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Abstract: This paper proposes a standardized format for
the preparation of process green synthesis reports that
can be applied to chemical syntheses of active phar-
maceutical ingredients (APIs) of importance to the phar-
maceutical industry. Such a report is comprised of the
following eight sections: a synthesis scheme, a synthesis
tree, radial pentagons and step E-factor breakdowns for
each reaction step, a tabular summary of key material
efficiency step and overall metrics for a synthesis plan,
a mass process block diagram, an energy consumption
audit based on heating and cooling reaction and auxiliary
solvents, a summary of environmental and safety-hazard
impacts based on organic solvent consumption using the
Rowan solvent greenness index, and a cycle time process
schedule. Illustrative examples of process green synthe-
sis reports are given for the following pharmaceuticals:
5-HT2B and 5-HT7 receptors antagonist (Astellas Pharma),
brivanib (Bristol-Myers Squibb), and orexin receptor
agonist (Merck). Methods of ranking synthesis plans to a
common target product are also discussed using 6 indust-
rial synthesis plans of apixaban (Bristol-Myers Squibb) as
a working example. The Borda count method is suggested
as a facile and reliable computational method for ranking
multiple synthesis plans to a common target product
using the following 4 attributes obtained from a process
green synthesis report: process mass intensity, mass of
sacrificial reagents used per kg of product, input enthal-
pic energy for solvents, and Rowan solvent greenness
index for organic solvents.
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Abbreviations:

5-HT2B = 5-hydroxytryptamine-2B receptor

5-HT7 = 5-hydroxytryptamine-7 receptor

ABP = acidification-basification potential

AE = atom economy

API = active pharmaceutical ingredient

aqua = aquatic toxicity, mg/L for 96 h

BCP = bioconcentration potential, unitless

cPMI = cumulative process mass intensity

E = E-factor

EATOS = Environmental Assessment Tool for Organic
Synthesis

EDAC = 3-ethyl-1-(3-dimethylaminopropyl) carbodiimide
FLASC = Fast Life Cycle Assessment of Synthetic Chemistry
FP = flash point, degrees K

GWP = global warming potential, unitless

I = intermediate

IEE = input enthalpic energy, k] per kg product

j = refers to j" step in a synthesis plan

K =number of synthesis plans to a common target product
K .= soil adsorption coefficient, unitless

K , = octanol-water partition coefficient, unitless

LC50 = lethal concentration required to kill 50% of
population, g/m? for 4 h

LD50 = lethal dose required to kill 50% of population, mg/
kg body weight

m = number of attributes used in a ranking algorithm

M = metric

MRP = material recovery parameter

N = number of reaction steps

ODP = ozone depletion potential, unitless

OEL = occupational exposure limit, ppm

OSI = overall solvent index

OPSI = overall pharmaceutical solvent index

P = target product in synthesis plan

PER = persistence potential, unitless

PMI = process mass intensity

Q = quotient referring to risk phrases, unitless

r = rank number for a plan

R = reagents
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RME = reaction mass efficiency

RSGI = Rowan solvent greenness index, kg
SD = skin dose, mg

SF = stoichiometric factor

SFP = smog forming potential, unitless

SR = sacrificial reagents

STY = space-time-yield, kg/m’/h or kg/L/h
VTO = volume time output, h m’/kg

W = waste

Y =vyield

1 Introduction

The pharmaceutical industry has been at the forefront
of implementing green chemistry principles in the
manufacture of active pharmaceutical ingredients over
the last two decades [1-11]. Along with this development
there has also been parallel intensive research into
parameterizing measures that can gauge the progress
of waste reduction, energy consumption, and reduced
environmental and safety-hazard impacts when carrying
out reaction and synthesis plan optimization. Very recently
a detailed glossary of so-called green metrics vocabulary
has been compiled covering 25 years of literature on this
subject [12]. At this mature stage of research in the field,
what is needed to implement green chemistry practice
as a matter of routine in process chemistry optimization
development is a standardized protocol to describe the
“green” attributes of various shades for a given synthesis
plan in an easy-to-understand and visually appealing
manner that gets across the main highlights quickly
to members of a team of professionals having various
disciplinary backgrounds but who are collectively engaged
in the process chemistry enterprise. Essentially, what is
needed is a report that contains and communicates the
vital information that chemists and engineers need to know
in order to implement green chemistry principles in their
work. Traditionally, declarations of “efficient syntheses”
in the literature have mainly gravitated to merits with
respect to some measure of material efficiency such as
fewer reaction steps, increased overall yield, increased
Green Aspiration Level [13], or decreased E-factors [14] and
process mass intensities [15]. These measures of synthesis
optimization are all obvious, well understood, and well
implemented in the literature. However, they completely
neglect other factors that are equally important in tracking
and ultimately ranking continued improvements in process
synthesis design such as environmental and occupational
impact, and energy consumption. Limitations of mass-
metrics-only analysis in decision-making and ranking
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have been discussed previously [16]. Over the years more
holistic analyses of synthesis plans to pharmaceutical
targets have addressed these deficits by including
environmental and safety-hazard assessments such
as Edwards-Lawrence algorithm [17], EATOS [18-20],
EcoScale [21], Green Star [22], and FLASC [23]. Energy
metrics are by far the least implemented and discussed
in the context of process chemistry optimization in the
pharmaceutical industry as evidenced by the mass-
metric-only PMI calculators available on the ACS Green
Chemistry Institute Pharmaceutical Roundtable website
[24]. Furthermore, a number of methods appearing in
the literature, such as FLASC, are proprietary in-house
algorithms specific to the needs of the pharmaceutical
company advancing them and are not readily accessible
to the wider chemistry community to use freely. In this
work we present a simplified yet comprehensive “process
green synthesis report” protocol that aims to achieve the
following goals: (a) present a succinct summary analysis
of a given process synthesis according to mass, impact,
and energy metrics that are deemed to be essential in
assessments of efficiency so that holistic decision-making
can be accomplished; (b) present accompanying simple
visual aids to each of these metrics analyses to quicken
the identification of metric pros and cons for a given
process synthesis; and (c) present all of this information
in a manner that can be understood by both chemists
and chemical engineers so that both groups of scientists
who have different training and technical vocabulary
backgrounds can come together and communicate in order
to solve a given optimization problem while implementing
green chemistry principles. Therefore, with this tool in
hand, any chemist or chemical engineer can quickly
glean the strengths and weaknesses of a given synthesis
plan and then act on those results to initiate further
improvements that address any shortcomings and “hot
spots” with respect to material and energy consumption,
and environmental and safety-hazard issues that have
been identified.

We first present and describe the various sections
of such a report and then illustrate its use by showing
example reports for the industrial manufacture of three
pharmaceuticals shown in Figure 1: 5-HT2B and 5-HT7
antagonist [25], brivanib [26-29], and orexin receptor
agonist [30]. The pros and cons of each synthesis
are discussed with respect to the three categories of
green metrics mentioned above. These three selected
pharmaceuticals are representative of the kinds of
syntheses that are usually employed in scaled-up drug
manufacture. Important common characteristics of such
plans are isolation of solid derivatives that can be purified
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Figure 1: Chemical structures of the three pharmaceuticals examined in this work.

by crystallization methods and telescoped reaction
steps to reduce solvent demand in workup procedures.
The synthesis of the 5-hydroxytryptamine antagonist is
a linear plan involving a classical resolution step via a
diastereomeric salt intermediate in order to obtain the
desired enantiomeric product. The ring construction
mapping of the spiro ether in the final product structure
is [3+2] and the ring construction strategy to construct
this 5-membered ring is [5+0]. The synthesis of brivanib
is convergent and involves constructing the indole and
pyrrolo[2,1-f][1,2,4]triazine ring moieties in separate
branches and then coupling these rings via an ether
linkage. The ring construction mappings in the final
product structure for these rings are [3+2] and [(3+2) +
(2+142+1)], respectively. The indole ring is made via a
[5+0] cyclization involving a tandem nitro to amino group
reduction and subsequent intramolecular cyclization of
the amino group onto a ketone moiety with concomitant
elimination of water. The pyrrolotriazine fused bicyclic
ring system is made via an initial [3+2] cyclization forming
the pyrrole ring moiety by coupling ethyl crotonate
and tosylmethyl isocyanide, and then the triazine ring
moiety is built sequentially via a [4+2] cycloaddition
involving formamide and a 1-amino-2-carboxyethylpyrrole

intermediate. The plan involves well-known reactions and
the chiral alkoxy moiety is introduced via tandem ester
deprotection affording a free alkoxide which subsequently
ring opens (R)-propylene oxide from the less hindered side.
The second chiral moiety is introduced via esterification of
an N-benzyloxycarbonyl protected D-alanine reagent. The
orexin receptor synthesis is also convergent and involves
a biotransformation involving a transamination reaction
between D-alanine and a ketone intermediate mediated
by D-glucose. This synthesis also involves a classical
resolution step using (+)-10-camphorylsulfonic acid as
resolving agent. The central piperidine ring is constructed
via an intramolecular [6+0] cyclization forming a lactam
intermediate. The ring construction mapping in the final
product structure for this ring is [3+2+1].

When there are multiple synthesis plans to a common
target pharmaceutical, the question of appropriately
ranking them according to the same mass, impact, and
energy metrics described in their respective process
green synthesis reports needs to be addressed. This
second important problem has been tackled before using
vector magnitude ratio determination (VMR) [12] and
order theory via partially ordered set (poset) analysis
applied to reaction and synthesis plan comparisons
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Figure 2: Chemical structure of apixaban.

[31]. In the last section of this work we advance a much
simpler computational method based on the Borda
count positional voting procedure [32,33]. We illustrate
the results of all three ranking methods on 6 industrial
plans to apixaban [34-39] shown in Figure 2 and discuss
the merits and limitations of each method. Specifically,
we show that the Borda count method yields the same
ranking results as the poset method using simpler and
faster computation, but are different from the results of
the inferior VMR method.

2 Process green synthesis report

In this section we itemize and briefly describe the different
parts of the process green synthesis report.

2.1 Part 1 - Synthesis scheme

A synthesis scheme is the primary piece of information
that can be written down for how a particular target
molecule can be put together. Traditionally, it is depicted
as a sequence of intermediate structures interspersed with
reaction arrows having only reagents and other reaction
conditions depicted above those arrows. In the present
formulation satisfying the needs of tracking what is going
on over the course of a synthesis plan for the purposes of
implementing green chemistry principles, the synthesis
scheme consists of balanced chemical equations showing
reaction by-productsin each step below the reaction arrows
and molecular weights of all intermediates and target
product in addition to the traditional chemical structures
of all isolated and telescoped intermediates. Particular
attention is paid to drawing all structures of intermediates
along the way in the same structural aspect to facilitate the
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tracking of which construction bonds are made over the
course of the entire synthesis plan. Typically the way this
is achieved is by deciding on a structural aspect for
the final target product and then working backwards step-
by-step toward the starting materials in the first step in
such a way that the intervening intermediates are drawn
in the same structural aspect so that the orientation of
each fragment is preserved along the way. This technique
in drawing structures greatly facilitates the visual reading
of a scheme and allows for easy determination of ring
construction strategies employed and ring mapping in the
final product structure. Hence, for the chemical structure
of the final target product, a target bond map is also given
highlighting all synthesis connectivity bonds, particularly
those involved in ring construction mappings. This latter
piece of information is a new add-on that visually depicts
synthesis strategy in two ways. Firstly, the target bond
mapping allows for the tracing of the pieces of the starting
materials that get incorporated into the product structure,
which then in turn yields estimates of the atom and mass
fractions of those input reagents. Secondly, the step-by-
step tracing of target bonds throughout a synthesis plan
from beginning to end allows for pinpointing when and
how a given ring system was made along the way over the
course of the plan. For example, if a 6-membered ring in
the product structure is highlighted by two target bonds
showing a [4+2] mapping, this could mean either that the
4-atom fragment is first linked to the 2-atom fragment in
one step and then this is followed by a [6+0] cyclization in
a later step, or that one step involves a simultaneous [4+2]
cyclization of the two fragments. So, for the same [4+2]
ring mapping we have two possible kinds of strategies
that could be employed, a stepwise [6+0] cyclization or a
direct [4+2] cyclization. The following general notation is
used to describe a ring construction strategy for a target
product having two rings A and B: _[‘ﬂ A_M, B , Where
it is implied that an [a+b] cyclization takes place in step j
to make ring A, and a [c+d] cyclization takes place in step
k to make ring B. If the two rings comprise a fused bicyclic
system, say [4.3.0], and are made simultaneously in a
single step i, then the following notation is used to show
how the rings A and B are made: M{M.o] .

2.2 Part 2 - Synthesis tree

The depiction of synthesis plans as synthesis trees has
been advanced previously [40]. It is a convenient diagram
that compactly includes several pieces of key data about a
synthesis plan. The following information can be readily
gleaned from a synthesis tree: number of reaction steps,
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number of reagents used, stoichiometric coefficients of
all reagents, molecular weights of intermediates and final
target product, molecular weights of reagents, number of
branches, step reaction yields, and number of convergent
steps.

2.3 Part 3 - Radial pentagons and step
E-factor breakdown

Radial pentagons were advanced as an easy visual aid to
gauge the material performance of an individual chemical
reaction [41] once the roles and masses of all input
materials are identified. The following five variables are
depicted in radial pentagons: atom economy (AE), reaction
yield, inverse of stoichiometric factor (SF) indicating
excess reagent consumption, material recovery parameter
(MRP) indicating auxiliary material consumption, and
reaction mass efficiency (RME). The RME is the numerical
product of the four stated variables. Radial pentagons that
have radial lengths close to 1 (towards the perimeter) are
deemed green and those that have radial lengths close
to O (towards the centre) are deemed non-green. The
waste output production is depicted as a step E-factor
pie chart showing percent E-factor contributions arising
from E-kernel (waste by-products), E-excess (excess
reagent consumption), E-rxn solvent (reaction solvent
consumption), E-cat (catalyst consumption), E-workup
(workup material consumption), and E-purif (purification
material consumption). Each of these E-factors is found
by dividing the mass of the contributing material by the
mass of the final target product for a given reaction.

2.4 Part 4 - Step and overall material
metrics summary

Atableis presented that summarizes the following reaction
step parameters: % atom economy, % reaction yield,
E-kernel, E-excess, E-cat, E-workup, E-purif, E-overall,
and PMI. These parameters are determined using the
REACTION Excel spreadsheet [42,43] described previously.
In addition, the corresponding material efficiency metrics
for the overall synthesis performance are given at the
bottom of the above table. These overall parameters are
determined using the SYNTHESIS Excel spreadsheet
[42,43]. Cumulative PMI parameters are determined
using the cumulative PMI calculator spreadsheet [44].
There is always consistent agreement between the overall
PMI obtained from the SYNTHESIS spreadsheet and the
cumulative PMI calculator. All material efficiency metrics
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calculated in this section are determined for a 1 kg basis
mass of target product. Below this summary table positive
and negative attributes are summarized identifying key
steps that are best performers and worst performers,
respectively according to each of the metrics shown in
the summary table. For easy visual inspection, these are
colour-coded as green and red.

A second table is given itemizing a list of scaled masses
of reagents used to manufacture a 1kg basis mass of target
product including identification of masses of reagents
corresponding to sacrificial reagents. Sacrificial reagents
are those that do not contribute any atoms to the final
product structure over the course of the synthesis plan
and arise mainly in protection-deprotection steps and
oxidation correction steps. Once the sacrificial reagents
are identified, the mass fraction of sacrificial reagents
is calculated with reference to the total mass of reagents
employed in the synthesis as given in the synthesis tree
diagram in Part 3. Such a fraction can also be correlated
to the target bond mapping diagram given in the synthesis
scheme shown in Part 1. Generally, materially efficient
syntheses, in addition to having high overall yields and
employing high atom economy transformations, also have
low values for the mass fraction of sacrificial reagents. The
last column in this table itemizes the reaction classification
type for each reaction step in the synthesis plan.

2.5 Part 5 — Mass process block diagram

This kind of diagram is of high interest to chemical
engineers who wish to track the input material throughput
of all ingredients required and all waste output materials
produced over the course of executing a synthesis plan.
The purpose and merits of block diagrams and process
flow sheets to depict industrial processes are nicely
described by Jiménez-Gonzalez and Constable [11].
However, traditional block diagrams usually show the
sequence of unit operations but do not always show mass
amounts of materials used and certainly do not show any
green metrics. In this presentation these shortcomings
are addressed. Therefore, the mass amounts shown in
this kind of diagram advanced in this work correspond
to the synthesis of a basis mass of 1 kg of target product
consistent with the summary table of material efficiency
metrics discussed in Part 4. Figure 3 shows template
diagrams that pertain to single reaction steps in a mass
process block diagram for a linear synthesis plan.
Convergent reactions are highlighted in blue colour for
easy identification in complex synthesis plans. Reagents
are designated as R, intermediates are designated as
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Figure 3: Template used to depict single chemical reactions in the construction of a mass process block diagram: (A) first reaction step;
(B) (j + ™" reaction step; and (C) last reaction step in an N-step linear synthesis plan.

I, and wastes are designated as W. The block diagram
itemizes masses of all reagents used, masses of isolated
intermediates along the way, masses of waste by-products,
total mass of waste from organic solvents, total mass of
waste from aqueous solvents, and total mass of waste
from solid inorganics (salts, catalysts, drying agents,
filtering agents, chromatographic agents). At the end of
the mass process block diagram there is also an embedded
summary table of step and overall percent yield, percent
AE, PMI, and cumulative PMI obtained in Part 4.

2.6 Part 6 — Energy consumption based on
heating and cooling reaction solvents

Since experimental procedures published in journal
articles and patents are limited to disclosures of reaction
temperature, pressure, and time when discussing
reaction conditions with little to no mention of
apparatuses used in unit operations and their physical
and thermodynamic characteristics, only crude estimates
of energy consumption for a given chemical reaction
are possible. Furthermore, thermodynamic parameters

such as heat capacities, heats of vaporization, etc. may
not be available for reagents or advanced intermediates
used in a pharmaceutical process. Hence, the focus of
attention is on reaction and auxiliary solvents since most
of the energy consumption in carrying out a reaction
occurs during the reaction, workup, and purification
operational phases, these solvents represent the bulk
mass of ingredients in these stages, and physical
and thermodynamic parameters for solvents are well
documented in the literature [12]. Therefore, a table
is given summarizing the cooling and heating energy
consumptions in k] for each reaction step based on
cooling and heating the scaled masses of solvents
from room temperature to the reaction or operational
temperature needed to manufacture 1 kg of target
product. Again, for easy visual display, a horizontal bar
graph of results is given showing blue bars for cooling
and red bars for heating contributions, respectively.
Calculations of enthalpic energy contributions are based
on employing heat capacity parameters for liquids and
gases as necessary and the scaled number of moles of
each solvent used leading to the production of 1 kg of
target product as described previously [45].
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2.7 Part 7 — Environmental and safety-hazard
impacts based on organic solvents

When discussing environmental and safety-hazard impacts
we have found that the literature on this subject under the
umbrella term “life cycle assessment” is highly varied
and complex with no standard of practice in place that is
universally adopted. However, in our recent experience we
have found that the Rowan solvent greenness index (RSGI)
[46] is both very easy to use and thorough in its coverage
of several kinds of impact parameters which makes it
appealing to implement. The main attraction is that it is
based on a given table of numbers which incorporates
many impacts into single figures without having the user
to search for contributing parameters separately in a
myriad of print and online databases. Again, as in Part 6
the focus of attention is on all solvents used in a chemical
reaction during the reaction, workup, and purification
stages for the same reasons outlined above. In this analysis
we have extended the original Rowan solvent greenness
index (RSGI) to have a range between 0 and 12 instead of
the original O to 10 as shown in Eq. 1:

RSGI=Zmi (OSIlz)i 1)
where m, is the mass of solvent i (kg) and the overall
solvent index (OSI) normalized to be a number between 0

and 12 is given by Eq. 2:

0SI —0SI
(05112) —12| —i " min ®)

! osr  -0sI

where OSI, is the overall solvent index for solvent i, OSI__
is the minimum value of the overall solvent index over
the entire set of solvents in the database, and OSI__
is the maximum value of the overall solvent index over
the entire set of solvents in the database. In Eq. 1 the
OSI values are non-arbitrary amplification factors of
mass unlike the arbitrary Q-factors used in the original
environmental quotient formalism [14]. For a given set
of solvents a value of 0 for OSI, implies a comparatively
benign solvent with minimal impact whereas a value of
12 implies a comparatively non-benign solvent with
maximal impact. For a given solvent i, the overall solvent
index is given by Eq. 3:

OSI,:Z(M +M M ,)+M ‘
i OEL,i LD50,i LC50,i GWP,i
+M  +M +M +M +M  +M €))
SFP,i ODP,i ABP,i BCP,i PER,i soil i
+M  +M +M +M_+M
half -life,i aqua,i Q-phrase,i SD,i FP,i
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where the metric parameters (M) cover occupational
exposure limit (OEL, ppm), LD50 (ingestion toxicity, mg/kg),
LC50 (inhalation toxicity, g m?® for 4 h), global warming
potential (GWP, unitless), smog formation potential (SFP,
unitless), ozone depletion potential (ODP, unitless), acidity-
basicity potential (ABP, unitless), bioconcentration potential
(BCP, unitless), persistence potential (PER, unitless),
soil sorption coefficient (soil, K ), half-life of solvent in
environment (half-life, h), aquatic toxicity to fish (aqua,
mg/L for 96 h), Q-phrase potential (Q-phrase, unitless), skin
dose (SD, mg), and flash point (FP, degrees K). In Eq. 3 in
keeping with the original formalism [34], the OEL, LD50,
and LC50 parameters are given twice the weight of the rest
of the parameters since they are well recognized to have the
most impact from an occupational safety and environmental
point of view. For a given parameter x for solvent i, the metric
parameter M is given by either of Eq. 4a-4c:

log X, —logxmin

M =1-——1+1 = mn (4a)
" 1ngmax _IOngin
logx —logx
= g i g min (4b)
“ logx -logx
M =0 (4c)

x,i

Equation 4a is used if the parameter x, increases with
increasing greenness, Eq. 4b is used if the parameter x,
decreases with increasing greenness, and Eq. 4c is used
if the parameter x, is unknown or equal to zero. For the
acidity-basicity potential, absolute values are used for
the x, parameters to avoid computational errors using
the logarithm function in cases when negative numbers
arise. The parameters applicable to Eq. 4a are: OEL, LD50,
LC50, aquatic toxicity, and flash point where high values
are consistent with benign conditions. The parameters
applicable to Eq. 4b are: GWP, SFP, ODP, ABP, BCP, PER, soil
adsorption, half-life, Q-phrase, and SD, where low values
are consistent with benign conditions. It should be noted
that expanding the list of solvents in a given database may
result in changes to the maximum and minimum values
for OSI and OSI,, and therefore to the rest of the OSI values
for the intervening solvents depending on whether or not
the additional solvents have higher or lower values than
the existing maximum and minimum values. If the OSI
values of the added solvents fall in between the existing
limits then no changes to the magnitudes of the OSI values
result in the rest of the solvents listed in the database. As
the name suggests the Rowan solvent greenness analysis
applies to all solvents used in a chemical process including
reaction solvents, work-up solvents, and purification
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solvents. Generally, aqueous acidic and basic solvents are
excluded since they are considered to be benign. The main
focus is therefore on the impacts of organic solvents which
generally comprise at least 75% of all materials used in a
chemical manufacturing process. Furthermore, due to their
frequent use in the chemical industry, toxicological and
safety information for these substances are well described
in the literature. Table 1 shows a list of OSI,, values for
organic solvents along with their respective colour ranges
according to: green (0SI,, < 5); yellow (5 < OSI,, < 8); and
red (OSI,, > 8). In this compilation, the most benign solvent
is water and the most impactful solvent is benzene. These
OSI values are multiplied by the corresponding scaled
masses of solvents used as reaction solvents, workup
solvents, and purification solvents determined in the
SYNTHESIS spreadsheet in order to obtain the overall RSGI
score for the synthesis plan according to Eq. 1. A user does
not have to consult any other data beyond the numbers
given in Table 1 for the solvents used in a given chemical
reaction which cover a wide range and are consistent with
compilations of solvent guides in the literature [47-49].

2.8 Part 8 — Cycle time process scheduling

During a manufacturing process to a given pharmaceutical
product, cycle or process times pertaining to each reaction
step are important for scheduling purposes to minimize the
time spent during all unit operations. The process time for
a single reaction step is composed of reaction time, workup
time, and purification time. Having this information in
hand for all reaction steps in a synthesis allows for the
construction of a Gantt scheduling diagram [50-53] which
streamlines the unit operation flow from start to finish.
Such a diagram has high utility for convergent plans in
co-ordinating the start of convergent branches so that the
intermediate prepared at the terminus of the convergent
branch is ready at the same time as the intermediate
prepared along the main branch so they are both utilized
in the following convergent step with no time delay. A Gantt
diagram also is highly useful in comparing process times for
batch versus continuous flow operations. From the process
times, other metrics relevant to the manufacturing process
can also be obtained such as space-time-yield (STY, kg/m’/h
or kg/L/h) defined as the ratio of mass of target product (kg)
to the product of total process time (h) times total volume
of input materials (L or m?) and volume time output (VTO)
[54] defined on a per reaction step basis as shown in Eq. 5:

£x 2 Vreactors ( 5)

product

VIO=
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Table 1: Summary of overall solvent index (OSI) for various organic
solvents used in the pharmaceutical industry.

0sl ;? Solvent

7.545 acetic acid
_ acetic anhydride

5.867 acetone

6.818 acetonitrile

5.212 amyl acetate

5.105 amyl-t alcohol

5.149 anisole

5.594 butanol-n

5.157 butanol-sec

7.066 butanol-tert

7.173 carbon disulfide

carbon tetrachloride
chlorobenzene

chloroform

7.975 cyclohexane
5.068 cyclopentanone
7.341 cyclopentyl methyl ether

dichlorobenzene-1,2

dichloroethane-1,2

7.060
7.335

dichloromethane
diethyl ether
diglyme

dimethyl carbonate

dimethyl sulfoxide

dimethylacetamide
6.861 dimethylformamide

dimethylisosorbide

7.073 dioxane-1,4

ethanol
6.647
4.227

ethyl acetate
ethylene glycol

ethylene glycol dimethyl ether
5.113 ethylene glycol monomethyl ether

formaldehyde

glycol diacetate

6.203 heptane-n

6.210 heptanol-1
_ hexamethylphosphoric triamide

8.073 hexane-n

5.171 isoamyl acetate

5.376 isoamyl alcohol

(Continued)
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Table 1: Continued

osl 2 Solvent

4.833 isobutyl acetate
_ isooctane

5.486 isopropanol

6.583 isopropyl acetate

isopropyl ether

methanol

5.486 methyl acetate
6.266 methyl ethyl ketone
5.735 methyl formate
5.994 methyl propionate
6.512 methyl t-butyl ether
7.928 methylcyclohexane

methyl tetrahydrofuran-2

nitrobenzene

6.393 nitromethane
5.124 N-methylpyrrolidinone
4.871 octanol-1

6.856
5.679

pentane-n
petroleum ether
propanol-1

propylene carbonate

propylene glycol
pyridine
sulfolane
7.235 tetrahydrofuran
5.180 thionyl chloride

6.672

5.360
6.657

toluene

trichloroethylene

triethylamine

triethylene glycol monomethyl ether
trifluoroacetic acid

trifluorotoluene

water

xylene-m

xylene-o

xylene-p

2 Green colour indicates benign performance (0OS/,, < 5); yellow colour
indicates intermediate performance (5 < 0S/, < 8); and red colour
indicates worst performance (0S/,, > 8).

where t is the time per batch (h); v

woctors 18 the nominal
volume of all reactors (m?); and M odct is the mass
of output product (kg). Since only reaction times are
typically given in literature experimental procedures, it

is not possible to estimate proper cycle or process times
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for each reaction step or for an entire synthesis plan,
and thus it is not possible to construct Gantt scheduling
diagrams for a given manufacturing chemical process.
Furthermore, such details about a manufacturing process
are proprietary since they are very closely linked to various
costs of production. Hence, Part 8 is omitted in the three
illustrative process green synthesis reports shown in this
work. However, we illustrate how a Gantt diagram may
look like for a hypothetical continuous manufacturing
process in Figure 4. Reaction, workup, and purification
times for each step are colour coded as red, white, and
blue, respectively. In this example, the synthesis plan is
composed of three branches and two convergent steps.
The main branch, B, is composed of 5 steps covering a
41-hour period, the second branch B, is composed of 2
steps covering a 16-hour period, and the third branch B, is
composed of one step covering an 8-hour period. We note
that in order for the second intermediate in branch B, to be
ready at hour 25, the second branch needs to be initiated
9 hour after the start of the main branch B,. Similarly, the
third branch needs to be initiated 24 hour after the main
branch B, begins in order for its terminal intermediate to
be ready at hour 32 coinciding with the fourth intermediate
collected along the main branch. Purification times occur
only in steps leading up to the key convergent steps and
for the final reaction step in the synthesis.

3 Illustrative examples of process
green synthesis reports

In this section we highlight the main findings of the
respective reports for the following pharmaceuticals:
5-HT2B and 5-HT7 receptors antagonist, brivanib, and
orexin receptor agonist. The full reports are given in the
Supplementary material along with a blank template that
can be used for any synthesis plan.

3.1 Example 1: 5-HT2B and 5-HT7 receptors
antagonist

The synthesis plan is linear consisting of 5 reaction steps
and involves a classical resolution using brucine and
cinchonidine diastereomeric salts to obtain the desired
enantiomeric product in step 4. The most material
efficient step with the lowest PMI is step 3 which involves
an intramolecular [5+1] cyclization; whereas, the least
material efficient step with the highest PMI is the last
step which involves a tandem amidation-hydrochloride
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START FINISH

Figure 4: Example Gantt diagram for a hypothetical multi-convergent synthesis having three branches: B, (5 steps), B, (2 steps), and

B, (1 step).

salt formation sequence due to the high workup
solvent consumption. Steps 3 and 4 had the highest
atom economies; whereas, steps 2 (tandem reduction-
hydrolysis) and 5 (tandem amidation-hydrochloride
salt formation) had the worst. About 54% of the mass of
reagents used in this synthesis plan is sacrificial mainly
arising from the methanol used in the potassium formate
reduction reaction in step 2. The mass process block
diagram indicates that the second and last steps produce
the most organic solvent waste at 189 and 151 kg per kg
of target product, respectively. The second step produces
the most by-product waste at 3.45 kg per kg of target
product. The second and fourth steps require the most
heating requirements pertaining to the tandem reduction-
hydrolysis and classical resolution steps, carried out at
35 and 60°C, respectively. The first step requires the most
cooling requirements pertaining to the step involving the
addition of an acetylide to the ketone substrate carried out
at —25°C. The greenest reaction solvent used is diglyme in
step 3; whereas the most impactful solvent used is toluene
in steps 2 and 1 in the workup and purification phases,
respectively. The workup phases for all steps produces by
far the largest RSGI score contribution.

3.2 Example 2: brivanib

The synthesis plan is convergent involving two branches
consisting of 3 reactions in the second branch for a
total of 15 reaction steps. The most material efficient
steps with the least PMI are steps 4 and 12 involving a
[4+2] cycloaddition with formamide and hydrogenation,
respectively. The least material efficient step with the
highest PMI is step 3 involving amination using diphenyl
phosphoryl hydroxylamine reagent. This is due to the

high E-workup contribution to overall waste produced.
Steps 11 (esterification with benzyloxycarbonyl protected
D-alanine and EDAC) and 12 had the best atom economies;
whereas, steps 1 ([3+2] cycloaddition) and 6b (tandem
alkylation-decarboxylation-aromatic substitution) had
the worst. About 63% of the mass of reagents used in
this synthesis plan is sacrificial owing to esterification
protection, sacrificial chlorine substitution, esterification
using EDAC as a sacrificial reagent to mop up the water
by-product, demethylation, and reduction reactions in
steps 7, 8, 11, 7b, and 8b, respectively. The mass process
block diagram indicates that step 3 produces the most
organic waste at 1257 kg per kg of target product. The
first step involving a [3+2] cycloaddition between ethyl
crotonate and tosylmethyl isocyanide produces the most
by-product waste at 4.86 kg per kg of target product.
Step 1 has the highest cooling requirements pertaining
to a reaction temperature of —78°C, and step 4 has the
highest heating requirements pertaining to a reaction
temperature of 165°C for the respective reaction solvents.
The most impactful reaction solvent, workup solvent, and
purification solvent is dimethylformamide used in step 3,
ethyl acetate used in step 3, and methyl ¢-butyl ether used
in step 6b, respectively. The workup phases for all steps
produces by far the largest RSGI score contribution.

3.3 Example 3: orexin receptor agonist

The synthesis plan is convergent involving two branches
consisting of 4 reactions in the second branch for a total
of 12 reaction steps. The unique features of this synthesis
are a tandem biotransamination-[6+0] cyclization reaction
in step 2 using D-alanine and D-glucose leading to a
diastereomeric piperidone intermediate, followed by a
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tandem reduction-classical resolution sequence using
(+)-10-camphorylsulfonic acid as the resolving agent in step
4. The most material efficient step with the least PMI is step
1 involving base catalyzed alkylation of dimethyl malonate
with methyl vinyl ketone; whereas, the least material
efficient step with the highest PMI is step 6 involving an
etherification reaction with 5-fluoro-1-hydroxypyridine and
a tosylate intermediate. Again, the high E-reaction solvent
and E-workup contributions were the source of the high PMI
value of 153 for step 6. Steps 1 and 4b (esterification of 2-iodo-
5-methylbenzoic acid) had the highest atom economies;
whereas, steps 2, 5 (tandem N-Boc amino protection-
tosylation), 6, and 6b (Suzuki coupling) had the lowest atom
economies. About 89% of the mass of reagents used in this
synthesis plan is sacrificial owing to sacrificial D-glucose
used to convert pyruvic acid by-product to L-lactic acid in
step 2, tandem N-Boc protection-tosylation in step 5, N-Boc
deprotection in step 7, high methanol consumption in the
esterification reaction of step 4b, and sacrificial aromatic
substitution in step 5b using pinacolborane. The mass
process block diagram indicates that the resolution step 4
produces the most organic solvent waste at 88.5 kg per kg of
target product and that the etherification reaction of step 6
produces the most aqueous solvent waste at 114.8 kg per kg
of target product. Step 4 has the highest cooling requirement
pertaining to a reaction temperature of —25°C for the lithium
aluminum hydride reduction and convergent step 8 has
the highest heating requirement pertaining to a reaction
temperature of 44°C for the final amidation reaction. The
most impactful reaction solvent, workup solvent, and
purification solvent is tetrahydrofuran in step 4, ethyl
acetate in step 2, and heptane in step 8, respectively; albeit
step 8 is the only one that utilized purification solvents.
Again, the workup phases for all steps produces by far the
largest RSGI score contribution.

4 Ranking synthesis plans to a
common target product

The problem of ranking synthesis plans according to
a set of attributes in a reliable and unbiased way is an
important one particularly when comparing the overall
performances of plans to a common target product.
We illustrate how this can be done using data given in
Table 2 for the following metrics for 6 industrial plans
to the pharmaceutical apixaban: PMI, mass of sacrificial
reagents (SR) per kg of apixaban, input enthalpic energy
(IEE) for solvents (k] per kg apixaban), and RSGI(overall)
for all organic solvents used.
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Table 2: Summary of essential metrics for 6 industrial plans to
apixaban.

Plan PMI SR (kg/kg IEE RSGI
product) (heating and cooling, (overall, kg)
kJ/kg product)
BMS 2003 626 27.67 8562 2660
BMS 2006 245 12.43 13254 626
DrReddy 879 35.56 58213 3881
Jiang-Ji 383 24.33 6820 1180
MSN 498 36.26 20771 1855
Optimus 379 24.01 16610 1327

The three ranking methods examined here are vector
magnitude ratio (VMR) [12], poset method [31], and Borda
positional count method [32,33]. Based on the 4 attributes
listed in Table 2, the VMR method is given by Eq. 6:

\/(PMI)Z+(SR)2+(IEE)2+(RSGI)Z

\/((PMI)mm )2+((SR)min )2+((IEE)mm )2+((RSGI)mm )

:\/(PMI)2+(SR)2+(IEE)2+(RSGI)2 6)

VMR =

2

where the optimal attribute metrics are given by (PMI) =1,
(SR),, =0, (IEE) , =0, and (RSGI) , = 0. A plan is ranked
high if its VMR value is low since low values of each of the
four attributes contribute to an overall low value of VMR.
The ranking order based on VMR values is as follows:
Jiang-Ji (6932), BMS 2003 (8988), BMS 2006 (13271),
Optimus (16667), MSN (20860), and DrReddy (58349). The
VMR analysis suggests that the best performing plan for
apixaban is the Jiang-Ji plan.

The poset ranking method is based on determining all
pairwise comparisons of plans according to all pairwise
attributes and calculating the number of occurrences of
dominances of each plan. Since there are 6 synthesis plans
there are 15 possible pairwise plan comparisons, and
since there are 4 attributes there are 6 possible pairwise
attribute comparisons for each pairwise plan comparison.
This means that a poset analysis on these data will require
a total of 15 X 6 = 90 pairwise comparisons. In general,
a complete poset analysis on K synthesis plans to a
common target product based on m attributes will require
C(K, 2)*C(m, 2) = (K!/((K — 2)! 21)*(m!/(m — 2)! 2!) pairwise
comparisons. Hence, in this example, for each type of
pairwise attribute comparison, an upper triangular 6 by 6
matrix is constructed and the number of comparable and
incomparable pairs is determined. A comparable pair is
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defined as a case where plan A performs better or worse
than plan B for both attributes C and D. An incomparable
pair is defined as a case where plan A performs better
(worse) than plan B for attribute C, but plan B performs
better (worse) than plan A for attribute D. When a
comparable pair for a given pairwise attribute comparison
is found the dominant plan is identified. This sequence of
steps is repeated for each pairwise attribute comparison
and then the number of dominant occurrences for each
plan are tallied up. As an example, if we examine the
PMI versus input energy attributes in Table 2 we find the
following respective ranking orders: BMS 2006 > Optimus
> Jiang-Ji > MSN > BMS 2003 > DrReddy for PMI and Jiang-Ji
> BMS 2003 > BMS 2006 > Optimus > MSN > DrReddy
for input enthalpic energy. We find 10 occurrences of
comparable and 5 occurrences of incomparable pairs.
Among the 10 comparable pair instances, we count the
following number of occurrences of dominance: BMS
2006 (3), Optimus (2), Jiang-Ji (3), MSN (1), BMS 2003
(1), and DrReddy (0). Repeating this procedure for the
remaining 5 pairwise attribute comparisons (PMI versus
SR, PMI versus RSGI, SR versus IEE, SR versus RSGI, and
IEE versus RSGI) we finally end up with the following
overall number of occurrences of dominance for each plan
ranked in descending order: BMS 2006 (24), Jiang-Ji (19),
Optimus (16), BMS 2003 (7), MSN (4), and DrReddy (0).
The Supplementary material contains a full analysis of the
poset analysis applied to the 6 apixaban plans. From the
poset analysis we conclude that this is the overall ranking
order of the 6 plans based on the 4 attributes where the
BMS 2006 plan is ranked highest.

In the Borda count method we first rank the set of
plans according to a given attribute. Since a low value for
each attribute listed in Table 2 implies best performance
and since there are 6 plans, we assign a rank value of 1
for the plan having the lowest value for a given attribute
and a rank value of 6 for the plan having the highest value
for a the same attribute. For a given rank order for a given
attribute, we assign points to each plan starting with 6 for
the top ranked plan all the way to 1 for the least ranked
plan. In general, if we have K plans then the number of
points assigned to a given plan is equal to K + 1 — r, where
ris the rank number based on a given attribute. We repeat
the process of ranking and point assignments for each
attribute to obtain the overall point score for each plan
according to Eq. 7.

points  =points +points_+points +points

=K+1-r _+K+1-r_+K+1-r_+K+1-r (7
PMmI SR IEE RSGI

=4(K+1)—r -
PMI

-r -—r
SR IEE  RSGI
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The maximum number of overall points achievable
is 4 K (all the r values are equal to 1) and the minimum
number of overall points achievable is 4 (all the r values
are equal to K). The Borda count procedure leads to the
following point score in descending order: BMS 2006 (22),
Jiang-Ji (19), Optimus (17), BMS 2003 (12), MSN (9), and
DrReddy (5) suggesting that the BMS 2006 plan is ranked
highest. The Supplementary material contains a full Borda
count analysis of the 6 apixaban plans. This rank order is
identical to the one determined by the poset method but
is different from the one determined by the VMR method.

Restrepo and Stadler [31] point out that the VMR
method suffers from a priori aggregation or weighting of
attributes, such as the root-mean-square function in Eq. 6,
and that pairwise attribute comparisons are hidden in a
single number, and hence advocate for a ranking method
based on an “order theoretic approach” to circumvent
these issues. This statement is true if the set of attributes
considered in the VMR analysis trend in different optimal
directions, that is, if some attributes in the set are ranked
high if their values are low and other attributes are ranked
high if their values are also high. Therefore, A VMR
analysis on mixed trend attributes would not be reliable.
However, when all attributes in the set trend in the same
optimal direction, as in the case of PMI, SR, IEE, and RSGI
all having low values for optimality, these problems are not
expected to be an issue for the VMR method. The strength
of the poset and Borda count methods is that they can
handle mixed trend attributes in the ranking procedures;
whereas, the VMR method cannot. The different rank
order outcome found in the apixaban example by the VMR
analysis compared to either the poset or Borda methods is
attributable to the unbounded nature of the 4 attributes.
There exist only lower bounds for these attributes as
indicated in Eq. 6. However, each of these attributes does
not have an accompanying upper bound, which results in
a numerical magnitude problem with respect to ranking
VMR values. We have found that the Borda count procedure
applied to the 4 attributes also avoids the problems of the
VMR approach, as does the poset method, but it leads
to much simpler and faster computations than the poset
method, particularly when the number of plans to a given
target molecule and the number of attributes considered
are both large. Moreover, we also find that the Borda
method, which also has built into it pairwise attribute
comparisons, reproduces a ranking order identical to that
found by the poset method. As a check, we re-examined the
test example of 4 different reactions to produce 3-benzyl-
1,3-oxazin-2-one cited in Restrepo and Stadler’s work [55]
by the poset and Borda count methods described in this
work using the 5 attributes of atom economy, reaction
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yield, inverse of stoichiometric factor, material recovery
parameter, and reaction mass efficiency. Full details are
presented in the Supplementary material. In this second
example we also found identical ranking orders for the 4
reactions by the poset and Borda methods; namely r4 > r1
>12>13. We also did a VMR analysis according to Eq. 8 and
found that the rank order was also r4 > r1 > 12 > 13,

\/(AE)2+(Y)Z+(1 /SF)2+(MRP)2+(RME)Z

((AE)W )l(z(y)m)l((l /sp)mjz

+((MRP) + (RME) 2 ()

VMR =

max max

i \/(AE)Z +(Y)Z +(1 / SF)2 +(MRP)2 +(RME)2

s

max 1’

where the optimal attribute metrics are given by (AE)
Y),.=10SF) =1 (MRP) =1, and (RME) =1
A reaction is ranked high if its VMR value approaches 1
since high values approaching 1 for each of the 5 attributes
contribute to an overall high value of VMR. In this case
all three ranking methods yielded the same result. This
outcome with respect to the VMR method is likely due to
the fact that the 5 attributes all range between 0 and 1,
with a value of 1 indicating optimality, i.e. high rank. Since
the 5 attributes trend in the same direction with respect to
ranking and also have both lower and upper bounds, then
the resulting VMR ranking order is expected to be the same,
or nearly the same, as the Borda or poset methods. There
should be at least a matching of the highest and lowest
ranked reactions in all three methods, but some variation
may be observed in the ranking of the “in between”
reactions from the VMR analysis. Hence, we can conclude
that the more the comparative attributes have unbounded
values and trend in different directions, the more likely it is
expected that a VMR analysis will yield a different ranking
order than the poset or Borda methods. Such a VMR
ranking order would necessarily be considered unreliable.
Based on the findings presented in this work we suggest
that the poset and Borda ranking methods should result in
very good agreement in the ranking orders.

We also point out that though a highest performing
plan can be identified among a set of plans, there remains
room for further improvement with respect to the attributes
considered if the number of occurrences of dominance
or the Borda count point score is less than the ideal
maximum values of (K — 1)*(number of pairwise attribute
comparisons) and K*(number of attributes), respectively
where K is the number of synthesis plans considered. In the
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case of the apixaban example with 6 plans, 4 attributes, and
6 pairwise attribute comparisons, the maximum number of
dominances possible is (6 — 1)*6 = 30 and the maximum
Borda count score is 6*4 = 24. The highest ranking BMS 2006
plan had 24 out of 30 possible occurrences of dominance
and a Borda count of 22 out of a possible 24 indicating that
further improvements could be achieved in exactly those
instances when incomparable attribute occurrences were
found in the poset analysis or when the plan rank number
is greater than 1 for a given attribute. In the case of the BMS
2006 plan it had a top ranking in all attributes except the
input enthalpic energy where it ranked in third place. Hence,
this is an identifiable area for further optimization for this
plan. If a plan achieves the highest dominance and Borda
count scores across all attributes, then it can be declared
universally optimal among a set of competing plans. The
list of 4 attributes considered in both types of analysis
can, of course, be extended to include more attributes
such as process time and cost if these proprietary data are
available. With more attributes included in the analysis, it
is obvious that the ranking order will necessarily change;
however, the ultimate goal of achieving top ranking among
all attributes remains the same, though it will be a much
more challenging task.

5 Conclusions

We have described a comprehensive yet very easy to
implement protocol for the contents of a process green
chemistry report covering material efficiency, energy
efficiency, and environmental and safety-hazard impact.
Such a report communicates succinctly the essential
features by which a given synthesis plan can be judged
according to green chemistry principles, thereby directing
decision making so that further improvements can be
made. It also provides a comprehensive evaluation of
“greenness” of a given chemical process that goes beyond
the customary declarations in the literature based on the
performance of one or two variables typically favouring
material efficiency only such as number of reaction steps,
overall yield, atom economy, or process mass intensity.
Due to the availability and reliability of toxicological,
environmental, and thermodynamic data for solvents [9],
and their dominant mass contribution to all materials
used in a chemical process, these substances are the main
focus of attention in the assessment of environmental
and safety-hazard impact and energy consumption in
Parts 6 and 7 of the process green synthesis report. Gantt
scheduling diagrams can be included in the report when
complete process times are available for the reaction,
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workup, and purification phases for each reaction step.
We have illustrated the construction of process green
synthesis reports for three syntheses of APIs currently
implemented in the pharmaceutical industry. Information
contained in comparative process green chemistry reports
of competing synthesis plans to the same target product
are expected to be extremely useful in helping to direct
further optimizations. In this regard, ranking of such
synthesis plans in a reliable and unbiased way is a key
issue. We have found that the Borda count method is
satisfactory for achieving this goal; it is easy and fast to
compute compared to the poset method and it avoids the
problems associated with the VMR method.

Acknowledgements: Marco Eissen is thanked for useful
discussions.

Supplementary material: Contains process green synthe-
sis reports for 5-HT2B and 5-HT7 receptors antagonist,
brivanib, and orexin receptor agonist pharmaceuticals, a
blank template report that can be used for any synthesis
plan; poset and Borda count analyses for 6 apixaban syn-
thesis plans and 4 reactions producing 3-benzyl-1,3-oxa-
zin-2-one.
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