Perspectives on the application
of green chemistry principles
to total synthesis design

ABSTRACT

Green chemistry is reduced to a multi-variable optimization
problem. Reaction mass efficiency (RME) is shown to be the key
parameter that needs to be maximized in order for a valid
claim that a reaction or synthesis is “green” can be made. The
dependence of this parameter on various reaction paramefers
is illustrated for individual reactions. A brief summary is given
of the key criteria and thresholds that link green chemistry
principles to the analysis of individual reactions and to
synthesis planning. A survey of literature plans for the total
synthesis of the alkaloid (+)(S)-nicotine is used as an illustrative
example. Key recommendations are made for the reporting of
“green” syntheses.

INTRODUCTION

The new catch phrases “green chemistry” and “green
engineering” are terms that refer to reaction optimization with
respect o materials and energy usage, waste reduction from all
sources, and overall cost minimization. Also included are
minimization of toxicity and hazards, and maximization of
safety practices. When these terms are applied to the
performance of individual chemical reactions, chemical
processes, and chemical synthesis plans they really deal with
the same overriding issue: optimization of variables. Figure 1
summarizes the general “green chemistry” paradigm applied
to chemical reactions so far imp|ementeJin the literature.
Essentially all papers involve some combinatorial approach in
which a benign medium is chosen along with one or more of
the listed “green” strategies shown.

There have been a number of problems in getting green
chemistry ideas accepted in chemical education and in the
day-fo-c];y practice of chemistry research. Among the most
common are: (i) far too many coined names are given to
obvious ideas, especially in the field of reaction metrics; (ii)
few quantifiable connections are made between these ideas
into a unified whole; (iii) inertia that green chemistry is
perceived as “soft”, not part of the rigorous physical sciences,
precise|r because of |ocfof mathematical rigor; (iv) confusing
material and energy ideas when analyzing individual
reactions or synthesis plans involving sets of chemical
reactions; (v) diffuse meaning of sustainability with little
mathematical rigor; (vi) prejudicing the training of synthetic
organic chemists from the outset to avoid and regard any
quantitative analysis and reasoning as not relevant to
synthesis design; (vii) incorrect application of the traditional
“overall yield” metric as a gauge of material efficiency of
synthesis plans especially to convergent plans; and (viii)
inability to connect and translate material and energy metrics
to cost metrics, commonly referred to as the “bottom-line”,
that every professional in the chemical industry can
understand, not just chemists and chemical engineers. In
addition, there are disconnects and problems in current
practices of carrying out total syntheses of target compounds,
namely: (i) changing the reaction solvent to o%enign one is
consicf;red sufficient to “green up” a chemical reaction, (ii)
planning a synthesis with the constraint that a newly
discovered reaction is used as the cornerstone reaction in a
plan whether or not it is “green”, or that use reactions that
pay homage to past or present chemists who have made
significcmt contributions to synthetic organic chemistry; (iii)
not using multi-component reactions (MCR) (1 - 26) as part of
the master plan in total synthesis design, but relying on the
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traditional linear approach; and (iv) the slow development of

a library of stereoselective MCRs.

As noted in Anastas and Warner’s classic text (27), “Green
chemistry is the utilization of a set of principles that reduces or
eliminates the use or generation of hazardous substances in the
design, manufacture, and application of chemical products”.
ﬂighesf priority “green” principle is to carry out syntheses
with the highest atom economy (28 — 30) while minimizing
byproducts and the environmental impact factor (31 - 34). Al
o{fhese ideas, though given new names, are in fact not new
and are implemented routinely and intuitively by process
chemists and chemical engineers in the chemical industry who
operate under a code of good laboratory practice (GLP). The
bottom line concept for both green chemistry and green
engineering is that ongoing efforts to improve reactions are
directly connected to the optimization of key parameters that
govern their performances. It is obvious that some of these
parameters will need to be maximized and others minimized.
What is new is the recent introduction of a simple arithmetic
description of optimization via the use of so called “green

The

metrics” in a way
thqtlchT ll;)e easily
applie an
cﬁ(fmist toythe z,Nidesf
range of chemical
processes and
synthesis plans
regardless of
complexity (35 -
39). The central
metric by which
material efficiencies
of synthesis plans to
a common farget
may be compared in
a standard way is
reaction mass
efficiency (RME). For
the purposes of
satisfying the goals
of green chemistry,
this parameter needs
to be maximized.
This renaissance in

thinking goes beyond the traditional *
restricted to linear syntheses familiar to chemists. In this paper
we highlight and illustrate the determination of RME for any
individua?reacﬁon and compare various literature routes for
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the total synthesis of the alkaloid (+)(S)-nicotine.

REACTION MASS EFFICIENCY (RME)

The complete equation, derived elsewhere (35 - 39), for RME
applicable to a single chemical reaction is given by

overall yield” parameter

R F 1
RME =(g)A J.}?I[ WRP) = "EI:”:.}'-F-"| ﬁ
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(1)

where ¢ is the reaction yield (0 < & < 1); AE is atom economy
(0 < AE < 1); SF is the stoichiometric factor that takes info

Supplement to Chimica Oggi/CHEMISTRY TODAY Vol 24 nr 6 ® Green Chemistry/lonic Liquids

31




and was

known definition

account the use of excess reagents (SF = 1 for stoichiometric
reactions carried out with no excess reagents; SF >1,
otherwise); MRP is the material recovery parameter that takes
into account other materials used in the reaction and post-
reaction h|ohuses (work-up and purification) such as solvents
ings for extractions (0 < MRP < 1); ¢, s, and w are
the masses of reaction catalyst, reaction solvent, and all other
post-reaction materials respectively; and mp is the mass of the
collected target product. Atom economy is given by the well
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and the stoichiometric factor, by definition, is given by
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allow easy calculation of either parameter in each case once
one of them is known. The derivations of eq 4a and 4b are
linked to that of eq 1 and are based on the conservation of
mass law connecting the molecular weights (or mass) of all
input materials to the molecular weights (or mass) of all output
materials.

Equations (4a) and (4b) provide a means of assigning a set of
criteria or mandatory requirements for claiming that a given
reaction is “green”; namely, (i) AE > 61.8 percent so that AE >
En. (ii) RME > 61.8 percent so that RME > E,, and (iii) reaction
solvents and all post-reaction materials used in the work-up and
purification stages must be reclaimed and/or eliminated (35).

radius where each parameter is equal to one. The less *
a reaction is, the more the resultant pentagon is distorte
toward the centre. These diagrams may therefore be used to
compare the RME performances of different classes of reactions
so that chemists can ascertain which reaction classes are
inherently “green” and which are not by visual inspection. The
degree of distortion of the radial pentagon from its regular
ideal shape may be directly linked to which parameters are
responsible for that distortion. These diagrams therefore inform
chemists as to what to do if they wish to “green up” their
experimental procedure, whether it is to reduce reaction solvent
usage, cut down on unnecessary washes and extractions,
avoid using excess reagents unless there is a chemical reason
for doing so as in driving equilibria toward product, select
lower mass reagents to effect improved atom economical
performance, or optimize reaction yield by tweaking such

Fan Yiek

113F

Figure 2. Radial pentagon representation
of reaction mass efficiency (RME)
showing dependence on four
independent parameters given in
equation (1)

The five parameters in eq 1 (RME, AE, €, 1/SF, and MRP) may
be displayed graphically in the form of o radial pentagon (see
Figure 2) depicting a “materials usage footprint” so that
chemists can recognize at once whici of the four factors on the
right hand side of eq 1 are contributing to an attenuation of
RME. Each axis corresponding to one of the five parameters
emanates from the centre andg ranges in value between zero
and one. The values of these parameters are depicted as dots
and these are connected to form a pentagonal figure. The ideal
“green” situation is depicted by a regular pentagon of unit

"

green"

parameters as
reaction time,
reaction
temperature,
reaction pressure, or
the use of catalysts.
A study on the use
of these diagrams
on undergraduate
organic reactions
has recently been
described (39).

The quantities AE
and E,, (Sheldon
E-factor based on
molecular weight),
and RME and E,,
(Sheldon E-factor
based on mass) are
related by simple
expressions given by
eq 4a and 4b which

Figures 3 and 4 illustrate the number of named organic
reactions in each class that meet this criterion and the progress
of discovery of such reactions at the level of atom economy,

respectively (37). Many regaorted claims of *

2

green” reactions or

syntheses in the literature fail these simple criteria.

APPLICATION OF RME TO SYNTHESIS PLANNING
When analyzing the material efficiencies of several synthesis
plans to a given target it is sufficient to examine the kernel
overall RME value based only on reaction yield and atom

economy variables
since these depend
directly on the
intrinsic chemical
performances of
the reactions in the
plan. The
calculation of this
parameter for a
given plan is
%redﬂy simplified

if the plan is
represented as a
synthesis tree since
it may be
determined by
inspection by a
simple connect-
the-dots
approach. A
recent paper
introducing and
describing the
method showed
that it can be
applied to any
synthesis plan of
any degree of
complexity from
simple linear plans
to highly
convergent ones
(38). This method
may be used in
conjunction with
the standard
retrosynthetic
disconnect
approach to weed
out poor material
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target and to focus attention

on ones that have promising
optimal RMEs. It is important
| to mention that the strength
of the method is in the
comparative sense rather
than in the absolute sense. In simple language the new
paradigm in synthesis design is fo plan E)r a multi-component
convergent strategy from the outset using benign starting
materials and reagents in reactions that produce little or no
byproducts and in high yield. The best goal to achieve in @
synthesis plan is for eacK reaction in the plan to have an
individual RME exceeding 62 percent. The criteria for good
synthesis plans are ihere&re to:

— Design convergent-reflexive plans from the outset that
maximize the E’equency of multi-component/tandem/
domino/cascade reactions and minimize the frequency of
redox reactions. Reflexive plans involve the production of
a key source or “hub” intermediate which is then shunted
to the production of other infermediates down the line
which in turn are combined in a |ote-stage convergent
step toward the target. A key strategy in deciphering such
a hub intermediate is to look for the Kurgesf re eoteg
structural motif in the target product. This is wﬁere
exploitation of structural symmetries in the target molecule
becomes imporfant.

— Design plans with as many MCRs as possible; overall
convergence is maximized dramatically if a plan contains
a late-stage MCR that involves components that are
themselves terminal products of independent parallel
linear sequences.

— Design plans with large negative molecular weight first
moments (1) (i.e., increase degree of building up from
light starting materials via progressively heavier
intermediates fo final target product)

— Minimize number of overall steps (M) and number of
reaction stages (N)

— Maximize number of parallel steps/branches

C16T) LIHMDS =

{71} pyrrulidine |

34

— Minimize overall number of input materials needed (1)

— Maximize number of input materials that end up in produd
in any given step (i.e., maximize atom economy (AE) for
each step)

— Maximize reaction yield for each step (g)

— Maximize overall kernel reaction mass efficiency (RME)

— Maximize degree of convergence (3)

— Minimize degree of asymmetry (p)

- Maximize re?aﬁve rate of convergence (p,l)

— Maximize fraction of total input energy directed toward
target product

O~

- Minimize overall raw materials cost (RMC)
]
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The key point is that we desire all of these attributes in the
same plan so that maximization and minimization of
appropriate metrics occur synergistically!

AN ILLUSTRATED CASE: THE SYNTHESIS

OF (+)(S)-NICOTINE

The above points may be convincingly illustrated by
analyzing several literature plans for the synthesis of the
well known alkaloid (+)(S)-nicotine (40 - 48). The molecule
has two rings that are connected by a single bond.
Strategies employed in the literature revolve around three
main ﬁ-lemes: (a) begin with a nicotinic acid derivative,
extend the chain ong cyclize to make the pyrrolidine ring
and then methylate; (b) begin with a pyrrolidine ring
precursor, extend the chain and cyclize to make the pyridine
ring; and (c) begin with nicotinic acid and pyrrolidine
derivatives (pyridine and pyrrole) and couple these
stereoselectively. Scheme 1 summarizes various sets of
starting materials for each route and Schemes 2 to 9
illustrate the specific synthesis plans. All plans are of the
linear type. Scheme 2 shows the synthesis of the racemic
product and Schemes 3 to 9 show the stereoselective
synthesis of the natural enantiomer. Schemes 2, 3, 5, and 6
follow the first strategy, Schemes 4 and 7 follow the second
strategy, and Schemes 8 and 9 follow the third. It should be
noted that Scheme 8 involves a resolution step whereas that

in Scheme 9 is a direct stereoselective coupling. The
complete numerical analysis of all plans is summarized in
Table 1. For illustrative purposes only Figures 5 and é show
the synthesis trees corresponding to Schemes 2 and 9
respectively. It can be readily seen that Scheme 9, based on
final product material recovered regardless of
stereochemistry, has all the key ch‘r?butes described for an
optimal synthesis in the same plan; that is, it has the highest
overall RME, the fewest number of input materidls, the
highest degree of building up in the synthesis, the highest
degree of convergence, the E}stesi rate of convergence, and
is the cheapest to produce on a per gram basis. These
criteria suggest that this plan is the “greenest” on the basis
of material efficiency and input material cost alone. The
consideration of any other factors within the framework of
green chemistry, most notably energy consumption, toxicil{
of materials, safety of materials and procedures particularly
on scale-up, and waste treatment, may change this
conclusion. However, it should be noted that plans with high
material efficiency and which utilize cheap, readily
available, and safe starting materials are strong contenders
for overall “green” plans.
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