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ABSTRACT: An efficient asymmetric synthesis of a potent KRAS

G12C covalent inhibitor, GDC-6036 (1), is reported. The synthesis =i
features a highly atroposelective Negishi coupling to construct the = o Q—O - N
key C—C bond between two highly functionalized pyridine and T\;Eca o OLED [*] A
quinazoline moieties by employing a Pd/Walphos catalytic system. NS e

2.5 mol % [Pd(cin)Cll, o LM ‘

Statistical modeling by comparing computational descriptors of a o N\NM THFIMETHE, 40 °C (pmmﬁ%)’; o ﬁ;E@\)Nj\OM
range of Walphos chiral bisphosphine ligands to a training set of chnI;\/:/)\F e ewe et MQ«Q
experimental results was used to inform the selection of the best F Mf“gfg@gfgz”
ligand, WO057-2, which afforded the desired Negishi coupling overall40% n s steps
product (R,)-3 in excellent selectivity. A subsequent telescoped

reaction sequence of alkoxylation, global deprotection, and acrylamide formation, followed by a final adipate salt formation,
furnished GDC-6036 (1) in 40% overall yield from starting materials pyridine § and quinazoline 6.

[l Metrics & More | Q Supporting Information

n
parameterization and

in situ: 85%, 92:8 dr
isolated: 67%, 98:2 dr

B INTRODUCTION N o N
N

KRAS is widely considered as one of the most commonly @ NC/""[N]

mutated oncogenes and actively pursued anticancer targets and Y N\ ) Me N

has attracted tremendous attention in research oncology.'™ SRy

However, discovering potent and selective KRAS inhibitors has
remained one of the ultimate challenges of cancer research in

)
C ’ ”/)\o/""Q
Cl N
O Me’

the last decades.” Until recently, by targeting a specific G12C Sotorasib Adagrasib

mutation via an irreversible covalent inhibition strategy, . o

groundbreaking progress was made that led the first KRAS T\ [Nj

inhibitors to reach the clinical stage to treat patients (Figure [Nj N Me

1)'6 " Ho®' SN HoN /)N\ _,
Genentech has had a long-standing interest in the pursuit of O 7 I N Q

KRAS G12C inhibitors to address unmet medical needs. GDC- O F o e’

6036 (1), a highly potent and selective KRAS GI12C
irreversible covalent inhibitor, has emerged from our research
pipeline after extensive structure—activity relationship (SAR)
studies and is currently in late-stage clinical development to
treat a wide spectrum of cancers (Figure 1).""

Structurally, GDC-6036 (1) features a highly reactive
acrylamide warhead and two densely functionalized quinazo-
line and pyridine heterocycles. Uniquely, GDC-6036 (1)
contains a sterically hindered, rotationally restricted C—C
bond between the two heterocyclic moieties and is a
stereodefined single atropisomer with calculated and measured
rotation barriers of 28.2 and 30.1 kcal/mol, respectively.

Since the first report of atropisomeric compounds by
Christie and Kenner in 1922," the synthesis and application
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Figure 1. Structures of leading KRAS G12C covalent inhibitors and
GDC-6036 (1).

Received: September 16, 2022
Published: November 3, 2022

https://doi.org/10.1021/jacs.2c09917
J. Am. Chem. Soc. 2022, 144, 20955—20963


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+Grosslight"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+A.+Mack"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sierra+C.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+Clagg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ngiap-Kie+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+C.+Timmerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+C.+Timmerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeff+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+A.+White"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lauren+E.+Sirois"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chong+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haiming+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+S.+Sigman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+S.+Sigman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francis+Gosselin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c09917&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/45?ref=pdf
https://pubs.acs.org/toc/jacsat/144/45?ref=pdf
https://pubs.acs.org/toc/jacsat/144/45?ref=pdf
https://pubs.acs.org/toc/jacsat/144/45?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09917?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c09917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

of these compounds in catalysis, natural products, and
pharmaceutics have been extensively studied with significant
advances reported during the last decades."*”'” However,
highly atroposelective C—C bond formations, especially in the
context of complex and highly substituted nitrogen-rich
heterocycles, remain elusive to date (Scheme 1A).*°7*°

Scheme 1. Formation of Nitrogen-Rich Heterocycles or
Biaryls by Atroposeletive Suzuki—Miyaura or Negishi
Coupling

A) Atroposelective heteroaryl-heteroaryl Suzuki-Miyaura coupling (Shi, 2019; Tang, 2020)
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B) Atroposelective aryl-aryl Negishi coupling (Espinet, 2006; Kozlowski/Senanayake, 2018)
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Among the very limited number of reported examples, most
involved atroposelective formation of a heterocycle containing
noncoordinating nitrogen such as indole or carbazole.
Similarly, atroposelective C—C bond formations via Negishi
coupling are rare in the literature.”°>* The few known
examples focus on the synthesis of substituted biaryls,
specifically binaphthalenes and biphenyls, with limited scope
and moderate atroposelectivities (Scheme 1B).

In support of our clinical and commercial development of
GDC-6036 (1), we sought to develop an efficient atropose-
lective synthesis of the active pharmaceutical ingredient (API).
Herein we report a viable first-generation synthesis of GDC-
6036 (1) featuring a highly atroposelective Negishi cou-
pling”?® catalyzed by a Pd/Walphos’"** system. The
identification of the most effective ligand was informed by
combining high-throughput experimentation (HTE) with
statistical modeling of the reaction outputs using multivariate
linear regression (MLR) analysis of computationally derived
bisphosphine structural descriptors.”

B RESULTS AND DISCUSSION

We envisioned that GDC-6036 (1) could be assembled by a
global deprotection of an advanced intermediate 2 followed by
an acrylamide warhead installation. Compound 2 could be
synthesized by an alkoxylation of intermediate (R,)-3 with
alcohol 4 via an SyAr reaction of the heteroaryl fluoride.
Intermediate (R,)-3 then could be derived from a catalyst-
controlled diastereoselective formation of the desired atro-
pisomer via a metal-catalyzed cross-coupling of bromopyridine
5 and quinazoline 6b (Scheme 2). This key reaction would not

20956

only set the chiral axis but also combine two densely
functionalized, nitrogen-rich components.

Scheme 2. Retrosynthesis of GDC-6036 (1)
OY\

F
CFy

Me
*HO,C(CH,)4CO,H
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Our preliminary experiments indicated that the Suzuki—
Miyaura reaction was not feasible, as the quinazoline boronic
acid readily underwent deleterious protodeborylation, and the
optimally reactive combination would entail formation of a
quinazoline organozinc species.34 Thus, treating quinazoline 6
with -PrMgCI-LiCl at —78 °C readily led to metal—halogen
exchange to afford organomagnesium intermediate 6a. Trans-
metalation of 6a with ZnCl, produced the corresponding
stable organozinc intermediate 6b. We then conducted an
HTE exploration of the Negishi coupling of bromopyridine §
and organozinc 6b by employing 10 mol % achiral phosphine
ligand based palladium precatalysts, expecting to form the key
C—C bond in the Negishi product 3, albeit in a non-
stereoselective fashion (see Supporting Information). Gratify-
ingly, while various mono- and bisphosphine ligand based
palladium precatalysts afforded good conversion and assay
yield of the Negishi product 3, PACl,(PPh;), was identified as
the best catalyst by HTE. The optimized Negishi coupling
employed 4 mol % PdCl,(PPh,), as the catalyst and 1.2 equiv
of 6b and was subsequently validated at 5.0 g (10 mmol) scale.
The reaction produced 85% assay yield of the Negishi product
3 as a 50:50 diastereomeric mixture, which indicates that the
existing piperazine stereocenter does not transfer its stereo-
chemical information to the axis of chirality under these
reaction conditions. Product 3 was isolated in 58% yield after
chromatographic purification and crystallization in MeOH
(Scheme 3).

Encouraged by the results of this Negishi coupling, we then
set out to examine the atroposelective Negishi coupling of
bromopyridine 5 and quinazoline organozinc species 6b by
employing Pd(OAc), and chiral ligands in a subsequent HTE

Scheme 3. Non-stereoselective Negishi Coupling to Form 3
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campaign (Scheme 4 and Supporting Information). In spite of
the broad range of chiral ligands (L1—L24) examined, most

Scheme 4. Initial HTE of Atroposelective Negishi Coupling
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gave no product (Supporting Information). However, a
number of privileged ligands, especially those from the
Walphos ferrocenyl bisphosphine family L14, L1S, L16, and
L17, consistently provided promising reactivity and atropose-
lectivity as determined by HPLC analysis (Scheme 4).
Intriguingly, Walphos L15 (W003-1) gave the highest assay
yield of the product 3 (70%) as a 39:61 diastereomeric mixture
favoring the undesired atropisomer. While simultaneously
evaluating other classes of chiral ligands to improve the
atroposelectivity of the Negishi reaction, we undertook a
focused investigation of the structure—selectivity relationship
(SSR)* of the Walphos family of ligands in the Negishi
reaction to ultimately improve the observed selectivity.

Our Walphos-focused ligand optimization commenced with
the validation of WO003-1 under slightly modified HTE
conditions employing 2.5 mol % palladium(7-cinnamyl)
chloride dimer [Pd(cin)Cl], and S mol % ligand at 40 °C
(Table 1). Consistent with the HTE results, the reaction
readily produced the Negishi product 3 in 84% assay yield and
39:61 atroposelectivity favoring the undesired atropisomer
(Table 1, entry 1). A reaction employing enantiomeric W003-
2 generated a similar profile but favored the desired
atropisomer (R,)-3 with a reversed 61:39 atroposelectivity,
confirming again that the distant stereocenter on the
piperazine ring does not impact the atroposelectivity (Table
1, entry 2). Decreasing the electron density on the right-hand
phosphine P; in W002-1 and WO001-1 significantly reduced
the conversion of the reaction (Table 1, entries 3, 4), albeit
favoring the desired atropisomer (R,)-3. Increasing the steric
bulk on Py by replacing dicyclohexyl with a dinorbornyl group

Table 1. Optimization of Negishi Coupling Employing
Walphos Ligands

Ry
R—P Rg

N
Boc @R/ ’{F\E)» e
Me
2.5 mol % [Pd(cin)Cl],

(PMB),N._N_Br [ j
N 5 mol % ligand
THF/MeTHF, 40 °C

MR,
cFy | Cl I\
Me )N\ ’ (PMB)N
P
s X N F

X=Br(6) ] iprMgChLICI
X = MgCl (6a) ZnCl
X = ZnCl (6b) <] ZnCh

entry” Walphos conv (%) 3 (A%)"e dr®

1 WO003-1 100 75 (84)7 39:61
2 ‘W003-2 100 78 61:39
3 ‘W002-1 17 8 60:40
4 WO001-1 10 7 69:31
5 W022-1 100 84 (85)° 78:22
6 Wo012-1 43 40 74:26
7 WO039-1 85 64 15:85
8 W029-1 6 4

9 W030-1 <S

“Reaction conditions: 6 (289 mg, 150 mol %) in THF (1.2 mL), i-
PrMgCI-LiCl (0.48 mL, 1.3 M in THF, 155 mol %), —78 °C; ZnCl,
(0.33 mL, 1.9 M in 2-MeTHF, 155 mol %), —78 — 20 °C; then §
(200 mg, 0.404 mmol), [Pd(cin)Cl], (5.5 mg, 2.5 mol %), Walphos
ligand (5 mol %) in THF (1.2 mL), 40 °C, 18 h. "Determined by
HPLC analysis. “The protodebrommatlon product of 6 after quench
was not integrated. 9Assay yields are indicated in parentheses,
determined by quantitative HPLC analysis.
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(W022-1) restored the reactivity and also favored the
formation of the desired atropisomer (R,)-3 in 78:22 dr
(Table 1, entry S). Further increasing the size on Py with a di-
tert-butyl group had a negative impact on the conversion, while
the atroposelectivity was largely maintained (74:26, Table 1,
entry 6). Relatively high reactivity and atroposelectivity were
realized when W039-1, having a dicyclohexyl group on both P
and Pg, was employed as the ligand. The reaction afforded 85%
conversion and 15:85 atroposelectivity favoring the undesired
atropisomer (Table 1, entry 7). Substituting the dicyclohexyl
group on Py or both Py and Py with the bulkier di-tert-butyl
group (W029-1 or W030-1) essentially shut down the reaction
(Table 1, entries 8, 9).

Preliminary trends from this optimization work indicated
that electron-rich groups on both Py and Py facilitated the
reaction, while excessively sterically bulky substituents (e.g., t-
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Bu) had the opposite impact. However, we were unable to
intuitively identify a clear trend of atroposelectivity versus
ligand structure. In consideration of the synthetic challenges
associated with performing structure—selectivity relationship
studies on the Walphos ligands®"** and the lack of a clear
direction for improving the atroposelectivity of the Negishi
coupling, we sought to utilize data science tools, namely,
multivariate linear regression analysis.””> If successful, this
strategy would provide an interpretable and predictive model
by relating DFT structural features of the Walphos ligand
structure to the experimentally measured atroposelectivity.
For the development of this predictive platform, we utilized
a group of 11 Walphos ligands that were commercially
available and diverse in their electronic and steric elements on
both P, and Py (Scheme 5).*° While the WOxx-1 ligands do

Scheme 5. Training Set of Walphos Ligands for MLR Model
Development
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not consistently afford the preferred diastereomer (R,)-3, we
established that the desired product could be accessed by using
the corresponding opposite Walphos enantiomer (WO0xx-2).
As such, we utilized a training set composed of only WO0xx-1
ligands for model development to provide predictions for
untested Walphos (WOxx-1) ligands. Based upon these
predictions, we could then choose the correct Walphos
enantiomer to access the desired diastereomer (R,)-3.

With an experimental training set in hand, we turned to the
in-silico acquisition of molecular features for these Walphos
ligands. When considering molecular features for collection, we
elected to utilize PACl, complexes for our calculations to
mimic catalytically relevant species in solution for a Pd(0/1I)
mechanism. Density functional theory (DFT) optimization
and subsequent single-point calculations were carried out on
the PdCl,-Walphos complexes for molecular feature acquisition
(see Supporting Information for computational details). The
molecular features collected include bond lengths, angles,
Vbur, NBO charges, and bonding energies (see Suzpporting
Information for a full list of molecular features).””~** Due to
the nature of the Walphos ligand scaffold, the two phosphines
are not identical. Consequently, parameters were collected
corresponding to each phosphorus atom independently when
appropriate (see Supporting Information). The variation
between the two phosphines is further enhanced by the highly
modular synthesis to access them, such that both phosphines
are often functionalized independently.”**

The extracted molecular features were regressed against the
experimentally measured atroposelectivity utilizing a forward
stepwise linear regression algorithm to produce a statistical
correlation with terms describing both Walphos phosphines
(Figure 2).”” A three-term model composed of both steric and
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Figure 2. MLR model for atroposelective Negishi coupling reaction
(maroon X = W057-1) and structures of W057-1 and its enantiomer
WO0S7-2.

electronic molecular features was identified to describe the
observed diastereoselectivity. Of these three molecular
features, two describe the local environment around P; and
suggest that the observed diastereoselectivity may be
influenced to a greater extent by the nature of P, whereas
the modifications to Py (described by the NBO charge of the
phosphine) are less influential for selectivity. For P, the &
donation for the substituent to the phosphine is described by
the o bond energies (6P -C; E). Generally, Walphos ligands in

https://doi.org/10.1021/jacs.2c09917
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which Py is substituted with alkyl substituents lead to more
selective catalysts. The steric environment about P, described
by the angle between palladium, P;, and C; (carbon
connecting P; to the ferrocene framework) and labeled as
the 3 angle, has less influence upon diastereoselectivity. With
this model in hand, we sought to deploy it as a prediction
platform to screen for Walphos ligands with improved
diastereoselectivity. Upon virtual screening on untested
Walphos ligands, we identified W057-1 as a promlsmg ligand
with excellent predicted selectivity (AAG* pred = — 1.5 keal/
mol) for the undesired diastereomer. To access the desired
diastereomer, we expected the enantiomeric W057-2 ligand to
exhibit a similar level of selectivity favoring the desired product
(Figure 2). Gratifyingly, both W057-1 and W057-2 performed
as predicted with W057-2 AAGjF = +1.5 kcal/mol and
W057-1 AAGF,, = —1.6 keal/mol.

The performance of Walphos W057-2 was demonstrated in
the Negishi coupling reaction of bromopyridine 5 and 1.5
equiv of quinazoline organozinc 6b employing 2.5 mol %
[Pd(cin)Cl], as the catalyst and S mol % of W057-2 in THE/
MeTHEF at 40 °C, which resulted in a 85% assay yield of
product 3 in 92:8 atroposelectivity (measured AAGT = —1.5
kcal/mol) favoring the desired product (R,)-3. Further
optimization led to the reduction of quinazoline organozinc
6b to 1.3 equiv. The reaction was successfully demonstrated on
a multigram scale of 5, and the resulting product was
crystallized as a toluene channel solvate in 67% yield and
98:2 diastereomeric ratio (Scheme 6). The structure of the
Negishi product (R,)-3 was unambiguously established by X-
ray crystallographic analysis (Figure 3).*

Scheme 6. Atroposelective Negishi Coupling Using Walphos
WO057-2 as the Ligand

Y O
Boc O/ sz@
2.5 mol % [Pd(cin)Cl],

(PMB),;N.__N__Br [ ]
| N 5 mol % W057-2
2 + - .
CF3 cl SN THF/MeTHF, 40 °C
Me _ (PMB),N
2
5 X NTF

X=Br(6) ] iprMgClLiCI

X = MgCl (6a)
X = ZnCl (6b) < 21Ch

(Rq)-3*PhMe
in situ: 85%, 92:8 dr
isolated: 67%, 98:2 dr

Figure 3. X-ray structure of (R,)-3-PhMe.

We briefly evaluated the scope of this atroposelective
Negishi coupling using ligand W057-2 (Table 2). Due to the
inherent sensitivity of axial chirality to temperature, the design
and selection of substrates first required establishing the
stability of the atropisomers to the reaction conditions (40 °C)
(see Supporting Information). Furthermore, we sought to
evaluate this method against heteroaromatics, a substrate class
that has not been explored in most other atroposelective cross-

Table 2. Scope of the Negishi Coupling Employing W057-2

Conv ) .
Entry* Product (%)" Yield (%) er’
Cl F
1 NP CFs 12 3 88:12
<
(PMB),N Me
7a
Me’ F
2 NT | CFs 24 8 75:25
(PMB)QN
3 % :/Pr 37 25 74:26
4 N% :CFa 72 59 60:40
Cl F
S N CF3 31 16 79:21
NQ |
7e

“Representative conditions: 1-chloro-3-fluoro-2-iodobenzene (83.3
mg, 0.325 mmol, 130 mol %) in THF (0.28 mL), i-PrMgCl-LiCl
(0.25 mL, 1.3 M in THF, 135 mol %), —78 °C; ZnCl, (0.18 mL, 1.9
M in 2-MeTHF, 135 mol %), —78 — 20 °C; then 5 (125 mg, 0.250
mmol), [Pd(cin)Cl], (3.4 mg, 2.5 mol %), W057-2 (8.3 mg, S mol
%) in THF (0.28 mL), 40 °C, 18 h. “Determined by HPLC analysis.
“Isolated yield.

coupling reactions. Additionally, an emphasis was on couplings
with similar core features to those of (R,)-3 (Table 2).
Unfortunately, we observed limited success using W057-2 as
the ligand for 7a—e. For example, the Negishi coupling of
bromopyridine § with truncated arylzinc reagents did not
produce appreciable amounts of the desired products 7a,b
(Table 2, entries 1, 2). Additionally, the coupling of 2-bromo-
3-isopropylpyridine with (2-chloro-6-fluorophenyl)zinc chlor-
ide afforded relatively low yield (25%) and modest selectivity
(74:26) of the Negishi product 7c (Table 2, entry 3). Electron-
deficient 2-bromo-3-(trifluoromethyl)pyridine and 3-bromo-4-
(trifluoromethyl)pyridine gave 59% and 16% yields of products
7d,e in 60:40 and 79:21 enantiomeric ratios, respectively
(Table 2, entries 4, 5).

The generally poor performance of W057-2 as the ligand
within the evaluated scope suggests that atroposelectivity is
controlled by features of both coupling partners and the
Walphos structure. This lack of generality is not altogether
surprising, as the structural aspects of the coupling partners are
likely to be matched to a particular ligand. Indeed, thlS has
been observed by Kozlowski and Senanayake,”® who
demonstrated that by exchanging even a methyl for an ethyl
group at the 2 and 2’ positions in their binaphthalene Negishi
cross-coupling resulted in an attenuated atroposelectivity. This
problem was further exacerbated by additional functionaliza-
tion (e.g., methyl group installed at the 3 and 3’ positions). As
such, we probed the question whether the MLR workflow
could identify better ligands for several examples in the scope
evaluation. To accomplish this, we subjected substrates 7c—e
to the atroposelective Negishi reaction using the training set of
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Walphos ligands deployed for (R,)-3.** Unsurprisingly, we
were unable to find general statistical models for atropose-
lectivity and had varying degrees of success with model
development (Figure 4). For example, the robust and

AAG* = 0.43 - 0.17 P1_RBack1_antibond_occ_min - 0.33
angle_R3P2Pd_min - 0.33 SW_octant_7.0_Ang_min

15
y =0.98x + 0.01 x
R2=0.98 @ &
14 LOO=0095 28
ke
3 E )
x*
£ 1
= 05 <
5] Cl F L
= -Pr g
5 i -
9 of V73 x®8
< S o .
o 3
£ 7c efxx
5 -0.5 4
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o
OLOO
1 Validation Set
% Virtual Screen
15 T T T T T
-15 -1 -0.5 0 0.5 1 15
Measured AAG* (kcal/mol)
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Figure 4. Models for 7¢ (top), 7d (middle), and 7e (bottom).

predictive model for 7c correctly identified a more selective
ligand, W052-1 (predicted AAG* = 1.3 kcal/mol), through
virtual screenin§ and was confirmed experimentally with a
measured AAG* = 1.2 kcal/mol (Figure 4 and eq 1). Unlike
7¢, 7e displayed poor reactivity within the Walphos training
set, resulting in limited data for model development, and
provided less than optimal predictions (W0S57-1 predicted
AAGH = +0.6 kecal/mol, W057-2 measured AAGF = —0.5,
W046-1 predicted AAGT = —0.3 kcal/mol, measured AAGT =

o/? Q
U0

Br 2.5 mol % [Pd(cin)Cl],
i 5 mol % W052-1 cl F
X Znci et N\ I

59%, 85:15 er
Tc

+0.6 kcal/mol (Figure 4). While moderate enantioselectivities
were observed for 7d, no better performing ligands were
identified via virtual screening (Figure 4 middle). The best
ligand, W026-1, was already included in the training set
(74:26, AAG¥ = +0.65 kcal/mol). The extreme variation in
both selectivity and reactivity within 7c—e suggests that
selective couplings are influenced by both coupling partners
and the chiral environment created by the catalyst. As a
consequence, we are exploring an in-depth investigation of the
reaction scope of this atroposelective Negishi coupling to
better understand the apparent complex substrate—selectivity
relationships. With the key Negishi coupling product (R,)-3 in
hand, a subsequent telescoped reaction sequence involving an
alkoxylation of (R,)-3 with N-methyl-L-prolinol (4), a global
deprotection of alkoxylation product 2 in MsOH/AcOH,
followed by the acrylamide warhead installation employing
acrylic anhydride afforded GDC-6036 free base (9) in 76%
yield over three steps. Finally, salt formation of the free base in
methyl ethyl ketone (MEK) produced GDC-6036 adipate
(1)* in 78% yield with <0.1% atropisomer of the API as
ascertained by HPLC analysis (Scheme 7).

Scheme 7. Endgame Synthesis of GDC-6036 (1)
Boc
[N]' HoM /Q
N "Me e4
SN

MsOH, AcOH

50 °C

NaOt-Bu (PMB),N.
F MeTHF, 20 °C

Me
(R,)-3PhMe 2
98:2dr

]

n [e] o]
(), S

N Me

SN

i-PrNEt

Zz z
7/
2
3

adipic acid
MEK, 50 °C

76%
CF3 Me’ over 3 steps

DCM, -20 °C
N/)\O/"" O
N

F
CF3

Me
+HO,C(CH,),COLH
GDC-6036 (1)

B CONCLUSIONS

We have developed an asymmetric synthesis of a potent KRAS
G12C inhibitor GDC-6036 (1) involving a highly atropose-
lective Negishi coupling of aminopyridine S and quinazoline
organozinc species 6b. The combination of HTE and statistical
modeling led to the identification of an optimized Walphos
ligand W057-2, which generated the coupling product in 85%
assay yield with 92:8 atroposelectivity. The desired Negishi
product (R,)-3 was isolated in 67% yield with 98:2 selectivity
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by crystallization. A subsequent telescoped reaction sequence
of alkoxylation, global deprotection, and acrylamide formation,
followed by adipate salt formation, furnished GDC-6036 (1).
Overall, GDC-6036 (1) was synthesized from starting
materials pyridine S and quinazoline 6 in a 40% yield without
the use of any preparative chromatographic purification or salt
resolution, and the key reactions were demonstrated at >10 g
scale.”*” The development of this first-generation asymmetric
synthesis of GDC-6036 (1) provided the foundation for and
significantly accelerated our next generation process develop-
ment to support our KRAS GI12C clinical development
program. Furthermore, we assessed the generality of the
atroposelective Negishi coupling with W057-2 and demon-
strated that even small changes in substrate structure
significantly impact selectivity and yield. However, application
of the MLR workflow to each substrate pairing allows for
improvement in performance in most cases.
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