 40 °C 73%P 95:5
9 [Pd(cin)Cl]z (1) (R,R)-Chiraphite (L6) (2) THF/MeTHF NaTFA (3.0) 40 °C 75%¢ 96:4
10 [Pd(cin)Cl]2 (0.5) (R,R)-Chiraphite (L6) (1) THF/MeTHF NaTFA (3.0) 50 °C 85%:° 96:4
11 [Pd(cin)Cl]2 (0.5) (R,R)-Chiraphite (L6) (1) THF/MeTHF NaTFA (3.0) 50 °C 84%¢d 95:5

Fig. 2. Selected results of the ligand screening for the atroposelective Negishi cross-coupling. Representative reaction conditions are as follows: 3
(1.5 eq.) in THF (6 vol), i-PrMgCI-LiCl (1.3 M in THF, 1.55 eq.), =78 °C; ZnCl, (1.9 M in MeTHF, 1.6 eq.), -78 °C to rt, then 7, Pd precursor and ligand in
THF (6 vol), T, 18 h. 280% conversion; *99.8% conversion; ©>99.9% conversion; “Using 1.1 eq. of 3.

040000 043000 050000 053000 060000 063000 070000 073000 080000 083000 090000 093000 1000

Fig. 3. IR kinetics for Negishi cross-coupling of 7 with 8 to give (R )-4.
The blue curve represents 7 whereas the red curve is (R )-4.

ing a filtration of the biphasic mixture over diatomite to remove
the solids.['!1In contrast, we found that quenching of the Negishi
reaction mixture with an aqueous trisodium citrate solution at
20 °C not only delivered the correct pH range (pH ~ 5 — 8, com-
parable to NH,CI) to avoid extensive dimer and F/OH exchange
product formation and gave a nice phase separation without the
need for filtration, but also ensured a good depletion of all Mg, Zn,
and Li salts from the step product (<10 ppm). The depletion of Pd
proved to be more challenging. However, an excellent depletion
option for Pd was implemented in the next step (vide infra). The
key to the isolation process of (R )-4 was the identification of a
robust and efficient crystallization process from toluene/n-hep-
tane. This crystallization allowed for purging of the critical pro-

MeO t-Bu
OH O 1. PCly, pyridine
Bu KslFe(CN)el, KOH on  PhMe, reflux
- .

_ =

MeOH, H,0 O OH 2. oH oH
OMe ~
MeO tBu A

pyridine, PhMe

(R,R)-Chiraphite

Scheme 3. (R,R)-Chiraphite synthesis.[14215]

™.

Scheme 4. S, Ar side products formed.

cess impurities as well as depleting the undesired atropisomer
(S)-4, resulting in an increase of the d.r. from 95:5 in the initial
reaction mixture to 299:1 in isolated (R )-4. This streamlined and
optimized process was then transferred to our plant to produce
>600 kg of (R )-4 in 4 batches of excellent quality.

Overall, identification of an alternative, readily available chi-
ral ligand/catalytic system allowed us to meet the challenging
project timelines. Process understanding and identification of the
right additive ensured catalyst longevity and allowed us to signif-
icantly reduce the catalyst loading. To the best of our knowledge,
this process landmarks the first atroposelective Negishi cross-cou-
pling run at scale and is a clear highlight for catalysis development
at Roche.

4. Metalation in Flow

The disadvantage of the above Negishi process was the need
for cryogenic conditions during metalation, due to the limited
chemical stability of the intermediate Grignard species 10 at tem-
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Fig. 4. IR kinetics for the reaction of 3 with i-PrMgCI-LiCl addition at
—70 °C. The blue curve represents 3 whereas the purple curve is 10.

peratures > —60 °C. Therefore, a temperature range of —=70+5 °C
was defined for the plant. At this temperature, the reaction of 3
with i-PrMgCl1-LiCl is fully dose controlled (Fig. 4).

When scaled up in batch mode, the cycle time for the Grignard
addition and hold times for sensitive reaction intermediates will
increase, and erosion of quality and assay of 8 could become a
quality risk. As an alternative, we anticipated that a flow process
could be beneficial for this metalation step (Scheme 5).

Boc
N

N

i-PrMgCleLiCl N ZnCly
THF, -10 °C Mg] N/)\F THF/MeTHF, -10 °C

static mixer CSTR

Boc
O
N
Cl SN
Br N/)\F
F
3

(ICH) guideline Q8. Short residence times, accurate temperature
control and steady concentration profiles enabled the synthesis of
intermediate 8 in excellent and invariable purity.[8b! It was critical
that starting material 3 is completely converted to 10 and subse-
quently to 8, since 3 was identified as a catalyst deactivator, most
likely due to oxidative addition of 3 to the palladium catalyst to
form an inactive off-cycle species.

As a result of additional process optimization work, the flow
metalation process of 3[!82] to 8 and the subsequent batch Negishi
cross-coupling of 8 with 7181 was performed at 125 kg scale af-
fording (R )-4 in 80% isolated yield and >99% chemical purity
with a d.r. 2 99:1.

Over three different supply campaigns, the yield and the quali-
ty of (R )-4 constantly increased from 55% to 80% yield and from
>97 area% to >99 area% purity (Fig. 6).

5. End-Game

In the Walphos process, (R )-4 was telescoped to the free base
API in three steps.l'!I This process was difficult to scale up due to
the limited stability of some intermediates under the applied con-
ditions and the cumbersome control of some critical impurities to
achieve the anticipated quality of 1 for late-stage clinical supply.

Therefore, high yielding isolation processes for all interme-
diates were developed to ensure a robust, scalable process with
control of critical process impurities.

1. NaTFA, THF

2. [Pd(cin)Cl], [N]"”/

(R,R)-Chiraphite

SN N
P 3. PhMe, aq. Nagcitrate ~ (PMB),N P
[Zn] N F 4. activated carbon F
F treatment

CF3

5. cryst. from
PhMe/n-heptane (Ra)-4

80% yield

Scheme 5. Flow process for the metalation chemistry of the atroposelective Negishi cross-coupling.

Indeed, process development activities confirmed that a con-
tinuous flow process in a plug flow reactor equipped with static
mixer inserts (3 to 10) and a subsequent continuous stirred tank
reactor (CSTR, 10 to 8) set-up at —10 °C is feasible (Fig. 5).

In the laboratory, we have studied the multidimensional com-
bination and interaction of input variables and process parame-
ters that provide assurance of product quality; a parametric design
space as defined in the International Council for Harmonisation

Turbo Grignard /THF

36 g/min

Aryl bromide 3 /THF

110 g/min PFR, static mixers

<15°C'&5°
50s

00
Samples I-E i @ CSTR, circulation loop
U -10°C +5°C
23 min

il

HPLC

Fig. 5. Hardware configuration and process parameters during a mul-
ti-hundred-kilogram campaign.

The Negishi product (R )-4 was subjected to an S, Ar alkoxy-
lation reaction with N-methyl-L-prolinol in the presence of sodi-
um z-amylate to afford 5 (Scheme 6). Critical to the process was
the absence of water and alcohols during the reaction. Isolation

1st campaign
55% yield
>97% purity

2nd campaign
63% yield
>98% purity

3rd campaign

80% yield
>99% purity
Fig. 6. Yield and quality overview of the Chiraphite Negishi cross-cou-
pling process over the past three campaigns.
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Scheme 6. High yielding S, Ar alkoxylation and global deprotection processes to intermediate 6.

by crystallization from n-PrOH/water afforded 5 in 95% yield. A
simple aqueous wash of the organic phase with N-Ac-L-cysteine
in the extraction process purged residual Pd to <10 ppm in 5. This
S, Ar alkoxylation process was demonstrated on a 160 kg batch
scale.

In the subsequent step, the Boc and p-methoxybenzyl (PMB)
protecting groups were cleaved with methanesulfonic acid
(MsOH)/acetic acid (AcOH) at 52 °C. Toluene was used as a
co-solvent to deplete the PMB residues by extraction at the end
of the reaction. After pH adjustment with aqueous sodium hy-
droxide, the crystalline penultimate intermediate 6 was isolated
from toluene/n-heptane in 93% yield and >99 area% purity on a
200 kg batch scale.

Finally, installation of the acrylamide warhead proved chal-
lenging. The direct reaction of intermediate 6 with any reagent
already containing the reactive olefin (e.g. acrylic acid, acrylic
chloride, or acrylic anhydride) was not selective and a large
amount of heterodimer impurity 11 was formed (Fig. 7).
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Fig. 7. Reagents for acryl amide installation and structure of critical API
impurity 11.

Therefore, a two-step strategy was devised employing car-
boxylic acid 12 to mask the reactive warhead during the amide
coupling (Scheme 7). In the final process, 6 was reacted with
the pivaloyl mixed anhydride derived from acid 12 to form the

o SO,Ph
N
1. NMM, MeTHF [ j
2. PivCl, -10 °C N
/\i 3.6, NMM, MeTHF, -10 °C
2.5 NMW, MeTHF, 10 &
PhO,S OH

Scheme 7. Acryl amide installation and salt formation for divarasib (1).

sulfone intermediate 13 in almost quantitative yield. Elimination
of the sulfone with aqueous sodium hydroxide and n-Bu,NCl as
a phase transfer catalyst delivered the freebase API, which was
crystallized as the adipate salt in 91% yield. With this process
the heterodimer impurity 11 could be controlled to levels < 0.20
area% ensuring an excellent quality of 1.

6. Conclusion

Overall, the implementation of a highly innovative, unprece-
dented, atroposelective Negishi coupling on a large scale was the
game changer to ensure the timely delivery of 1 for the clinical pro-
gram. During our development work only a few minor reports for
atroposelective Negishi couplings were described in the literature.
They are all based on small scale applications at moderate d.r.[19-20]
Therefore, to the best of our knowledge, the reaction of 7 with 8
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Fig. 8. Yield and PMI comparison between the initial process (red) and
the technical process (green) for the synthesis of divarasib (1).
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Scheme 8. Synthesis comparison between the initial (red) and the technical process (green) for the synthesis of divarasib (1).

represents the first highly atroposelective Negishi cross-coupling
at scale. The implementation of the (R,R)-Chiraphite process (in-
dependent of batch or continuous mode) eliminated the need of
a chiral preparative separation resulting in massive cost savings
(several million Swiss francs for 600 — 700 kg of (R )-4). Careful
process optimization and control of the critical process impurities
ensured the timely supply of 1 in excellent quality for the clinical
supply as an alternative treatment for cancer patients worldwide.
This has resulted in a significant increase in overall yield (by a fac-
tor of 6 in the GMP sequence from 3 to 1) and a massive reduction
in waste formation has been achieved (Fig. 8).
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