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{4 Let’s Get Social!

Follow the American Chemical Society on Twitter, Facebook,
Instagram, and LinkedIn for the latest news, events, and
connect with your colleagues across the Society.

) . linkedin.com/company/
@AmerChemSociety @AmericanChemicalSociety @amerchemsociety american-chemical-society
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° Where is the Webinar Recording?

|

— | .
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E All Registrants ACS Members w/Premium Package
E Watch the unedited recording Visit the ACS Webinars® Library
— linked in the Thank You Email to watch the edited and

for 24 hours. captioned recording.
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ACS

A Career Planning Tool For Chemical Scientists Y cremistryforLife”

ChemlIDP is an Individual Development Plan
designed specifically for graduate students and
postdoctoral scholars in the chemical sciences.
Through immersive, self-paced activities, users
explore potential careers, determine specific skills
needed for success, and develop plans to achieve
professional goals. ChemIDP tracks user progress
and input, providing tips and strategies to
complete goals and guide career exploration.

https://chemidp.acs.org °
5
Career Consultant Directory W Chemistry for Life®
Find a Career Consultant
Academia Government Industry
W -
Nonprofit Independent Retirement
* ACS Member-exclusive program that allows you to arrange a one-on-one appointment with
a certified ACS Career Consultant.
* Consultants provide personalized career advice to ACS Members.
* Browse our Career Consultant roster and request your one-on-one appointment today!
www.acs.org/careerconsulting 6
6
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ACS Bridge Program A 4 f‘hegfwfo,wes

Are you thinking of Grad School?

If you are a student from a group underrepresented in the chemical sciences, we
want to empower you to get your graduate degree!

The ACS Bridge Program offers:
* A FREE common application that will highlight your achievements
to participating Bridge Departments

» Resources to help write competitive grad school applications and
connect you with mentors, students, and industry partners!

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.orqg

ACS Scholar Adunoluwa Obisesan

BS, Massachusetts Institute of Technology, June 2021
(Chemical-biological Engineering, Computer Science & Molecular Biology)

“The ACS Scholars Program provided me with monetary
support as well as a valuable network of peers and mentors
who have transformed my life and will help me in my future
endeavors. The program enabled me to achieve more than |
could have ever dreamed. Thank you so much!”

- GIVE TO THE

f R #~C SCHOLARS
<) AL D PROGRAM

-3 Donate today at www.donate.acs.org/scholars
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o
ACS Sam Jones, PhD
Chemistry for Life® fe) _ Science Writer & Exec Producer
/1
Looking for a new science podcast
to listen to? Deboki Chakravarti, PhD
‘ p Science Writer & Co-Host
T * I\I TO SUBSCRIBE
visit http://www.acs.org/tinymatters or
MATTE RS scan this QR code
Check out Tiny Matters, from the American Chemical Society.
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c&en’s
STEREO
CHEMISTRY

Carolyn Bertozzi and

Bioorthogonal,
clinch the

ck chemistry Lithium mining's water use

Sharpless chat about sharing bel Prize sparks bitter conflicts and
the 2022 Nobel Prize in o novel chemistry
Chemistry ’ o :

Jess Wade on Wikipedia and The sticky science of why we There's more to James Harris's ‘The helium shortage that
work-life balance eat S0 much sugar story wasn't supposed to be

Subscribe now to C&EN's podcast

VOICES AND STORIES FROM THE WORLD OF CHEMISTRY i S ex=a

cen.acs.org/sections/stereo-chemistry-podcast.html

ACS
ACS Career Resources W Chemistry for Life®

Virtual Office Hours Personal Career Consultations Linked[l] Learning

Jim Tung

Ask me about

https://www.acs.org/careerconsulting.html https://www.acs.org/careerconsulting.html https://www.acs.org/linkedInlearning

12
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ACSPublications

Most Trusted. Most Cited. Most Read.

Most Trusted. Most Cited. Most Read.

ACS Publications’ commitment to publishing high-quality content continues to attract impactful resear
addresses the world’s most important challenges.

Browse Content

Publish with ACS

13

New Products & Services

ACS OFFICE OF DEIR

Advancing ACS' Core Value of Diversity, Equity,

Inclusion and Respect

Resources

Inclusivity Style Guide

ACS Publications DEIR Hub

C&EN Trailblazers

Quick Guide: Inclusion
Moments

14

ACS Webinars on Diversity

ACS Volunteer and ACS
Meetings Code of Conduct

NEW! Download DEIR
Educational Resources

Quick Guide: How to host
inclusive in-person events

Materials
Science &
Engineering

ACS Open Science

https://pubs.acs.org

Organic-
Inorganic

NEW & NOTEWORTHY

Follow your favourite journal or newsletter
through the Email Preference Center

Open Access for everyone - no matter your
institution

Find the latest virtual, hybrid and in-person
events hosted by ACS Publications

Explore ACS Solutions

Diversity, Equity, Inclusion, and Respect

**Adapted from definitions from the Ford Foundation Center for Social Justice:

Equity**

Seeks to ensure fair treatment,
equality of opportunity, and
fairness in access to information
and resources for all. We believe
this I only possible in an
environment built on respect and
dignity. Equity requires the
identification and elimination of
barriers that have prevented the

full participation of some groups

ersity**
The representation of varied
identities and differences (race,
ethnicity, gender, disability, sexual
orientation, gender identity,
national origin, tribe, caste, socio-
economic status, thinking and
communication style:
collectively and as individuals. ACS
seeks to proactively engage,
understand, and draw on a variety
of perspectives.

Inclusion**

Builds a culture of belonging by
actively inviting the contribution
and participation of all people.
Every person's voice adds value,
and ACS strives to create balance
in the face of power differences. In
addition, no one person can or
should be called upon to represent
an entire community.

Respect

Ensures that each person is treated

with professionalism, integrity, and

ethics underpinning all
interpersonal interactions.

https://www.acs.org/diversity

14
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ACS Advocacy <7 ﬁhe%mfe@

See your influence in action!

The impact and results of ACS member advocacy outreach and efforts by the numbers!

2000

1739+ 49

ACS Advocacy
Workshops participants
or enrollees

Members participated
In Act4Chemistry

Letters sent to
Congress

Years of Public
Policy Fellows

Get Involved Enroll in a workshop Become a Fellow Take Action

American Chemical Society httDS://VVV\NV.aCS.OrqlDOliCV 15
15

ACS on Campus is the American Chemical . ACS

Society's initiative dedicated to helping students J

advance their education and careers. CAMPUS

oo} GetResults.
Sa

Share your science with confidence - get essential tips
for becoming a better writer. reviewer and
communicator

Get Ahead.

Develop your careet. network with local professionals.
and learn how to leverage your ACS membership.

acsoncampus.acs.org



https://www.acs.org/policy

10/12/2023

ACS Industry
Member Programs

* ACS Industry Matters

ACS member only content with exclusive
insights from industry leaders to help you
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

« ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub

www.acs.org/acswebinars

Wednesday, October 18, 2023 | 12-1:30pm ET Thursday, October 19, 2023 | 2-3:30pm ET

A Bond Worth Forming: The Rise A Bond Worth Forming: The Rise
of Targeted Covalent Inhibitors of Targeted Covalent Inhibitors
Co-produced with NCW, ACS Publications, and ACS Co-produced with NCW and CAS, a division of the

Division of Medicinal Chemistry American Chemical Society

. ACS Webinars

CK « WATCH - LEARN - DISCLIS

en espaiol

Miercoles, 1 de Noviembre, 2023 | 2-3pm ET

Microrobots que Limpian
Agua Contaminada

Co-produced with the Sociedad Quimica de México

Register for Free ~ Browse the Upcoming Schedule at www.acs.org/acswebinars

18
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I\
THIS ACS WEBINAR®
WILL BEGIN SHORTLY...

Say hello in the
guestions window!

19

Download Presentation Slides - .
ACS CE .ACS Webinars
W Chemistry for Life® Rk - WATCH - 2R

www.acs.org/acswebinars

Green-by-Design: Award-winning Innovations in Biocatalysis

HARSHKUMAR PATEL, PHD MATTHEW WINSTON, PHD JOHN TUCKER, PHD

Principal Scientist, Principal Scientist,
Bristol Myers Squibb Merck

This ACS Webinar ® is co-produced with the ACS Green Chemistry Institute Pharmaceutical Roundtable.

Executive Director,
Chemical Development, CMC,
Neurocrine Biosciences

20

10
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Pharmaceutical Roundtable

Member Companies WACS Green Chemistry Institute

Established in 2005, the ACS GCIPR is an organization dedicated to catalyzing the integration of
green chemistry and engineering in the Pharmaceutical industry

B .
. . A > . a = 1
obbvie AMGEN  AstraZeneca BaYER Biogen  blohaven i ﬁ‘fﬁ}ﬁ;‘,‘ﬁ‘ Ui Bristol Myers Squibb®

S
@ GILEAD @ CuPSEN  Janssen J | i, o‘%er €3 MERCK NEUROCRINE

Croating Possible e

@
U NOVARTIS m @Pﬁzer ru:E v@x Merck KGaA

. D tadt, G
novo nordisk L armstadt, Germany
I-N-N-O

CODEXIS HiKAL Hovione @ SN KdNPKd

L AsYMGHEM BACHEM

W4 7% % 40 3 ol . ‘ . SK pharmteco o ® i %
@novasep gl)’%ARMARgr\{ &% PolyPeptide ng}n ¢ Sai OOOOO o SOLARL D el

iy

@ CORTEVA' pHT ﬁ%&'ﬁéﬁ Chemistry Institute
acsgcipr.org 2
21
Mission and Strategic Pillars 7 1NC2 Green Chermisrynstute
Tools and Mgtrlcs Educating Leaders
for Innovation
Influencing the .
Research Agenda Global Collaboration
acsgcipr.org 2
22

11



Peter J. Dunn Award
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ACS Green Chemistry Institute

Pharmaceutical Roundtable

for Green Chemistry & Engineering Impact
in the Pharmaceutical Industry

2020

Excellence in R&D and execution
of pharmaceutical green chemistry

Stephen Dalby

Compelling environmental, safety o
Dan Bailey

and efficiency improvements over + Francois Levesque
- hnoloai ) « Cecilia Bottecchia
existing technologies (akeddn . Jomathan McMullen

Established in 2016 €3 MERCK

Karla Camacho Soto

Mike DiMaso Di-Mah-So

Jacob Forstater — Fore-Staaah-ter
Nadine Kuhl - Nadine COOL
Reed Larson

Chris Prier

Ben Turnbull

2024 Nominations open Fall 2023: https://www.acsgcipr.org/awards/

Peter J. Dunn Award

acsgcipr.org 23

ACS Green Chemistry Institute

Pharmaceutical Roundtable

for Green Chemistry & Engineering Impact
in the Pharmaceutical Industry

Two is better than one!

* Micheal Smith Less Hazardous Chemical Synthesis
« Yichen Tan

« Candice Joe

- David George Atom Economy

* Michael

Catalysis

Dummeldinger
Harshkumar Patel

o e e e o o o s o

+ Richard Fox Reduction of Solvents and Auxiliaries
* Shane McKenna
+ Zara Seibel Waste Prevention

Stephan Jenne

U Bristol Myers Squibb’

Sehema 2, kel ot Trohesates s R B

John Mclintosh

Chihui An

Jeffrey C. Moore

Matthew S. Winston
Jennifer V. Obligacion
Nastaran Salehi Marzijarani
Zhijian Liu

Feng Peng

David J. Lamberto
Xiaodong Bu

€9 MERCK

INVENTING FOR LIFE

acsgcipr.org 2

12
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Sustainable Manufacturing of BMS-986278 Leveraging an
ERED/KRED Biocatalytic Cascade

ACS Webinar
Oct 12th, 2023

U Bristol Myers Squibb’

Dr. Harshkumar Patel
Harshkumar.patel@bms.com

Bristol-Myers Squibb
Chemical & Process Development (CPD)

L'"' Bristol Myers Squibb™ | Chemical & Process Development 25
25
L]
2023 Peter J. Dunn Award: Overall Summary
— 3 P’s of Sustainability —
15t.generation 3.generation
OH
= 9 O
Br N3—\ 0 “COH HO “CoH F
™S
~ ] 9 - ]
N Ny Ny People Portfolio
(0] Br -
B [ J HBr B
' RO,SO" 'CO,i-Pr NN OJ( /S/\ '
N-N NN~ N, 0Bn
\ ! N-N
_ BMS-986278 (1)
11 steps, 2.8% yield, PMI = 2017 10 steps, 23.4% yield, PMI = 287
2 'i@% The Power of Blocatalysis 86%1", WS
bid § o+ e )
= &éﬁﬁ
Q\ ene-reductase keto-reductase ( Q /O
o CO,Na L o “COM HO “ICOLM
$/kg API
\'"' Bristol Myers Squibb™ | Chemical & Process Development 26
26

13
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2023 Peter J. Dunn Award: Overall Summary

Ul Bristol Myers Squibb”

Rich Fox

Harshkumar Patel Mike Smith

Shane McKenna

CODEXIS’

Yichen Tan

Stephan Jenne

L'"' Bristol Myers Squibb™ | Chemical & Process Development

27

Our Approach

27

CPD Mission: Create safe, economic, and sustainable processes to supply high quality active
ingredients for the medicines we deliver to patients

Invention

)

9 Route Invention

discovery

What are optimal
conditions for each step?

What is optimal sequence
of steps to API?

Step Count
Safety
Simplify Supply-chain

Yield & purity
Simplify process

L 4 Characterization L4

commercial
medicine

How can each step be
made ‘unbreakable’?

Risk Management
Mechanism
Long-term robustness

\'"' Bristol Myers Squibb® ‘ Chemical & Process Development

28

28

14
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Program Background

o BMS-986278 is currently under development for treatment of
Idiopathic Pulmonary Fibrosis (IPF) + other ILD (Interstitial Lung
Diseases)

— IPF affects ~200K in US and ~50K new cases per year (worldwide)
— Increasing incidence, prevalence and severity

— Most prevalent of the fibrosing lung diseases - doubling in the last Z R Pstioes |

decade
— Avg life expectancy after diagnosis = 3-5 years

0~ : “'CO,H

BMS-986278

L'"' Bristol Myers Squibb™ | Chemical & Process Development 29

29

Towards a Proposed New Route: Using Modelling & Prediction

Process mass infensity= 2220t of raw materials inout (k Rescton A Reacion Roacton.
(PMI) d quantity of bulk APl out (kg) @ @ @ @

Production Cost

ii?!iiﬁi ; e |

y
jiid

L

‘ 1

I
PMI correlates to Step PMI is unique and Overall route PMI
production cost can be predicted can be simulated

ACS
(t‘ Green Chemistry l
v Institute
Pharmaceutical Roundtable Sh’.ny Web App PM' Predictor

https://acsgcipr-predictpmi.shinyapps.io/pmi_calculator/

\'"' Bristol Myers Squibb™ | Chemical & Process Development 30

30
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Background: Enabling Route for 8-30 kg Deliveries

TMSCH,CI
NaNs (1.1 equiv) <ontribution to APl cost basis by step
Nal (0.2 equiv) sa5000
sTEP2 _
DMF (15 vol) > B £ san00
Br 39-42°C, 16h LR  s25000
F OH = 7 & 535/
Br 7 ) [ ™S N, Iy 'y 4 £ s20000
9 PACI,(PPhy),, Cul Ny Y cows Y TBAF N £ s15.000
Ny 5 $10,000
) Ru(PhP),(Mex-cp)CI N N ~70% yield 2
[ s I G B S ] (GRS e - =
STEP 1 3540 °C, THF \—Tms NN o —— - —_
HO -
SIERS2 810:1 mixture of regioisomers & Sn2
Safety Challenge N o (A+B)
i

mRMcost B Equipmentcast & Labor cost

col
STEP 8 l beM

@ Jﬁ Top 10 RM costs.
%
A 530000
PAClaly! TR /O /O Q N fO sasoo0
[PdCI(aliyl, o “00,-Pr | KOH o “COMH o "CoH g
t-Bubippyphol 25equivA MeOH *oxalic acid 3 50000
THF, aq KOH CH4CN, 40°C d water 7 KOMBUTHF, t-AMOH, d I z
g e, 1T e s1s000
27 equiv LBUTMG Y Y i
. o q Lou ® 000
\ N N N z
7580% yield NN ~75% yield NN—N OH 5% yield NN—N OH >85% yield NN—N DJ(N se000
STEP 4 [ STEP 5 \ STEP 6 \ STEP7 \ I 0 ... —-——
Sustainability Challenge BUS-086278 A

c 02

S
lodine P
K 0 ae | CASS402T33

EtsN, H. . . -
@, Naico, \O N, He O ACLIPA_ O © O Cogpr Safety. challenges associated with preparation and use
“CopH - HO' N"C0,p EGN,DUAR DOH

water —3 EtOAc  §— 3 H
ot b orges O N STEPHE oy of hazardous Azide, TMSCH,N; and Cu

steps sTEP 10 STEP 11D Sustainability: Complex fragment used in excess,
results in significant cost/waste

CAS 5708-19-0

‘ Overall: 11 total steps; Longest Linear Sequence: 7 steps ‘

L"I' Bristol Myers Squibb ‘ Chemical & Process Development 31

31

Strategy for New-Route Development @O

c A
HO” i COH Q M
o COH ! \] Pd- coupllng
""""""""" = N oBn T
. | N-N, B o
SNAI' 1 Ny Ve (\NJ(
" J O W
r o “ICOH o "o *oxalic acid it COH
=
Z N z KOtBu, -AmOH |
N Ny T S S
N
- N Y oen NS Non NN O/I(N
CAS 374633-36-2 ,O NN RN N |
: F HO! “COH BMS-986278
Pd-coupling = ?
,,,,,,,,,,,,,,,,,,, - ]
™ Ny .
A S\Ar 2nd Predictions:
4 0Bn NN ..
NN e en O « >50% reduction in overall cost and PMI to API

» Opportunity to use cyclohexyl side chain fragment as limiting reagent (vs 2.5 equiv A)

« Eliminates azide safety risks

» Maintains same API step

» Two reaction sequences possible (optionality)

» Requires POC for proposed end-game AND syntheses of new triazole and trans-hydroxy acid fragments

\'"' Bristol Myers Squibb ‘ Chemical & Process Development 32

32
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Fragment Coupling

Decisions

HO” : “'COH

S,Ar

Br
CAS 374633-38-2

Pd-coupling

Br

A
Nn)wAUBn

N-N_
Me

SyAr 15t ﬁ N

O’O"’COZH Br /

)}/\ Pd-coupling
+ONTY
W OBn
N l
Me
o /O
[9) "'COH
<
Ny
N
N, 0Bn
N-N
/O A
F HO' “'CoH
] S,Ar T
Ny
SyAr 2nd
NS Nogn
N-N
\

/ O’O “1CO,H

H, or
Lewis acid =
—_—

Ny ‘
N

N, OH
N—N,

\
penultimate

intermediate

» No red flags wrt OBn deprotection conditions to afford penultimate intermediate
* No significant differences between either Pd coupling under initial Kumada conditions
* S\Ar 1t approach selected since more reactive S Ar system/decreased impurities

10/12/2023

\'"' Bristol Myers Squibb ‘ Chemical & Process Development 33
@ Az
S O 0
L _ [N
F HO’O “CoH rO Br Pd-cat Q COM o coH N=/ 9 COH
- b o coH { +Her  cross coupling o hydrogenation = *oxalic acid Z
Ne | = + N‘ - Ny N | N |
SyAr & | ~N"  ©oBn same API o
N \ "
B Me transformation
' Br N Nogn L NTY o/l(
CAS C*HBr -N N- N-N NN~
N-N
374633-38-2 N \ /
BMS-986278
\'"' Bristol Myers Squibb™ | Chemical & Process Development 34

34
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Preparing Fragment ‘D’ for POC of Endgame @O

cl A

lodine

KI | PdiC
@ NaHCO, \O EtaN, Hy AcCl, IPA O
- : e z H - d b
“COH  water o0—\ EtOAc o— STEP 11a |HO" “'CO,i-Pr]
89% yield O ~60% yield o
CAS 5708-19-0
oil
Intermediate from
route to A
PCC K-selectride
DCM oip THF, -78C o aq NaOH oH
— i-Pr  — v, OiFPr ———— 1
95% O T ~10:1 transicis ~ HO! r 89% HO r
[e] 88% yield o) o)
il oil D
(crystalline)

This enabled the preparation of initial lab supplies of ‘D’, but was not planned for bulk quantities

L"I' Bristol Myers Squibb™ | Chemical & Process Development 35

35

Initial Route Scouting to ‘D’:

Biocatalysis (i.e., use of enzymes) was initial focus....

o : COzH 0”7 : “CO,H

Q) ! B) >§ chiral A) Achieved POC using KRED P2-GO3
ERED ) '
N ¢O A) . ,O B) No resolution hits
T ° ‘oo v i C) No good hits with commercial enzyme kits
nitrilase

D)

o} : CN

D) No good hits with commercial enzyme kits

...but did not lead to quick POC

\'"' Bristol Myers Squibb™ | Chemical & Process Development 36

36
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2"d-Gen Route to Prepare >100 kg BMS-986278

Br

CF3
mw N—ar s
N o 9 LA
ass, | CHal LiotBu MeO" OMe NH NN |CF3 o "'KCDZMe
2 5 mole%
+AMOH, THF o o DMF, KHCOy, EtNBr 0._o0 “HCI mote 00 OMe
STEP 1 - —
MeO’ OMe * ~
Br & HO._O o /@1
95% Asmoe .
N N
e cast et O * 1st time scale-up produced 120 kg API
N 28868-76-0 NMe, ¢ NMe,
Me 85%, 298% ee
toluene STEP 4
Y ¢ )
BMT-301448-01 NMe, * Route to ‘D’ not expected to be ‘long-term
-250C, ., ~CO;Me
STEP2 | LiB/AcOH IrcoDCI dimer (0.5 mole%) HO ﬁcone
& IPA, water, 82 C Oy 0 aq NaOH /O com HIO, or NalO, ,O
*HBr _— .y COy =
Y HO' g u
ngf\ P(OH); H§COZH MeTHF/heptane HO' ‘CO,H
N o0 91.93%, >40:1 d.r. Gl for isolation o
Me STEP 5 e not isolated ~50%
BMT-268763-02 * STEP6
NMe,
NN
STEP 10a | CDI
THF
O O 0O b
. EtOHiwater
o o 'COH > 2
F HO' COH O,O . Br g PMOCI THF ? PAIC, Hy o' COH @N N
P ‘ B COH N )§/\ 2ZnCly, Pd(xantphos)Cl, 7 ctBuN, Circacd z ] !
— N~ + N oBn > Ny T
s Koy, OMFMTBE [ | N-N, " 80% 93% Ny KOBUITHF, t-AmOH
& 70% we N STEP 9 \ >95% yield
- Br C*HBr N 0BT N OH STEP 10b
STEP 8 \ N-N,
374633-38-2 STEP 7 \

BMS-986278

U Bristol Myers Squibb

Chemical & Process Development

37
37
CFy Estimated cPMI  Actual PMI
o Q 5 Q Mean = 533 650
MeO OMe NHz” H 5 |:/:F3 040"”,{82# i
o o DMF, KHCOj, E,NBr 0._0 *Hel molet oo “OMe o
MeOMOMe ﬁ’ @ 0¢© ~N » i |
“ 95% /@5mo\e% .
CcASt STEP3 Q "1
28868-76-0 NMe, 85%, 298% ce. NMe, - _
Yotes toluene STEP 4 » -
IrCODCI dimer (0.5 mole%) HO’? ;fggix: o o
IPA, water, 82 C aq Na HIO, or NalOy . .
S Hofowgggz: Tools Predicted Enzymatic Route to ‘D’->
st it 4 coH Ho S | .
seps T rotisoleed oo + >50% reduction in PMI
e » 20-50% cost reduction
With POC for end-game, can we return to envisioned ERED/KRED cascade, w/ a focus on enzyme evolution?
Estimated cPMI
Recall... Mean = 157
AP ONE FONE SN
04&0 o COLH o “COH HO “CO,H »
No hits with POC using
commercial ERED’s  KRED P2-GO03 G 53 2
\'"' Bristol Myers Squibb™ | Chemical & Process Development 38

38
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CodeEvolver® Directed Evolution
Manufacturing

10/12/2023

Platform for API

@
CODEXIS
Enzyme with Initial Activity Molecular Modeling ERED Q KRED
oo Library Design o “COH
oo — H T
@z‘_) -‘:’ " (Automated) Gene Q\ Q
gkl Library Synthesi o COH HO “COM
@ i ibrary Synthesis 2 \ X 2
KRED o COH
e [ S—— e ——
e e T
. [ e S ettt
?@.v?w D T
% \ Expression Key performance indicators: target
J X| i "
o Data mining & workllows Substrate loading > >50¢g/L

vant Protein Machine Learning
HTP Screening &
Gene Sequencing

ERED * KRED loading
Conversion & selectivity

> <12 wt% total
> >98% @ >99% de/ee

L'"' Bristol Myers Squibb™ | Chemical & Process Development

39

Screening & Early Evolution

Q\ ERED-XXX
o coH 7 \

iAj KRED-YYY
07 >"""CO,H / \ HO'

N "/CO,H
sm NADPH NADP+ INT NADPH NADP+ PRDT
IPA b Acetone
or KRED-YYY
Glucose GDHA105 Gluconic Acid

» After 2 rds of evolution (IPA recycling system @ pH 6):

* Obtained POC, but: 100 wt% ERED, 100 wt% KRED and only 5
g/L SM loading

» Before continuing with evolution, conducted some initial process
development. Data supported:

e pH7 (vs pH 6) optimal for ERED/KRED cascade
* Glucose/GDH significantly outperformed IPA recycling system
* Led to major shift in enzyme evolution conditions....

39

Conversion
o5B83823888

Activity vs pH

pH55 pH6 pH6ES pH7 pH75 pHBO pHBS
pH Scale

= KRED-P2-G03 W ERED-302

Activity vs pH & RECYCLING SYSTEM

_pH6 T, _PHE PHT

-

Rxn Composition
cbEEB58833888

T T
IPA recycling system glucose recycling system

nsM mINT |+ mPRDT

\'"' Bristol Myers Squibb® ‘ Chemical & Process Development
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Results from a Key Partnership in Enzyme Evolution

ERED-XXX Q KRED-YYY
o CO,H / \ o "'CO,H / \ HO' "'CO,H
D

NADPH NADP+ NADPH NADP+
N TN
IPA KRED-P2-G03 Acetone
or
Glucose GDH-105 Gluconic Acid

POC
Conditions

Conditions after 11 Rounds of
Evolution + Process Development

Substrate Load
ERED Load

Key performance indicators: target \/
KRED Load Substrate loading > >50 g/L ‘/
R ling S ERED * KRED loading > <12 wt% total

ecycling System Conversion & selectivity > >98% @ >99% de/ee \/
Temperature
Pdt/Int/SM
Selectivity

L'"' Bristol Myers Squibb™ | Chemical & Process Development 41
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1.5 kg scale (>98% conv)

L3
9
Going from Lab to Plant Scale e
g
:’ 7
ERED-310 Q KRED-457 g“ 6
7?’ . ﬁ’ 2 5
CO,H [¢) "CO,H HO' "CO,H c
sMm NADPH NADP+ INT NADPH NADP+ PRDT .g 4
=]
Glucose GDH-105 Gluconic Acid § i
1
t . 0
15t Gen Process: 0 . ” s »
* SMadded as soln over ~10 h to soln —e—NaOH —e—Substrate addition  (Time/h)

of ERED/KRED/GDH & NADP+ ‘
* As rxn proceeds, gluconic acid forms
and pH drops Starting Matorial 105 kg scale (stalled @ ~65% conv)

pH 7 buffer (3 V) 500

» pH is continuously monitored and aq
NaOH dosed to maintain pH ~7 pre— 5=
e GDH, NADP+ =
» Overall, aqg NaOH addition curve e 24 gt = 400
serves as PAT for conversion ;;',” 200
s
Results: 3
* No issues on 1.5 kg scale e
. 0
+ Stalling observed on 105 kg scale 00 20 40 60 80 100 120
—e—NaOH —@— Substrate addition (Time/h)
\'"' Bristol Myers Squibb™ | Chemical & Process Development 42
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Troubleshooting the ERED/KRED Cascade

Q\ ERED-310 { M) } KRED-457
° sm COH \popH naDPs | IN;(:O‘” NADPH NADP+' '* PRD;CozH
Glucose GDH-105 Gluconic Acid
Results:
» Took slipstreams of stalled 105 kg rxn mixture and added either:
* KRED only no significant change
» ERED only no significant change

*  GDH-105 only
*  NADP+ only

—
—
== NO significant change
—

complete conversion

* NADP+ charge alone recovered activity

» Since oxidation of glucose by GDH-105 is very fast - proposed
NADPH is predominant species during reaction

» Additional expts supported while NADPH is stable at pH 10-13, it has
some stability issues at pH 7 (note: NADP+ is stable for >24 h at pH 7)

* How can we leverage this info to develop a more robust process

'O O OH OHOH

Who was the bad actor?

Poll Question: Answer on Interactive Screen

NH, NH,

o]
</\) NH2</‘) NHZ
LBl 5 L{“*"

0 -0 OH OH OH
‘ NADPH

” NADP+

\'"' Bristol Myers Squibb ‘ Chemical & Process Development
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New Protocol & Scale-Up Results 1-Gen Process
ERED-310 ‘ ‘ KRED-457
CO,H / . / \ "CO,H
SM NADPH NADP+ INT NADPH NADP+ PRDT Starting Material
Glucose GDH-105 Gluconic Acid g:)uﬁt;s::g:r :‘gl\b)g)
GDH
glucose
pH7bu«er (12 \/)
* ...add NADP+ in SM solution (vs enzymes) to minimize build up of NADPH
2"d-Gen Process
200 kg batch w/ revised solution prep:
e >98% conv; no kickers needed ‘/
» 87% isolated yield
*  100% chiral pUI'ity Starting Material
NADP+
. glucose (0.6 kg/kg)
pH 7 buffer (3 V)
ERED, KRED
GDH
glucose (2.4 kg/kg)
PH 7 buffer (12 V)
\'"' Bristol Myers Squibb™ | Chemical & Process Development 44
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Comparison of Routes to ‘D’

Enabling Route to ‘D’

208 o

New Route

oxalyl chloride
(1.1 equiv)

10/12/2023

to ‘D’

Pd(A-taPhos),Cl, (0.5 mole%)
Na,COj (2.0 equiv)

o 0
COMe 4@
OMe G o 0 DMF (10mole%) | O cl ;
o o DMF, KHCOs, ENBY _ 5 mole% KCOZM" CAS 504-02-9 MeTHF (15 Likg) e equ:‘)‘.fo 30D
MeOMOMe 4@
cl HO20 /O ERED-310
>90% 5 mole % KRED-457
0 ) eww |\ 7y )
: (g GO ETHED © o CO,Na NADPNa o “/CO,H HO' “COH
NMe, glucess) 87% D
CO,Me .
IrcODCI dimer (0.5 mole%) HO' l<co Me o, Enabllng ERED/KRED
IPA, water, 82 C aq NaOH Q 3 Q
—_— ., COM ) Route Route
P(OH); o HcffcozH MeTHF/heptane HO ‘COH
. COH for isolation
91-93%, >40:1 d.r. ot isolated = D Step Count 4
NMe,
Overall Yield 35%
NMe,
Est Cost Saving -
PMI 650

Compound D from Compound D from
Enabling Route  ERED/KRED route

MI: kg of all inputs leading to 1 kg of Compound D

L'"' Bristol Myers Squibb” ‘ Chemical & Process Development 45
45
Overall Route Modifications
18-Gen Route 3rd-Gen Route
0
. = —_— O
3\ "
Z ‘ ™S = ‘ HO' CO,H ‘
Ny N Ny
Br
Br O NN HEr Br
RO,SO" “CO,i-Pr Nen o N Nogn
\ N-N,
Me
HNN o o HN TN~
/ (\ A (\ A / col
CDI Z N N o
= ;“/\/ = ;‘l/\/
*oxalic acid
O’O "'CO,H
9
Ny
1
N
NN O N
BMS-986278
\'"' Bristol Myers Squibb™ | Chemical & Process Development 46
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Optimized Route to BMS-986278

10/12/2023

Br CHyl, LiOtBu Br
N\ tAmOH, THF N/\& oxalyl chloride Pd(A-taPhos),Cl, (0.5 mole%)
_— (1.1 equiv) ;
N\N Br po N\N Br 4& Na,CO; (2.0 equiv)
Me o 0 DMF (10 mole%) | O cl :
STEP 1 oS so0nn MeTHE (15 Likg) DB By
STEP 3a STEP 3b
i. n-BuLli, THF, -35 oC
ii. BOMCI Br Hpr ERED-310
iii. HBr/ACOH N/%/\ KRED-457
\ 0Bn — L, = ,
85% N-N, o CO,Na  glucose o “CO,H HO' ‘COH
STEP 2 Me GDH-105 D
C*HBr
STEP 4 87%
\u/\/
STEP8a| CDI
THF
0 IS O £ e
o EtOH/water . 7N -,
. o 2 g
i HO' “CoH /O Br g, FPrMgCI, THF e Pd/C, H, o CO,H @ 7“/\/ o COH
P b o COH /S/\ ZnCl, Pd(xantphos)Cl Z *BuNH, citric acid Z i
N - = = + N\\ oBn T~ Ng Na e Ny
KOtBu, DMF/MTBE | N-N, 80% 93% KOtBUITHF, t-AmOH
70% A Me o
Br NN N >95% yield NN L
& C*HBr % 0Bn 0 OH N o
CAS STEP 5 STEP 6 N-N, STEP 7 N-N STEP 8b N-N NN~
374633-38-2 S \ \ !
BMS-986278
L"I' Bristol Myers Squibb™ | Chemical & Process Development 47
ACS GCIPR

Overall Route Metrics Summary

Social/People

§ 100% elimination of hazardous TMSCH,N; & dichloromethane (DCM)
eliminates 339 kg TMSCH,N; & >39,000 kg DCM per 100 kg API delivered!

Environmental/Planet Economic/Portfolio
>8x yield B vs Ph2 route
50% § in steps needing aq wkup
¥ 86% reduction in overall PMI
eliminates 6 million Kg of

waste annually at peak! on >1000 kg scale....

§60% reduction in $/kg API (100 kg scale)

>$3M in cost avoidance
to deliver 15t 100 kg API

§ expect >80% reduction in $/kg API

Peter J. Dunn Award

2023 for Green Chemistry

Co-WINNER | & Engineering

3 P’s of Sustainability

People

“the triple bottom-line”

Embedding 'Green By Design’ principles as part of our development mindset to deliver
enhanced value to our People & Patients

\'"' Bristol Myers Squibb™ | Chemical & Process Development
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10/12/2023

Green Manufacturing of STING Agonist MK-1454
Leveraging a Kinase-cGAS Enzymatic Cascade

ACS Green Chemistry Institute
Peter Dunn Award Webinar

2 Ocaper a1z €’ MERCK

INVENTING FOR LIFE

Matthew S. Winston, Ph.D.
Principal Scientist, Biocatalysis

Merck & Co., Process Research and Development,
Rahway, NJ

MK-1454: A Challenging Synthetic Target

A NaQ o N .
HNTSN Vo 7 Y SN Key Synthetic Challenges
0P o™ S
N=/N A F fo) . Y ® 10 stereocenters, including 2 at phosphorus
oL L0 ¢ 2 unnatural nucleosides with fluorinated stereocenters
S )
nad % ¢ 13-membered macrocyclic core
MK-1454 ® Unsymmetrical 2’5’ and 3’5’ linkages

Immuno-oncology

Ay v N
STING 1@ “\Q— k_\}, Interferon Expression
K EE— and
STimulator of Immune Response

INterferon Genes

€3 MERCK
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1st Generation Route

10/12/2023

NHBz

o] 1.3 equiv 78 NfN N NH O
NH ¢ X <1
DMTrO. 2l | o.
Py NH O PLoNTNT o N N/)\N N_N_N o NN
DMTrO. N v ¢ F o H - T s
o o[ (3(3eqmv_) jo NN d
pyrrole (3 equiv, H g _
EtN MeCN NPooN 0HO NHBz F
F O-HOH 00 i . I NN MeCN
L e 10-20 minutes £ dno 3 ¢ N
o P Phosphoramidite dried by DMTrO N J
509 I) azeotroping with MeCN N 30 minutes
NC QF NG
(:1)
(1:1) 5
\\\O*Plo \/\o/ D
o o o
N
NH O N N
% Y NH O ) NH O
o <N ‘ N/)\N o <ij\ o. <N L o
MeCN o H o NTN o o NN
Quench with 1-propanol 5 vol Py NHBz
n F OHO NHBz 50 vol ACN NHBz s N 30% MeNH,
TFA (10 equiv) ~p~ N 5eauiv(Phoppoci| F ~ N s F 9@ amrsTy
0.5-2h o ¢ N .20°C (5:1)P=0 ¢ N 4'20 o $=P-0, N/J
Direct precipitation intg HO. o. Nl P 20 eauiv Ha o 4-6h
10X IPAC N o N - F
. 0.5-1h . 05-1h 1)
NC, (1:1) (1:1) §=p——— 0 s=p
O/R\S §=p—— 0 o O NH,
o ’
3269 white solid (76.5wt%) (MK-1454 ammonium salt)
8% ; NC +3 other diastereomers
% overall yield from o e o
NC Direct isolation
from EtOH/Pyridine

compound 1 to compound 6

8 steps from advanced intermediates
30% overall yield

Chromatography required

PMI ~ 9,000

53

153 crude API isolated (57g desired API)
IEX purification

MK-1454 disodium salt (1)

€3 MERCK

From Commaodity to Active Pharmaceutical Ingredient (API)

iHZ Na
HNT NS N
P o= ¢

54

(3-FG)

2’-fluoroadenine
(2’-FA)

Commodity
Raw Materials

/

€3 MERCK



Overview of 3'-F-Guanosine (3'-FG) Process

10/12/2023

o o o
| <1 LiOiPr then 4 NH
H z TBSO. z
N LN N)\NHQ 1) TBSClthen TsCl, 70 % o N wcorr T (Oct)N HO. <N A ncomr
2) CICOIPY, 90 % O
OH OH OTs OTs Semi-pinacol rearrangement 709 0
A
guanosine
PhO,S. -SO-Ph
]
L
NFSI
o
3-FG o Y\HLNHQ
NH NH,
NHCOiPr G .
HO. o N NHCOMPT L-Leu-NH; (30 mol%)
90 % )
F OH >>99:1dr Stereoselective

Evolved KRED for
reduction of hindered face

Benkovics, T. et al. J. Am. Chem. Soc. 2022, 144, 5855.

55

Overview of 2'-F-Adenosine (2'-FA) Process

nucleoside fluorination

€3 MERCK

S S
° Ph—/g\ ’B\_Ph PhO,S. -SOPh
Me P N Ph !
NH H TMSO. F
| /& 1 mol% o.
HO. N0 - % BSTFA, lutidine
BSA (2 eq), lutidine (0.5 eq) CPME, 50 °C
tol/hept, 100 °C, 3h OTMS
OH
. > 98% AY
Novel Silyl ’
thymidine Transfer Catalyst

HO

94 % 1Y

kinetic
control (Sy2)
13:1dr
(>99:1 after isolation)

Benkovics, T. et al. J. Am. Chem. Soc. 2022, 144, 5855.

56

thermodynamic

TMSO. . V/\ control (>30:1 dr)
_S0,Ph
OTMS 50 pn
88% AY
NHPiv
N—<Z N
4
¢ I
5 J
N
NTSh

Diastereoselective
fluoro-adenylation sequence

N-Piv Adenosine

lutidine
EtOAc, 75 °C

€3 MERCK
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Organocatalytic Thiophosphorylation

10/12/2023

oo §

j o N
F OH
3-FG

N
O
E
HO
2"-FA

N
|

i o)
NH i) PSCly s N NH
quinine (cat.) i </ |
N/)\NHCO,Pr 2,6-lutidine HO—I?;O o N N,)\
ii) NaOH ol
87% IY L,
3'F-thio-GMP
Piv

HN
i) PSCly

ii) H,0

75% IY

pyridine (cat.)
N 2,6-lutidine
e L.

NH,

N
S Z "N
n </ f\|
HO-P-0, N \N)
OH O.
L
HO
2'F-thio-AMP

-
Quinine as a bifunctional catalyst:

©, Activate nucleophile

s,
H
o

A
ci—

OH
7 H

P
(:: \ Activate electrophile

Marzijarani et al J. Am. Chem. Soc. 2020, 47, 20021 ’:’ MERCK
57
From Commaodity to API
e N : i
] (’N B ,Nj\)LNH
e oy, Sk,
NH, NH,
HN/EN '\:S‘F(/s (/N |\)N FOH OH OH
o™ P
° =N wF KOjNF N Gocooooos 3’F-thio-GMP guanosine
[e]
NaO S H o
? M
HO—§-0 N \N) « HO NS0
OH o O
F p
HO OH
2°F-thio-AMP thymidine
What is the most direct route from monomers to MK-1454?
€3 MERCK
58
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Taking Cues from Biology: cGAMP Mechanism of Action

NH, NH, 4\; e Cf\) -
HN/QN ,/o NfN STING A/ Y{ g ? Interferon Expression
_ g - o —_— and
o ‘ NN ud o
N=/ @ 0 STimulator of Immune Response
o INterferon Genes
O\P/O
cGAMP \\O

MK-1454 is an analog of natural signaling molecule cGAMP

Sun, L. et al. Science 2013, 786 €3 MERCK

59

Taking Cues from Biology: cGAMP Biosynthesis

Q P
/
P NH, NH,
HO-P—-0-P-0-P—0 )\ NH NH,
: ! 5 NN /'\ ’ OI HN/Q HO\ .0 N N
OH OH OH O HNTN \ O /N N N O’P\/ <, | )
OH N A J— &~ s o N7
O Z H HO™ Yo N N N o N
GTP HO  OH NH, Nt/qu,/HOH 0 N7 WOH # ?
PPN © O OH
8 2 ° ¢ I o OH OH OH Ope
ofofotol S, Ko S
+ -
OH OH OH o AN
P\
ATP HO  OH P cGAMP
Sun, L. et al. Science 2013, 786 €2 MERCK

60
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Taking Cues from Biology: cGAMP Biosynthesis

o]
o o o NH
HO-IFll'O'IF.LO‘IELO </N IN/)\NH2 /NKHZ HQ o N C
S du u Lo cyclic GMP-AMP synthase TN e ¢ I\)N
(cGAS) A o e
GTP HO  OH NH, N=/ \QOH K #
o o o9 7 T N 0. O OH
+ Ho_ﬁ;_o_ﬁ;_o_g_o <N \Nl /P\\o
OH OH OH O He
ATP HO  OH cGAMP
Sun, L. et al. Science 2013, 786 €3 MERCK
61
exogenous DNA
o]
2 9 @ S " "
HO—P—-0—F-0—-0 N N/)\NHZ X 2 Mo o ‘ 2
bno bn on Lo cyclic GMP-AMP synthase T oK «f)’“
(CGAS) AR o e
GTP HO  OH NH, N=/ “Oq-/"o” '; #
0o o o NN o O OH
n n n < | ~p;
HO—-P-0-P-0-P-0, N, N
+ | | < N HO ©
OH OH OH
ATP HO  OH cGAMP
Sun, L. et al. Science 2013, 786 €3 MERCK

62
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Drawing Inspiration from Nature to Make MK-1454

N
2 9 @ (’fL)N\H NH, NH,
HO=P=0—P-0—P-0, N Z A
| 0% N”NH, . HNTS D) NN
b dw au Lo { cyclic GMP-AMP synthase . N o ¢
"""""""" evolved cGAS PN A T/- :NC N
3'F-thio-GTP oH NH ( ) " “\(Q:@ -
N
o o N2 N oL _,0
. Ho—fla'—o—fln'—o—e-o <N \NJ IPE@
OH OH OH O "
HO MK-1454
2'F-thio-ATP

Can we engineer cGAS to produce MK-1454?

€3 MERCK

63

Discovery of a Promiscuous Wild-Type cGAS

Express and screen animal cGAS homologs for trace activity

— - Express in Screen for reactivity on ’
Lyse cells ‘ authentic substrates

° NH,
N
N o o s NN
¢ |,JN\H Ho-P-0-P-0-P-0, <N \NJ
NN SN, * S b om ;0: .
F OH Ho
cGAS
homologs
NH, NH,
mS s ey
oa\fkN 2% N N’)
=/ wF
SRsilas
0\ )O
P
\
o' s

MK-1454
€3 MERCK

64
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Discovery of a Promiscuous Wild-Type cGAS

10/12/2023

Express and screen animal cGAS homologs for trace activity

— - Express in
Bioinformatics | — E. coli — |Lysecells| —

Screen for reactivity on ’
authentic substrates

N
2 8 3 ¢
HO—P—-0—P-0-P—0,

TR N
OH OH OH O

o

S HO: PPI o-b-0 'SP' 0,
A + TR
N™ "NH, OH OH OH

o

HO

NH,

N~Z N
4
<1

N
O.
F

F OH
cGAS
homologs
NH, NH,
HNJ\\N A s <N SN
AR AL
Screening hit! 000
A
cGAS from bald eagle: MK-1454 ~0.1% Hds
. MK-1454
+ 2 other diastereomers & veRcK
65
Directed Evolution of an MK-1454-Producing cGAS
o]
o [e] S NH
ho-b-o-b-o-f-o {ALA
| | - N NH,
OH OH OH O. NH, NH,
o Q HN/&N FOes <,N SN
3’F-thio-GTP F  OH NH, Az ' o7 " N/)
0o o s 2 N N=/ \Q‘/“F 'ﬁ >
n n i <’ | ©
HO-P-0-P-0—P—0, NSy 0
Y 5n bk ow |Fo:[ R, MK-1454
F cGAS
2’F-thio-ATP HO (Round 11)

35% assay yield
single diastereomer
1000

800

600

400

200

cGAS
evolution

relative activity
(vs. wild-type)

CEC

© o A
RIS

N
R SR .

> 9 O
SRS
S TR

2> N9
2
RS
& &<

€3 MERCK &
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Directed Evolution of an MK-1454-Producing cGAS

10/12/2023

o
o o s y NH
" " "

HO-P-0—P-0—P—0, ¢ P
1 | = N “NH,
OH OH OH 0.

67

cGAS
(100 wt%)

2.5 equiv. ZnSO,
2.5 equiv. CoSO,

Y

Directed Evolution of an MK-1454-Producing cGAS

Ni

T
Iy

=e]
]
(0]
/\\Z
Z
I

I
o
|
—U:
]
o
]
o
]
' U=
|
O

o
I
o—
I
o
I
Ig
z
z
z
I

3’F-thio-GTP F  OH

NH,
N2\
8 8 ¢ g
HO-P-0—P-0—P—0, NSy
+ -
OH OH OH 0.

F
2°F-thio-ATP HO

Challenge: Isolation, handling and

K stability of thiotriphosphates /

CGAS
(100 wt%)

2.5 equiv. ZnSO,
2.5 equiv. CoSO,

\4

Can we produce nucleotide triphosphates in situ?
(Biocatalytic cascade!)

68

NH,
HN/gN HO s NN
_ o~y <1 P
o 0 NN
= wF 0
o F
0 _,0
A MK-1454
HO S
69% assay yield
>99% de
€3 MERCK @
NH, NH,
HN/&N R <,N SN
Oé\(k % N N/)
N o}
N=/ ‘Q:F i -
O
O\P'O
R MK-1454
HO S
69% assay yield
>99% de
€3 MERCK @
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Taking Cues from Biology: Nucleotide Triphosphate Synthesis

nucleobase
o ATP-dependent nucleobase
P kinase o 9
"o (F';HO o Ho-F-0- f|=' o
bH b lo}
NMP  HO oOH / \\ nop I
NH; NH,
N2 N 2
{oBot «f\' 88 < I
HO—P=0=P=-0—P=0 Ny HO=P=-0=P—0, N
OH OH OH o] OH OH o
ATP OH OH ADP 4y OH

OAc”

69

nucleobase

€3 MERCK

Protein Engineering Enables Phosphorylation of Unnatural Nucleotides

Guanylate
i s m i
9 1.4 wt%%
. 1.4 wt% o s (’fL ( ) o o s </N o
i (/ )\ HO-P-0—P-0 HO-P-0—-P-0-P-0 N
HO-P-O. ou % 1 ! : o N™ "NH,
. j o H, & OH OH JH
F OH ;cj Ac F OH
I o \go
3’F-thio-GMP AcK 3’F-thio-GDP - 3’F-thio-GTP
98% assay yield
Ohe j\ 0 single P-diastereomer
ofo-
o
Adenylate NH, AcK NH,
NH, kinase (AK) (1.0 Wt%) N
0.5 wt% o s Z N o o s Z°N
N n 1 <’ | n n i <’ |
8 ¢ z I - HO-P-0—F-0 N \N) HO=-P-0—P-0-P-0 N,
HO=F=0 NSy OH éH o} OH OH 6H o
OH o F o o . F
F ATP ADP OH )LO’P\\O' OAc o
HO o-
T 2°F-thio-ADP 2°F-thio-ATP
2°F-thio-AMP )
95% assay yield
OAC 9 o single P-diastereomer
n
)Longo— €3 MERCK
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Clicking Together Nucleotides in Telescoped Enzymatic Cascade

" (0.9 wt%) 9 9 s A )N\H
s NH HO—P-0—P-0-P—0. NP
i ¢l | Y o N7 NH,
HO—P-0. N PN AK OH OH OH
| N7 “NH, @ NH, NH,
O o (0.55 wt%) x N0
FOH HNTXN 2 N~SN
FOH CGAS A i <N L J
LGIX >90% AY, >99% de (100 wtse) N e L0 N
3'F-thio-GMP (0.75 wt%) N=/ ‘(Q: .
_— _ O\P/O
+ ATP (0.01 mol%) + NH, 2.5 equiv. ZnSO, nad \\S
NH, o N 2.5 equiv. CoSO,
o o S N
N i 4 MK-1454
s ¢ Z JN oo Ho_ilp'_o_'pll_o_'g_o <N \NJ pH 7.8, 35 °C
HO-P-0, X, | 5 ;
Y o)W oL OH OH  6H Koj . 63% assay vyield
F pH 7.4, 10 °C o >99% de
HO
2'F-thio-AMP >90% AY, >99% de 500 g scale
Single-pot enzymatic cascade!
MERCIV1
Mclintosh, J. A. et al. Nature 2022, 603, 439. 0
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Lyophilized Cell Lysates As Standard Biocatalyst Sources

— Lyophilization

Biocatalyst cell lysis
overexpression in
E. coli fermentation

Added directly to reactions
without purification

Biocatalyst ) \
4 Bacterial host /

) Bacterial o
cell protein genetic Bacterial  Lipids
material endotoxins

€3 MERCK
72
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Post-synthetic Process Chemistry Challenges

MK-1454 is injected into patients
HO

Higher standard for API purity compared
to orally administered drugs

E. coli lysed cell powder can elicit adverse immune response

Challenge! Protein in final product must be undetectable (<20 ppm)
73

Sequential Crystallizations of MK-1454

i Gk || AK Nz Nz
s N NH A 2Q s N
il ¢ P HNTSN b ¢l N
HO=4-0 N"SNP SN = % N 7
OH o 2 AcK o N o N
N=/ wF F
F  OH —_— O
— NI
. i cGAS |o wd
Nz
3 ¢TI T
HO=P-0, N MK-1454
OH -0
F

€3 MERCK

NH, NH, NH, NH,
NaQ (o
HN)%N VS </N SN HN%N S Al JN\HZ NH,
0P % N HCl NP 27N N= S\ HNSN oS </N SN
- ) . —
TN s o — - wF . N filter / isolate NN, % NN
o} crystallization W+ o N=/ WF O 4
Onpe© SN WY 0 F
A\ N\ 0
Naol S _01 S O\P'
A\
. - -0 S
crude MK-1454 in aqueous zwitterion
biocatalytic reaction stream Solubility (H,0) <1 mg/mL
NH, NHy NH, NH,
NaQ Na NaQ
HN/QN ‘P//S </N | N \N)QN ‘P//S </Nj|\)§N
ONF 7% P A 7% NP
N:/N WF 0. HCI N:/N WF O. NaOH (3 equiv.)
o F crystallization o F
0L_,0 o O
\P\< \P\<
MK-1454 Nad' S Nad' S
aqueous tri-sodium salt
€3 MERCK

high residual E. coli protein
Very soluble

after 2 crystallizations!!

74

37



10/12/2023

Sequential Crystallizations of MK-1454

Aqueous crystallizations due to limiting

solubility properties of MK-1454

€3 MERCK
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Workup and Isolation Challenges

/ N _ NH;
o)
W )§N L s SN o NH, N
= o ¢ Jd s N NH
o i © NTN 1] </ | o </ A ) 2V
N o o -0-b-0 L 2N -0-P-0 ) "' L
N=/ ’ F : o N NH, g 2 : )
[e] = -0 -0 0. < r(j,‘ s
OH F
0
cGAS, kinases, other

I
S

A ® F OH HO
=p-0~ impuriti
\ (o] g reactants + hydrolyzed impurities j biomolecules
/intermediates \ NH, NH,
] NH, /k Q
o o s N NH o o s N~ZN a0 o"P:/ ¢ |\)N
& zZ
Ho-leg-o—gf—o—%—o </N IN’)\NHZ HO—-P-0-P-0-P-0 </N \NJ Oé\ik/N R ‘“FO o) N
0 -0 oM KO? b b w Lo N \Q’ F
F  OH i Osp, <
\_ Ho )\ Mk-1454 N
Like MK-1454, major impurities are highly polar, highly soluble in water, and
poorly soluble in organics
€3 MERCK
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Poor Extraction of MK-1454 Into Organic Solvents

MK-1454 is insoluble in most organic solvents

organic

agueous

NH, NH,
HNJ§ NaQ o N Ay
=

7 4
6”\ i <N |N/)

end-of-reaction RN
slurry o Nao/=S

in protein-enriched aqueous

€3 MERCK
77
Quaternary Ammonium Extractants for MK-1454 Purification
o &
§ &
/“,‘\”2 o Wz 2-MeTHF ,z§° §,§
S RD
N O-\F'{é A/’"\/’:\/\Q
cr "/N\/\© A
- aqueous
2-MeTHF
extraction : o '
f protein-enriched
end-of-reaction @q ueous
slurry .
No detectable protein in
organic layer

€3 MERCK
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Intercepting an Aqueous Crystallization: Back-Extraction into Water

2-MeTHF

agueous

protei%-en riched

agqueous
o]

protein-enriched

agqueous

/
7

‘ Fresh MX aqueous

v

salt solution

NH; - NH 2-MeTHF
Py o) N
HNTSN S N~ SN
oK <)
NN L o N
N=/ wF k j F P e~y
o N\
o

N
T aqueous

M+ X- = NaCl, NaOAc,
(NH),CI, (NH,)OAc, CaCl,,
CaOAc, MgCl,, MgOAc, ...

O ;
protein-enriched
aqueous

)

%?_J

Fresh aqueous
NaOH solution

de-activate tertiary ammonium
phase-transfer agent

€3 MERCK
Tertiary Amines as pH-Switchable Extractants?
I .. oy 2-MeTHF 2-MeTHF
OHN :NN ?"'{/O <, 'N\/)N rotein-enriched
N=/ *Q/F k e R R H F taqueous
Onp® R:'}‘ ,llI:'R 0 E
N H RT% | N P
aqueous > l l /_\

2 NaOH 2 H,0
NaOH
NaOH
NaOH
NaOH NaOH
€3 MERCK
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Hypothesis: Tertiary Amines as pH-Switchable Extractants

10/12/2023

NHy _ NH; 2-MeTHF
HNN 1S NN
—F Al
Az . o™ (N N/)
=/ wF
e ¥ ) R _R il
0L, R=N i
R + N=R
N }!1 R” =
R
agueous

protei%-en riched

agqueous
o

81

protein-enriched

agqueous

1
(7

Fresh aqueous
NaOH solution

v

de-activate tertiary ammonium
phase-transfer agent

2-MeTHF
greasy tertiary amine R =
localized in organic -N~
R N=R
may be recycled R” -
R
agqueous
J"f‘z + NH,
Na O
HN" 1S N N
—P 7
041\(( % <N N/)
- WF koj
NJ Q ; ’
o0
[
Na 5’\\3

High-Throughput Discovery of Tertiary Ammonium Extractants

€3 MERCK

Extractant library synthesized by combinatorial acid / base reactions

e 20
ale
%

%
‘\‘ ” extractant library

tertiary ammonium

acids
HA, HB...
HX, HY, HZ

" e %
Ne
NH, NH; HX
HN/k Naq NS
L oK ¢ 1 /)N
ONF N A O N=SN
N=/ wF k i.p water (pH 7.4) :
O organic solvent
0,0 (1:1)
R
o\
NaO S

Winston, M. S. et al. Org. Process Res. Dev. 2023, 27, 179.

82

HPOZ )
6

H

((re 6 6 +1

Tri-n-octylammonium
phosphate identified as
optimal extractant

€3 MERCK
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pH-Switchable Extractants: Proof-of-Concept Achieved!

_

Tri-n-octylamine

2-MeTHF

aqueous

NH, NH,

S Ay
2o XD

VAN

H,PO,

€3 MERCK
83
pH-Switchable Extractants: Proof-of-Concept Achieved!
. e 2:MeTHE 2-MeTHF
OJ\?’&N ?’Pf" </“ l ’)N ‘(’7\/"‘ protein-enriched tri-n-octylamine
N QF : p )s (Q/ aqueous remains in organic
°‘p(6 ’\H' layer ,é )s ((f
% 6 3 ’(’LN/\‘*
agueous j » agueous
O Y / NH, NH,
protein-enriched ‘ Fresh agqueous I HN&N Na' Q] 3 20
NaOH solution = 7
4 agueous o q ° o o
Na "P\<So
No protein
detected!
€3 MERCK
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Prep Scale Demonstration of Extraction

organic phase
(enriched in product)

extraction into back-extraction

2-MeTHF into water
_—
N(n-oct), + H,PO, NaOH (aq.)
2-MeTHF
+

15 vol% 1-PrOH

48% isolated yield

500 g scale aqueous phase
(100 L reactor) (cell debris, solids, non-detectabl_e host
and host cell protein) cell protein
Single solid-

- - handling step
Effective concentration of

aqueous solution!

€3 MERCK

85

Probing Solution-State Extractant Interactions

DOSY NMR (d-THF) /()) " _/J,e
6 ™ N:
/

s  aggregation 'L 6 6 aggregation
e X=X _
’%T/\"); X )
H ~Xs
L. 75L X\
‘ ’

A,

. . . . 8 (ppm) Dependence on [HN(n-oct)3]+ Concentration
[HN(n-oct)3]+ Diffusion in d8-THF (corrected for viscosity)

= 10
3 1.00
@ 8 A8 = 4.65 ppm
5 0.90 .
A £ 6
—_ (=3
£ 0.80 s,
= w A3 =0.11 ppm
3 o070 2 A3 = 0.05 ppm
4 A8 =0.00 ppm
9 060 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
[HN(n-oct);][HPO,] (mM) [HN(n-oct)3][HPO3] (mMM)
—e—H-N a-CH2 b-CH2 —e—CH3
€3 MERCK
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Probing Solution-State Extractant Interactions

10/12/2023

DOSY NMR (d8-THF) Dy ™ _ﬂ;e
6 o '\:‘
/

X ’(’LN X
)6 aggregation G <) H 6 aggregation
B H _—

6+'i‘
H

MK-1454 likely extracted in reverse micelles
General phenomenon demonstrated with other polar hydrophilic molecules

87

€3 MERCK
Reverse Micellization of pH-Switchable Extractants
2-MeTHF 2-MeTHF
rotein-enriched
F taqueous ‘HE/NﬁH’

/

v

88

/ NH, + NH,

O o HN)\\N Na O‘P/,S </N | n

protein-enriched ‘ Fresh aqueous I A, o (A

i =) wF
agueous NaOH solution ! Q 1 o
o O\P/O
Na' 54\\
aqueous —
€3 MERCK
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Summary and Lessons Learned

GK
Q (0.9 wt%)
S
HO—P-0 </ )\ AK
on ) ,: :1 NH, (0.55 wt%%)
F OH cGAS /NKH2 Nao \Hz
FEIX (100 wt%) HNTSN S <,N SN
3F-thio-GMP (0.75 wt%) = % NP
> N/ Y KOjF
+ ATP (0.01 mol%)

0. O
NH ~pl
’ o 9 NaOl\\S
i (’N < JN )Lo’Fi‘ou
Ho=p-o S, W MK-1454
OH o
F
HO
2'F-thio-AMP

* Enzyme engineering in concert with process development enabled a complex biocatalytic cascade to MK-1454.
» Leveraged enzyme substrate specificity and diastereoselectivity to prepare a single cyclic dinucleotide diastereomer.

* >10x improvement in process mass intensity (~800) over 1st generation non-biocatalytic route.

€3 MERCI
89
Summary and Lessons Learned
Function inspires medicinal chemists
NH; NH NH NH.
HN/& 2 Nao 2 /g 2 \ 5 2
/N ) Biomolecql_ar Analogues ! /N ?,F(’o (/ )
NJ ] : : : Hydrophilic and Polar N\/ WwOH 1 : -
3 Synthetic Biocatalytic 5L
Onps Applications Ospe <
MK-1454  nad 05 CGAMP  1d o
Biocatalysis Biosynthesis inspires process chemists
Protein Process
Engineering  Chemistry Advances in biocatalysis necessitate novel process chemistry solutions
€3 MERCK
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Overview of MK-1454 Commercial Manufacturing Route

o 0
$T L (T
< —P =
j/—\( NH,
OH OH F OH NaQ s Ny
guanosine chemocatalysis / 3'F-thio-GMP telescoped o, <’N L J
biocatalysis biocatalysis N\ W F o N
2 NH; o : F
MefL 5
N 0,0
| NH s ) N ~p?
HO. N’go Ho—%—o (N | N,) Nl N
o O o
F MK-1454
oH OH
thymidine 2'F-thio-AMP
purification /
isolation
€3 MERCK
91
o 0
N NH s N NH
¢ 7 i ejfL
NH, NH,
OH OH - FOH HN/QN NeQ s N Xy
guanosine chemocatalysis / 3'F-thio-GMP telescoped _ o™, (N L J
biocatalysis biocatalysis © N\ o F N
0 N=/ ! F
y NH, o ¥
e. 0. o
i NH s N N ~p?
HO. N’go HO—:’;;—O </N I N/) Nad’ N
OH O
e LA 1454
OH
thymidine

92

OH
2'F-thio-AMP
purification /
isolation

€3 MERCK
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Overview of MK-1454 Commercial Manufacturing Route

Q

N
s » NH
Ho-l'f-o <NfL/)\

o]

iy o N7 “NH,
NH,
OH OH F  OH NaQ o N
. . i h' 2
guanosine chemocatalysis / 3'F-thio-GMP telescoped i <N L J
biocatalysis biocatalysis WF o
Q NH, o Y F
MefLNH s MTSN g
oo LA, ) oo ()
o. OH e}
F MK-1454
OH OH
thymidine 2'F-thio-AMP
purification /
isolation
protein
rejection
€3 MERCK
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Process
~— Chemistry ~_
Analytical Biocatalysis
R&D
NH, NH, \
HN/g NaO‘/ SN
- /N o ¢l J Protei
Solid-State ~ © N A o N rotein
= WF . .
N1 M X F Engineering
o._,0
A
\ NaO 'S /
. Chemo-
Chemical catalysis
Engineering
~
€3 MERCK 94
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Thank You!

INVENTING
FOR LIFE
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ACS
W Chemistry for Life®

www.acs.org/acswebinars

THE LIVE Q&AIS
ABOUT TO BEGIN!

Keep submitting your questions
in the questions window!
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ACS
W Chemistry for Life®

www.acs.org/acswebinars

ACS Webinars

CLCK + WATCH - LEARN - DISCUSS

Learn from the best and brightest minds in chemistry!
Hundreds of webinars on a wide range of topics relevant to

chemistry professionals at all stages of their careers, presented

by top experts in the chemical sciences and enterprise.

° Edited Recordings

=9—— are an exclusive benefit for ACS Members with the
Premium Package and can be accessed in the
ACS Webinars® Library at www.acs.org/acswebinars

Live Broadcasts

of ACS Webinars® continue to be available free to
the general public several times a week generally
from 2-3pm ET. Visit www.acs.org/acswebinars to

register® for upcoming webinars.
*Requires FREE ACS ID
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ACS Webinars® does not endorse any
products or services. The views expressed in
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