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1. Introduction 

A growing interest in minimizing waste generation associated 
with chemical synthesis drives chemists towards more 
sustainable alternatives to traditional synthesis.1,2 Various mass-
based metrics such as E-factor,3 process mass intensity (PMI),4 
and atom economy5,6 have been used to define efficiencies of 
chemical manufacturing processes.7,8 The E-factor was proposed 
by Sheldon and is calculated for a given reaction or for a 
synthetic route. It is defined as the ratio of the mass of waste 
produced (excluding water) to that of product obtained (Equation 
1). The number estimates the efficiency of a chemical process, 
i.e. higher E-factors indicate larger amounts of waste and a less 
ideal process. Many factors contribute to the increase in E-factor 
in synthetic processes: (i) low yield of the desired product, (ii) 
excess reagents, (iii) long, multi-step reaction sequences and (iv) 
extraction and purification solvents. Usually, the value tends to 
increase with the molecular complexity of the product. This trend 
becomes evident when considering the increasing average E-
factor from the bulk chemical (<1 - 5), to fine chemical (5 - 50), 
to pharmaceutical industries (25 - >100).3 

 

Equation (1): E(nvironmental)-factor = kg waste/kg product 

 

Numerous industries are concerned with the environmental 
impacts of their operations, and yet, the poorest E-factors in the 
chemical sector are found in pharmaceuticals.3 Fortuitously, the 
pharmaceutical industry is continuously adapting and evolving to 
improve the time between hit-to-lead discovery and production of 

the target molecule while driving towards sustainable 
approaches.9,10 In facilitating both of these requirements, 
continuous-flow chemistry has gained momentum given its 
numerous advantages over traditional batch processes.11 We 
propose that mindfully using flow technologies could facilitate 
syntheses while significantly reducing waste production. The 
benefits of flow chemistry include (i) precise control of reaction 
conditions due to efficient heat and mass transfers, (ii) high 
reaction reproducibility, (iii) the possibility of system 
automation, (iv) safer handling of hazardous reagents along with 
(v) a decreased reactor footprint.12–18  

These attractive properties can minimize waste generation and 
correlate with reaction efficiency.12–18 In this respect, utilizing 
continuous-flow to mediate reaction telescoping can avoid 
wasteful isolation and purification sequences. Taking advantage 
of the rapid heat transfer present in flow systems allows for 
higher reaction concentrations; less solvent is required as a heat-
transfer medium. Neat solids can also be used in continuous-flow 
systems at temperatures above their melting points, removing 
need for solvent.19 As reaction scale increases during the drug 
design process, continuous-flow enables a straightforward and 
linear scale-up with minimal re-optimization compared to 
traditional batch processes. A combination of the above factors 
results in a reduction in environmental impact.12 

The structural complexity of many active pharmaceutical 
ingredients (APIs) typically implies an elaborate synthesis.2 
Although in recent years continuous-flow chemistry has emerged 
as a powerful tool for streamlining multi-step syntheses,13,20–28 
little focus has been put on targeting waste reduction. With this in 
mind, we aimed to synthesize APIs diazepam 1 and atropine 2 
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Minimizing the waste stream associated with the synthesis of active pharmaceutical ingredients
(APIs) and commodity chemicals is of high interest within the chemical industry from an 
economic and environmental perspective. In exploring solutions to this area, we herein report a 
highly optimized and environmentally conscious continuous-flow synthesis of two APIs
identified as essential medicines by the World Health Organization, namely diazepam and 
atropine. Notably, these approaches significantly reduced the E-factor of previously published
routes through the combination of continuous-flow chemistry techniques, computational 
calculations and solvent minimization. The E-factor associated with the synthesis of atropine 
was reduced by 94-fold (about two orders of magnitude), from 2245 to 24, while the E-factor for 
the synthesis of diazepam was reduced by 4-fold, from 36 to 9. 

2009 Elsevier Ltd. All rights reserved.

 

Keywords: 
Continuous-flow chemistry 
E-factor 
Diazepam 
Atropine 
Green chemistry 



  

w
b
co
w
at

W
S
n
c
m
V
b
m
U
h
fa
co
(M
sh
sy
e
h

S

with 
enef
onsi

with 
ttain

Di
Worl
Since
nervo
arrie

mem
Valiu
y L

mark
Unite
hyosc
amil
omp
M2)
hort
ynth
steri

hydro

Sche

dra
ficia
ideri
E-fa

n an 

iaze
ld H
e the
ous 
ed 

mbere
um, 
eo S

ket in
ed S
cyam
ly 
petit
) rec
t-term
hesiz
ifica
ochl

eme 

amat
al 
ing 

facto
E-fa

epam
Heal
e dis
sys

out 
ed r
is u

Stern
n 19
State
mine
foun

tive, 
cepto
m 
zed 
ation
loric

1. P

tical
prop
that

ors r
facto

m 1 
lth O
scov
stem

on 
ing 

used 
nbac

963 
es b
e) is
nd 
non

ors. 
med
in 

n of
c ac

Prev

lly l
pert

t the
rang
or les

and
Org
very

m de
co

syst
to t

ch a
and 
betw
s a 
in 

n-sel
It se

dical
187

f tro
cid.3

viou

lowe
ties 
e pha
ing 
ss th

d atr
aniz

y of 
epre
ompo
tem
treat
at H

bec
ween

natu
sev

lecti
erve
l p
79 
opin
35 A

usly 

er E
of

arma
from

han 2

ropin
zatio
1,4-
ssan
ound
.29 D
t anx
offm

came
n 19
ural
veral
ive a
es as
proce

by 
ne w
Altho

repo

E-fac
f c
aceu
m 2
25 f

ne 2
on (
-ben
nts, 
ds f
Diaz
xiety
man-
e the
968 
ly o
l s
anta
s a p
edur

Lan
with 
ough

orte

ctor 
cont
utica
5 to

for b

2 ar
(WH
nzod

con
featu
zepa
y an
-La 
e top

an
occu
olan

agon
preo
res.3

nden
tro

h s

d co

by
tinuo
al in
o mo
both 

re tw
HO) 
diaze
nside
urin

am 1
nd ep

Roc
p se

nd 1
urrin
nace
nist o
opera

4 T
nbur
opic 
sever

ontin

y tak
ous-

ndust
ore t
API

wo A
as 

epine
erab

ng th
1, co
pilep
che 
lling

1982
ng a
eous 
of m
ative
This 
rg v

aci
ral 

nuou

king
-flow
try p
than
Is.  

API
ess

e de
ble r
his 
omm
psy.
in 1

g ph
2.31 
alkal

pl
musca
e an

m
via 
id i
syn

us-f

g ad
w 
prod
n 10

s id
senti
eriva
rese
inte

merc
30 F

1959
harm

Atr
oid 
lants
arin

nd se
molec

a 
n th

nthes

flow

dvan
che

duce
00, w

denti
ial m
ative
earch
erest
cially
First 
9, it 

mace
ropin

of 
s.32,3

ic ac
edati
cule 
Fisc
he p
ses 

w syn

tage
mist

es ch
we a

ified
med
es as
h ha
ting
y kn
syn
ent

utic
ne 2
the 

33 I
cety
ion

w
cher
pres
hav

nthe

e of
try. 
hem
aime

d by
dicin
s ce
as b

g se
now

nthes
tered
al in
2 (D
trop

It i
ylcho
drug

was 
�Sp

sence
ve b

eses 

f the
In

icals
ed to

y the
nes.1

ntra
been

even
wn as
sized
d the
n the
D/L
pane
is a
oline
g for
firs

peier
e o
been

of d

e 
n 
s 
o 

e 
9 

al 
n 
-
s 
d 
e 
e 
-
e 
a 
e 
r 

st 
r 
f 
n 

diaz

ex
co

sy
ga
2
de
so
fo
pu

2.

Th
be
4
py
(S
m
di
in
im

zepa

xami
omm

Ou
ynthe
ave E

resp
ecrea
olven
orma
urific

Res

2.

he p
egan
and

yrrol
Schem
ixed
azep
-line

mpur

am 1

ined
merci

ur g
eses
E-fa
pect
ase t
nt u
ation
catio

sults

1. T

previ
n wit
d 5-c
lidon
me 

d wi
pam
e ex
rities

1 (A

d to 
ial a

grou
 of d

actor
tivel
the E
sage

n, an
on o

s an

The s

ious
th a
chlor
ne (
1A)
ith t

m 1. 
xtrac
s thr

A) an

pur
atrop

up 
diaz
r val
ly (
E-fa
e, im
nd em
of the

nd D

synth

sly r
n am
ro-2
(NM
.19 N
the r
The
ction
roug

nd at

rsue 
pine

rece
zepam
lues 
Sch

actor
mpro
mplo
e tar

Discu

hesis

repo
mida
2-(m
MP) 
Next
reac

e cru
ns. T
gh th

trop

this
is s

ently
m 1
of 3

eme
r bel
ovin
oyin
rget 

ussio

s of 

rted
ation

methy
to 

t, a s
ction
ude 
The 
he a

pine 

s ch
till p

y d
and

36 a
e 1)
low 
g sy

ng c
mol

on 

f diaz

d con
n rea
ylam
prod
solut
n str
mix
firs

addi

2 (B

halle
prim

dem
d atro
and 2
). H

25 
ynth
omp
lecu

zepa

ntinu
actio

mino
duce
tion
ream
xture
st e
ition

B).

engin
maril

mons
opin
2245

Herei
for 
etic 

putat
ule. 

am 1

uou
on b

o)ben
e a 

n of a
m to 
e the
extra
n of 

ng t
ly ex

trate
ne 2.
5 fo
in, w
each
rou

tion

1 

s-flo
betw
nzop
mix

amm
cyc

en u
actio

an 

targe
xtrac

ed 
.19,28

r dia
we 
h sy
ute t
nal a

ow s
ween
phen
xture
moni
clize
unde
on re

aqu

et35–3

cted 

the 
8 The
azep
repo

ynthe
o m
naly

synt
n bro
none
e of
ia in
e am
erwe
emo

ueou

37, t
from

co
ese p
pam 
ort 
esis 

minim
ysis 

thesi
omo
e 3 i
f am
n Me
mide
ent t
oved
us so

the m
m pl

ontin
prio
1 an
our 
by m

mize
to im

is of
acet
in N
mide
eOH
s 5 
wo

d wa
odiu

majo
lants

nuou
or sy
nd a

eff
mini
e byp
mpr

f dia
tyl c

N-me
es 5

H / H
and
sub

ater-
um c

ority
s.32,3

us-f
ynthe
atrop
forts
imiz
prod

rove

azep
chlor
ethy
 an

H2O w
d 6 i
sequ
-solu
chlor

y of
33 

flow
eses
pine
s to
zing
duct
the

pam
ride

yl-2-
d 6
was
into
uent
uble
ride

f 

 
 
 
 
 

t 
 

m 
 

 
 
 

t 
 
 



  

(N
re
w
w
th
o
ex
re
N
st
p
re
aq

p
S
in
w
ex
fo
m
so
a 
th
p
te
en

sc
b
ch
en
(D
in
ab
C
(T
re

NaC
esidi

was 
was 
hen 
f aq
xtra
emo

Next
tream
rodu
ecry
queo

Th
roce

Solve
nstan

waste
xtra
or b

meth
olub
rea

he l
rodu
emp
nabl

Af
cree
enzo
hlor
nd o
DCM
n the
bsen

ClCH
Tabl
esult

Ta

Cl, 2
ing 
achi
obta
pass

queo
actio
oved
, pr
m th
uct 

ystall
ous 

he c
ess 
ent i
nce,
e pr

actio
both

hylte
bility
sona
low 
uced
erat
les a

fter 
ening
ophe
ride 
of th
M) w
e pr
nce 
H2CO
le 1
ted i

able

20 w
in th
ieve
ained
sed 
ous H
n in

d org
roton
hrou
wa

lizat
amm

calcu
(Sch
is of
 ext

rodu
n so
h re
trah
y of 
able
den

d, (ii
tures
an in

ide
g co
enon
(ClC

he re
was 
evio
of a

OCl
, En
in a

e 2. C

wt. %
he o

ed b
d af
thro
HCl

nto t
gani
nate
ugh 
as i
tion 
mon

ulate
hem
ften 
tract

uced
olve
eact

hydro
the 

e ran
nsity
ii) 2
s, an
n-lin

entify
ondit
ne 3
CH2

eact
use

ous f
a ba
 14,

ntrie
a 20%

Cyc

%) a
organ
by a 
fter 
ough
l (4 
he a
ic s
d d
an 
sola

pro
nium

ed E
me 1A

the
tion 
. In
nt, w

tion 
ofur
star

nge t
y at
2-Me
nd (
ne aq

fying
tions
3 (
2CO
or u

ed to
flow
ase. 
 am
s 2 
% de

cliza

Ent

1

2

3

4

5

6

7

8

9

10

1

and 
nic p
gra

the 
h a c

M)
aque
olub
iaze
addi

ated 
oces

m hyd

E-fac
A); 

e pri
wit

n ord
we i

an
ran 
rting
to en
t 0.8
eTH
(iv) 
queo

g 2-
s for
1 M
Cl) 

upon
o dil
w pro

Upo
mide 

and
ecre

ation

 
try 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

1 

ethy
phas
avita
firs

charc
 to 

eous
ble 
epam
ition

in 
ss u
drox

ctor 
our 
mar

th Et
der 
inve

nd e
(2-M

g ma
nabl
85 g

HF is
2-M

ous e

-MeT
r the

M in
14 

n coo
lute 
oces
on h
5 w

d 3). 
ease 

n op

NH

yl ac
se, s
ation
t ex
coal
prot
 pha
imp

m 1 
nal g

a 
sing

xide.

up 
tar

ry co
tOA
to e

estig
extra
MeT
ateri
le re
g/mL
s not

MeTH
extra

THF
e am
n 2
(Tab
olin
the 

ss, th
heati

was o
Dec
in y

timi

H4OH

ceta
sepa
nal p
xtrac
l col
tona
ase. 

puriti
wa

grav
pur

g do
.  

to th
get 
ontri

Ac co
elim
gated
actio

THF)
als a

eacti
L m
t rea
HF
actio

F as
midat

-Me
ble 
g or
reac

he a
ing 

obtai
crea
yield

izati

H (NH

ate (E
aratio
phas
ction
lumn
ate d
Thi

ies 
s se

vitati
re f
owns

he f
was
ibut
ontr

minat
d a 
on 
) fo
and 
ion c
minim
activ
is im
on w

s an
tion 
eTHF
1). T
r at 
ction

amid
to 8

ined
asing
d (E

ion 

H3 28

EtO
on f
se-se
n. Th
n an
diaz
is se
from

epar
iona
form
strea

first 
s to 
tor to
ribut
te th
solv
purp

or s
mos
conc
mize

ve w
mmi

witho

n ide
 step
F) 
To p
the 
n str

datio
80 °

d in n
g the
ntry

to p

8 – 30

No 

No 

OAc)
from
epar
he o

nd m
epam

econ
m th
ated

al ph
m a
am 

wor
dec

o E-
tes t
he n
vent 
pose
ever
st pr
cent
es t

with t
iscib
out a

eal 
p be
and 
prev
BPR
ream

on pr
°C w
near
e tem

y 1), 

prod

0 wt.

dilut

dilut

1:1 

3:1 

3:1 

3:1 

4:1 

4:1 

4:1 

9:1 

9:1 

). W
m the
rator
orga

mixe
m 1

nd in
he p
d fro
hase
after 
neut

rk-u
creas
-fact
to tw
need

that
es. 
ral 
rodu
tratio
the 
the r
ble 
addi

solv
etwe

ne
vent 
R, d
m. A
roce
with
r qua
mpe
and

duce

. %) 

tion 

tion 

With 
e aqu
r. A
anic 
d w

1 and
n-lin
prod
om 
e-sep

a 
trali

up is
se it
tor3,
wo t
d for
t co
We
fact

ucts 
ons 
mas
reag
with
ition

vent
een a
eat c

clog
dichl
As de
eeds 
h 1.2
antit

eratu
d de

 dia

to H

diaz
ueou

A 78
stre

with a
d en

ne ex
duct 
the 

para
con

izati

s 36 
t be
, and
third
r a 
uld 

e ch
tors:
wer
>0.9
ss o
gents
h wa
nal s

, we
a sol
chlo
ggin
lorom
emo
eve

25 e
tativ

ure t
crea

azep

2O v

zepa
us p
% y

eam 
a str
nabl
xtrac

stre
org

tor. 
ntinu
ion 

for
elow
d in

ds of
sepa
be 

hose
 (i)

re w
9 M
of w
s at 
ater,
olve

e be
lutio

oroac
ng at
meth

onstr
en in
equiv
ve yi
to 70
asing

am 

ol. ra

am 1
phase
yield
was

ream
e its
ction
eam
ganic

The
uous
with

r this
w 25
n this
f the
arate
used

e 2
 the
ithin

M, (ii
waste
high
, i.e
ent.

egan
on o
cety
t the
hane
rated
n the
v. o
ields
0 °C
g the

1. 

atio

1 
e 
d 
s 

m 
s 
n 

m. 
c 
e 
s 
h 

s 
5. 
s 
e 
e 
d 
-
e 
n 
) 
e 
h 
e. 

n 
f 

yl 
e 
e 
d 
e 
f 
s 

C 
e 

NH

Cl
7)
Cl
NM
th

Ta

En

2
3
4
5
6
7

aIs
sol

th
de
hy
so
clo
ad
so
hy
60
ef
ph

H4OH

2

2

1

1

1

1

1

1

1

2

2

lCH
. Th
lCH
MP.
e rea

able

ntry

1 
2 
3 
4 
5 
6 
7 
solate
lutio

Wi
e te

eterm
ydro
olven
oggi

dditi
olutio
ydro
0 oC
fficie
hase

H Eq

23 

23 

11 

14 

14 

14 

18 

18 

18 

21 

21 

H2CO
he E

H2CO
. Fu
actio

e 1. 

tem

ed yi
n wit

ith t
eles

mini
oxide
nt. In
ing 
on o
on. 

oxide
C, no
ent m
s, a

quiv.

OCl
-fac

OCl
urthe
on ti

Opt

Rea
mper

ields
thin 

the a
cope
ing 
e w
n ad
due

of a
To

e add
o re
mixi
a sta

R

14 a
ctor f
14 i

ermo
ime 

timi

actor
rature
70 
80 
90 
80 
90 

120
120

s. Re
the c

amid
ed 
a s

was 
dditi
e the
amm
o pr
ditio
eacti
ing 
atic 

React

addi
for t
inste
ore, 
(fro

izati

r I 
e (°C

eactio
collec

datio
syn

suita
cho

ion, 
e fo

moniu
reve
on w
ion 
had 
mix

tor II

ition
this 
ead 
this

om 9

ion o

C) 

on w
ction

on r
nthes
able 
osen 

an a
orma
um 
nt

was p
occ
hap

xer 

I tem

90

10

12

10

11

12

10

11

12

10

11

n als
step
of a
 app

9.3 m

of a

C
Flo

was q
n vial

react
sis 

am
to 

aque
ation
hyd
clog
perf
ured

ppen
was

mpera

0 

00 

20 

00 

0 

20 

00 

0 

20 

00 

0 

o re
p wa
a 2.7
proa
min 

amid

ClCH
ow ra

quenc
. 

tion
of 

mmon
avo

eous
n of
drox
ggin
form
d in
ned b
s in

ature 

esult
as im
7 M 
ach l
dow

datio

H2COC
ate (μL
15.0 
15.0 
15.0 
13.5 
13.5 
13.5 
12.0 
ched

 opt
diaz

nia 
oid 
s stre
f am
xide,
ng a
med i
n the
betw

nstal

(°C)

ted i
mpro

solu
led t

wn to

on. 

Cl 14
L/mi

d wit

timi
zepa
sou
add

eam
mmo

 am
at t
in a 
e so
ween
led 

) Y

in lo
oved
utio
to a
o 2.4

4 
in) 

th aq

zed,
am 
urce,
ditio

m wa
onium
mide 
the 
heat

onica
n the

bet

 
Yield

4

NA

4

4

5

NA

4

4

NA

5

NA

ower
d slig
n of

a fou
4 mi

Cl

queou

, we
1 (
 aq

on o
as ne
m c

5 p
T-m

ted s
ating
e aq
twee

d (%)

49 

Ab 

41 

46 

51 

Ab 

46 

41 

Ab 

55 

Ab 

r yie
ghtly
f Br
ur-fo
in).

lCH2

Eq
1
1
1
1
1
1
1

us sa

e the
(Tab

queou
of e
eces
hlor
prec
mixe
soni
g ba

queo
en th

)a 

elds 
y by
rCH2

old d

COC
quiv
.25
.25
.25
.13
.13
.13
.00
atura

en in
ble 
us 
exce
sary
ride.
ipita

er, 
icati
ath. 
us a
he 

(En
y usi
2CO
decr

Cl 14

ated 

nves
2). 

amm
ess 
y to 
. Up
ated
amm
ng b
To 

and 
amm

ntrie
ing n

OCl 4
rease

 Y
(

NaH

stiga
W

moni
orga
prev
pon 
 out

moni
bath

ens
orga

moni

s 4-
neat
4 in
e of

Yield
(%)a

79 
98 
99 
89 
92 
88 
83 

HCO3

ated
When

ium
anic
vent

the
t of
ium
. At
sure
anic
ium

t 
 

f 

 

 

d 
 

m 
 

t 
 

f 
m 

t 
 
 

m 



  

h

am
w
y
in
re
M
p
p
ev
in
th
h
in
w
y
d
to
to
ch
in
h
h
ev
o
d
re
o

o
d
ra
th
M

2

re
se
tr
(C
c
fo
w
a
F
in
d
d
si
o
u
w
o
th
d
a
e
fo
n

co

hydro

Th
mm

with 
ield
ncre
eacto

MeTH
asse
rese
volu
nstal
here

hydro
n a 1

witho
ield

diluti
o a 3
o 11
hang
n w

heate
heatin
volu
ur t

demo
emo
btai

Im
vera

decre
ange
his s

MeTH

.1. T

Ou
epor
ever
ropi
Cl(C
onv
orm

was 
ffor

Furth
n b

doub
degra
imil

obtai
used 
waste
other
he lo

decre
spec
ster
orm

new 
Fi

once

oxid

he 
moniu

a re
d (T
ased
or a
HF 
ed t
ent 
ution
lling
fore
oxid
1:1 v
out g

d to 
ions
3:1 o
10 °C
ges 

water
ed to
ng 
ution
targe
onstr
oved
ned 

mpro
all, 
eased
e of 
succ
HF 

The 

ur 
rted
ral 
ne•H

CO)
versi

malde
cha

rding
herm
basic
ble a
adat
lar, 
in th

for
e ge
r ma
ow 
ease
cts 
rifica

matio
extr
irst, 
entra

de ad

initi
um h
eact
able
d to 
and n

or 
throu
was

n, t
g ba
e sc
de so
vol. 
gas 
41%

 and
or 4
C w
in y

r an
o 1
the 

n (E
et E
rated

d sinc
(Ta

oving
the 

d by
f fin
cess 
as b

synt

prev
d in 

byp
HCl
CH
ion, 
ehyd

allen
g th

more
c co
aldo
tion 
an e
he d
r the
ener
ain c
ove

e the
wer

ation
on in
racti

th
ation

dditi

ial 
hydr
tor t
e 2, 

100
no p
wat

ugh 
s g
the 
ackp
cree
oluti

rati
evol
% p
d rea
4:1 v
itho

yield
d p
00 

rea
Entry
E-fac
d th
ce a

able 

g an
E-

y 4-f
ne ch

was
both 

thes

viou
201
prod
l 
2Ph)
the

de a
nging
he th
e, th
ondi

ol ad
add

exte
desir
e th
rated
cont
erall 
e E-
re i
n tr
n th
ion 
he 
n, m

ion a

scre
roxi
temp

En
0 °C
produ
ter 

the
gaseo

bac
press
ened
ion. 
io w
lutio
prom
actor
volum
out g
d obs
assi
°C 
acto
y 11
ctor 
hat t
a neg
2, E

n alr
fact
fold
hem
s th
the 

is of

us 
5 w

duct
salt 
) ga

e sub
and 
g. A

herm
he tr
ition

dduc
duct
ensiv
red 

hree 
d an
tribu
yie

-fact
inve
rans
he a
proc
este

mini

and 

eeni
ide s
pera
ntry 
C, vi
uct 
alon

e he
ous 
ckpr
sures
d d
By d

with 
on (E
mpte
r tem
me r
gas e
serve
ng 
pro
r to
). W
was
the 
gligi
Entry

read
tor 
d (fro

mical
e si
reac

f atr

synt
was u

s. A
7

ave 
bseq
aqu

Atro
mody
ropin
ns y
ct 12
t 13.
ve s
pro
ext

nd g
utor 
eld o
tor 
estig
form

aldo
cedu
erifi
imiz

Rea

ing 
solu

ature
1). 

iolen
was

ne w
eated

am
ressu
s >1
iffer
dilu
wate
Entr

ed sc
mper
ratio
evol
ed. D
the 
vide
o 1

With
s rea
stati

ible 
y 12

dy e
for 
om 
s pr
impl
ction

ropin

thes
unfo
Alth
7 
the 

quen
ueou
opine
ynam
ne e
yiel
2 is 
. Sin

set o
duc
tract
gave
to t

of at
for 

gated
mati
l tra
ure a
icati
ze e

actor

wa
ution
e of 

Wh
nt g

s for
woul
d re

mmo
ure 
100 
rent 
ting
er, R
ry 3)
cree
ratur
o in 
utio
Dilu
resu

ed a
10 

h a 5
ache
ic m
chan
). 

ffici
the

36 d
roce
lified
n and

ne 2

sis 
ortun
houg
with
corr

nt al
us s
e 2 
mic
ester
lding

obs
nce 
of in
t in 
tion
e ri
the h
trop
the 
d h
ion, 
ansf
avoi
ion 
equi

r II. 

as p
n (ca

90 
hen 

gas e
rmed
ld r
eacto
nia. 
wa
psi 

di
g the
Reac
). H
ening
res. 
wat

on (E
uting
ultin
a 55
°C 

55%
ed at
mixe
nge 

ient 
e sy
dow
sses
d se
d ex

 

of 
nate
gh 
h 
resp
ldol
sodiu

is v
ally
r bo
g tr
serv
thes

n-lin
hig

ns co
se t
high

pine 
syn

herei
(ii)

form
idin

wa
vale

 

perfo
a. 28
°C,
the

evol
d (E
resul
or, 

To
as f

resu
iluti

e con
ctor 
owe
g bo
Wh

ter, t
Entri
g the
ng s
5% 

res
 yie
t 9. 

er be
in y

syn
ynthe
n to

s. A 
etup 
xtrac

atro
ely m
initi
phe

pond
 con
um 
very

y mo
ond 
ropi

ved c
se b

ne ex
gh p
ontr
to a
h E-
2 o

nthe
in: 
) mi
matio
ng th
as 
ents,

orme
8-30
 wh

e rea
lutio
ntry
lt in
we 
o p
first 
ulted
ons 

ncen
II c

ever,
oth 

hen t
the r
ies 4
e sol
solut
yiel

sulte
eld o

Fur
efor

yield

nthes
esis 

o 9) 
 key
ach

ction

opin
met 
ial 
enyl
ding
nden
hyd

y se
ore s
is p
ine 
con

bypro
xtra

purit
ribut
an E
fact

obtai
esis 

(i) 
inim
on, 
he u

opt
, an

ed 
0 wt
hich 
acto

on w
y 2). 
n ga
hyp

preve
inc

d in
of

ntrate
could
, a c
amm

the s
reac
4-9)
lutio
tion 
ld (
ed i
of di
rther
re R
d fro

sis w
of 

and
y po
hieva
n sol

ne 2
wit
este

lace
g est
nsat
drox
ensit
stab

prone
9. 

com
odu
ctio
ty. T
ted 

E-fac
tor f
ined
of a
imp

miza
and
se o
timi

nd r

with
t. %

resu
or te
was o

Bec
as e
poth
ent 
crea

n pum
f th
ed N
d op
conc
mon
solut
ctor c
 wit

on to
thr

Entr
in d
iaze
rmo

React
om 5

was 
dia

d now
oint 
able
lven

2 (
th th
erifi

etyl 
ter 1
tion 
xide
tive 
ble a
e to
Ad

mitan
cts 

ons w
The 
up 
ctor
for t
d (8%
atrop
prov
ation
d (ii
of D
ized 
reac

h c
 bas
ulte
empe
obse
caus
evol
hesiz

am
ased.
mp 
he 
NH4O
perat
comi
nium
tion 
coul
th on
o a 9
roug
ry 1
detri
epam
re, e
tor 

55% 

not
azep
w re
con

e up
nt. 

Sch
he fo
icati

ch
10 i
usin

e (3 
to 

apoa
o sap
dditio
ntly 
are 
were
ma
to 6

r of 
this 
%). 
pine
vem
n of
ii) d
CM

to
tion

conc
sed 
d in
eratu
erve
se ne
lutio
zed 

mmon
. H
fail
am

OH 
te at
itant

m hy
was

ld b
nly 
9:1 v
gh a
10). 
imen

m 1 
expe
II c
to 5

t triv
pam 
eside
ntrib
on u

heme
orm
ion 
hlor
in co
ng a
M 

elim
atrop
poni
onal
wit

stru
e ne
ss o
63%
224

synt
In o

e 2, 
ment 
f by
desig

M. 
o 

n tim

centr
in N

n a 
ure 

ed in
eithe

on w
the 
nia 

Howe
ure.
mon
solu
t 120
t dro
ydro
s dil
e he
min

vol. 
a rea

Fur
ntal 
in h
erim
could
51%

vial,
1

es in
butin
usin

e 1
matio

of 
ride 
omp
aque
NaO

mina
pine
ifica
lly, 
th D

uctur
eede
of D

% of
45. 
thes
orde
sev
of 

ypro
gn 

incr
me, 

rated
NH3

49%
was

n the
er 2
when

gas
gas

ever
 We

nium
ution
0 °C
op in
oxide
luted
eated
nima
ratio
actor
rther

gas
hand
ments
d be
 was

, bu
was

n the
ng to
ng 2

B)2

on of
the

8
plete
eous
OH
ation
e 11
ation

the
DMF
rally
ed to
DCM
f the
The

sis is
er to
vera

the
duc
of a

rease
and

d 
) 

% 
s 
e 
-
n 
s 
s 
r, 
e 

m 
n 
C 
n 
e 
d 
d 
al 
o 
r 
r 
s 

d, 
s 
e 
s 

ut 
s 
e 
o 
-

8 
f 
e 
8 
e 
s 
) 
n 
. 

n 
e 
F 
y 
o 

M 
e 
e 
s 
o 
al 
e 
t 
a 

e 
d 

m
tro
sin
7
Us
ne
in 
ph
co
of
87
wh
re
m
re
Sa
clo
Th
qu
all
ba
se

Ta

E

pr
of
eq
lea
By
ag
fo
es
sto
ba
so
re
Th
th
ad
typ
sp
A 
th

axim
opin
ngle
to 

sing
eat p

a 
heny
onve
f larg
7% (
hen 
side
aint
actio
atisf
ose 
his e
uanti
lowe
ase f
econ

able

Entry

1b

2b

3
4
5

aGC

Ne
rodu
f su
quiv.
ad to
ypro
gain 
orma
sterif
oich
ase 1
olutio
quir
his h
e po

dditi
pe 

parin
stat

e se

mize
ne•H
e sto
prev

g two
phen

10-
ylace
ersio
ger r
(Ent
usin

ence 
ainin
on 

fying
to s

ensu
ities
ed f
for th
d ste

e 3. 

y 
C

CMS

ext, 
uce a
uper-
.) fa
o th
oduc

fav
aldeh
ficat

hiom
10) 
on e
red h
high
ossib
on o
regi

ngly 
tic m
cond

e co
HCl 

ck s
vent 
o di

nylac
-fold
etyl 
on in
ratio
try 2
ng n
tim

ng c
time
gly, 
satu
ured 
s. A
for t
he re
ep. 

Este

Cl(C

S con

the 
atrop
-stoi
avor
e cle

ct 12
vore
hyde
tion 

metry
sign

exiti
heati
hligh
bility
of N
ime 
mis

mixe
d re

onve
7 an

solut
t un
istin
cetyl
d co
chlo

n a 1
os of
2). C
neat 

me c
comp
e al
trop

ratio
hig

Addit
the 
eact

erifi

CO)C
equi
1.0
1.1
1.0
1.0
1.0

versi

cha
pine
ichio
red 
eava
2 wa
d b
e (3 

re
y, an
nific
ng t
ing 
hts a
y of

NaO
wa

scibl
er w
acto

ersio
nd p
tion.
wan
ct in
l chl
once
orid
0 m
f phe

Com
phe

ould
plete
lso p
pine
on a
gh th
tion
terti
tion,

icati

H2Ph
iv. 
5 
0 
0 
0 
0 
ion. b

allen
e 2 w
ome
E1C
age 
as a 
by th

equ
eacti
nd sw
cantl
the f
(>50
anot
f pum
H a

as o
le w

was a
or. 

on (
phen
.28 T

nted 
ncom
lorid
entr

de 8
minut

enyl
plet

enyla
d be
e co
prev

e 9
and 
hrou
ally
iary 
, rem

ion 

h 8 

b40 p

nging
was 
etric 

CB e
of th
resu
he u

uiv.).
ion 
witc
ly af
first 
0 oC)
ther 
mpin
and 
obser
with 
adde

(Tab
nylac
This 

rea
ming
de 8
ation
as 

tes r
lacet
e co
acet

e fur
onve
vent
was
phe

ughp
, th
am

movi

opti

Cl(

psi BP

g op
exa

am
elim
he tr
ult o
use 
. It w

(in
chin
ffec
reac

) to p
adv

ng a
form
rved
the 

ed to

ble 
cety
forc

activ
g str

8, all
n in
a 2

resid
tyl c

onve
tyl c
rther
ersio
ed 
s ab
enyla
put w
he u

mine 
ing t

imiz

(CO)
conc

2
2
7
7
7

PR. c

ptim
amin
moun

minat
ropi

of a 
of 

was 
ncrea
g fr
ted 
ctor 
prev
vanta
a sol
mald
d as
reag

o im

3). 
yl ch
ced t
vity 
ream
lowe
ncre

2 M 
denc
chlo
ersio
chlor
r de

on (E
the 

ble t
acet
whil
use 
of e
the n

zatio

)CH2

c. (M
2.0c 
2.0c 
7.6d 
7.6d 
7.6d 

cSolu

mizat
ned (
nts 
tion 
ne e
doub
sup
foun

asing
om 
the 
was

vent 
age 
lid a
dehy
s th
gent

mprov

In 
hlori
the u
prio

ms, i
ed u
ease

sol
ce tim
ride

on w
ride 

ecrea
Entry

form
to b
yl c
e re
of 
ester
need

on. 

Ph 8
M) 

ution 

tion 
(Tab

of 
to 

ester
ble 

per-s
nd th
g c
trop
tand

s ov
cry
of 

abov
yde, 
he i
ts ne
ve th

the
ide 
use o
or e
i.e. t

use o
. U
utio
me (
e 8 in
was o

8 (E
ased
y 5)
mati

be u
chlor
educ
two
r 15
d for

 
(m

in D

of 
ble 4

sod
form
r bon
addi
stoic
hat a
conc
pine•
dem

versa
stall
cont

ve it
form
ncom
eede
he m

e pr
8 w
of th

entry
trop
of th

Using
on in
(Ent
ncre
obtai
Entr

d to 
. Th
ion 

used 
ride 
ing 
 str

5 to 
r add

tR 
min)
10 
10 
10 
7.0 
3.5 

DMF.

the
4). P
dium
m ap
nd to
ition
chiom
alter
centr
•HC

m seq
atura
lizat
tinu
ts m
mati
min
ed fo
mixi

revi
were
he tr
y int
ine 

he tro
g 1
n DM
try 1
eased
ined
ry 3
3.5 

his im
of 
in 
8 w
was

ream
act 

ditio

 
C

. dNea

 ald
Prev
m h
poat
o yi
n of 
metr
ratio
ratio

Cl 7
quen
ated 
tion 
ous-

meltin
ion 
g s
or th
ing b

ous 
add

ropin
to t
9 in
opin
.05 
MF 
). T
d co
d in 
). N
min

mpro
byp
con

was 
ste a

ms o
as 

onal 

Conv

at. 

dol 
vious
hydro
tropi
eld 
form

ric 
ons m
on, 
to t

nce. 
and
of th
-flow
ng p
of a
trea

he se
befo

sy
ded 
ne•H
the r
n DM
ne fr

equ
gav

The a
onver

10 m
Notab
nute
ovem

produ
ncen

use
and 
of r
an i
bas

ersio

80
87
99
99
99

addi
sly,
oxid
ine 
trop
mald
amo

mad
mo

tropi
Th

d the
he m
w w
point
a slu

am i
econ

ore e

nthe
from

HCl 
reac
MF 
ree b
uiv.
ve 8
addit
rsion
minu
bly, 
s w
men
uct 

ntrati
ed n
solv

reage
inter

se in

on (%

ition
the 

de (
11

pine
dehy
ount

de to
odify
ine f
e D

e tub
mixtu
which
t. U
ug-f
is o
nd s
enter

esis,
m a
salt

ctor.
and

base
of

80%
tion
n to
utes
the

hile
nt of

13.
ions

neat.
vent
ents
rnal

n the

%)a 

n to
use
(4.4
and
9.28

yde,
t of
 the

ying
free

DMF
bing
ure.
h is
pon

flow
only
tep.
ring

 
a 
t 
 

d 
 

f 
 
 
 
 
 
 

f 
 
 
 

t 
 
 
 

 
 
 

d 
 
 

f 
 
 
 

F 
 
 
 
 
 
 
 
 



  

e
te
u
h
te
o
1
b
4
h
D
th
oC
(E
m
co
ti
b
n
u
fo

a 
E
th
d
se
th

id
q
p
fr
th
b
1

Un
ster 
emp

used.
hydro
emp
f eig
00 o

oth 
). A

highe
Decre
he al
C af
Entr

minu
onve
ime 
y th

neede
upon
orma

Th
yie

Entry
he u

distri
even
he sa

Ne
dent

quant
H o
rom 
his p
ypro
-14 

Ta

nder
10

erat
. F
oxym
erat
ght 
oC o
the 

A fur
er te
easi
ldol 
fford
ry 6
utes w
ersio
is li

he ad
ed u

n its 
alde

he tw
eld o
y 6).
unde
ibuti
n, a 
ame

ext, 
tify 
tity 

of th
its 

proc
oduc
usin

able

 
Ent

1

2

3

4

5

6

7

8

9

10
aRea
and 

r the
0 to
ture 
Furth
meth
ture 
min

or le
con

rther
empe
ng t
 rea
ded 

6). N
whe
on o
ikely
dditi
unde

rem
ehyd

wo-s
of 44
 A b
esire
ion. 
sig

e poi

the
an 
of s

he pr
byp

cess,
cts i
ng S

e 4. A

try 

 

 

 

 

 

 

 

 

 

0 

actor
apoa

ese m
o th

(En
herm
hyla
to 5

nutes
ength
nvers
r inc
eratu
the 
ction
78%

Nota
en us
of 75
y du
iona

er th
mova
de re

step
4% 
bette
ed b
The
nific
int in

e in-
opt

solv
rodu

produ
, the
in va
SPA

Aldo

N

r size
atrop

mod
he d
ntry 
more
ation
50 oC
s (En
heni
sion 
creas
ures 
amo
n an
% co
ably,
sing
5% (
ue to
al w
ese 

al (E
esult

 seq
was

er co
bypr
e E-f
cant
n the

-line
tima
vent 
uct s
ucts
e di
ariou

ARC 

ol o

aOH

e was
pine 1

dified
desir

1) 
e, t
n 12
C ga
ntry
ing t
to 4

se in
led 

ount 
nd 1 
onve
 the

g a 1
(Ent

o im
ater 
con

Entry
ted i

quen
s ob
ontro
rodu
facto
t im
e pre

e pu
al ex

req
strea
 bas
istrib
us o
 com

optim

H Con

3

3

3

3

3

3

3

1

1

1

s adju
11. dS

d co
red 
whe
the 
2 w

ave a
 2). 
the r
49%
n co
to a
of 
equ

ersio
e re
 M s
try 8

mprov
in t

nditio
y 9)
n re

nce t
btain
ol of
ucts 
or o

mprov
evio

urific
xtrac
uire
am w
sed u
butio
organ
mpu

miza

nc (M

3; 3 

3; 3 

3:3 

3; 3 

3; 3 

;1.2 

;1.2 

;1.2 

;1.2 

;1.2 

usted
Static

ondit
pro

en t
by

was 
a 30
Fur

reac
% and
onve
augm
base

uiv. f
on w
actio
solu
8). A
ved 
the 
ons 
. At

educe

to ob
ned u
f the

we
btai
vem
ous s

catio
ction

ed. W
wou
upo
on c
nic 

utatio

ation

M); E

d to m
c mix

tion
oduc
three
ypro

no
0% c
rther
ction
d 53

ersio
ment
e to 
for t
with
on t

ution
Achi
mix
reac
as a
ttem
ed c

btain
unde
e rea
ere 
ned 

ment 
synth

on o
n so
We 
uld a
n di
coef
solv
onal

n to 

Equiv

match
xer w

s, no
ct 2
e eq
oduc
ot o
conv
r inc
n tim
3%, 
on w
ted e
1.2

the d
h a 0
time
n of 
ievem
xing 
ctor.
abou

mpts 
conv

n atr
er o
actio
elim
bef
com

hesi

of at
olve
envi
allow
iffer
fficie
vents
l mo

pro

v 

h the 
was re

o co
2 wa
quiv.
t a
obse

versi
creas
me to
resp

was o
elim

2 equ
depr
0.64
e co
NaO
men
betw
 Th

ut 10
to d

versi

ropin
ptim

on w
mina
fore 
mpar
is. 

trop
ent 
isag
w at
rence
ents
s we
odel

oduc

H2C

desi
emov

onve
as 
. of 
arisi
erve
ion f
sing
o 24
pecti
obse

minat
uiv. 
roton
4 to 
ould 
OH w
nt of
wee
e sta

0% c
decr
ion (

ne 2
mal c
was a
ated 
the 
red 

ine 
whi

ged t
tropi
es in
 of 
ere c
ing 

ce at

CO E

6 

6 

6 

6 

6 

6 

6 

6 

6 

3 

ired r
ved. 

ersio
obse

f 3 M
ing 
d. 
for a
g the
4 mi
ively
erved
tion 
(i.e

natio
1 r
be 

whil
f this
en th
atic 
conv
ease
(Ent

2 wa
cond
achie

fro
in-li
to 1

2 w
ile m
that 
ine 
n pK
atro

calc
(Fig

trop

Equiv

reside
eNM

on of
erve
M N

fro
Incr

a res
e tem
inute
y (E
d at 
to 1

e. 0.2
on o
ratio

dec
le m
s low

he sl
mix

versi
e the
ry 1

as im
ditio
eved
m t
ine e
123

was 
mini
con

to b
Ka. 
opin
culat
gure

ine 

v 

ence
MR yi

f the
ed a
NaO
om 
reasi
siden
mper
es in

Entri
150

11 (E
2 eq

of 15
 of 

creas
maint
wer
lugs 
xer w
ion 
e am
0).

mpro
on (T
d and
the 
extra
obt

exp
imiz
ntrol
be se
To e

ne 2
ted f
e 1A

2. 

Rea

 time
eld u

e tro
at r

OH w
do

ing 
nce 
ratur
ncre
es 3

0 oC
Entr
quiv
5) at
11

sed 
taini
reac
ena

was 
was

moun

oved
Tabl
d ha
pro

actio
taine

plore
zing 
lling
epar
expe
 and
from

A-D)

actor

e. bD
using

opine
room
were

ouble
the

time
re to

eased
3 and
, bu
y 5.

v. for
t 100
to 2
to 8

ing a
ction
abled

stil
s los
nt o

d and
le 4

alf o
oduc
on is
ed a

ed to
the

g the
rated
edite
d its

m pH
).38,3

r II t

eterm
g trim

e 
m 
e 
e 
e 
e 
o 
d 
d 

ut 
) 
r 
0 
2 
8 
a 
n 
d 
ll 
st 
f 

d 
4, 
f 

ct 
s 

at 

o 
e 
e 
d 
e 
s 

H 
9 

temp

23

50

50

100

150

100

100

100

100

100

mined
metho

In
qu
en
pe
de
ba
bo
wi

ex
all
ac
m
M
ex
pH
th
pr
ad
th
Th
ac
(S
atr
tra

flo
1:
bu
liq
ph
ou
(ap
atr
fu
In
th

peratu

d by 
oxybe

n SPA
uanti
nergy
ertur
escri
ased 
ondi
ith r

Th
xtrac
l pH

chiev
odel

MeTH
xtrac
H va
e a

redom
djust
e or
his p
cetat
Supp
ropi
ansf

Ne
ow (
1 m

uffer
quid
hase
ur 
poat
ropi

urthe
nform
e fu

ure (°

1H N
enzen

ARC
itati
y r
rbati
iptor

up
ng i
respe

he c
ction
H v
ve g
ls in

HF, 
ction
alues
aqueo
min
ting 
rgan
pH-c
te an
plem
ine 2
ferrin
ext, 
(Fig

mixtu
r (pH

d-liqu
. In 
batc
trop
ine 2
er ab
mati
futur

°C) 

NMR
ne as

C, c
ve s
relat
ion 
rs ar
on 
inter
ect t

calcu
n sol
value
good
ndic
N-b

n pro
s be
ous 

nantl
the 

nic p
cont
nd t

menta
2 re
ng q
this

ure 
ure 
H 6
uid 
agre

ch 
pine 
2 in
bstra
on),
re d

R

R of th
s an i

oeff
struc
tions
mol
re h
disp
racti
to w

ulate
lven
es.
d s
cate 
butyl
oper

elow
ph

ly t
pH 

phase
trolle
tbuty
ary 
emai
quan
s ext
2E)
of a

6.5, 
sepa
eem
mod
11) 

n the
acted
, it c
down

Reacto

he cr
intern

ficie
cture
ship
lecul
harne
persi
ions

water

ed v
nt in 
How
epar
tha

l eth
rties

w 7, a
ase 
trans
of th
e wh
ed e
yl m
Info

ining
ntitat
tract
. In 
atrop
NH
arato

ment 
del, 
we

e aq
d in

can a
nstre

or II

8

8

24

8

8

24

8

8

8

8

rude 
nal st

ents 
e-ac

ps 
lar o
esse
ion, 
.  T

r at s

alue
the 

weve
ratio
at d
her a
s to 
atro
wh

sfer
he s
hile 

extra
meth
orma
g in
tivel
tion
ana
pine
4Cl,
or m
with

qu
re e

queou
nto 
also
eam

I tR (

8 

8 

4 

8 

8 

4 

8 

8 

8 

8 

mixt
tanda

are 
ctivit
and 
orbi
ed to

ind
The l
stand

es su
proc
er, 
on (
ieth
and 
isol
pine

hile 
to 

solut
byp

actio
hyl e
ation

n the
ly in

n pro
alyzi
e 2
 0.4

modu
h bo
uant
extra
us p
orga
be c

m pr

(min)

ture. 
ard.

calc
ty r

qu
tal m
o ca
ducti
logD
dard

ugge
cess
gree
(Fig
yl e
tbut

late 
e 2 a
the 
the

tion 
prod
on w
ester
n). 
e aq
nto th
oces
ing t
and

42 M
ule 

oth th
titati
acted
phas
anic 
crys
roce

)a 

cCon

culat
relati
uant
meth
alcul
ion, 
D va
d tem

ested
s sin
ener 
gure 
ethe
tyl m
atro

and 
by

e or
to >

duct 
was t
r un
Diet

queou
he o
s w
the p
d ap
M) a
with
he c
ive 
d int
se. A

sol
taliz
sses

Co

nvers

ted f
ions
tum 
hods
late 

dip
alues
mper

d th
ce a

r sol
1A

r, to
meth
opin
byp

yprod
rgan
>9 w

9 st
teste
nder 
thyl 
us p

organ
as tr
perfo

poatr
and 
h die
omp

lev
to d

Altho
lven
zed f
s.40 

onver

78

sion o

from
ships

ef
s. A
solu

pole-
s ge
ratur

at D
atrop
lven

A-D)
olue
hyl e

ne 2 
produ
duct
nic 
woul
tays

ed w
typ
eth

phas
nic p
rans
orm
ropin
flow

ethy
puta
vels 
dieth
ough

nts a
from
The

rsion

0 

30 

53 

49 

67 

8(44e

67 

75 

64d 

40 

of tro

m alg
s th
ffect

A va
ute-s
-dip

enera
re an

DCM
pine 
nts c
). T
ene, 
ester
from

uct 
ts 1
pha

ld dr
s in 

with d
pical
her 
se at
phas
slate

mance
ne 1
wed 
yl et
ation

of
hyl e
h at
at >
m the
e de

n (%)

e) 

opine

gorit
hroug
ts b

ariety
solv

pole 
ated
nd p

M wa
2 is
coul

The 
but

r ha
m th
9 w

10 a
ase. 
rive 
the 
dieth
l ba
was
t pH
se at
ed in
e of
11 w
 thr
ther 
nal c
f t
ether
tropi

>pH 
e aq
ecisi

)b,c 

e este

thm
gh l
base
y of

vent 
and

d are
press

as n
s solu
ld b
com

tyl 
ave 
he m

would
and 

Ne
atro
aqu

hyl e
atch 
s op
H 6.
t pH
nto c
f this
were
roug
as t
alcu
the 
r, le
ine 
9 (

queo
ion 

Ra

0

0

er 10

s an
linea
ed 
f mo
inte

d hy
e cal
sure.

not a
uble
be u
mpu
acet
appr
mixt
d rem

11
ext, 
opin
ueou
ethe
tech

ptim
5 an

H 10.
cont
s pro
e m
gh a 
the 

ulatio
byp

eavin
2 co

(Sup
ous p

to 

atio 1

0:

0.14

0.8:

0.88

2.7:

0.64:

0.65

0.8:

0.54:

0.5:

0 to at

nalyz
ar fr
aro

olecu
eract
ydro
lcula
.  

an id
e in i
used
tatio
tate,
ropr
ture.
main

wo
sim

e 2 i
us la
er, bu
hniq
al w
nd t
.  
tinuo
oces

mixed
Zai

orga
ons 
prod
ng o
ould

pport
phas

iso

11:2:

:0:1

4:1:2.

:1:1.6

8:1:2

:1:1.8

:1:0.4

5:1:0.

:1:0.6

:1:0.8

:1:2.3

tropi

zing
free-
und
ular
tion

ogen
ated

deal
it at

d to
onal
, 2-
riate
. At
n in
ould

mply
into
yer.
utyl

ques
with
then

ous-
ss, a
d in
iput
anic
and

duct
only
d be
ting
e in

olate

 
:10b

.7 

6 

2 

8 

45 

.8 

6 

85 

3 

ine 2

 

d 
r 
 
 

d 

 
t 
 
 

 
t 
 

d 
 
 
 
 
 
 
 

a 
 

t 
 

d 
t 
 
 
 
 
 



  

at
re
d

sy
w
o
p
re

trop
emo

decre
T

yste
was 
rder
reci
eacti

Fig
pur
atro
sol
val
gui
sol

Ta

Ent

1

2

3

4

5d

6

7

8

pine 
oving
easin
This 

m (
adde
r to 
pita
ion 

gure
rific
opin
luble
lues.
ideli
lvent

able

try 

 

2 

3 

4 
d 

6 

7 

8 
a De
6.5 b
a 6 c
extr

in t
g t
ng re
puri

(Tab
ed t
add 

ation
stre

e 1. 
ation

ne 2 
e at a
. D) 
ine t
t are

e 5. O

 
A

pH

p

p

p

p

eterm
buffe
cm p
racted

the 
the 
eact
ifica

ble 5
to th
the

n. W
eam 

Com
n pl
und

all p
 Th

to de
e ava

Opti

Aque
m

H 6.5

H 6.5

H 6.5

H 6.5

H 6.5

w

w

w

mined
er to 

packe
d aga

aqu
nee

or fo
ation
5). C
he r

e die
When

wa

mput
atfor

der a
pH v
he L
esign
ailab

imiz

eous q
mL/m

5 buf

5 buf

5 buf

5 buf

5 buf

water,

water,

water,

d by 1

inco
ed-be
ain. e 

ueou
ed 
ootp
n mo
Clog
react
ethyl
n a 
as u

tation
rm. 
acidi
value
LogD
n an

ble in

zatio

quen
min 

fferc, 

fferc,

fferc,

fferc,

fferc,

, 0.3 

, 0.3 

, 0.3 
1H N
oming
ed, ex
Con

1

us ph
for 

print
odel 
ggin
tion 
l eth
1:1 
sed,

nal d
A) 

ic co
es in
D val
n eff
n the

on o

nch; 

0.3c 

, 0.4 

, 0.4 

, 0.4 

, 0.4 

MR 
g rea
xtrac
tains
1

hase
ad

t. 
was
g w
stre

her a
rati

, the

data
The 
ondit
 DC
lues 

fectiv
e Sup

of in

after
action
ted o

s 4% 

e fur
dditio

s the
was o

eam
and 
io o
e de

a for 
Log

tions
CM. C

for 
ve c
pplem

n-lin

S
m

E

E

E

E

Et2O

Et

DC

Ph

r basi
n stre
once.
of 1

rther
onal

en te
obse

m. A
the 

of pH
esire

the 
gD v
s. B
C) T
trop

ontin
men

ne at

Solve
mL/m

Et2O, 

Et2O, 

Et2O, 

Et2O, 

O, 0.3

t2O, 0

CM, 

hMe, 

ificat
eam (
 The
1 and

r lo
l or

ested
erve

A cro
buff
H 6
ed e

effe
valu
) Th

The L
pine 
nuou

ntary

trop

ent; 
min 

0.6 

0.6 

0.6 

0.6 

3 (x2

0.15 

0.15

0.15

tion t
(295 
e resu
d 6%

ower
rgan

d on
d w

oss m
fer a
6.5 b
extra

ectiv
ues f
he L
LogD
9 in

us-fl
y Info

ine 

2) 

 

5 

to pH
uL/m

ulting
% of 1

red t
nic 

n the 
when

mix
at on
buff
actio

ve se
for a
LogD
D va
n a r
low 
orma

2 ex

P

H 10 
min).
g aqu
10 by

the 
sol

opt
n pH
xer w
nce 
fer t
on p

epara
atrop
D val
alues
rang
sepa
ation

xtrac

Pack
l

S

S

adju
 Rea

ueous
y 1H N

E-fa
vent

timiz
H 6.5
was
and

to in
pH w

ation
pine 
lues 
s for

ge of
arati
n.  

ctio

ked-b
lengt

N

N

SS be

San

Sand

San

San

San

stme
action
s stre
NMR

acto
t w

zed 
5 bu
use

 pre
ncom
was

n of 
2 in
for 

r apo
f sol
ion. 

n. 

bed co
th (cm

NA 

NA 

eads

nd; 23

; 6 (x

nd; 6

nd; 6

nd; 6

ent an
n stre
eam w
R.  f Y

or by
while

flow
uffer
ed in
even
ming
 no

atro
n a r

the 
otrop
lven
Batc

onten
m) 

; 6 

3 

x2) 

6 

6 

6 

nd D
eam w
was m
Yield

y 
e 

w 
r 
n 

nt 
g 

ot 

opine
rang
atro

pine 
ts.  
ch re

nt; 

CM 
was m
met w
d base

re
aq
all
(E
ex
DM
di
ad
co

e 2
ge of
opine

11 i
E) T
elate

extra
met w
with 
ed on

ache
queo
lowe

Entry
xtrac
MF 
strib

dditi
ontai

from
f sol
e es
in a 
The 
ed se

pH

action
with 
2nd E
n 1H 

ed a
ous 
ed t
y 2)
ction
com

butio
on o
ining

m by
lven
ter b
rang
data
epar

H of a
stre

6

6

6

6

1

1

1

n. b D
6.5 b

Et2O 
NMR

and 
laye

the s
). D
n of 
ming
on d
of a 
g s

yprod
nts. A
bypr
ge o
a gen
ration

aque
eam

9 

6.5 

6.5 

6.5 

6.5 

11 

11 

11 

Deter
buffe
strea
R usi

onl
er (
syst

Disap
atro

g fro
duri
pac

stain

duct
As s
rodu
f sol
nera
n ex

ous 

rmine
er stre
am (0
ing tr

ly tr
Entr
em 
ppoi

opin
om th
ing 
ked

nless

ts 9, 
show
uct 1
lven

ated 
xperi

ed by
eam 

0.3 m
rime

race
ry 1
to r
intin
e 2
he e
the 
-bed
s st

10, 
wn h
0 in

nts. T
in th
imen

A

y 1H N
and 

mL/m
thox

es o
1). 
reach
ngly
was
steri

ex
d to 
teel 

and
here, 
n a r
This 
hese
nts t

Aqueo
co

tra

2+

2+

2+

2+

2+

2+
 2e

NMR
1st E

min), m
yben

of at
Incr
h th

y, th
s los
ifica
trac
aid 

(S

d 11
DC

range
spec

e com
o de

ous s
onten

aces 

+10+1

+10+1

+10+1

+10+1

+10+1

+10+1

(22%

R. c N
t2O s
mixe
nzene

tropi
reasi
he d
he s
st. It
ation
tion
with
S) 

and
CM i
e of 
cies 
mpu
erive

tream
nta 

2 

11 

11 

11 

11 

11 

11 

%f) 

NH4C
stream
ed in 
e as a

ine 
ing 

desire
selec
t is p
n rea
n. W
h mi
bea

d the
is le
solv
is so
tatio

e eth

m 

Cl bu
m (0
a sec

an int

2 w
the 

ed e
ctivi
presu
actio

We t
ixin

ads 

e mo
ess e
vent
olub
onal 
her a

O

2

uffer 
.3mL
cond 
terna

were
 flo
extra
ity 
ume
on af
then

ng. A
wa

odel 
effec
ts. T
ble in

plot
as th

Organ

2+10

(0.42
L/min

6 cm
al sta

e ex
ow 
actio
for 

ed th
ffec

n in
A 6 c
as u

con
ctive 
This 
n DC
ts w

he m

nic st

2+

2+

2+

2+

2+

2+

2+

+11

2 M)
n), m
m pac
andar

xtrac
rate
on p

the
hat t
ted t

nvest
cm p
used

ntinu
in r

bypr
CM 

was u
most 

 
tream

+10+

+10+

+10+

+10+

+10+

+10+

+10+

(1:0.

 d1:1
mixed
cked-
rd.g R

cted 
e of 
pH, 
e ex
the r
the p
tigat
pack

d w

ous-
retai
rodu
at al

used 
effe

m con

11 

11 

11 

11 

11 

11 

11 

.95:0

 ratio
d thro
-bed 

Ratio 

in 
f bu
i.e. 

xclus
resid
prod
ted 
ked-

with 

-flow
ining
uct i
ll pH
as a

ctive

ntent

0.72g)

o of 
ough 
and 
of 

the
uffer

6.5
sive
dual
duct
the

-bed
no

w 
g 
s 

H 
a 
e 

tb 

) 

 
r 
 
 
 

t 
 

d 
 



  

improvement in extraction efficiency (Entry 3). A longer (23 cm) 
packed-bed containing sand was used without any improvement 
in extraction efficiency but did lead to a smaller pressure drop in 
the system compared to the SS bead column (Entry 4). 
Performing two extractions with Et2O likewise resulted in an 
undesired mixture of products. Re-examining the data in Figure 1 
indicated that atropine 2 has a greater affinity for water at 
elevated pH compared to the other byproducts such as 
apoatropine 11 and the tropine ester 10, with the exception of 
tropine 9. This observation is also consistent with experimental 
data (Table 5, Entry 1). Initially, an extraction at basic pH was 
not considered due to the possible elimination of atropine 2 to 
apoatropine 11 or ester cleavage to yield tropine 9. The similar 
solubility of atropine 2 and tropine 9 at elevated pH was also a 
concern for using this approach. Fortunately, our optimized 
conditions for the synthesis of atropine 2 did not yield any 
residual tropine 9 and we were hence encouraged to explore 
extraction under basic condition (pH >8). Although diethyl ether 
and DCM did not yield a clean extraction (Entries 6 and 7), no 
additional apoatropine 11 was formed in the process. 
Gratifyingly, toluene (PhMe) was able to selectively extract 
atropine 2 from the mixture (Entry 8). This finding corroborates 
the computational data (Figure 1A) that indicated a smaller logD 
for atropine 2 in PhMe at pH 11.  

Overall, the full synthesis of atropine 2, including the 
extraction, gave a 22% yield of the desired product. This 
transposes to nearly a 3-fold increase in yield and a significantly 
improved E-factor of 24, a 94-fold difference from the previous 
route. 

3. Conclusion 

The expedited synthesis of APIs has been aided by the 
development of continuous-flow approaches. However, the 
environmental consequences of syntheses are rarely considered. 
We presented efficient E-factor optimization strategies for the 
synthesis of two essential APIs: atropine and diazepam. Notably, 
our approaches significantly reduced the waste generated in both 
routes through the combination of continuous-flow chemistry 
techniques, computational calculations and solvent minimization. 
Diazepam waste was decrease by four-fold and now resides in 
the range of fine chemicals processes. Atropine displays an 
impressive two orders of magnitude improvement in term of 
sustainability. We believe the continuous-flow technology and 
rational strategies discussed herein to reduce the E-factor pave 
the way for further APIs syntheses that are more environmentally 
conscious.  

4. Experimental 

4.1 Material and methods 

Unless otherwise indicated, all commercially available 
reagents and solvents were used directly from the supplier 
without further purification. Membrane liquid-liquid separators 
and backpressure regulators (BPRs) were purchased from Zaiput 
Flow Technologies, and the PTFE microfiltration membranes 
were bought from Pall Zefluor with 0.5 or 1.0 μm pore size. The 
reactors were constructed from high-purity perfluoroalkoxy 
(PFA) tubing with 1/16” OD and 0.03″ ID and PEEK fittings 
purchased from IDEX Health & Science Technologies, unless 
otherwise noted. Harvard Apparatus PhD Ultra syringe pumps 
were used to pump reagents and solutions from 8-mL high-
pressure stainless steel syringe with 1/16” SWAGELOCK® from 
Harvard Apparatus unless otherwise noted. A 5 mL glass syringe 
was used with phenylacetyl chloride due to incompatibility with 
stainless steel. The packed-bed scavenger was assembled from a 
stainless steel tube (1/4” OD, 3/16” ID), Stainless Steel (SS) frits 

0.20 μm, and stainless steel 1/16″ female nut from 
SWAGELOCK®. 1H NMR and 13C NMR spectra were recorded 
at ambient temperature using CDCl3 (7.27 ppm) or d6-DMSO 
(2.50 ppm), unless otherwise indicated on a Varian 500 MHz 
spectrometer or Bruker 400 MHz spectrometer. 

4.2 Synthetic procedures 

Diazepam 1: A 25 mL solution of 5-chloro-2-
(methylamino)benzophenone (6.14 g, 1 M) and dodecane (0.57 
mL, 0.1 M) in 2-MeTHF was loaded into a SS syringe and 
pumped via syringe pump into the system at 0.15 mL/min and 
neat chloroacetyl chloride was loaded into a SS syringe and 
pumped via syringe pump at 0.015 mL/min. The streams met in a 
T-mixer (0.02” ID) before entering a reactor made from 0.04” ID 
PFA tubing (0.4 mL volume) preheated to 90 oC in an oil bath. 
Upon exiting the reactor, the stream was met with aqueous 
NH4OH solution (28-30 wt % diluted in water in a 9:1 volumetric 
ratio) pumped at 0.234 mL/min via syring pump in a sideways T-
mixer (0.04” ID) that was sitting in a sonication bath preheated to 
60 oC. Upon exiting the sonicating bath, the stream entered the 
second reactor made of 0.04” ID PFA tubing (10.2 mL volume) 
that was preheated to 100 oC in an oil bath. An in-line separation 
was then performed using a membrane separator containing a 1.0 
μm pore PTFE microfiltration membrane. Two BPRs set to 100 
psi were installed at the end of the reactor on each side of the 
membrane separator. The entire system was equilibrated for 1 h, 
and product collection lasted for 1 h. The solution collected 
contained diazepam with a 49% calibrated yield determined by 
GC analysis with dodecane as the internal standard. This solution 
was then passed through a packed-bed of activated charcoal at 
0.15 mL/min, then a sample (0.90 mL) was collected and 
diazepam 1 was isolated by automated flash chromatography (Rf 
= 0.19 in 30% EtOAc/hexane) as a colorless solid (0.103 g, 40% 
yield). 1H NMR and 13C NMR in CDCl3 are in accordance with 
reported literature values.14 

Atropine 2: The solution of tropine (2 M in DMF) was loaded 
in two stainless steel (SS) syringe. Neat phenylacetyl chloride 
was loaded into a dry 5 mL luer-lock glass syringe. The solutions 
where pumped (using a Harvard Apparatus Syringe Pump) at 
69.2 μL/min and 18.3 μL/min respectively. The solutions met in 
a T-mixer (0.02” id) at room temperature and were then warmed 
to 100 oC in a 300 μL reactor (87.5 μL/min total flow rate = 3.5 
min residence time). Importantly, the stream exiting the T-mixer 
had to be rapidly warmed to 100 oC, otherwise clogging occurred. 
The stream exiting the first reactor was then connected to a T-
mixer (0.02” id) and met a stream of 3 M NaOH pumped by an 
SS HPLC pump (56 μL/min, 1.2 equiv.). A 15 cm (0.02” id) 
segment of tubing was placed before the 2nd T-mixer where 
formaldehyde (37% aq, 65.4 μL/min, 6 equiv.) was added using a 
Harvard Apparatus Syringe Pump and two 8 mL SS syringe. The 
reaction mixture (209 μL/min total flow rate) was then reacted at 
100 oC for 24 min in a 5 mL reactor (0.03” id) that was capped 
with a 100 psi BPR. After exiting the BPR, the reaction stream 
was mixed using a cross-mixer (0.02” id) both water (0.3 
mL/min, HPLC pump) and PhMe (0.15 mL/min, pumped using a 
MilliGat M6 pump purchased from Valco Intruments Co. Inc.). 
The resulting slug-flow mixture (0.659 mL/min) was passed 
through a 6 cm SS sand-filled packed-bed for mixing purposes. 
An in-line extraction using a Zaiput liquid-liquid extractor 
(membrane = 0.5 μm) was achieved and both the aqueous and 
organic streams were collected in separate scintillation vials. The 
system was equilibrated for 1h, then the products were collected 
for 20 min. The organic stream was collected in an empty vial 
but the aqueous stream (measured at pH 11) was collected in a 
vial containing DCM to extract the product from water and 



  

prevent elimination/degradation. The organic stream was 
concentrated in vacuo. A mixture of 2:10:11 was obtained (1H 
NMR ratio 1:0.95:0.72) 332 mg total mass, 22% yield of 2. The 
aqueous stream was extracted with DCM, concentrated in vacuo. 
Atropine 2 was obtained in 176 mg, 22% yield. 1H NMR and 13C 
NMR in CDCl3 are in accordance with reported literature 
values.41 
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