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Where is the Webinar Recording?

ACS Members w/Premium Package

All Registrants

Watch the unedited recording
linked in the Thank You Email
for 24 hours.

Visit the ACS Webinars® Library
to watch the edited and
captioned recording.
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Looking for a new science podcast
to listen to?

> B Deboki Chakravarti, PhD
. p . Science Writer & Co-Host
T e I\I b TO SUBSCRIBE
[ 0 o .
oche visit http://Www.acs.orq/tlnvmatters or
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Check out Tiny Matters, from the American Chemical Society.

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




9/7/2022

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 !
7
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 8
8
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\ ¥
2@® ABCChem
“.. ATLANTIC BASIN CONFERENCE ON CHEMISTRY
CHEMISTRY BIOLOGY & HEALTH

GREEN CHEMISTRY
MATERIALS & NANO

EDUCATION & SCIENCE COMMUNICATIONS

Atlantic Basin Conference

on Chemistry REGISTER TODAY
Linking the World through Chemistry ABCChemorg

13-16 DECEMBER 2022 | MARRAKECH, MOROCCO

HOTEL: MOVENPICK HOTEL MANSOUR EDDAHBI MARRAKECH
CONVENTION CENTER: PALAIS DES CONGRES MARRAKECH

ABCChem.org #ABCChem2022
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ACS Career Resources ACS -
Chemistry for Life
Register for a 2022 Virtual Office Hour
’ Become a Career Consultant
4 :=o’ ‘.g_
V ;* i g
]F e [ |
https://www.acs.org/content/acs/en/careers/personal-career-consulting.html
ubts 20 A T
il A TE
A8 e =
https://www.acs.org/content/acs/en/careers/developing-growing-in-your-career.html ©
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ACS Bridge Program \.: 4 A

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

1

Get in touch with the Office of Diversity,
Equity, Inclusion & Respect

The Office of Diversity, Equity, Inclusion & Respect (DEIR)
is the central hub at the American Chemical Society that
coordinates, supports, and guides all efforts by staff,
members, and governance toward Strategic Goal 5,
“Embrace and Advance Inclusion in Chemistry.” The Office
of DEIR at ACS is committed to empowering everyone,
irrespective of lived experience and intersectionality of
identities, to fully participate in the chemistry enterprise.
The Office of DEIR welcomes comments, suggestions,
and questions around issues of diversity, equity, inclusion,
and respect from members at any time. Please do not
hesitate to reach out to the Office through this form.

Please do not hesitate to reach out to the Office of
DEIR at diversity@acs.org

https://fs7.formsite.com/acsdiversity/ACSMemberFeedback/index.html
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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

— R &~ ¢ SCHOLARS
= | Q‘!ﬁf,:b PROGRAM

- Donate today at www.donate.acs.org/scholars

TWENTY-SEVENTH ANNUAL
GREEN CHEMISTRY & '
ENGINEERING CONFERENCE &%

CLOSING THE
June 13-15, 2023 | Long Beach, CA Loop

Closing the Loop: Chemistry For a Sustainable Future

Call for
Abstracts

Will Open January 2023

ACS Green Chemistry Institute
gcande.org G Cremanyin i d

14
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ACS GCI Student Awards 7 i sty stiute

APPLY BY OCTOBER 9, 2022 FOR THE

JOSEPH BREEN
CIBA TRAVEL AWARD

MEMORIAL FELLOWSHIP
IN GREEN CHEMISTRY

IN GREEN CHEMISTRY

You could win up to $2,000 in travel funding to attend green chemistry

U.S. High School, undergrad and graduate students can receive up to ’A‘ ﬂ ﬂ ‘v‘ m [.)v‘v_
$2,000 in travel funding A

APPLY BY OCTOBER 9; 2022 FOR THE Apply by Oct 9 at
KENNETH HANCOCK MEMORIAL AWARD [ CYIT o100/ /s (o] - TooRo1 e

Recognizing excellence in green chemistry research. Receive $1,000 plus
up to $1000 in travel funding to present at the Green Chemistry
& Engineering Conference.

acsgcipr.org

AC S www.acs.org/acswebinars ACS WEblna rS
W Chemistry for Life®

CLICK ~ WATCH - LEARN - DISCUSS

| NEXT WEEK!| P
a3

O %

V‘Ge“ e |

A LS

Wed., Sept. 14, 2022 | 5:00pm-6:00pm ET Thurs., Sept. 15, 2022 | 2:00pm-3:00pm ET Wed., Sept. 21, 2022 | 11:00am-12:00pm ET
Catalyze the Vote! 2022 ACS Addressing Sustainability Challenges More than One Route to Inclusion:
President-Elect Candidates with Earth Abundant Metal Catalysis

Co-produced with the ACS Younger Chemists Committee Co-produced with the ACS Office of Sustainable

Co-produced with the ACS Office of Diversity, Equity, Inclusion

Development and Organometallics & Respect and the ACS Committee on International Activities

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

16
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I\
THIS ACS WEBINAR®
WILL BEGIN SHORTLY...

% Say hello in the
guestions window!

17

ls Download the Presentation . .
C S Slides in the GTW Control ACS WEbl nars
W Chemigtry for Life® Panel Under Handouts WATCH - LEARN + DI

www.acs.org/acswebinars : L.
From Wood Pulp to a Candidate Medicine:
Green Manufacturing Technologies Enable Production of Nemtabrutinib

MIKE DI MASO, PhD

Associate Principal Scientist,
Merck

BEN TURNBULL, PhD PHILIPPA PAYNE, PhD
Associate Principal Scientist, Senior Research Scientist, Gilead
Merck Sciences and Co-Chair, ACS GCI

Pharmaceutical Roundtable

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

18
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Member Companies R R s ey it

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

: _ g . & ~ Bochri
obbwvie AMGEN  AstraZeneca ®Biogen biohaven ([ frihese i Bristol Myers Squibh

@ GILEAD @ % IPSEN  Janssen T | i fﬁfe@ €3 MERCK 7 Neurocrine

Croating Possible

9 N A
1 h & @ (akeddr F, Ahe Merck KGaA
b NOVARTIS Pﬁzer “‘5 VERTEX Darmstadt, Germany

nova nordisk L

CODEXIS HiKKAL Hovione @ i

SY-N KdNeka

L asyMcHEM BACHEM

Torerrzuis

Y ~ I SK pharmteco
LRI 4“4 PolyPeptide  POPTORN i P 27 SOLARA nen
@novasep g PHARMARON 7 BrolyPep el ®Sal o o et Wi AnmToc
" S
i
P’ -- :
G CORTEVA pHT ﬁ%i’ﬁf” Chemistry Institute

acsgcipr.org 19

19
Mission and Strategic Pillars < ACS Green Chemistry Institute
Tools and Me_trlcs Educating Leaders
for Innovation
Influencing the _
Research Agenda Global Collaboration
acsgcipr.org 20
20
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Peter J. Dunn Award

for Green Chemistry & Engineering Impact
in the Pharmaceutical Industry

R )
i

1 9

‘5 /
==

Peter J. Dunn

Excellence in R&D and execution @
of pharmaceutical green chemistry

Compelling environmental, safety
and efficiency improvements over
existing technologies

Established in 2016

9/7/2022

ACS Green Chemistry Institute

W Pharmaceutical Roundtable

\h\ ' N

Bruce Lipshutz & Sachin Handa
-~ UNIVERSITY OF
@U__(;_S_E LOUISVILLE

Stephen Dalby
Francois Levesque
Cecilia Bottecchia
Jonathan McMullen

Dan Bailey

o Takedah

-~
€ MERCK

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

2022 Peter J. Dunn Award

for Green Chemistry & Engineering Impact
in the Pharmaceutical Industry

From wood pulp to a candidate medicine:
Green manufacturing technologies enable the
production of investigational leukemia drug
nemtabrutinib from a biorenewable commodity
material.”

* Karla Camacho Soto @

« Mike DiMaso 0N ° cl
H /\[JWNH . J

* Jacob Forstater

« Nadine Kuhl NS
* Reed Larson L7 N

: Chris Prier Nemtabrutinib
¢ Ben Turnbull MK-1026

acsgcipr.org 21

ACS Green Chemistry Institute

Pharmaceutical Roundtable

€9 MERCK

INVENTING FOR LIFE

acsgcipr.org 2

11
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INVENTING
FOR LIFE

From Wood Pulp to a Candidate Medicine:
Green Manufacturing Technologies Enable  ©
Production of Nemtabrutinib

presented by Mike Di Maso and Ben Turnbull v

-

Process Research and Development, Merck & Co., Inc., Kenilworth, NJ, USA

September 8, 2022 ‘

23

Merck’s Mission

To translate breakthroughs in fundamental scientific research into meaningful new therapeutics and

vaccines that improve and extend the lives of people, worldwide.

Oncology Hepatitis C Diabetes Infectious Diseases . Vaccines Alzheimer's

-

We're conducting R&D to address some of the world's most urgent global health challenges.

Chemistry is Central to Merck’s mission

24
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Process Research is Central to Merck’s Mission

Early Late

Development Development

‘Ideal Process’
Best chemistry and most sustainable
process at launch

Invent best molecules for future Supply API to accelerate program
Merck products development

25

3 )

Robust

1y
=

Green & The

sustainable Ideal Manufacturing
Process

(m @

operation Cost

€3 MERCK”

26
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Merck’s Commitment to Environmental Sustainability

We are committed to the health, safety and well-being not only of the people
who take our medicines, but also to our neighbors in the communities where
we live & work.

“Our passion to save and improve lives extends to our commitment to protecting and sustaining the environment.”

“Environmental sustainability is a corporate commitment that prepares us to operate in a world of declining natural

resources and increased regulation.”

“We will reduce costs and our environmental footprint through scientific innovation.”

Water Emissions Waste

CORPORATE
RESPONSIBILITY
REPORT

6' —

27

28

MK-1026 — A Reversible BTK Inhibitor

&\t@ s ARQULE

MK-1026

= Indication: Treatment of hematologic malignancies such as
chronic lymphocytic leukemia (CLL) and
Non-Hodgkin’s Lymphoma

= Arqule acquired in January 2020
= Mechanism: Reversible inhibitor of Bruton’s tyrosine kinase (BTK)

= (Clinical phase: Phase 2

28

14



AM'ES. D. Reiff et al. Cancer Discovery 2018, 1300.

29

30

A reversible BTK Inhibitor to Address Treatment Resistance

= Treatment of hematologic malignancies such as chronic lymphocytic leukemia (CLL) and Non-Hodgkin’s Lymphoma

mutation (C481S) prevents this interaction.

oPh 1 Binding mode of ibrutinib with BTK

1
1
1

NH2 1 Irreversible BTK inhibitors covalently bind to

Nk/ Y : cysteine in position 481. A cysteine to serine
X, 1
1
1

Covalent
interaction
requires
cysteine in
position
481.

MK-1026 — Synthetic Chemistry Priorities

Phenol

Cl Cl

Crystal structure of MK-1026 with BTK

inhibit BTK regardless of the amino acid

1
:Ho/\Cj cl
1
MK-1026 was specifically designed to : KT
1
present in position 481 :
1

interaction
with
cysteine in
position
481.

MeOH K,CO;3
0, F H,50, 0, F| Dpmso o, o}
HO MeO MeO
n-BuLi a
THF, < -60°C 0, 0}
Cl
N7

S

ol cl Br k\N N

NP NBS, DMF NS H

l\\N I N - I\\N ! N HO' 0 cl
H H DIPEA /\(J
EtOH, 80°C i X
—
L
N
N
N R
OAc 11 Steps
0. <10% overall yield 0. MK-1026
]| ——— HO —
o «HCI
AcO" “INH,
OAc

9/7/2022
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MK-1026 - Synthetic Chemistry Priorities

Phenol

c MeOH ¢l K,CO; el ;

[¢) F H,S0, 0, F| bmso 0, 0
—_— —_—

HO MeO MeO

n-BuLi cl ;

THF, < -60°C

cl
N= N\
c el g k\N | N
NZ "

NBS, DMF
N H

N§

Z__

°
cl ):\
DIPEA HO/\QJ d
EtOH, 80°C e @
L .
H
OAc 11 Steps
0. <10% overall yleld MK-1026
HO
L /\O ~HCl —
AcO™ “INH,
OAc
Focus For Today

@ Develop a more efficient synthesis to the amino alcohol fragment.

0. OH o__B
Ho/\Q"‘ HBr, Ac,0 Aco/\ElJ/ ' Cuso,, H,0, Zn BF5-OEt, ACO 0, +BuOK HO 0
Ho* ‘OH AcOH AcO OAc NaOAc AcOH Aco™ Et,SiH, AcO™ NP MeOH HOY NF
OH OAc
CH,Cl,
D-glucose
TBDMSO ° o.
TBDMSCI, Et;N o CCI,CN, DBU KoCO;3 TBDMSO o KOH, IPA; 0.
» TBDMSO R > HO'
~ 9 X JJ\cm N
CH,CI, Ho™ CH,Cl, /g Chlorobenzene 3 HCI, CH,Cl, “NH,
ClsC 130°C
0.
Boc,0 Ho 0. H,, PdiC Ho/\[(j HCI HO/U
—_— —_— —_—
MeOH X~"""NHBoc MeOH “’NHBoc dioxane “/NH,CI

Amino alcohol

32
H.S. Overkleeft, et al. Eur J. Org. Chem. 2003, 2418
32
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Original Amino Alcohol Synthesis requires 11 Steps

0 OH o._Br
HO HBr, Ac,0 ACO/\Q/ CusoA H,0, Zn /\Q BF; OEt, AcO o +BuOK Ho/\Cj
. ’ . ’ " | —_— l
HO OH AcOH AcO OAc NaOAc AcOH AcO Et3S|H AcO™ N MeOH HOY NP
OH OAc
CH,Cl,
D-glucose

/ Multiple protecting groups]
0.
CCI;,CN, DBU TBDMSO/\EJ K,CO3 TBDMSO o o KOH, IPA; HO 0.
A

TBDMSCI, Et;N
» TBDMSO

CH,CI H,ClI "'NJJ\CC's HCI, CH,CI
2Cl2 CH,Cl, Chlorobenzene H Cl, CH,Cl,
\°'3° e /
[ Undesirable solvents ]
Boc,0 RN Ha, PAIC Ho O Hel HO/\CJ
- I —
MeOH X~ “"NHBoc MeOH “’NHBoc dioxane “/NH,CI

Amino alcohol
[ Residual Pd control .

[ High PmiI (> 500) |

A

33

33
H.S. Overkleeft, et al. Eur J. Org. Chem. 2003, 2418

Inspiration from a Bio-renewable Solvent

ow

Cyrene
(Dihydrolevoglucosenone)

= Synthesized from biomass

= Applications
= Feedstock for fine chemicals and polymers ? Renewable Feedstock ]
= Solvent, alternative to NMP and DMF
@ = Current production volume: 50 t/year (Circa Group)

Cost
J. E. Camp, ChemSusChem 2018, 11, 3048; https://www.circagroup.com.au/cyrene

34
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Routes Investigated from Cyrene to Amino Alcohol

Ho’\(O/\\l\ }
Ring-opening First
Transaminase First

35

35
Routes Investigated from Cyrene to Amino Alcohol
Ketone Stability Transamination/Reductive Amination
= Intermediate unstable in end-of-reaction stream, neat, = Enzyme evolution complicated by ketone instability
or basic conditions = High enzyme loads needed due to the high salt
= |solated in a dilute brine stream concentration of the ketone stream
Ho/\C/\\l\ = Chemical routes result in <3:1 d.r. of desired amine
/ 0 \
Ring-opening First
HO/\(OJ

77777777777777777777777777 "INH2

50 wt% o

enzyme HO

TMSCI (3 eq.) —_— .,
o Nal (3 eq.) HO ) PLP, ‘PrNH, ‘NH,
5 H20 (1eq.) 90% AY; d.r. = 10/1
WO o o]
ACN, 0°C 76% AY o several o
i BnONH;CI conditions
In aqueous 3
. HO/\(/\\L HO
2+ Na NOBn “NH,
d.r. <291
A. R. Tagirov, Russian J. Org. Chem. 2015, 51, 569.
36

36
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Routes Investigated from Cyrene to Amino Alcohol

Ketone Stability Transamination/Reductive Amination

= Intermediate unstable in end-of-reaction stream, neat, = Enzyme evolution complicated by ketone instability
or basic conditions = High enzyme loads needed due to the high salt
= Isolated in a dilute brine stream concentration of the ketone stream

Ho’\(O/\\l\ = Chemical routes result in <3:1 d.r. of desired amine
/ 0 \
Ring-opening First

Transaminase First
O 2

= Enzyme evolution using a commodity chemical = POC obtained early with Bn-protected cyrene amine
= Access to stable, crystalline amine salts with high d.. = Can we develop protecting group free strategy?

“Transaminase first” route selected for development

Transamination Acetal-Opening

37

37

Transamination — A Powerful Tool for API Manufacturing at Merck

Lys NH, )OL
Hy0 /’j‘\H? Me' Me
& 0 Me' Me
HOL Ao
le,
N
H
PLP
Savile, C. K. et al. Science 2010, 329, 305. E
F F
F Transaminase O NH,
o o iPrNH,, PLP N\I/\N H
N
Ly s !
)‘/N\) F s Sitagliptin
CF,4
Yasuda, N. et al. Org. Process Res Dev. 2017, 21, 1851. N [°}
o 9 . | NH
0 o ATA428 HN NHBoc CFIN NG =\
Me oipr _"NHy, PLP — e 0 U
NHBoc Me —
ubrogepant
38

38
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Transamination of Cyrene

ATA-426 performs the transamination of
cyrene favoring desired isomer (15:1 dr)

Acetone byproduct generates significant
quantities of aldol byproducts (15-20%)

9/7/2022

- ATA-426 is available from CODE L2,

Transamination of Cyrene

ATA-426 performs the transamination of
cyrene favoring desired isomer (15:1 dr)

Acetone byproduct generates significant
quantities of aldol byproducts (15-20%)

Combination of N, sweep and vacuum
controls aldol impurity to <2%, enables
cyrene amine yield >90%

Challenging engineering controls

Isolation of cyrene amine from aqueous
stream is very challenging

Protein removal is cumbersome

(} ATA-426 (15-20 wt%), PLP (1 mol%) @ 71-75% AY
e - WO )'INH, i
0.1 M borate buffer (10 V) dr15:1
pH 8-9, 35-40 °C
cyrene
in H,0
Me\[rMe
NHZ
(e] O
(2 eq) | N OH 15-20%
. 5
- {o]
Aldol Impurity
71-75% AY
ATA-426 (15-20 wt%), PLP (1 mol%)
‘\\O \\\o INH,
0.1 M borate buffer (10 V)
pH 8-9, 35-40 °C 92-94% AY
cyrene acetone removal dr 15:1
in H,0
NH2 \ﬂ/
[e] (0]
(2 eq) I o OH 15-20%
“\
Aldol Impurity <2%
170 = 77 Limin
‘ N, f 100-200 mmHG vacuum
100.0 o TiOW
90.0
80.0
_. 700
£ 600
Z 500
o 3 —e—Product AY
S 400
Z 300 —o— Aldol AY
20.0
10.0 Cyrene AY
00 e—e——e———

0123456 7 8 91011121314151617 18 192021 22 23 2425

Time [h]

40
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Enzyme Immobilization by Adsorption enables Reaction in Organic Solvents

Enzyme Immobilization Solvent Switch
Y Step Step
) .. TN ) Water Water-Saturated Solvent
° /) %8 e e H,0
@ washes
° ® .’ 100 mM K,HPO, buffer IPAPEG
° @ pH 5-6, PLP (8 glL) washes
_ ([ ]
. hwl
Ow ﬁ 48h wet IPAc
° (1.8 wt% H,0) .0 O
o2 O
C ) washes
O° 6$’
Hydrophilic Resin
= |mmobilized on Diaion HP2MGL (hydrophilic
immobilized methacrylate resin)
ATA-426 ) .
O H,N PLP co-factor 0 = No product extraction from aqueous required
WO =0 + Me ——— 3 |.O )NH, - . . .
me wet IPAC = Immobilized enzyme is easily removed from the reaction
60°C,3h in IPAC = Aldol Impurity <4% GCAP without Acetone removal
73% conversion dr=12:1

41

Options for Cyrene Transamination Reaction

=

—

Reaction (water) Reaction (IPAC)

Aqueous Reaction

Acetone removal (N, stream, vacuum) poses
challenges for scale-up

Simplified isolation from an organic stream

Lower aldol formation (<4%)

Requires in situ pH adjustment No need to remove acetone

Challenging isolation of water-soluble product

Challenging protein removal condition resin, risks on scale

Immobilized Enzyme - Batch Reaction

Multiple unit operations to immobilize enzyme and

Possibility to run the reaction as a continuous process

Substrate + iPrNH,

=

PBR

_

Product + acetone

Immobilized Enzyme - Packed Bed Reactor

= Reduced handling of resin by conditioning and
reaction in a single vessel

= Washing/conditioning of resin more consistent

= Improved reaction efficiency (higher enzyme
concentration vs. substrate in column)

Selected immobilized enzyme / flow process for development

42

42
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Initial Screening in a Packed Bed Reactor

100 g/L Cyrene 1.25 equiv iPrNH2 in PBR

Complete conversion
achieved after 4 hours!

—@— Amine diastereomer

Cyrene Amine
—8—Cyrene
—e— Cyrene Imine

—&— Pdt Imine

Aldol 1
—— Aldol 2

0 50 100 150 200 250 300
time (min)

How long did it take to collect these 4 data points?

A. 7.5 hours C. 22.5 hours
B. 12 hours D. 37.5 hours

43

Dynamic Flow Platform for Packed-Bed Reactor Experiments

How to optimize a continuous process?

Traditional Flow Experiment Dynamic Flow Experiment
» Analogous to reaction time in batch » Dynamic ramping of flow rate to interrogate range of
« Each data point (steady-state condition) established residence times in a single experiment
by flowing reaction solution over 3 residence times » Full kinetic profile of flow conditions in a single day
» Time and material intensive » Saves time and materials

Input Tau

@

Corrected Tau

300 400 500 600

Experimental Time (min) |

Rapid collection of data under different

0 "
0 100 200

Product Concentration (M)
& < P <

03 02
reaction conditions across broad oBUEs) | ° O 2 +(min)

spectrum of residence times

Aﬂyvratt, B. M.; McMullen, J. P.; Grosser, S. T. React. Chem. Eng. 2019, 4, 1637-1645. “

44
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Optimization of Immobilized Flow Process

9/7/2022

Dynamic PBR Experiment

immobilized . . . ;.
ATA426 / PLP - Rapidly obtained optimized conditions
- Low aldol formation (<2%)
1.25 equiv. . . L
o iPrN'L o l 0 - Stability: >90% conversion maintained
K 2 5 5 .
= (0" =N 41> @‘”NHz fgr more than 100 hours (3 h residence
)—Me time)
PBR at e L
100 gL Me 60°C, 3-4 h 91% GCAP - Scalability: identical conversion in 5 mL
in wet IPAc dr=12:1 column vs 290 mL column
100
For 80 Time Points... Amount of Experiment Time
90 1 o 0o ® '-"""'."" Stream (g) (min)
L]
80 + , %ot e Steady State 615 37277 (26 days)
70 - v o ‘
°°°®
60 4 o ® Total Product
& .- « SM Imine Dynamic 23 413 (6.8 hours)
(@) 50 A t.'-
o 40 .. 4 Aldol
7 o,
30 " | Diastereomer o o
’ L]
.Oo ° Steady-State Product
20 - °e o
o °
10 A e o, ° © )
o R " e e msssbsbbsspsiat 005,
0 50 100 150 200 250 300 Eficiency
Corrected Residence Time (min) %
 —
45
Improving Transamination through Evolution of ATA-426
Ny — Mutations relative to Rate dr* Tso
. 0 ATA, PLP . »NH2 previous backbone (mM/min) (R:S) (°C)
[ (o
9 / C‘ % ATA-426 - 0.5 191 711
cyrene i-PrNH,  Acetone (R)-cyrene amine Rd2BB ASL 07 20:1 716
I55V;1122M;A192S; )
Rd3BB G1931F215H: 1263M 1.9 21:1 76.4
Protein Engineering Strategy Rd4BB 2.8 40:1 76.4
= Site saturation libraries screened for . . -
ATA-492 P48V, T62A;FB8W; 21 88:1 83.2

improvements in activity, selectivity, stability

W124G;E256R

Combinatorial libraries built using beneficial
mutations for rapid evolution

Evolved under aqueous conditions, and
assayed for impacts on immobilized reactions

4 rounds of evolution provided a
transaminase with improved
activity, selectivity, and thermostability

46
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Process Improvements of New Enzyme and Solvent

+ Improvements obtained through evolution under aqueous * Use of water-saturated MeTHF as solvent improves
diastereoselectivity of transamination

conditions translate to immobilized enzyme flow process . - :
= Allows for single-solvent transamination reaction and

» Good stability and reduced residence time crystallization (process simplification)
Dynamic Flow Experiments Immobilized enzyme flow reactions
100
100 I— 90 . 45
90 .......o.o“o "_",..W. o® 0 °0 ®° 0 00 0o ¢ 00 me 000 %, o IPAc GCAP
% 80 oo’ ® ..--n" 80
S 70 S e 3B
S 60 < e 50% RT reduction a 70 . S
S 5 e CATA4% ceresetenes Koo 2-MeTHF GCAP
S - S 60 °° =
= gg * o ATA-492 A
g % 50 15 IPAC dr
10 40
0
0 50 100 150 200 250 30 5 © 2-MeTHF dr
corrected residence time (min) 0 20 40 60
time (h)

47
Amu:

47

Immobilized Transaminase: Resin Chemistry Impacts Activity

Diverse resins tested with optimized enzyme in flow system:
varied resin chemistry, functionalization, pore size, and particle size

methacrylate Primary amine
ECR8415 resin H head group
. . \/\/\/\
(Purolite): NH,
oo C6 Linker

90%

HP2MGL
80%

* Amine-derivatized resin - activity

0% improvement, faster rate of immobilization,
60% no change to selectivity
50% )
0% * Preferentially adsorbs ATA over host-cell

’ proteins; increased transaminase loading
30%
20%  Potential change to immobilization mode
11 | I
0% i

48
AMIi:

48

Product GCAP

24
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Immobilized Transaminase Process Improvements

Improved Enzyme Comparing Process Improvements, Dynamic Flow Experiments
) 100
90 ..-..lcainnn --.'.-.o'.oooao.o:-:0:............-..-.
ey U \
o * .o \
Change Solvent < 10 o .00 ¢
8 60 \ oo ® “1st Gen” System
o o o Evolved Enzyme
- 50 .
)LC’J\ O/ 40 oo’ Evolved Enzyme
New Resin ° And C6NH, Resin
30
otk g
6 "NH
2 10 Time (min)
Residence time 0 °
) 0 50 100 150 200 250
3hto45min

= Combining evolved transaminase and amine-functionalized resin leads to a 4-fold
reduction in residence time

= Stability of immobilized enzyme is maintained on new resin
49

49

Crystallization of Cyrene Amine TsOH Salt

— o O::
Me

immobilized
0 ATA-426 / PLP
& 79% 0.4%
cyrene e [¢] _l:l’—’ o

60°C,3h @_. ON
WO )=NH, O >L
N Me

Benefits of Tosylate Salt Crystallization Me
. . o . . 6.6% trace
= Tosic acid hydrolyzes all imines in solution
= Salt formation completely rejects aldol /@/ SOH
impurities Me 0
2-MeTHF

= Increase in purity (d.r.)

Me,

o O~
on 3 o
WO )"NHg Me w0 o 2
\ o) o Me,
@—wz © Robust
95% IY from amine N 1ile) oH

dr>30:1

Robust crystallization provides quality product from streams of varying conversion
=4 Public

50
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Immobilized Transaminase Process Improvements

. i
52?“!/
isopropylamine

__NH. p-TSA
- @ _—
o
packed-bed = 2-MeTHF

ECR8415

. ATA-492
resin

®
NH;

B (€]
C@ OTs

10V

2-MeTHF

reactor . Mz Cyrene Amine
Cyrene 45 min Cyrene Amine Tosylate Salt
residence time 28:1dr 78% yield, >200:1 dr
100 40
g - 35
Process performed s 8_0_: =
in 10 L column 2 P30 X
o g W 5
T 60| L e
f S k<] . \* 25
)
Ease of 40 T T T T 20
operaton 0 25 5 75 100
Time (h)
51
Can we use Cyrene as a Starting Material?
0 o
I o O >

Transamination First
&» 0~ J
@. ' |NH2

Cyrene amine‘/

9/7/2022

Process Changes significantly improved
Transamination efficiency and
sustainability

d.r. =23:1 d.r. >200:1
2 kg ATA - 55% 0.9 kg ATA
20 L column - 50% 10 L column
3h RT - 75% 45 min RT
5 kg cyrene/day 17 kg cyrene/day

ﬂenewable Starting Material and Solvent ]

>
Hypo

51

0. H
HO/U
“/NH,

esis
A e
(o}

th
L
®

Y H
“‘\(f “INH
R

Can we develop reductive Acetal Opening?

52
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Acetal Opening — BH, Safety

53

= Proof of Concept for Acetal Opening with Retention of d.r. :

BH; THF (3 eq.)

0 Lewis Acid (3eq.)  HO o
‘\O‘ WwiINH —_— |
O Bn ACN (15 vol) ”H’B"
50°C,5h
>99% conversion >20:1dr
~90% IY

Acetal Opening — BH, Safety

54

= Proof of Concept for Acetal Opening with Retention of d.r. :

BH, THF (3 eq.)

0, Lewis Acid (3 eq.) HO/\(OJ
y ). R ——
@ "N‘H .,,N,Bn

Bn ACN (15 vol)
50°C,5h H
>99% conversion >20:1 dr
~90% IY

BH, THF is an unstable, self-reactive material !

= Risk of thermal runaway reactions due to THF-cleavage

= >50 °C generates B,H;
= a highly flammable gas (auto-ignition temperature 130-135 °C)
= and a highly toxic gas (PEL = 0.1 ppm, IDLH = 15 ppm)

Chem. Eng. News 2002, 80, 26, 7

Chemical Engineering in the Pharmaceutical Industry, 2" Ed., 2019
‘Case study of a Borane-THF Explosion’

Matos et. al. OPRD 2006, 10, 1292.

.. Monteiro and Flanagan, OPRD 2017, 21, 2, 241.
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Acetal Opening — BH, Safety

= Proof of Concept for Acetal Opening with Retention of d.r. : "
effective

Hierarchy of Controls
BH, THF (3 eq.) o

@ - Lewis Acid (3 eq.) HO f,:‘gﬂ;j:{d"’"“m
0 o —_—

\ D -}
8n  ACN (15 vol) N n
50°C,5h Substitution —| Roplace.
>99% conversion >20:1 dr
~90% Y

- 0 Isolate people
1 from the hazard

Administrative Change the way
Controls people work

BH, THF is an unstable, self-reactive material !

= Risk of thermal runaway reactions due to THF-cleavage

= >50 °C generates B,H;

Protect the worker with
= ahighly flammable gas (auto-ignition temperature 130-135 °C) FamelPustecin Srntomet

Least

= and a highly toxic gas (PEL = 0.1 ppm, IDLH = 15 ppm) effoctive
@ Identify Alternative Conditions to avoid BH,

55

Acetal Opening with Silane Reductants

= |[nitial hit:
Et;SiH (6 eq.)

0 BF;-OEt, (6 eq.) HO ) HO OH N,
@'"NHZ —_— ., *TsOH 4+ | N>_CH3
« TsOH ACN NH, H

50°C,15h
64% 1Y @D
2:1 Y o
v' Uses less toxic triethylsilane
v" Does not require N-protecting group

= Undesired side product (Ritter reaction)

56
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Acetal Opening with Silane Reductants

= |nitial hit:
Et;SiH (6 eq.)
o.

o = BF;-OEt; (6 eq.) HO HO OH N\
@'”NHZ —_— .. * TsOH + | N>_CH3
« TsOH ACN NH, H

50°C,15h
64% IY @)
2:1 L .
v" Uses less toxic triethylsilane
v" Does not require N-protecting group

= Undesired side product (Ritter reaction)

. \// High Throughout Experimentation quickly identified the optimal solvents

1st Screen
12 solvents with 8 silanes

v Triethylsilane

° { v Sulfolane is a privileged solvent
w0

@ melting point 27.5 °C

57

Acetal Opening with Silane Reductants

= |[nitial hit:
Et;SiH (6 eq.)

0 BF;-OEt, (6 eq.) HO O, HO OH N\
@'"NHZ —_ ., *TsOH &+ | N>_CH3
. TsOH ACN NH, N

50°C,15h
64% IY @D
2:1 P .
v' Uses less toxic triethylsilane
v" Does not require N-protecting group

= Undesired side product (Ritter reaction)

=~ High Throughout Experimentation quickly identified the optimal solvents

1¢t Screen 2 Screen

12 solvents with 8 silanes i 12co-solvents with different %sulfolane |

v Triethylsilane v Aslittle as 10 vol% sulfolane required

o v Sulfolane is a privileged solvent i v/ Aromatic solvents perform best i
WO © | (PhMe, PhOMe, PhCl etc)

D melting point 27.5 °C

58

9/7/2022
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Acetal Opening of Cyrene Amine

= Product can be isolated as either the TsSOH or HCI salt (using with TMSCI) after quenching with methanol

o =
@“INHZ
* TsOH

Cyrene Amine
>17:1 dr

59

BF;-OEt, (2 eq.)
Et;SiH (5 eq.)

Sulfolane (2 vol)
Anisole (3 vol)
40°C,18 h

F3B,, (o)
3 'OA(J
’l’NHz

* TsOH

MeOH (2V)
60°C,2h

———
cool to rt

MeOH (2V)

60°C,2h
.

then TMSCI

(1.5eq.)

cool to rt

HO
* TsOH

“NH,

75% 1Y
99.5 LCAP
minor isomer ND

HO'
*HCI

“/NH,

86% IY
98.5 LCAP
minor isomer ND

How can we control the problematic dimer impurity?

Understanding the Acetal Opening Reaction

1

BF3-OEt; (2 eq.)
Et;SiH (5 eq.)

o 3
*«TsOH Sulfolane (2 vol)

Anisole (3 vol)

40°C,18 h

= 'H NMR Reaction Profile:

FiB., o
3 o/\()
“/NH,

* TsOH

0.24 W 0.66
Wy ESF
©

- 0.49
§o1 o
g £ el el 033
c
® .
$008 oe 1 2 eEusiF
8 * 0.16
/‘ § M
0.00 \\L/\ Ty 0.00
10.00 15.00

0400\ 5.00

Induction period

60

Time (h)

Et3SiF (M)

= During an induction period, formation of H, and Et;SiF is observed

Concentration (M)

0.24

0.16

0.08

e0 0400 ,° Et,SiF

..'. ¢ *
000 $ovcee

2.00
Time (h)

0.00 \1.00

Induction period

3.00

0.66

0.49

0.33

0.16

0.00

Et3SiF (M)

9/7/2022
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Why is it Important to Understand How your Reaction Works?

BF;-OEt, (2 eq.)

o\s Et,SIH (5 0q) FiB., o = During an induction period, formation of H, and Et;SiF is observed
WO )NH ——————————— ., = H,and Et,SiF formation is observed in the absence of cyrene amine
+TsOH Sulfolane (2 vol) “NH, . . L
Anisole (3 vol) « TsOH = Formation of a new, transient BHRx species is observed
1 40°C,18h = NMR characterization of BHRx is diborane!
H _H _H
L L
= "B NMR: = 9FNMR: EtSIF = 1HNMR:
BHR BF,.OEt, ! ' ‘
BF;-OFt H
broad ‘ 3; : i f [ *\
BF, OEt, + Et,SiH ("'B) G BF, O, + Et;SiH , Jl [N
\_/ ‘ | L/ L A
BF,OEt, + Et,SiH (1B {H}) R ‘H
\
sharp | J| BF, OFt, a
BF;.OEt, L JL

I M da ds 8 4 0 4 @ -2 6 {44 147 150 153 156 155 183 165 168 171 174 177 46 45 44 43 42 41 40 49 18 37 36 45 34 33 52 91
11 (pam) F1 (ppm) 1 (opm)

A

61

62

R

Why is it Important to Understand How your Reaction Works?

o BF;-OEt, (2 eq.)

= Diboraneis gener: round 2 h, with full consumption hours.
3 EtSIH (5 €q) FiB., o borane is generated at around 2 h, with full consumption at 6 hours
O )NH  ——————————3 ., = Diborane s the active reductant.

«TsOH Sulfolane (2 vol) “NH,

Anisole (3 vol) * TsOH
1 40°C,18 h

H  H__H .
BF;-OEt, + Et;SiIH ——» H’B‘H‘B‘HT + Et,;SiF
sulfolane

1.66 equiv. 5 equiv. 0.83 equiv. 5 equiv.
L

Reaction Headspace Analysis using React IR

diborane

@ Thorough Process Safety Analysis Required
prior to Scale Up

31



Developing a Scalable Process Whilst Controlling Problematic Dimer Impurity

1) Slow addition of reagent to control concentration of reactive impurity

9/7/2022

. ) ) o ) o regular 6x slow
Determined not to be viable due to formation of significantly higher levels of dimer impurity addition 0.5 addition
- . . Dimer Impurity LCAP
2) Apply a sufficient nitrogen sweep to control the headspace concentration
100 Solution 06
S % Run reaction o 05
= % e under pressure S o4
=] [ ] ]
£ 94 = 03
o [
g2y ¢ E 02
S w = o
88 = Diborane gas is maintained ‘ -
0 10 20 30 40 50 inside reactor 0
Nitrogen Sweep Rate (sccm) = Reproducibly high conversion N2 bubbler  Sealed Reactor
= Significant reduction in dimer
impurity (ca. 5x)
Can we safely scale-up the reaction under pressure? Rjﬁb:]t
A obusf

63

Safety Considerations Before Scale-Up

= Exotherms:

Ensure that no secondary decomposition reactions can occur that ... Hjera rchy Of Cont I‘OlS
would bring batch within range of auto-ignition temperature (130- =ffecti

o l Physically remove
1 35 C). m L

Understand maximum possible pressure build up to select
appropriate scale up equipment.

i Replace
= Pressure Hazards: Substitution *l the hazard
neering

Isolate people

Co ntrols F from the hazard
,ONIrois

.. Administrative Change the way
= Emissions: Controls / people work
Ensure emissions limits are not exceeded.

= Diborane Toxicity: it i

Plan for appropriate PPE and diborane monitors, as well as
develop emergency response plans for potential upset scenarios. @

Protect the worker with
Personal Protective Equipment

Safe

/ Strong collaboration between process safety group, chemists and engineers was required
(O) to enable incident free scale up of >10 x 30-45 kg batches.

A

64
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Amino Alcohol Synthetic Improvements

Supply Route

o_B
Ho N O Heraco | Aco ' Cuso;H0,Zn A" N BF;OEt, @
T — > | — ACO/\O -,
! > 5 ', W o
HO e AcOH Ree oRe NaOAc, AcOH e Et;SiH A0 NP

OH OAc OAc 6 steps
D-glucose
o H, (1 atm) HO/\(.J 4 M HCI Ho/\ij
HO' —_— —_—
/\QJ',,NHBQC PdiC “NHBoc EtOH “/NH,Cl
MeOH Amino Alcohol
HCI Salt
@ (Transamination Step ), (Acetal Opening Stop) . Supply Route: (.:umulat_ive PMI = 654
_ Amino Alcohol Synthesis contributed 83% to the PMI
O3 PI;T“:P-::;HZ o3 B?;‘glgtz HO 0 . .
W0 =0 ———> @'--NHZ o> /U ,TSOH Manufacturing Route: Cumulative PMI = 160
8% TSOH - anisole "2 Amino Alcohol Synthesis contributes only 22% to the PMI

Cyrene DN =18 Cyrene Amine then MeOH Amino Alcohol

TsOH Salt 75% TsOH Salt

PMI =17
h ﬁ Removed 7 Synthetic Steps
?Renewable Feed5t00k] Reduce Step Count Atom Economy T Improved overﬁll yield 10-f2|d ]

65

Nemtabrutinib Commercial Route
F  H,;SO, F| Phenol o] afety
0}/@, MeOH [ 0\}/@, l K3PO, 0@

HO

pmMC DMF
MeLi, n-BuLi cl
PMI =32 o o
1 ®;
N/
ci cl gy I J N
FI NN
NN NBS, DMF NS ow I
——
S | N S | N Process Ho o al
N" H PMI=16 N H DIPEA /\(J d
EtOH, 80°C T
/ e
(O) PMI = 27 K
NN
ATA -492 o Et;SiH o MK-1026
PLP, ‘PerHz BF3-OEt, HO nemtabrutinib
00 JNHy e TsOH ——m8m —————————
. sulfolane "
78% TsOH i NH,
Cyrene PMI =18 Cyrene Amine 75% Amino Alcohol
TsOH Salt PMI = TsOH Salt

Removed 7 Synthetic Steps
Renewable Feedstock Reduce Step Count Atom Economy Improved overall yield 10-fold

66
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gd

Robust
Green & The
sustainable Ideal Manufacturing
Process
i (&
Ease of
operation Cost
3 MERCK”
67
Green &
(’j \) sustainable
Ease of
operation
Cost
€3 Merci®
68
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ACS
W Chemistry for Life®

www.acs.org/acswebinars

THE LIVE Q&A IS
ABOUT TO BEGIN!

Keep submitting your questions
in the questions window!

71

TWENTY-SEVENTH ANNUAL
GREEN CHEMISTRY & :
ENGINEERING CONFERENCE &%

CLOSING THE
June 13-15, 2023 | Long Beach, CA

Closing the Loop: Chemistry For a Sustainable Future

Call for
Abstracts
Will Open January 2023
ACS Green Chemistry Institute
gcande.org Chemistry for Life
72
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ACS GCI Student Awards 7 i sty stiute

APPLY BY OCTOBER 9, 2022 FOR THE

JOSEPH BREEN
CIBA TRAVEL AWARD

MEMORIAL FELLOWSHIP
IN GREEN CHEMISTRY

IN GREEN CHEMISTRY

You could win up to $2,000 in travel funding to attend green chemistry

U.S. High School, undergrad and graduate students can receive up to ’A‘ ﬂ ﬂ ‘v‘ m [.)v‘v_
$2,000 in travel funding A

APPLY BY OCTOBER 9; 2022 FOR THE Apply by Oct 9 at
KENNETH HANCOCK MEMORIAL AWARD [ CYIT o100/ /s (o] - TooRo1 e

Recognizing excellence in green chemistry research. Receive $1,000 plus
up to $1000 in travel funding to present at the Green Chemistry
& Engineering Conference.

acsgcipr.org

AC S www.acs.org/acswebinars ACS WEblna rS
W Chemistry for Life®

CLICK ~ WATCH - LEARN - DISCUSS

| NEXT WEEK!| P
a3

O %

V‘Ge“ e |

A LS

Wed., Sept. 14, 2022 | 5:00pm-6:00pm ET Thurs., Sept. 15, 2022 | 2:00pm-3:00pm ET Wed., Sept. 21, 2022 | 11:00am-12:00pm ET
Catalyze the Vote! 2022 ACS Addressing Sustainability Challenges More than One Route to Inclusion:
President-Elect Candidates with Earth Abundant Metal Catalysis

Co-produced with the ACS Younger Chemists Committee Co-produced with the ACS Office of Sustainable

Co-produced with the ACS Office of Diversity, Equity, Inclusion

Development and Organometallics & Respect and the ACS Committee on International Activities

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

=s———  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
W Chemistry for Life®

www.acs.org/acswebinars

@ ACS Webinars

CUCK + WATCH » LEARN = DISCUSS

ACS Webinars® does not endorse any
products or services. The views expressed in
this presentation are those of the presenter
and do not necessarily reflect the views or
policies of the American Chemical Society.

Contact ACS Webinars® at acswebinars@acs.org
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