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ABSTRACT:  A 7-step, 3-pot synthesis of the antiviral drug nirmatrelvir is described, arriving at the targeted drug in 70% 
overall yield. Critical amide bond-forming steps utilize new green technology that completely avoids traditional peptide 
coupling reagents, as well as epimerization of stereocenters. Likewise, dehydration of a primary amide to the corresponding 
nitrile is performed and avoids use of the Burgess reagent and chlorinated solvents. Direct comparisons with the original 
literature procedures highlight both the anticipated decrease in cost and environmental footprint associated with this route, 
potentially expanding the availability of this important drug worldwide. 

INTRODUCTION 

The ongoing COVID-19 pandemic caused by the SARS-CoV-
2 virus and its variants represents a once in a century pub-
lic health disaster that continues to impact mankind, as 
well as the global economy.1 The disease has created an 
urgent need for rapid development of both preventative 
measures (e.g., vaccines) and post-infection treatment op-
tions.2 Both aims have been achieved in record time, the 
latter initially being driven by investigations into repur-
posing existing drugs, which has produced relatively few 
effective treatment options.3 The search for novel SARS-
CoV-2 antivirals, on the other hand, has led to the devel-
opment of molnupiravir by Merck,4 EDP-235 by Enanta,5 S-
217622 by Shionogi,6 and several others.7 The first such 
antiviral to receive approval by the FDA, Paxlovid, is an 
orally-active combination of the SARS-CoV-2 main prote-
ase inhibitor nirmatrelvir (1; PF‑07321332) and the HIV 
antiviral ritonavir, disclosed by Pfizer in late 2021.8 This 
drug combination was shown to reduce risk of progression 
to severe COVID-19 in high-risk, symptomatic patients by 
89% compared to placebo,9 exemplifying the crucial role 
the drug is expected to play worldwide in the continuing 
efforts to combat the COVID-19 pandemic. 

  
In addition to cost, the environmental impact associated 

with the synthesis of nirmatrelvir in such an immediate 
and high demand situation cannot be overlooked, especial-
ly since the prescribed dosage is 3 g of total API per patient 
over the course of the 5-day treatment. While Pfizer’s more 

recently reported route to nirmatrelvir10 improves upon 
their originally reported methodology,8a there are still nu-
merous opportunities to reduce the amount of waste gen-
erated by the existing routes, especially focusing on use of 
a variety of organic solvents, and peptide coupling rea-
gents. Therefore, there clearly exists an urgent need for the 
development of both a green and economically attractive 
synthesis of nirmatrelvir. 

RESULTS AND DISCUSSION 

In continuing our group efforts to develop scalable routes 
to APIs under cost effective and environmentally friendly 
conditions,11 and in an ongoing partnership with the Bill 
and Melinda Gates Foundation initially formed for purpos-
es of preparing APIs for the treatment of malaria (e.g., py-
ronaridine),11a we have developed a route to nirmatrelvir 
that simultaneously addresses these issues while maximiz-
ing both time and pot economies (Scheme 1).12 Further-
more, special attention has been directed towards avoiding 
epimerization of chiral centers during crucial peptide 
bond-forming steps. Workups, which often give rise to 
enormous volumes of both organic and aqueous waste, 
have also been streamlined; only simple, in-pot aqueous 
washes are involved, as are minimal amounts of far green-
er (and recoverable) organic solvents (e.g., EtOAc).13 The 
strategy selected for the synthesis of nirmatrelvir, there-
fore, focused on the inherent benefits on scale of a conver-
gent route.14 Moreover, it seemed advantageous to per-
form our Pd-catalyzed amide dehydration15 in this conver-
gent fashion, as subsequent steps provide opportunities to 
limit the amount of residual Pd in the final API.  
     The 1-pot thioesterification/amide bond formation fea-
tured in this sequence,16 which uses di-2-
pyridyldithiocarbonate (DPDTC)17 to activate the carbox-
ylic acid, avoids traditional peptide coupling reagents (e.g., 
HATU, DCC, COMU, T3P, etc.) and epimerization, and  



 

Scheme 1. The Overall Route to Nirmatrelvir 

 

allows for facile removal of the (odorless) 2-
mercaptopyridine by-product via an in-flask extraction 
with limited amounts of aqueous hydroxide. In contrast to 
the by-products of conventional amide bond coupling rea-
gents,18 benign 2‑mercaptopyridine can also be easily re‑
covered for recycling to DPDTC (see SI-1, section 4). Both 
intermediate thioesters 3 and 7 are stable, isolable species 
constituting activated carboxylic acids, potentially simpli-
fying their large-scale manufacture and distribution com-
pared to other activated species. In this sequence, howev-
er, their individual isolation/purification was not required. 

3-Step, 1-pot sequence en route to intermediate 6 

Commercially available N-Boc protected t-leucine (2) was 
converted to its thioester derivative 3 using DPDTC in en-
vironmentally preferrable EtOAc13 containing catalytic 
DMAP at rt. Product 3 was then processed via simple in-
flask treatment with aqueous base, followed (after removal 
of the aqueous phase and EtOAc) by addition of bicyclic 
proline 4, N-methylmorpholine (NMM), and EtOAc.19 Gen-
tle heating led to the desired amide bond in product 5. This 
newly formed peptide containing a methyl ester originally 
present in 4, was then hydrolyzed with LiOH in aqueous 
THF, after which the reaction mixture was neutralized with 
aqueous HCl and then extracted with minimal EtOAc to 
afford 6 (78% over 3 steps). It is noteworthy that the 
product did not require purification since the small 
amounts of impurities present, primarily 
2,2’‑dipyridyldisulfide, were of no synthetic consequence. 
It was, however, necessary to adjust the stoichiometry of 
reagents used in the second thioesterification step based 
on the amounts of impurities present in crude 6 (as de-
termined by quantitative NMR). 

2-Step, 1-pot sequence en route to intermediate 9 

Carboxylic acid 6 was subjected to thioester formation in 
the same manner as used earlier to form 3. The resulting 7, 

without isolation, was then treated with nitrile amine salt 
8 in concentrated EtOAc (2 M) at rt to afford 9 (94% over 2 
steps). This convergent approach avoids the linear route 
used by Pfizer involving a primary amide intermediate that 
then requires the Burgess reagent to effect dehydration. 
While column chromatography was required in our hands 
for isolation of pure 9 owing to practical limitations asso-
ciated with small academic work, large-scale purification 
of this intermediate should be possible by precipitation. 

2-Step, 1-pot sequence en route to nirmatrelvir (1)   

Intermediate 9 was initially dried azeotropically using re-
coverable toluene. N-Boc Deprotection was then carried 
out using a concentrated solution of HCl/dioxane in CH3CN. 
All attempts using standard conditions involving TFA were 
quite low-yielding and involved creation of multiple side-
products, presumably including various materials result-
ing from epimerization due to the presence of TFA.20 Use of 
HCl, however, was very clean and led to an initial mixture 
of conformers, likely to be a rotameric mix associated with 
the tertiary amide present (10a and 10b, Scheme 2) as 
seen by Pfizer with related compounds bearing the same 
bicyclic proline moiety,8a and supported by variable tem-
perature 1H NMR (see SI-1, section 3.7). Remarkably, and 
unexpectedly, it was also observed that greater degrees of 
epimerization occurred during subsequent trifluoroacety-
lation when the kinetically formed proportion of the minor 
conformer was used. Interestingly, equilibration of the N-
Boc deprotected material, which was a 70:30 mixture of 
the initially formed HCl salt, at rt overnight reproducibly 
led to a ratio of conformers between 94:6 and 96:4. After 
equilibration, the solvent and excess HCl were removed in 
vacuo and the resulting amine hydrochloride salt was sub-
jected to trifluoroacetic anhydride (TFAA) and NMM to 
install the trifluoroacetamide moiety. Removal of TFAA 
and NMM via aqueous washes afforded nirmatrelvir (1) in 
95% yield over this 1-pot, 2 step approach, and with 95% 
purity by HPLC. Small amounts of the undesired 



 

Scheme 2: The rotameric mixture of intermediate 
amine salts 10a and 10b following N-Boc deprotection. 
 

 

Scheme 3: Preparation of aminonitrile 8 

 

diastereomer could be effectively removed by formation 
and recrystallization of the MTBE solvate, as described 
previously by Pfizer.8a The resulting nirmatrelvir was iso-
lated seemingly as a pure rotamer based on NMR data (see 
Figure S8 in SI-1). 
     The proton NMR spectrum of nirmatrelvir (1) (obtained 
prior to treatment with MTBE) in dimethylsulfoxide sol-
vent showed mainly one rotamer, with only ca. 5% of the 
minor rotamer present. DFT calculations on conformers of 
nirmatrelvir were carried out looking to support observa-
tions that nirmatrelvir and related compounds featuring 
the bicyclic proline residue in 1 exist as two rotamers 
about the tertiary amide bond that are unusually slow to 
equilibrate at room temperature as seen in the NMR spec-
trum (see SI-2). Calculations at the B3LYPD3BJ/6-
31+G(d,p) level in the gas phase and in acetonitrile using 
the SMD solvation model showed a predominance of the 
rotamer with the tertiary amide carbonyl group participat-
ing in a cyclic, 7-membered ring-containing a hydrogen 
bond to the NH of the pyrrolidinone side-chain amide (Fig-
ure 1). The structure of the minor rotamer (calculated in 
acetonitrile) is shown in Figure 2 with two marginal long-
distance, non-linear hydrogen bonds. The rotational free 
energy barrier for nirmatrelvir in acetonitrile was calcula- 
ted to be 25.25 kcal mol-1 at 298 K, significantly higher 
than the experimental barrier of 17.77 kcal mol-1 for acet-
amide in acetonitrile solvent.21  

Synthesis of intermediate 8  

The commercially available N-Boc protected methyl ester 
11 was converted to the corresponding primary amide 12 
using the published procedure (methanolic ammonia; 
Scheme 3).8a Although Pfizer’s approach to the dehydra‑
tion of their primary amide relied on the Burgess reagent 

in chlorinated solvent,8a 12 could alternatively be smooth-
ly dehydrated applying recently disclosed technology 
based on an “amide exchange”;15,22 that is, using commer-
cially available fluoroacetonitrile23 as the sacrificial accep-
tor of water under Pd-catalyzed conditions, resulting in 
nitrile 13 (93%). 

N-Boc Deprotection of 13 using HCl in various or-
ganic solvents was initially problematic in that adventi-
tious water present in both the solvent and starting mate-
rial 13 led to varying degrees of hydrolysis (13-30+%) to 
form carboxylic acid 8a and/or primary amide 8b. It was 
anticipated that hydrolysis could also occur during Boc-
deprotection of 9. Formation of by-products 8a and 8b 
were minimized via azeotropic removal of residual water 
in 13 using recoverable toluene under high vacuum. Prior 
observations by BMS on related nitriles indicated that in-
clusion of a sacrificial nitrile, such as CH3CN, reduced un-
desired competitive hydrolysis during N-Boc deprotection, 
likewise under acidic conditions.24 Indeed, applying both 
procedures (azeotropic drying of the educt and then  

 

Figure 1. B3LYPD3BJ/6-31+G(d,p)/SMD(MeCN) opti-
mized structure in acetonitrile for the major rotamer of 
1. Hydrogen bond O-H distance = 1.96 Å.  Atom colors: 
nitrogen, blue; oxygen, red; fluorine, green. 

 

 

Figure 2. B3LYPD3BJ/6-31+G(d,p)/SMD(MeCN) opti-
mized structure in acetonitrile for the minor rotamer of 
1. Weak hydrogen bond O-H distances = 4.10, 4.20 Å.  
Atom colors: nitrogen, blue; oxygen, red; fluorine, green. 



 

 

adding dry CH3CN) afforded the desired nitrile amine 8 as 
its HCl salt (95%) with only 3% hydrolysis. Separation and 
removal of residual 8a and/or 8b could be easily accom-
plished by dissolving the mixture in MeOH and precipitat-
ing pure 8 using ice-cold Et2O. 
     This convergent route to nirmatrelvir has been accom-
plished in 70% overall yield, a considerable improvement 
over the 48% reported by Pfizer.8a Table 1 summarizes a 
direct comparison of several additional key features asso-
ciated with each route with respect to environmental as-
pects, as well as potential costs. Importantly, given the 
global volumes of drug needed (leading to a projected $22 
billion in revenue),25 and using Sheldon’s E Factors26 as a 
reasonable guide to waste creation, the sequence de-
scribed herein is suggestive of a far more attractive pro-
cess. What the E Factors do not highlight, however, is the 
significant decrease in hazardous waste generated, includ-
ing chlorinated solvents, DMF, and excess reagents such as 
HATU and the Burgess reagent. 

Table 1: comparisons between this work and Pfizer’s 
route8a to nirmatrelvir (1) 

reaction 
parameter 

Pfizer this work 

 

amide bond 
formations 

uses HATU, EDCI uses DPDTC 

non-recyclable 
waste 

recyclable 
2‑mercaptopyridine 

solvents:  DMF, 
MEK 

solvent:  EtOAc 

 

amide dehy-
dration 

Burgess reagent cat. Pd, FCH2CN 

solvent:  CH2Cl2 solvent:  H2O/CH3CN 

 

N-Boc-
deprotection 

solvent:  CH2Cl2 solvents:  CH3CN, di-
oxane 

 

E Factor (all 
waste) 

 

214 120* 

E Factor 
(excluding 
aq. waste) 

 

108 54* 

overall yield 48% 70% 

*Artificially elevated due to scale; see ref. 27. 

 

CONCLUSIONS 

The sequence to nirmatrelvir outlined herein provides 
streamlined, efficient, convergent, cost-effective, and envi-
ronmentally responsible access to a highly valued drug for 
treatment of COVID-19. Particularly notable and distin-
guishable features associated with this route include:   

• peptide bond constructions that take place in 1-pot 
processes in highly concentrated EtOAc that avoid tradi-
tional peptide coupling reagents, which can otherwise be 
costly, dangerous, and produce considerable waste, espe-
cially at scale. 

• use of our newly developed, green technology for pri-
mary amide dehydrations, applied to a “real” molecule, 
that by-passes prior employment of unattractive reagents 
at scale (e.g., the Burgess reagent).  

• conditions that avoid potentially costly separation of 
unwanted isomers due to epimerization. 

• a reduced environmental footprint, thereby avoiding 
much of the waste being generated by the currently uti-
lized routes. 

• new insights gained regarding nirmatrelvir based on 
previously unknown high-level calculations and modeling 
studies. 

 

ASSOCIATED CONTENT  

Supporting Information-1.  
Experimental procedures, optimization details, and analytical 
data (NMR, HPLC, and MS). 
Supporting Information-2.  
DFT calculations. 
This material is available free of charge via the Internet at 
http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

*Bruce H. Lipshutz – Department of Chemistry and Biochemis-
try, University of California, Santa Barbara, California 93106, 
United States; orcid.org/0000-0001-9116-7049 
Email:  lipshutz@chem.ucsb.edu 

Authors 

Joseph R. A. Kincaid – Department of Chemistry and Biochemis-
try, University of California, Santa Barbara, California 93106, 
United States; orcid.org/0000-0003-4976-7432 

Juan C. Caravez − Department of Chemistry & Biochemistry, 
University of California, Santa Barbara, California 93106, Unit-
ed States; orcid.org/0000-0002-5679-7536 

Karthik S. Iyer − Department of Chemistry & Biochemistry, Uni-
versity of California, Santa Barbara, California 93106, United 
States; https://orcid.org/0000-0003-4566-2721 

Rahul D. Kavthe − Department of Chemistry & Biochemistry, 
University of California, Santa Barbara, California 93106, Unit-
ed States 

Nico Fleck − Department of Chemistry & Biochemistry, Universi-
ty of California, Santa Barbara, California 93106, United States 

Donald H. Aue − Department of Chemistry & Biochemistry, Uni-
versity of California, Santa Barbara, California 93106, United 
States; https://orcid.org/0000-0002-2036-523X 

Author Contributions 

All authors have given approval to the final version of the 
manuscript. ‡These authors contributed equally. 

Funding Sources 

Financial support provided by the Bill & Melinda Gates Foun-
dation (BMGF) is warmly appreciated with thanks (INV-
005858). A pre-doctoral award from the National Science 



 

Foundation Graduate Research Fellowship program is also 
gratefully acknowledged (Grant No. 1650114 to J.R.A.K.). 

 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENTS  

Insight and guidance provided by both BMGF consultants John 
Dillon and Trevor Laird throughout this project are very much 
appreciated. Assistance by Rachel Behrens in collecting HRMS 
data is also acknowledged.  
We warmly dedicate this manuscript to the memory of our 
friend, and former student, Dr. Alex B. Wood, whose graduate 
work here at UCSB figured prominently in this synthesis. 

 

REFERENCES 

(1) (a) The Impact of COVID-19 on Global Health 
Goals – WHO (2022) https://www.who.int/news-
room/spotlight/the-impact-of-covid-19-on-global-
health-goals (accessed July 13, 2022). (b) WHO Corona-
virus (COVID-19) Dashboard – WHO (2022) 
https://covid19.who.int/ (accessed July 13, 2022). (c) 
Onyeaka, H.; Anumudu, C. K.; Al-Sharify, Z. T.; Egele-
Godswill, E.; Mbaegbu, P. COVID-19 Pandemic: A Review 
of the Global Lockdown and Its Far-Reaching Effects. 
Science Progress 2021, 104, 003685042110198. (d) 
Belitski, M.; Guenther, C.; Kritikos, A. S.; Thurik, R. Eco-
nomic Effects of the COVID-19 Pandemic on Entrepre-
neurship and Small Businesses. Small Bus. Econ. 2022, 
58, 593–609. 

(2) Edwards, A. M.; Baric, R. S.; Saphire, E. O.; Ulmer, 
J. B. Stopping Pandemics before They Start: Lessons 
Learned from SARS-CoV-2. Science 2022, 375, 1133–
1139. 

(3) (a) Ho, W. S.; Zhang, R.; Tan, Y. L.; Chai, C. L. L. 
COVID-19 and the Promise of Small Molecule Therapeu-
tics: Are There Lessons to Be Learnt? Pharmacological 
Research 2022, 179, 106201. (b) Srivastava, K.; Singh, 
M. K. Drug Repurposing in COVID-19: A Review with 
Past, Present and Future. Metabolism Open 2021, 12, 
100121. 

(4) Jayk Bernal, A.; Gomes da Silva, M. M.; 
Musungaie, D. B.; Kovalchuk, E.; Gonzalez, A.; Delos 
Reyes, V.; Martín-Quirós, A.; Caraco, Y.; Williams-Diaz, 
A.; Brown, M. L.; Du, J.; Pedley, A.; Assaid, C.; Strizki, J.; 
Grobler, J. A.; Shamsuddin, H. H.; Tipping, R.; Wan, H.; 
Paschke, A.; Butterton, J. R.; Johnson, M. G.; De Anda, C. 
Molnupiravir for Oral Treatment of COVID-19 in Non-
hospitalized Patients. N. Engl. J. Med. 2022, 386, 509–
520. 

(5) Balakrishnan, A.; Reyes, A.; Shen, R.; Bisht, N.; 
Sweeney, J.; Levene, R.; McAllister, N.; Cressey, T.; Mana-
lo, N.; Rhodin, M. H.; Vaine, M.; Wang, G.; Or, Y. S.; Good-
win, B. Molecular Basis for Antiviral Action of EDP‑235: 
A Potent and Selective SARS‑CoV‑2 3CLpro Inhibitor for 
the Treatment of COVID-19. The FASEB Journal 2022, 
36, fasebj.2022.36.S1.0R514. 

(6) Unoh, Y.; Uehara, S.; Nakahara, K.; Nobori, H.; 
Yamatsu, Y.; Yamamoto, S.; Maruyama, Y.; Taoda, Y.; 
Kasamatsu, K.; Suto, T.; Kouki, K.; Nakahashi, A.; Ka-
washima, S.; Sanaki, T.; Toba, S.; Uemura, K.; Mizutare, 
T.; Ando, S.; Sasaki, M.; Orba, Y.; Sawa, H.; Sato, A.; Sato, 
T.; Kato, T.; Tachibana, Y. Discovery of S-217622, a Non-
covalent Oral SARS-CoV-2 3CL Protease Inhibitor Clini-
cal Candidate for Treating COVID-19. J. Med. Chem. 
2022, 65, 6499–6512. 

(7) (a) Ma, C.; Xia, Z.; Sacco, M. D.; Hu, Y.; Townsend, 
J. A.; Meng, X.; Choza, J.; Tan, H.; Jang, J.; Gongora, M. V.; 
Zhang, X.; Zhang, F.; Xiang, Y.; Marty, M. T.; Chen, Y.; 
Wang, J. Discovery of Di- and Trihaloacetamides as Co-
valent SARS-CoV-2 Main Protease Inhibitors with High 
Target Specificity. J. Am. Chem. Soc. 2021, 143, 20697–
20709. (b) Cáceres, C. J.; Cardenas-Garcia, S.; Carnaccini, 
S.; Seibert, B.; Rajao, D. S.; Wang, J.; Perez, D. R. Efficacy 
of GC-376 against SARS-CoV-2 Virus Infection in the 
K18 HACE2 Transgenic Mouse Model. Sci. Rep. 2021, 11, 
9609. (c) Ma, X. R.; Alugubelli, Y. R.; Ma, Y.; Vatansever, 
E. C.; Scott, D. A.; Qiao, Y.; Yu, G.; Xu, S.; Liu, W. R. MPI8 Is 
Potent against SARS‑CoV‑2 by Inhibiting Dually and 
Selectively the SARS‑CoV‑2 Main Protease and the Host 
Cathepsin L. ChemMedChem 2022, 17, e202100456. (d) 
PBI-0451, an Investigational Coronaviral Protease In-
hibitor – Pardes Biosciences (2022) 
https://www.pardesbio.com/pipeline/#our-lead-
program (accessed July 13, 2022). 

(8) (a) Owen, D. R.; Allerton, C. M. N.; Anderson, A. 
S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; 
Cardin, R. D.; Carlo, A.; Coffman, K. J.; Dantonio, A.; Di, L.; 
Eng, H.; Ferre, R.; Gajiwala, K. S.; Gibson, S. A.; Greasley, 
S. E.; Hurst, B. L.; Kadar, E. P.; Kalgutkar, A. S.; Lee, J. C.; 
Lee, J.; Liu, W.; Mason, S. W.; Noell, S.; Novak, J. J.; Obach, 
R. S.; Ogilvie, K.; Patel, N. C.; Pettersson, M.; Rai, D. K.; 
Reese, M. R.; Sammons, M. F.; Sathish, J. G.; Singh, R. S. P.; 
Steppan, C. M.; Stewart, A. E.; Tuttle, J. B.; Updyke, L.; 
Verhoest, P. R.; Wei, L.; Yang, Q.; Zhu, Y. An Oral SARS-
CoV-2 M pro Inhibitor Clinical Candidate for the Treat-
ment of COVID-19. Science 2021, 374, 1586–1593. (b) 
Lamb, Y. N. Nirmatrelvir Plus Ritonavir: First Approval. 
Drugs 2022, 82, 585–591. 

(9) Hammond, J.; Leister-Tebbe, H.; Gardner, A.; 
Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hen-
drick, V. M.; Damle, B.; Simón-Campos, A.; Pypstra, R.; 
Rusnak, J. M. Oral Nirmatrelvir for High-Risk, Non-
hospitalized Adults with Covid-19. N. Engl. J. Med. 2022, 
386, 1397–1408. 

(10) Owen, D. R.; Pettersson, M. Y.; Reese, M. R.; 
Sammons, M. F.; Tuttle, J. B.; Verhoest, P. R.; Wei, L.; 
Yang, Q.; Yang, X. Nitrile-Containing Antiviral Com-
pounds. U.S. Patent US 20220062232A1, March 3, 
2022. 

(11) (a) Kincaid, J. R. A.; Kavthe, R. D.; Caravez, J. C.; 
Takale, B. S.; Thakore, R. R.; Lipshutz, B. H. Environmen-
tally Responsible and Cost-Effective Synthesis of the 
Antimalarial Drug Pyronaridine. Org. Lett. 2022, 24, 
3342–3346. (b) Yu, J.; Iyer, K. S.; Lipshutz, B. H. An Envi-
ronmentally Responsible Synthesis of the Antitumor 

https://www.who.int/news-room/spotlight/the-impact-of-covid-19-on-global-health-goals
https://www.who.int/news-room/spotlight/the-impact-of-covid-19-on-global-health-goals
https://www.who.int/news-room/spotlight/the-impact-of-covid-19-on-global-health-goals
https://covid19.who.int/
https://www.pardesbio.com/pipeline/#our-lead-program
https://www.pardesbio.com/pipeline/#our-lead-program


 

Agent Lapatinib (Tykerb). Green Chem. 2022, 24, 3640–
3643. (c) Takale, B. S.; Thakore, R. R.; Kong, F. Y.; Lip-
shutz, B. H. An Environmentally Responsible 3-Pot, 5-
Step Synthesis of the Antitumor Agent Sonidegib Using 
ppm Levels of Pd Catalysis in Water. Green Chem. 2019, 
21, 6258–6262.  

(12) (a) Hayashi, Y. Time Economy in Total Synthe-
sis. J. Org. Chem. 2021, 86, 1−23. (b) Hayashi, Y. Pot 
Economy and One-Pot Synthesis. Chem. Sci. 2016, 7, 
866−880.  

(13) (a) Byrne, F. P.; Jin, S.; Paggiola, G.; Petchey, T. 
H. M.; Clark, J. H.; Farmer, T. J.; Hunt, A. J.; McElroy, C. R.; 
Sherwood, J. Tools and Techniques for Solvent Selec-
tion: Green Solvent Selection Guides. Sustain. Chem. Pro-
cess 2016, 4, 7. (b) Prat, D.; Hayler, J.; Wells, A. A Survey 
of Solvent Selection Guides. Green Chem. 2014, 16, 
4546–4551. 

(14) Gao, Y.; Ma, D. In Pursuit of Synthetic Efficien-
cy: Convergent Approaches. Acc. Chem. Res. 2021, 54, 
569–582. 

(15) Wood, A. B.; Kincaid, J. R. A.; Lipshutz, B. H. De-
hydration of Primary Amides to Nitriles in Water. Late-
Stage Functionalization and 1-Pot Multistep Chemoen-
zymatic Processes under Micellar Catalysis Conditions. 
Green Chem. 2022, 24, 2853–2858. 

(16) Details surrounding the development of this 
technology will be disclosed in due course. 

(17) (a) Corey, E. J.; Clark, D. A. A New Method for 
the Synthesis of 2-Pyridinethiol Carboxylic Esters. Tet-
rahedron Letters 1979, 20, 2875–2878. (b) Lee, J. I.; 
Park, H. A Convenient Synthesis of N-Methoxy-N-
Methylamides from Carboxylic Acids Using S,S-Di(2-
Pyridyl)Dithiocarbonate. Bull. Korean Chem. Soc. 2001, 
22, 421–423. c) Lee, J. I. Synthesis and Versatile Utiliza-
tion of 2‑Pyridyl and Pyrimidyl‑Related Reagents. Bull. 
Korean Chem. Soc. 2020, 41, 735–747. 

(18) For example, the potential alkyl sulfonate by-
products produced when mixed carboxylic-sulfonic an-
hydrides are used as activated carboxylic acid species in 
amide-bond forming reactions, as in Pfizer’s 2022 pa‑
tent on nirmatrelvir (ref. 10) and related compounds, 
are known to be genotoxic; see:  (a) Lundin, C.; North, 
M.; Erixon, K.; Walters, K.; Jenssen, D.; Goldman, A. S.; 
Helleday, T. Methyl methanesulfonate (MMS) produces 
heat-labile DNA damage but not detectable in vivo/in 
DNA double-strand breaks, Nucleic. Acids. Res. 2005, 33, 
3799–3811. (b) Raman, N. V. V. S. S.; Prasad, A. V. S. S.; 
Ratnakar Reddy, K.; Ramakrishna, K. Determination of 
Genotoxic Alkyl Methane Sulfonates and Alkyl Paratolu-
ene Sulfonates in Lamivudine Using Hyphenated Tech-
niques. J. Pharm. Anal. 2012, 2, 314–318. 

(19) The academic scale at which this route was de-
veloped necessitated dilution of the reaction medium 
with EtOAc prior to aqueous extraction. This accounts 
for the EtOAc being concentrated following aqueous 
washes, and then being freshly added to bring the con-
centration to the desired level for use in the following 
step. Such handling would not be involved on scale up. 

(20) We found that exposing pure nirmatrelvir to 
TFA led to 8% epimerization by chiral HPLC analysis, 
whereas exposure to either excess base (NMM) or HCl 
did not lead to epimerization (see SI-1 section 3.7, espe-
cially Fig. S9). 

(21) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.; Keith, T. 
A. Amides. 3. Experimental and Theoretical Studies of 
the Effect of the Medium on the Rotational Barriers for 
N,N-Dimethylformamide and N,N-Dimethylacetamide J. 
Am. Chem. Soc. 1995, 117, 4261-4270. 

(22) Okabe, H.; Naraoka, A.; Isogawa, T.; Oishi, S.; 
Naka, H. Acceptor-Controlled Transfer Dehydration of 
Amides to Nitriles. Org. Lett. 2019, 21, 4767–4770.  

(23) It is appreciated that fluoroacetonitrile may be 
undesirable owing to both its cost and the toxicity of the 
fluoroacetamide by-product. Crystallization of educt 13 
is sufficient to remove this impurity, however, if it is not 
deemed safe on scale, methoxyacetonitrile is a viable 
alternative (see SI-1 Table S5, entry 23). 

(24) Karmakar, A.; Basha, M.; Venkatesh Babu, G. T.; 
Botlagunta, M.; Malik, N. A.; Rampulla, R.; Mathur, A.; 
Gupta, A. K. Tertiary-Butoxycarbonyl (Boc) – A Strategic 
Group for N-Protection/Deprotection in the Synthesis of 
Various Natural/Unnatural N-Unprotected Aminoacid 
Cyanomethyl Esters. Tetrahedron Lett. 2018, 59, 4267–
4271. 

(25) (a) The Next Generation of COVID-19 Antivi-
rals – C&EN (2022) https://cen.acs.org/business/next-
generation-COVID-19-antivirals/100/i11 (accessed July 
13, 2022). (b) Pfizer sticks to guns on $22B Paxlovid 
sales despite reports of lagging demand – Fierce Phar-
ma (2022) 
https://www.fiercepharma.com/pharma/pfizer-
echoes-hopes-22b-paxlovid-sales-despite-reports-
lagging-demand (accessed July 13, 2022). 

(26) (a) Sheldon, R. A. Green Chem. 2007, 9, 1273-
1283. (b) Sheldon, R. A. Green Chem. 2017, 19, 18-43. 

(27) The actual E Factor of this sequence would 
likely be much lower on scale, as dilution of the reaction 
medium would not be necessary (also, see ref. 19).  

 

 

 

 

 

https://cen.acs.org/business/next-generation-COVID-19-antivirals/100/i11
https://cen.acs.org/business/next-generation-COVID-19-antivirals/100/i11
https://www.fiercepharma.com/pharma/pfizer-echoes-hopes-22b-paxlovid-sales-despite-reports-lagging-demand
https://www.fiercepharma.com/pharma/pfizer-echoes-hopes-22b-paxlovid-sales-despite-reports-lagging-demand
https://www.fiercepharma.com/pharma/pfizer-echoes-hopes-22b-paxlovid-sales-despite-reports-lagging-demand


 

 

7 

ToC graphic 

 


