_)V g
b O ¢ o

SOLVENT SELECTION
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<  IMPORTANCE OF SOLVENTS o

Reaction medium (transport, combine, separate)
* Dissolution

* (In)solubility

* Kinetics

 Health

o Safety

 Environmental aspects

* Course of the reaction

« Cost (purchase, recycle, dispose)




RSPECTIVE ON SOLVENT SELECTION

ASPECT

Safety

Promote high-yielding reactions

Convenient (minimize processing
operations)

Water miscibility
Cost of bulk and recoverability

Environmental

Long-term availability

Acceptability for human use
Water as solvent

Neat reactions

lonic liquids

r(

COMMENT

Avoid solvents that are toxic or highly
flammable

Compatible with desired chemistry; Can
isolate product in good yield?

Isolate product from reaction solvent?
Operate at high concentrations?

Azeotroping ability
Control amount of water

More important at the end of development
cycle

Ethics, and cost of recovery and non-
compliance

But, recovery of product from aqueous
layer can be costly, plus cost of disposal

D —— 4
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SOLVENT SELECTION GUIDES

Almost every company created specific solvent guide
SmithKline Beecham — Curzons, A.D. et al Clean Products and

©
O

Processes 1, 82 (1999)

SOLVENT Waste  Impact Health  Safety
4

Alcohols

Ethylene glycol

1-Butanol

Diethylene glycol mono butyl ether
Ethanol / IMS

2-Propanol

Methanol

2-Methoxy ethanol

Esters

Butyl acetate
Propyl acetate
[sopropyl acetate
Ethyl acetate
Methyl acetate

Aromatics

Xylene
Toluene

N/

®
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@@Sanofi — Prat D. et al Org.Process Res. Dev. 17, 1517 (2013)

Solvents Guide ETHERS: OVERVIEW -
Y
SANOFI
Name Overall ranking | ICH limit | Occ. health Environ- Other concern
(ppm) ment

Diethyl ether Banned

Substitution Not listed
advisable
Dibutyl ether Substitution Not listed
advisable

HF Substitution 720

advisable

Diisopropy! ether

Peroxides, odor

OEBV3 Sk

Methyl-THF Peroxides, cost

Dioxane 380 OEBV3 Sk
Anisole SHB3
MTBE OEBV3 Sk VOC
advisable
ETBE Mot listed OEBV4 EHB3 Peroxides, lack of data
CPME Not listed OEBV3 EHB3 Peroxides, one supplier

Dimethoxy ethane

o
on @

Not listed

Diethoxymethane

Not
available
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@@GlaxoSmithKline — Henderson, R.K. et al Green Chemistry 13,
854 (2011)

S = nucr:sbel— I"enl:ms'!1 - = “f;cﬁrf I i i
| £ al P | | i v g 8
Isopropyl acetate 108-21-4 -73
Dimethyl carbonate 616-38-6 -1
Ethyl acetate 141-78-6 -84
t-Butylmethyl ether 1634-04-4 -109
2-Methyltetrahydrofuran 96-47-9 -137
Dichloromethane 75-09-2 -95
fChIoroform 67-66-3 -64




& SOLVENT SELECTION GUIDES @

YACS Green Chemistry Institute® Roundtable Solvent Selection
Guide, March 2011

O

Substance Information Ecuring Information
Solvent Class |Solvent Name CAS Number Health Env (Air) | Env (Water) | Env (Waste)
Acid ACETIC ACID 64-19-7 6 6 6
Acid ACETIC ANHYDRIDE 108-24-7 6 6 7
Acid FORMIC ACID 64-18-6 6 5 4 7
Acid METHANE SULPHONIC ACID 75-75-2 6 6
Acid PROPIONIC ACID 79-09-4 6 4 6
Alcohol 1-BUTANOL 71-36-3 5 5
Alcohol 1-PROPANOL 71-23-8 6 6
Alcohol 2-BUTANOL 78-92-2 6 5
Alcohol 2-METHOXYETHANOL 109-86-4 5 7
Alcohol BENZYL ALCOHOL 100-51-6 4 4
Alcohol ETHANOL 64-17-5 5 5]
Alcohol ETHYLENE GLYCOL 107-21-1 5 7
Alcohol ISOAMYL ALCOHOL 123-51-3 4 5 4
Alcohol ISOBUTANOL 78-83-1 5 4
Alcohol ISOPROPYL ALCOHOL (IPA) 67-63-0 5 6
Alcohol METHANOL 67-56-1 5 6
Alcohol T-BUTANOL 75-65-0 5 7

o )
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& SOLVENT CONSIDERATIONS

atch out hydrocarbon solvents with even number of carbons (toxicity, electrostatic buildup); U

Classification of solvents — ICH Harmonised Guideline Q3C — Impurities: Guideline for Residual
Solvents

Class 1 — solvents to be avoided (known human carcinogens, strongly suspected human
carcinogens, and/or environmental hazards, e.g. carbon tetrachloride (concentration
limit 4 ppm), 1,2-dichloroethane (5 ppm), 1,1,1-trichloroethane (1500 ppm), benzene
(2 ppm))

Class 2 — solvents to be limited (non-genotoxic animal carcinogens, agents of irreversible
toxicity, e.g. acetonitrile (410 ppm), chlorobenzene (360 ppm), chloroform (60 ppm),
N,N-dimethylformamide (880 ppm), hexane (290 ppm), methanol (3000 ppm), N-
methylpyrrolidone (530 ppm), toluene (890 ppm))

Class 3 — solvents with low toxic potential (permissible daily exposure 50 mg or more per daz5
e.g. acetic acid, acetone, ethyl acetate, heptane, 2-propanol, triethylamine) </

)
Solvents for which no adequate toxicological data was found — a manufacturer is asked to(

supply justification for residual levels of these solventsd @oprop ether, petroleu
trifluoroacetic acid)

)
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h

e best reaction solvent is the one that crystallizes the produ%l)
Sirectly from the reaction;
Novartis — the Dimroth rearrangement — temperature and solubility
turned out to be the most important — the product simply precipitated
from the reaction mixture;

Ethylene glycol : N
Me  NH /@\ EtOH : H,0 = Me
MN Cl 2 1 :1

Me » 95 °C

4 h

TZ N

4
N
NN

Fischer, R.W. Org.Process Res. Dev.5, 38@‘( 0016

-
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O,N NS
NHBoc
D/\/\/\/\ Solvent Yield (% after 48 h)
F

Benzene 0
H, (1 atm) Toluene 20
Wilkinson's Methanol 80
catalyst
Y THF 91
Methanol-THF 93

O,N

Ij/\wm-lanc

. 9
Dyson, P.J.; Jessop, P.G. Catal.Sci. Technc@ 3302 (2016) (/)




Homogeneous vs. Heterogeneous O
Reactions using gases
Insolubility is sometimes advantageous (the Schotten-Baumann
reaction, the Finkelstein reaction)

U =, SOLVENT CONSIDERATIONS ~
~ (9]
0

Menshutkin (1890)
The reaction rate of the reaction rate of triethylamine with alkyl
halides providing quaternary ammonium salts strongly depends on a
solvent (hexane 1, acetone 338, benzyl alcohol 739)

Solvents commonly used in academia are not often welcomed for&
industrial applications

Safety first & U @
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SOLVENT CONSIDERATIONS

The Finkelstein reaction

The reaction driven to completion by exploiting the different solubility
of used and formed halides

©/\/C' Nal |
acetone




SOLVENT CONSIDERATIONS

The Halex reaction

N02 NOZ
Cl KF F
—> + KCI
Cl F

toluene ......... no reaction
water ......... no reaction
DMF ......... satisfying conversion, KCI precipitates out of the reaction mixture

:Q o
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MIXRIG OF HETEROGENEOUS MIXTURES Q

N32CO3

0 slow \ O CN

= o) Me  5n o)

(T Uy x> T UL

MeO Me 5 mol% Me;NOH MeO O
(25 wt% aq.)/'

acetone, reflux
9 h, 85%

Anderson, N.G. Practical Process Research and Development, A (5,
guide for organic chemists, 2nd Edition, Els Or 2000 k)
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@Q
Acetone 500
EtOAC 400
MeOH 200
t-BuOH 100
MTBE 50
MeCN 20
DMF 10
Pyridine 1
2-Methoxyethanol 0.1

TWA = Time-Weighted Average shift for five days for nearly s&fe
exposure over an 8 h shift for five days for nearly all worker

e O QO @,(/))
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nglso, always consider physical-chemical properties like

. Flash point

. Flammability

. Boiling point

. Melting point

. Electrostatic charge accumulation
. Recycling potential

. Cost of solvent

. Environmental aspects

. Cost of disposal

. Polarity
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olvents rarely used in the pharmaceutical industry

Solvent Disadvantage UG
replacement

Diethylether
Diisopropylether

Hexane

Chloroform

Benzene
Ethylene glycol

Acetonitrile

Flammable
Peroxide formation

Electrostatic charge
Neurological toxicity

Mutagenicity,
environmental
aspects, toxicity
Toxicity
Toxicity
Animal teratogen,

potential acetamide
generation (genotoxic)

MTBE
MTBE

Heptanes, i-octane

Dichloromethane,
2-MeTHF, toluene

Toluene
1,2-Propandiol

2-propanol,
acetone - water

- &

o

O
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olvents preferred for process development (Pfizer)

____Preferred | Usable | __Undesirable

Water
Acetone
Ethanol
2-Propanol
Ethyl acetate
i-Propyl acetate
Methanol
Methyl ethyl ketone
n-Butanol
t-Butanol

Cyclohexane
Heptane
Toluene

Methyl cyclohexane
MTBE
i-Octane
2-MeTHF
DMSO
AcOH
Ethylene glycol

Pentane
Hexanes
Diisopropyl ether
Diethyl ether
Dichloroethane
Dichloromethane
Chloroform
DMF
NMP
1,4-Dioxane
Benzene
Carbon tetrachloride

-y

O

)

o)
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Of‘olarity of solvents

Hughes-Ingold rules ((de)stabilization of transition state)

Aliphatic nucleophilic substitution and elimination reactions;
Considering pure electrostatic interactions between ions or
dipolar molecules amd solvent molecules in initial and transition

states;




“@ SOLVENT CONSIDERATIONS
@ﬁughes-lngold rules

Q

Reaction Initial Activated Charge alteration Efiect of increased
type reactants complex during activation solvent polarity
on rate®
(a) Syl R—X RO* ... X% Separation of unlike Large increase
1 _ charges
(b) Syl R—X* ROT ... X" Dispersal of charge Small decrease
(c) Sn2 Y +R—X Yot . ..R...X” Separation of unlike Large increase
‘ ‘ charges
(d) SN2 Y +R—X Yo ...R...X° Dispersal of charge Small decrease
(e) SN2 Y + R—X* Yot R...XT Dispersal of charge Small decrease
(f) Sn2 Y +R—X" Y’ ...R...X Destruction of charge ~ Large decrease

e O QO ((/))
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Of‘lughes-lngold rules

 An increase in solvent polarity results in an Increase in the
rates of those reactions in which the charge density is greater in
the activated complex than in the initial reactant molecules;

* An increase in solvent polarity results in a decrease in the rates

of those reactions in which the charge density is lower than in the
initial reactant molecules;

A change in solvent polarity will have negligible effect on tRe
rates of those reactions that involve little or no change in th

charge density from reactants to thegaqfiv teddnplex
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Oﬁolarity of solvents
~Reichardt, C. Pure Appl.Chem 76, 1903 (2004)

Reichardt, C. Solvents and Solvent Effects in Organic Chemistry,
3 rd Ed., Wiley-VCH, 2003

— @ © hv
(O )0
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OQ Polarity of solvents
E;(30)=h.c.N,. v, [kcal . mol-]

Could be used even in solid rare gas matrices to establish polarity of
rare gases (Xe — Kr —» Ar — Ne decreasing polarizability)

E+(30) recommended and used for monitoring of a quality of
desinfection solutions of alcohol/water in order to prevent SARS-
CoV 2 infections
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Of‘olarity of solvents
E;N parameter — the negative solvatochromism of the = — =* shifts
of solutions of the betaine dye — more polar
solvents stabilize the ground energy of the polar
dye, producing thus greater shift in the position of
© — w* absorption relative to that found for
solutions of the dye in tetramethyisilane.
Colors of this dye in a solvent are indicative of the

polarities of the solvent and solvent comblnatloB

used to dissolve |it.
e Q
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@) CH,OH CH,CH.OH (CH,,CHOH CH,COCH,

656

Reichardt, C. J.Org.Chem 87, 1616 (2022) ("*
o) ( )

"'I"n'mx =516

1,4-Dioxane

¥

794 nm

-
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OH OH

S, ) 0
O ¢, 0~ = CFCHCH

T™S 8 CH-OH

)
Q DMF 1-PrOH tJ:HzDH

O Acetone DMSO EtOH MeOH
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII T | ¥ i e e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Gas phase co, Et;N-50,-NEt; MB-.E ME-;ﬁH; ME;N'CO;E)
(-0.11) (SCF) Gwl_ ®
EtNH; NO,~
@ 2 ®
{CeH13)eN™ CgH:CO: |i3u-_ H@,NJME‘ PFE{::” Me,N HEG@ (130°C) g
[y

Reichardt, C. Pure Appl. Chem.76, 1903 (2004) C
cO Q ¢ )
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Polarity of solvents

3 ()
Polarity | Solubilityin | OPofwater- | wtloofwater | 0\ o0
Solvent N o solvent removed by
E; water (wt%) class
azeotrope azeotrope
Water 1.000 - None None
EtOH 0.654 00 78 °C 4.0 3
AcOH 0.648 o0 77 °C 97 3
DMF 0.404 o0 None None 2
Acetone 0.355 o0 None None 3
CH,ClI, 0.309 1.3 38 °C 1.5 2
Toluene 0.099 0.06 84 °C 13.5 2
Et;N 0.043 5.5 75 °C 10 3
Heptane(s) 0.012 0.0004 79 °C 12.9 3
Cyclohexane 0.006 0.006 69 °C 9 2
</ \V’ 6 ) ©
{3y
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Polarity of solvent mixtures

®

MeOH
EtOH

H,0:CH,Cl, = 0.2:99.8
H,0:CH,Cl, = 0.2:99.8

H,0:CH,Cl, = 0.2:99.8

I-PrOAc

MeOH:H,0 = 7:1

0.762

0.654

0.310
0.310

0.310

0.210
0.792

EtOH:H,O = 6.9:3.1 0.762
Acetone:H,0O =
4.6:5.4 0.654
H,O:MIBK = 1.9:98.1 0.283
H,O:EtOAc = 3.3:96.7 0.253
H,0:2-MeTHF =
5.3:94.7 Dz
Heptanes:EtOAc =
0.8:9.2 0.210 @

EtOH:H,0 = 5:3 0.783 @
cQ Qo o )
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Pendency of solvents to form azeotropes with water is considerec]@
@advantageous (it is not practical and economical to dry solvents using

drying agents on large scale);

Be careful — dependence on pressure (breaking the azeotrope)

Effect of reducing distillation pressure on EtOAc — water:

5 Water in azeotrope

760 70.4 8.5
250 42.6 6.3 ©
25 1.9

- &
cQ QO o )
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IMPURITIES IN SOLVENTS e

i C
C

(

© \

Q Absolute solvents are rather expensive, common solvents

contains some amount of water, for certain operations they should
be dried (azeotropic distillation, molecular sieves, use of an
excess of cheap reagent);

Denatured solvents (ethanol)

Stabilizers (e.g. BHT in THF)

Tendency to form (hydrogen)peroxides (diisopropyl ether®
butadiene, acetaldehyde, 1,4-dioxane, styrene, acrylonitrile, 2-@
butanol, benzyl alcohol, THF, MIBK, 23r® alcohol) e

-
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.
@ Degradation of solvents (ethyl acetate, DMF)

Side reactions (reesterifications, reaction with dichloromethane)

CH,Cl, [ fast 7 fast
[ = o] — O
” RT, 10 h N D N" cCl N 82%
. &, .

Avoid unwanted formation of esters of sulfonic acids (potentially
mutagenic)

o

:Q o



&  SACRIFICIAL SOLVENTS

.2 About 50 eq. of 98% H,SO, at 50 °C for 3 h followed by an
aqueous quench provided ring sulfonation in the product;

5-6 eq. of 98% H,SO, in toluene at 70 °C for 2 h — sulfonation
of the product was significantly diminished.

SO5H
H,SO, (5-6 eq.) Me
Me H20 Me O Me 0 N
on - + + JSOH
| AN Toluene AN NH, AN NH,
P 70°C, 2 h _ _
N~ N K\ N N~ N
O\) O\)
Harrington, P.J. et al Org. Process Res . 10, 1157 (2006)

& Y

7\
N,
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N/

Q

Q lonic liquids are ionic compounds (salts) which are liquids below
100 °C. More commonly, ionic liquids have melting points below

room temperature.

R R
Most commonly ) R CH Y. R . R
used cations: | N N &N( e — pY/ : /_hll:_/

N-alkyl- 1-alkyl-3-methyl Tetraalkyl- Tetraalkyl-
pyridinium imidazolium phosphonium ammonium

Solme possibe Water
anions:

Immiscible
[PF¢] [BF,’]
[N(SO,CF;),7] [CF,S0,7]
[BR,R,R3R,’]

Most common Ethyl, Butyl, Hexyl, Octyl, Decyl
alkyl chains:

&

Water
miscible
[CH,CO,7]
[CH,SO,]
[NO;7], [CI]




IONIC LIQUIDS O
CcO O
Pd catalyst
X  Me
lonic liquid \)J\OR
ROH

L on

lonic liquid
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SUPERCRITICAL FLUIDS

SCF Name T. Pe m Cost”
(°C) (bar) gme) (De-  ($/kg)
bye)®
Ar  argon -122.5 486 0.531 3995 0 6
CO, carbon dioxide 31.1 73.8 0466 4401 0O 3
HC! hydrogen chloride 51.5 82.6 042 36.46 1.08 20
HBr hydrogen bromide 90.0 85.5 n.a. 80.91 0.82 30
HI  hydrogen iodide 150.7 83 n.a. 1279 0.44 n.a.
H,O water 374.0 2206 0.322 18.02 1.85 n.a.
NH; ammonia 1324 113.2 0.235 17.03 1.47 3
N>O nitrous oxide 36.4 72.5 0.453 4401 0.167 50
Kr  krypton —-63.76 549 0912 8380 O 3000
SF¢ sulfur hexafluoride 45.5 376 0737 146.1 0O 50
Xe  xenon 16.6 583 1099 1313 O 4000

@

Jessop, P.G.; Leitner, W. Chemical Synthesis Using Supercr/t/cal
Fluids, Wiley-VCH 1999

e Q Q
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SUPERCRITICAL CARBON DIOXIDE

supercritical
fluid

) e T

pressure
P (bar)
i
o
[ ]

10

; ===

200 250 300 350 400
temperature

T (K) @
Peach, J.; Eastoe, J. Beilstein J.Org.Chem. 10, 1878 (2014) @

Beckman, E.J. J.Supercritical Fluids 2%1@200@ o (/)
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- ®

. FOOD INDUSTRY
%offee decaffeination

Tea decaffeination

Fatty acids from spent barley
Vitamin E, hops, spices extraction
Nicotine extraction

Natural insecticide/pesticide extraction

:Q o
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SUPERCRITICAL CARBON DIOXIDE

i 9
Q
Q 2% Pd O
1.7 eq. Hy
Me Me 9 - 17% substrate feed Me Me
Me 104 - 116 °C Me
sc CO; 99.4% assay

Thomas Swan & Co., Ltd.
Licence, P. et al Green Chem. 5, 99 (2003)

:Q o




€GAS EXPANDED LIQUIDS (GXLs)

Combination of a classical
solvent and supercritical solvent
(usually scCO,) — adjustable
polarity;




