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The Steglich esterification is a widely employed method for the formation of esters under mild conditions.
A number of issues regarding the sustainability of this transformation have been identified, chiefly the use
of hazardous carbodiimide coupling reagents in conjunction with solvents with considerable issues such
as dichloromethane (DCM) and N,N-dimethylformamide (DMF). To overcome these issues, we have
developed a solvent-reagent selection guide for the formation of esters via Steglich-type reactions with
the aim of providing safer, more sustainable conditions. Optimum reaction conditions have been ident-
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ified after high-throughput screening of solvent-reagent combinations, namely the use of Mukaiyama's
reagent (Muk) in conjunction with solvent dimethyl carbonate (DMC). The new reaction conditions were
also exemplified through the synthesis of a small selection of building-block like molecules and includes
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Introduction

Esterification is widely regarded as an essential transformation
within organic and medicinal chemistry as the formation of
ester functional groups is critical for the synthesis of many
commercially available drugs and building blocks.!
Furthermore, esters find extensive use within the fragrance,”?
flavour," and functional materials industries,” as well as
having a large prevalence within natural products, lipids,
pheromones and other biologically active compounds.® Thus,
synthetic methodology affording ester functional groups has
received a considerable amount of research interest (Fig. 1).”
Methodology often employed in the synthesis of esters
includes the traditional acid-catalysed Fischer-Speier method
(catalytic HCl, H,SO, etc.); first reported in 1895 and one of
the most commonly employed methods today.® Variants of the
Fischer-Speier esterification have also been reported in the lit-
erature using an array of Lewis acid catalysts, such as scan-
dium(m) triflate in acetic acid® and ferric chloride in mesity-
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lene,'® (and other non-polar solvents such as toluene, xylene
and heptane). One potential downside to the simple utility of
the Fischer-Speier methodology is the requirement to carry
out the reaction under acidic conditions, thus rendering acid
sensitive = moieties/molecules  incompatible with  this
methodology.

An alternative method for the formation of esters under
mild and neutral conditions is the Steglich esterification.'"'?
In 1978, Wolfgang Steglich and Bernhard Neises first reported
an adapted esterification procedure utilising the amide coup-
ling agent N,N-dicyclohexylcarbodiimide (DCC) and organo-
catalyst 4-dimethylaminopyridine (DMAP), Scheme 1.'"'* This
method was derived from amide coupling procedures that
reported DCC as an effective coupling agent. The Steglich
esterification proceeds under mild conditions, ambient temp-
eratures, often neutral pH, and can afford a wide range of
esters containing challenging substituents such as the acid
liable, sterically hindered tert-butyl group, which under
Fischer-Speier esterification conditions would undergo elimin-
ation. Catalytic amounts of DMAP are required for this esterifi-
cation due to DMAP possessing a much greater nucleophilicity
than that of the alcohol. DMAP accelerates the reaction rate by
reacting with the O-acylisourea intermediate to form a highly
activated electrophilic acylated pyridinium intermediate. This
additionally prevents the possibility of an intramolecular 1,3-
rearrangment of the O-acylisourea intermediate to an
N-acylurea species,'® which is unable to react with alcohols.

Although DCC is widely employed as the coupling agent for
Steglich esterification, due to the effectiveness of affording the
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Fig. 1 A selection of ester containing molecules including pharmaceuticals (aspirin, fenofibrate, taxol, lovastatin), insecticide (permethrin), flavours
(ethyl formate) and flavour enhancers (aspartame), scents (ethyl butanoate, methyl butanoate, pentyl ethanoate), plasticisers (DINP), and natural

molecules (triglycerides).
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Scheme 1 A typical DCC + DMAP mediated Steglich esterification.

activated ester intermediate, there are many concerns associ-
ated with its use. As DCC is an irritant, can cause organ
damage and is classified as an allergen, many precautions
must be taken during its use.'® Another drawback associated
with DCC is that it produces a by-product, N,N'-dicyclohexyl-
urea (DCU) which is insoluble in water and only partially
soluble in many organic solvents."”"'® Whilst the poor solubi-
lity of the DCU by-product results in its easy removal by fil-
tration from reaction mixtures, it can prove difficult to
remove remaining trace amounts, even via column chromato-
graphy, often making purification laborious.'®'” Organic
solvent soluble carbodiimide derivatives such as N,N’-diiso-
propylcarbodiimide (DIC) can overcome some of the afore-
mentioned issues. Although many other variants of the
Steglich esterification exist (such as the Yamaguchi esterifica-
tion utilising the coupling agent 2,4,6-trichlorobenzoyl
chloride),'®" the Steglich esterification remains one of the
most widely applied synthetic methodologies for synthesis of
esters.””

6406 | Green Chem., 2021, 23, 6405-6413

DCC, DMAP

[e]
R)J\O/\ + H,O + DCU + DMAP

Steglich esterification typically employs solvents and
reagents which are less than ideal from an environmental,
health and safety perspective (EHS).>"*> A recent analysis of
the literature associated with the synthesis of esters via
Steglich type methods showed that the most commonly
employed reaction solvents were DCM, DMF, THF, and
CH;CN.>®  Furthermore, commonly employed coupling
reagents such as DCC and DIC are considered problematic by
the GlaxoSmithKline (GSK) reagent selection guides due to
EHS concerns e.g. DIC is toxic by inhalation.”" Therefore, the
development of a solvent-reagent selection guide for the for-
mation of esters highlighting safer, more sustainable alterna-
tives, would be of importance and great utility to both acade-
mia and industry. Inspired by previously developed solvent-
reagent guides developed in collaboration with GSK, the
authors have undertaken this investigation with the aim of dis-
covering safer, more sustainable alternatives in which to
conduct coupling reagent promoted esterification reactions in
the same vein as the Steglich esterification.

This journal is © The Royal Society of Chemistry 2021
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Solvent selection criteria for potentially safer, more sustainable
Steglich esterification reactions were ones that performed just
as well, if not better than, commonly utilised solvents such as
DCM. A short list of potential solvent replacements were
chosen from a GSK solvent sustainability guide.>* Solvents
with favourable EHS scores encompassing a broad variety of
physicochemical properties and functional groups were
chosen, Table 1. DCM was also chosen as a solvent against
which to benchmark potential replacements. Solvent price was
also examined as recent editorial direction provided by ACS
Sustainable Chemistry and Engineering has outlined the need
to not only consider the environmental, health, safety and sus-
tainability of a solvent, but also its economic value/cost i.e. a
“triple bottom line”.>* Potential coupling reagents were simi-
larly identified from a reagent selection guide, Table 2, using
DIC as a benchmark reagent.>"** DCC was not chosen due to
the propensity for large amounts of urea precipitate to form
during the reactions making them incompatible with high

Table 1 Initial solvent selection chosen for screening in the Steglich
esterification. Solvents are colour coded according to their composite
EHS score.?? Solvent £/2.5 L obtained from PSDS.ac.uk. Prices correct at
time of publication?’

Solvent GSK Guide £/2.5L

42.90
56.00%
98.00

Isopropyl acetate (iPrOAc)
Dimethyl carbonate (DMC)
Cyclopentanone (CycP)

Anisole 49.50“
2-Methyltetrahydrofuran (2-MeTHF) 124.20
Cyrene 304.00
Dimethyl isosorbide (DMI) 267.00

DCM - Benchmark
DMF

17.60
21.91

“2.5 kg.
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throughput HPLC analysis, vide infra. A theoretical AE was cal-
culated for each coupling reagent in advance of them being
utilised to assess the potential wastefulness of each reaction,
Table 2. Thus, sustainability criteria can be considered in
advance of exploratory chemistry even being conducted, high-
lighting the potential power of utilising green chemistry
metrics from an early stage, Scheme 2. From the outset,
Mukaiyama’s reagent (2-chloro-1-methylpyridinium iodide a.k.
a Muk) and EDC-HCI appeared to be favourable contenders as
a potential DIC/DCC replacement from an EHS and AE
perspective.

Four simple test reactions comprising aryl and alkyl acids
and alcohols were chosen with which to carry out solvent-
reagent screening, Scheme 3. It was envisioned that solvent-
reagent-substrate reactivity trends across the four classes of
test reactions could be identified to assist in applying solvent-
reagent selection criteria to more complicated molecules.
Esterification reactions were conducted for 24 hours at room
temperature and percentage yields were determined by HPLC,
see SI for details. Reactions were conducted at 0.2 M concen-
tration to allow for rapid analysis by HPLC without the need
for further dilution. Ideal solvents were considered to be those
that could effectively replace DCM as a “drop in” solvent and
be broadly applicable across all four reaction classes. Ideal
coupling reagents were those that could effectively promote
esterification in good yields, produce the least waste, and score
favourably according to the criteria outlined in Table 2. Lastly,
it was desirable to be able to conduct reactions at room temp-
erature rather than heating if possible as reactions conducted
at ambient temperature represent a saving in terms of energy
cost.>>?® In total, 192 initial screening reactions comprising

o o
Reagent, Solvent
N, ¢+ o~ FRem o~

R OH Additives? Temp? Time? R
Scheme 2 Some green and sustainable chemistry considerations.

Table 2 Green chemistry composite scores and calculated atom economy (AE) for various coupling reagents screened using a theoretical model
reaction 1, Scheme 3, see ESIf for details. Stoichiometry 1:1:1 Coupling reagent: acid : alcohol, 5 vol solvent

Composite

Mol.wt/  Green Chemistry £ per
Coupling reagent gmol™*  Score.*"** 100g  Additives® AE  Workup and isolation
(1-Cyano-2-ethoxy-2-oxoethylidenaminooxy) 428.27 6.0 133.00 TEA 32.2 Aqueous
dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU)
2-Chloro-1-methylpyridinium iodide 255.49 6.5 77.09 TEA 43.7
(Mukaiyama’s Reagent)
Propylphosphonic anhydride solution 318.2 4.7 53.00 DMAP + TEA  38.7 Aqueous
(T5P 50 wt% EtOAc)
N-(3-Dimethylaminopropyl)-N'- 191.70 4.8 27.00 DMAP 50.3 Aqueous
ethylcarbodiimide hydrochloride (EDC-HCI)
DCC 206.33 4.4 16.70 DMAP 48.6
bic 2020 o0 pwar 5 R
Carbonyl diimidazole (CDI) 162.15 _ 163.70 — 54.1 Aqueous

“3.0 equivalents of triethylamine (TEA). 5 mol% 4-dimethylaminopyridine (DMAP). Composite scores for potential workup and isolation pro-
cedures are according to McElroy et al.>® Reagent £ per 100 g obtained from PSDS.ac.uk.>” Prices correct at time of publication.

This journal is © The Royal Society of Chemistry 2021

Green Chem., 2021, 23, 6405-6413 | 6407


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc02251b

Open Access Article. Published on 29 July 2021. Downloaded on 4/14/2026 4:19:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Reaction 1: Aryl Alcohol - Alkyl Acid

OH
OH m o)
oupling Reagent,
1

Solvent

Reaction 2: Aryl Alcohol - Aryl Acid
o

OH
OH fo)
©/ Coupling Reagent, ©/ o)
2

Solvent

Reaction 3: Alkyl Alcohol - Alkyl Acid

OH
Y
o 98
Coupling Reagent,

Solvent 3

Reaction 4: Alkyl Alcohol - Aryl Acid

Coupling Reagent,
Solvent 4

Scheme 3 Test reactions chosen for solvent-reagent condition screen-
ing. Reaction conditions: 0.2 mmol acid, 0.6 mmol alcohol, 1 mL
solvent, 1.0 equivalent of coupling reagent, 3.0 equivalents of TEA if
required, 5 mol% DMAP if required. Stir at room temperature for
24 hours.

eight solvents and six coupling reagents were conducted using
model reactions 1-4.

Results
Coupling reagents

As can be seen from Table 3, the “classic” combination of DIC
with 5 mol% DMAP consistently performed well in all four
reaction classes. However, DIC is one of the worst scoring
reagents in terms of composite EHS score, Table 2, second
only to CDI. Due to the poor EHS profile of DIC it was decided
not to investigate its use in conjunction with more sustainable
solvents any further. Utilising aromatic acids with DIC also
lead to a greater formation of N-acyl urea byproduct,"® an
occurrence that is not particularly solvent dependant.’® When
the reaction of O-acyl urea with alcohol is slow, there is a
greater chance of an O-N-acyl shift occurring.”® One area in
which DIC excelled was when aryl alcohols were utilised i.e.

6408 | Green Chem., 2021, 23, 6405-6413

Table 3 Yields determined by HPLC at t = 24 h

Reaction 4: alkyl alcohol - aryl acid

Reaction 3: alkyl alcohol - alkyl acid

Reaction 2: aryl alcohol - aryl acid

Reaction 1: aryl alcohol - alkyl acid

Muk T;P DIC EDC COMU CDI Muk T3 DIC EDC COMU CDI Muk T; DIC EDC COMU CDI Muk

TP DIC EDC COMU CDI

DMC
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50-70%, green = >70%, as per ref. 31.

“Yield when reaction conducted at 60 °C. ” Yield obtained during substrate scope - 0.5 M concentration 1.0 equiv. phenol, 60 °C, 16 h. Yield as determined by HPLC is colour coded accord-

ing to a traffic-light metric: Red = < 50%, orange

%

o L
SO HE
3823523
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reactions 1 and 2, Table 3, giving consistently higher yields
than any other coupling reagent initially screened.

T3P-DMAP showed comparable performance to DIC in reac-
tion 3 only, when utilising DMC, iPrOAc or CPME as solvents.
Very poor conversion was observed when T;P was used in con-
junction with aryl acids, reaction 4 (16-41% yield), or with aryl
alcohols reactions 1-2. No further investigation using T3P was
conducted.

EDC-HCI gave moderate yields overall in all four reactions,
performing well in reaction 3 but only when anisole was used
as solvent (73% yield). A gummy residue was observed on the
bottom of the reaction vials for all of the EDC-HCI reactions
and may indicate poor solubility of the EDC-HCI in the test sol-
vents at 0.2 M concentration. Examples of EDC-HCI mediated
Steglich esterification reactions demonstrated in the literature
by Lutjen et al. are conducted at 0.075 M in CH,;CN.
Esterification of (E)-cinnamic acid with benzyl alcohol was
reported to give an isolated yield of 76%.>° Note: the work of
Lutjen et al. employed an excess of DMAP and reactions were
conducted at 45° C,*° furthermore CH,CN, whilst one of the
more favourable dipolar aprotic solvents, still has a number of
sustainability concerns, including its miscibility with water
leading to biotreatment and incineration issues.*?

CDI performance was moderate for reactions 1, 3, 4 but was
very poor in reaction 2, a trend which was similarly observed
in the authors’ earlier work employing thiol substrates with
carboxylic acids.**

Reactions 2-4, conducted using COMU, generally showed
moderate to good conversion, though yields for reaction 1
were lower. COMU was however shown to be a superior reagent
when more dilute conditions were employed, with less anhy-
dride side-product observed compared to other reagents at
concentrations of 0.05 M, see ESI Table S17 for details.

Muk stood out as an excellent choice of coupling reagents
in reactions 3 and 4 in conjunction with most solvents
screened, e.g. Table 3, reaction 3, iPrOAc 89%, reaction 4 DMC
80% Furthermore, the reaction could be effectively conducted
at room temperature for 24 hours, or heated to 60 °C for
3 hours, giving almost identical results, Table 3 reactions 3, 4
using DMC as solvent. Muk does however require the presence
of a tertiary amine base which may preclude it from use with
base sensitive moieties.

Overall Muk and EDC-HCI stood out as potential replace-
ments for DIC when EHS profile, yield and potential AE were
considered. COMU was not considered for any further investi-
gation as its AE was too poor (32.2, Table 2) to justify its
further use. CDI was not broadly compatible, e.g. little to no
reactivity in reaction 2. Tz;P-DMAP showed moderate utility

I I

5
Scheme 4 Formation of carboxylic esters utilising Muk 5.32

R{COOH,
NR,

This journal is © The Royal Society of Chemistry 2021
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though was considerably poorer in reactions 1, 2 and 4 than
EDC-HCI. Investigation into the use of EDC-HCl was later
halted due to solubility concerns during optimisation, see ESI
Table S3,7 leaving Muk as the coupling reagent of choice.

Solvents

Regarding general solvent performance, from the results
depicted in Table 3, it can be seen that both DMC, iPrOAc and
anisole all performed just as well as, or outperformed DCM
across all four reaction classes and were considered potential
candidates as replacement solvents. 2-MeTHF and CPME were
not as broadly compatible (e.g. reaction 3, Table 3) and cyclo-
pentanone was not as high yielding. A final decision to utilise
DMC and iPrOAc was made as they performed the best across
all four reaction classes in terms of yield and both have highly
favourable EHS green chemistry composite score, Table 2.
Anisole was discounted due to its elevated boiling point of
154 °C. iPrOAc was later shown to give lower yields on scale-up
to 5 mmol (28% yield reaction 3), see ESI Table S31 and was
discounted from further investigation leaving DMC as the
leading alternative solvent.

Aqueous systems were also briefly investigated using water,
water-surfactant mixtures, and biphasic systems though none
appeared to give satisfactory results. See ESI Table S1f for
more detail.

Safer, more sustainable bases

Having already screened a number of alternative tertiary amine
bases, Mukaiyama et al. demonstrated that a number of bases
other than TEA could be utilised including tributylamine and
2,6-lutidine.>® It was also demonstrated that as the basicity of
the tertiary amine decreased, so too did yield; a-picoline, pyri-
dine and N,N-diethylaniline gave lower yields, descending in
that order.>> When considering the EHS profile of the organic
bases screened by Mukaiyama et al.,*® 2,6-lutidine is considered
preferable to TEA as it is less flammable and less toxic.** Thus,
we investigated whether 2,6-lutidine could be utilised as a drop-
in replacement for TEA in conjunction with Muk and DMC as
reaction solvent. Gratifyingly, yield was not affected by this
simple replacement leading to the use of a safer, more sustain-
able amine base alternative. We also investigated the use of
aqueous NaHCO; mixed with DMC in a 1:9 ratio as an alterna-
tive to an organic base. This combination proved to be incom-
patible with Muk and was not investigated further.

Optimised conditions

Taking yield, general synthetic utility, and EHS profile into

account, the reagent-solvent-base combination of Muk-
R,OH, % 0 (o)
NRy C‘f o MR,

N Ry” O
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DMC-2,6-lutidine were considered as the optimum for further
esterification substrate screening. Reactions could be con-
ducted at room temperature for 24 hours or at 60 °C for
3-8 hours (reaction concentration dependant) with negligible
difference observed in terms of yield. Reaction concentrations
between 0.5 and 1.0 M are also considered important. See ESI
Table S3 and Fig. S1 and 27 for further reaction optimisations
conducted around reaction concentration, time, and workup/
isolation.

Workup and isolation

Workup for esterification reactions utilising Muk have tra-
ditionally involved filtration of precipitated 1-methylpyridin-2
(1H)-one, compound 6 (Scheme 4), followed by purification by
silica gel chromatography.?* Calculating the log P of the pyri-
done waste product using MarvinSketch predicts a value of
0.24 suggesting that the molecule is water soluble. Similarly
protonated 2,6-lutidine should also be water soluble, thus the
potential for purifying reaction mixtures using an aqueous
organic extraction should be possible. To test this theory the
2 mmol scale synthesis of isopropyl ester 9 was conducted in
DMC. The reaction mixture was first diluted with EtOAc to a
final volume of 15 mL followed by gravity filtration to remove
any precipitated pyridone 6. The organic filtrate was then
washed with water (1 x 10 mL) followed by 2 mL brine to break
the resulting emulsion. The organic layer was then washed
with 1 M aqueous HCI (1 x 10 mL) to remove the 2,6-lutidine,
followed by saturated aqueous NaHCOj; (1 x 10 mL) to attempt
remove any unreacted carboxylic acid. TLC analysis of the
organic layer showed complete removal of 2,6-lutidine and a
faint spot remained for unreacted phenylacetic acid, however a
strong baseline impurity still remained and the organic layer
had a yellow colour (desired product was a colourless oil). The
reaction mixture was then concentrated in vacuo and adsorbed
directly onto a 3 cm plug of silica gel in a 4 cm diameter sinter
funnel. The product was then eluted using a single portion of
50 mL 10% EtOAc:cyclohexane under vacuum filter con-
ditions. This simple silica plug filtration allowed for elution of
the desired product in one portion directly into a round bot-
tomed flask. Removal of solvent in vacuo gave an excellent
purity profile (see ESI Fig. S1f). For reactions that utilise
alcohol starting materials that possess poor aqueous solubility,
e.g. phenol for the synthesis of 1, then silica gel chromato-
graphy was utilised for purification. The E-factor and process
mass intensities of reactions utilising silica gel chromato-
graphy were heavily affected due to the larger volumes of
solvent utilised.

Substrate screening

To further evaluate the utility and robustness of the optimised
conditions identified, a brief substrate scope was conducted
utilising a number of acids and alcohols. Reactions were con-
ducted using equimolar amounts of acid and alcohol unless
specified otherwise.

From the results depicted in Fig. 2, it can be generally said
that the optimised conditions allowed easy access to numerous

6410 | Green Chem., 2021, 23, 6405-6413
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functionalised esters from primary, secondary, tertiary, and
phenolic alcohols, in good to excellent yields. Gratifyingly,
sterically hindered z-butyl phenylacetate was isolated in 83%
yield. It was also demonstrated that reactions could be driven
to completion by using a slight excess of either alcohol or acid,
depending on which was considered more precious or more
laborious to separate during product isolation (e.g. 9: 92% -
2.0 equiv. alcohol, 13: 99% - 2.0 equiv. acid). Phenolic esters
were also shown to be accessible through this methodology as
well giving a much higher yield of 1 (92%) when compared to
the original screening result of just 28%, Table 3. One poten-
tial reason for the poorer result observed during the screening
in Table 3 may be that the excess of phenol originally used
may have solidified in the reaction mixture leading to poor
stirring.

Acid compatibility was also assessed; picolinic acid was
converted to benzyl picolinate 18 in excellent yield (88%),
though the stronger base TEA was utilised in this reaction to
avoid protonation of the product. More sterically hindered
acids such as pivalic acid 16 and cyclopropyl derivative 17 gave
poorer yields of 50 and 53% respectively. None of product 20
was observed and only unreacted benzyl alcohol was recovered
from this reaction mixture. Steroidal substrates 21-22 were
also synthesised but in moderate yields.

Troubleshooting — methyl esters

Difficulties were initially encountered synthesising esters from
primary alcohols with poor isolated yields obtained e.g. methyl
benzoate 7 (11%) and methyl phenylacetate 8 (9%). HPLC ana-
lysis of methyl benzoate reactions showed the presence of pre-
dominantly benzoic anhydride. It was discovered that for reac-
tions utilising aryl acids that the addition of 5 mol% DMAP
allowed for smooth conversion of benzoic acid to the desired
ester in a much higher yield of 86% when 3-5 equivalents of
methanol were used. The reason for the improvement may be
that reactions utilising benzoic acids can also form benzoic
anhydride as noted by Mukaiyama et al. in their original publi-
cation.>” The presence of DMAP may serve to catalyse alcohol
acetylation via in situ formed benzoic anhydride as reported by
Xu et al.*® Unfortunately, the same strategy did not work for
reactions utilising phenylacetic acid; no phenylacetic anhy-
dride was detected by HPLC. Instead HRMS analysis of reac-
tion mixtures showed that Muk may be reacting directly with
methanol under the reaction conditions to give a 2-methoxy
ether derivative, see compound 23, ESI Fig. S3 and 4, for
details. To overcome the poor yields obtained, the base 2,6-
lutidine was switched for 1-methylimidazole, as evinced by
Zhao et al.,*® and the solvent composition was altered to a 4: 1
DMC : methanol mixture. Gratifyingly, a much-improved iso-
lated yield of 8 (80%) was obtained using this method. One
potential reason for this improvement may be due to gene-
ration of an activated ester via an imidazole species, similar to
the reported mechanism for carbonyldiimidazole coupling
reactions,”” or potentially a rate enhancement via
imidazole-HCI catalysis.>” The effect is most likely not pK,
driven as both 1-methylimidazole and 2,6-lutidine possess

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Substrates evaluated for esterification using optimised conditions. Reported yields are isolated unless stated otherwise. ®Yield determined by
HPLC-UV. 5 mol% DMAP added. “Reaction conducted in 4 : 1 DMC : MeOH and 1-methylimidazole (3.0 equiv.) was utilised as base. “Reaction con-

ducted in 2 mL solvent. °TEA (3.0 equiv.) used as base.

similar pK, values (H,O: 7.06 vs. 6.72)***° and decreasing pK,
has previously shown to correlate with decreasing yields.*?
Further investigation was not conducted as it was considered
outside the main aims and scope of this study.

Green chemistry metrics

For the substrates synthesised, depicted in Fig. 2, a green
chemistry metrics evaluation was conducted using the
Chem21 workbook.”?® Metrics include AE, reaction mass
efficiency (RME) and PMI. For the AE calculations, Muk has
been considered as a reactant as per the calculations used in
Table 2. As can be seen from the metrics calculated in Table 4,

This journal is © The Royal Society of Chemistry 2021

the AE of each of the reactions is between 33 and 68, with the
average being 46.6. The RME’s calculated show unsurprisingly
that reactions with poorer yields such as 19 (16%) gave a much
poorer efficiency score (7.6). This is simply due to the small
mass of product when compared to the total mass of reactants.
Average RME was 30.0. Most insightful are the PMI metrics
which show a high process mass intensity for the synthesis of
all products, ranging from 173 up to 2043. The reason for the
high PMI metric across the board is due to the quantities of
solvent (both aqueous and organic) that are required for
workup and isolation of products. There was also a difference
in PMI observed between workup methods e.g. for reactions 1,

Green Chem., 2021, 23, 6405-6413 | 6411
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Table 4 Metrics calculated for substrates synthesised

Product AE RME PMI
1° 43.7 39.0 304.6
34 45.3 33.0 350.5
4 43.7 31.8 373.6
74 33.2 24.0 507.6
8¢ 35.4 23.9 494.5
9? 39.5 31.0 276.2
10° 41.3 33.2 281.9
11° 53.9 42.8 173.4
127 44.4 35.7 249.3
13b¢ 50.3 29.2 301.2
147 49.9 39.5 203.4
15¢ 48.2 40.7 269.6
16° 413 20.1 615.3
17¢ 44.5 23.0 692.1
18° 43.8 37.3 322.9
19¢ 48.0 7.6 2043.3
21° 68.6 23.1 376.2
22¢ 64.2 21.2 464.4

“product purified by silica gel chromatography. ” Purified by aqueous
workup and silica plug filtration. See workup and isolation section for
details. “ No aqueous workup was used.

3, 4, 7 which were isolated by silica gel chromatography, the
PMI was in the range of 304-508. For reactions isolated by
aqueous workup and silica plug filtration 9-12 the PMI values
ranged from 173-282. For clarity, aqueous workup solvents
such as 1 M HCI and saturated aqueous bicarbonate solutions
have been included in the PMI calculation. Overall, due to the
quantities of solvent required for workup and isolation, this
methodology will suffer from poorer PMI unless solvent re-
cycling is implemented, or isolation by other means such as
distillation/precipitation/recrystallisation can be achieved.

Conclusion

In conclusion, we have successfully identified safer, greener,
more sustainable solvent-reagent conditions with which to
conduct Steglich-type esterification reactions via solvent-
reagent condition screening. The results of the solvent-reagent
screen have been compiled, Table 3, to provide a visual
solvent-reagent selection guide for the formation of esters and
will provide a useful go-to reference point for organic and med-
icinal chemists seeking to conduct this type of transformation.
The optimised conditions utilised equimolar quantities of
both alcohol and acid, were conducted in safer, more sustain-
able solvent dimethyl carbonate, and used Muk instead of
DIC/DCC. The use of Muk allows for safer esterification reac-
tions to be conducted free from the hazards associated with
the use of DIC/DCC. Furthermore, alternative base 2,6-lutidine
was utilised to great effect, effectively replacing more harmful
bases such as TEA with a safer alternative.>® The optimised
reaction conditions were shown to proceed at either room
temperature over a 24 hours period or at 60 °C for 8 hours,
though some hindered substrates required longer reaction
times. The general utility of the new reaction conditions were

6412 | Green Chem., 2021, 23, 6405-6413
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exemplified using a set of alcohols and carboxylic acids to
form building-block like molecules. In general, good to excel-
lent yields were obtained, even for hindered alcohols such as
t-butyl alcohol (83%), though hindered acids such as pivalic
acid appeared to fare less well giving moderate yields (50%).
One drawback remains however and that is the method of iso-
lation. Though purification could be achieved in rapid time
(30 min), large PMI values were observed for several products
due to isolation by aqueous workup followed by silica plug fil-
tration or by silica gel chromatography. The PMI values will
only be reduced though the use of other isolation methods
such as distillation or countered by solvent recycling. In
summary, the “classic” Steglich esterification solvent-reagent
combination of a carbodiimide coupling reagent, DMAP and
DCM can effectively be replaced with the greener, safer, more
sustainable combination of Mukaiyama’s reagent, 2,6-lutidine,
and dimethylcarbonate.
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