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Greener solvents for solid-phase synthesis†‡

Stefan Lawrenson, Michael North,* Fanny Peigneguy and Anne Routledge*

The use of a variety of green solvents to swell a diverse range of resins used in solid-phase synthesis is

investigated. Good swelling is shown to depend on the structure of the resin and the solvent. A modelling

approach based on use of a training set of solvents is used to predict which green solvents will, and will

not, swell a particular resin. The chemical relevance of the swelling results is confirmed by an experi-

mental study of a solid-supported Ugi reaction carried out in green solvents.

Introduction

For much of the chemicals industry, solvent is the largest

source of waste associated with chemical production. This is

particularly apparent in the high E factors1 associated with the

fine chemicals and pharmaceuticals sectors where solvent typi-

cally accounts for 80–90% of the total mass utilisation in batch

operations.2 Some widely used solvents such as DMF, DMA

and NMP are known to be reprotoxic3 and have therefore been

classified as three of the six substances of highest concern

under the REACh regulations.4 As a result they are a high pri-

ority for replacement by greener solvents. Other widely used

solvents such as dichloromethane and diethyl ether have low

boiling points leading to potentially high VOC emissions and

low flash points.

As a result, the pharmaceutical sector in particular has

taken the lead in investigating the replacement of conventional

solvents and this has resulted in the publication of a number

of green solvent guides5,6 and a solvent life cycle analysis

study.7 However, these guides have focussed on conventional

solution-phase synthesis where the main roles of the solvent

are: to dissolve reactants, intermediates and products, to facili-

tate stirring of the reaction components and to facilitate heat

transfer in or out of the reaction vessel. Another approach to

chemical production is solid-phase synthesis in which either

one of the reactants (and hence the product) is immobilised

on a solid-support, or one or more reagents are immobilised

with the product remaining in solution. The former approach

is exemplified by solid-phase peptide synthesis (SPPS),8 whilst

the widely used and commercially available cross-linked poly-

styrene supported triphenylphosphine9 illustrates the second

approach. Solid-phase synthesis imposes an additional

requirement on the solvent: it must swell the resin to provide

access to reactive functionalities which would otherwise be

blocked within the polymer matrix. The use of green solvents

in solid-phase synthesis has not previously been systematically

investigated, so we undertook a study based around the ability

of green solvents to swell resins commonly used in solid-phase

synthesis and in this paper report the results of this work.

Results and discussion
Resin swelling studies

For this study, nine commercially available resins for solid-

phase synthesis were selected (Table 1). Merrifield,10

ParaMax11 and JandaJel™ 12 are all polystyrene based resins

but with different functionalities and cross-linkers. Merrifield

resin is polystyrene crosslinked with 1,4-divinybenzene orig-

inally developed by Merrifield for SPPS. For this study it was

functionalised with a Wang linker13 (4-hydroxybenzyl alcohol).

ParaMax is similar to Merrifield resin but with the functionali-

sation (hydroxymethyl for this study) exclusively in the para-

positions of the aromatic rings. JandaJel™ has a more flexible,

butane-based cross-linker than that present in Merrifield and

ParaMax resins.

The next set of four resins all had structures consisting of

polyethylene glycol (PEG) grafted onto cross-linked polystyrene.

TentaGel™ 14 is around 70% PEG by weight with each PEG

chain having an average molecular weight of 3000 Daltons. It

was functionalised with a 9-fluorenylmethoxycarbonyl (Fmoc)

protected Rink15 amide linker. ArgoGel™ 16 is similar to

TentaGel but two PEG chains are grafted onto each aromatic

ring. This gives it a higher capacity and it consists of up to

82% PEG. For this study, the PEG chains were terminated with

chloro groups to provide a contrasting functionality to the

Tentagel. HypoGel™ 20017 in contrast has PEG chains that are
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just five ethylene glycol units long and these were terminated

with carboxylic acid groups. Finally, NovaGel™ is a high swell-

ing resin in which the PEG groups are attached to the poly-

styrene core by urethane groups.18 It consists of 48% PEG and

was functionalised with (4-hydroxymethylphenyl)acetic acid

(HMPA) to provide alcohol functionalities for substrate

immobilisation.

The final two resins were chosen to contain no polystyrene.

ChemMatrix19 is a crosslinked PEG that is known to swell well

in a wide range of solvents. It was functionalised with a Wang

linker13 to provide alcohol functionalities. SpheriTide is a poly-

amide resin comprising crosslinked lysine units.20 It was used

with an Fmoc-protected Rink linker.15

The swelling of each resin in solvents was determined

using the method of Griffith et al.,21 measuring the increase in

volume occupied by a resin sample held in a syringe on

addition of the appropriate solvent. A solvent in which a resin

swells to greater than 4.0 mL g−1 is considered a good solvent,

2.0–4.0 mL g−1 a moderate solvent and less than 2.0 mL g−1 a

poor solvent.21 Initial studies using Merrifield-Wang resin in

three conventional solvents (DMF, NMP and dichloromethane,

which are known to give good resin swelling) showed a good

correlation with literature data21 (Fig. 1).

Having validated the methodology, 25 green solvents with a

wide range of polarities and hydrogen bond donor/acceptor

properties were selected as potential green solvents for solid-

phase synthesis (Fig. 2). Cyclic carbonates22 1 and 2 and

Cyrene23 3 have all been used as green replacements for

traditional polar aprotic solvents. The cyclic carbonates can be

prepared by the 100% atom economical reaction between epox-

ides and carbon dioxide,24,25 whilst Cyrene is prepared from

glucose by pyrolysis followed by hydrogenation.23

The ethers, ketones, esters and acyclic carbonates 4–17 can

all be considered moderately polar aprotic solvents. This group

contains two well-known conventional solvents (acetone 4 and

ethyl acetate 8) which have reasonable green credentials.

γ-Valerolactone26 11 and 2-methyl-THF27 12 are both

Table 1 Solid phase resins used in solvent swelling study

Resin name Polymer backbone Functionality
Bead size
(mesh)

Capacity
(mmol g−1)

Merrifield 1% crosslinked polystyrene Wang (ArCH2OH) 200–400 0.6–1.0
ParaMax 1% crosslinked polystyrene CH2OH in para positions 100–200 2.0
JandaJel Polystrene crosslinked with 2%

1,4-di(4-vinylphenoxy)butane
CH2Cl 100–200 0.8–1.2

TentaGel S RAM Fmoc Polyethylene glycol grafted onto
1% crosslinked polystyrene

Fmoc protected Rink amide 80–100 0.23

ArgoGel Polyethylene glycol grafted onto
polystyrene. Higher PEG than Tentagel

Cl 200–400 0.48

HypoGel 200 Polyethylene glycol grafted onto
polystyrene. Shorter PEG than Tentagel

CO2H 110–150 0.8

NovaGel Polyethylene glycol grafted onto
polystyrene

HMPA (ArCH2OH) Not stated 0.74

ChemMatrix Crosslinked PEG resin Wang (ArCH2OH) 35–100 0.5–1.2
SpheriTide Crosslinked lysine Fmoc protected Rink amide 45–140 0.21

Fig. 1 Swelling of Merrifield resin in three conventional solvents. Red:

swelling measured in this work; black: literature values using the same

methodology.21
Fig. 2 Structures of the green solvents used in this study (data in brack-

ets is the boiling point at atmospheric pressure).
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bioderived from sugars, whilst acyclic carbonates 16 and 17

can be prepared from carbon dioxide and sustainably sourced

alcohols.28 Cyclopentanone 7, isobutyl acetate 10 and anisole

13 were included as they scored very highly in the latest

version of the GSK green solvents guide.5c Dimethyl isosorbide

14, cyclopentyl methyl ether 15, butan-2-one 5, 4-methyl-

pentan-2-one 6 and isopropyl acetate 9 were included as a

result of the modelling studies reported later in this paper.

D-Limonene 18 is a natural product and can readily be con-

verted into para-cymene 19.29 Therefore compounds 18 and 19

represent non-polar aliphatic and aromatic solvents respect-

ively. The set of protic solvents chosen includes three conven-

tional alcoholic solvents (20–22), all of which can be obtained

from sustainable sources,30 1-heptanol 23 which scored highly

in the latest version of the GSK green solvents guide5c and

water 24.31 Finally, ionic liquid 25 was included as an example

of a non-conventional solvent.

The swelling of the nine resins detailed in Table 1 was

investigated in each of solvents 1–25 as well as in DMF, NMP

and dichloromethane for comparison and the results are

shown in Fig. 3–11. Three of the resins (Merrifield, ArgoGel

and ChemMatrix) and 8 solvents (2, 4, 8, 12, 17, 20, 24 and

dichloromethane) were selected to check the reproducibility of

the data shown in Fig. 3–11. The swelling of all 24 combi-

nations of these resins and solvents was measured five times

and in all cases the results were reproducible to within

±0.5 mL g−1.32

Fig. 3 Swelling of Merrifield resin.

Fig. 6 Swelling of TentaGel S resin.

Fig. 7 Swelling of ArgoGel resin.

Fig. 4 Swelling of ParaMax resin.

Fig. 5 Swelling of JandaJel resin.

Fig. 8 Swelling of HypoGel 200 resin.
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Comparison of the data in Fig. 3–5 shows differences in

swelling behaviour between the three polystyrene-based resins.

Thus, Merrifield resin (Fig. 3) only swells well in the moder-

ately polar, oxygenated solvents; butan-2-one 5, cyclopenta-

none 7, 2-methyl-THF 12, anisole 13, dimethyl isosorbide 14

and cyclopentyl methyl ether 15. In contrast, ParaMax (Fig. 4)

was found to show better swelling in a range of solvents than

Merrifield resin and swells well in all the moderately polar,

oxygenated solvents 4–18. JandaJel (Fig. 5), which has a more

flexible crosslinker than Merrifield and ParaMax resins was

found to swell well in moderately polar, oxygenated solvents

5–15 (but not in acetone 4 or acyclic carbonates 16 and 17) and

also swelled in the two very non-polar solvents; limonene 18

and para-cymene 19 which did not swell Merrifield or ParaMax

resins. All of the polar aprotic solvents (1–3), protic solvents

(20–24) and ionic liquid 25 were found to be poor solvents to

induce swelling in any of the three aromatic resins.

The four resins composed of PEG grafted onto polystyrene

(TentaGel S, ArgoGel, HypoGel 200 and NovaGel) gave the

results shown in Fig. 6–9. TentaGel S (Fig. 6) was found to only

swell to more than 4.0 mL g−1 in cyclopentanone 7 and

dimethyl isosorbide 14 though most of the other polar and

moderately polar solvents swelled the resin to just below

4.0 mL g−1. ArgoGel (Fig. 7) which has more PEG character

than TentaGel S was found to be a very good resin for use with

green solvents, swelling well in polar aprotic (2, 3), moderately

polar oxygenated (5, 7, 8, 11–14 and 16, 17) and even non-

polar (18) solvents. Four other oxygenated aprotic solvents

(1, 4, 9 and 10) swelled the resin to just below 4.0 mL g−1 as did

methanol (20) and ionic liquid 25, though cyclopentyl methyl

ether 15 was a very poor solvent for this resin. HypoGel 200

(Fig. 8) and NovaGel (Fig. 9) gave similar results to TentaGel S,

though 2-methyl-THF 12 and anisole 13 gave good swelling of

HypoGel 200 whilst they swelled TentaGel S to just below

4.0 mL g−1. For NovaGel, the polar aprotic solvent, Cyrene 3,

swelled the resin to over 4.0 mL g−1 whilst it swelled TentaGel S

to just below 4.0 mL g−1. Notably, TentaGel S, HypoGel 200 and

NovaGel were functionalised in three different ways (Fmoc-

protected amine, carboxylic acid and benzylic alcohol) yet had

very similar swelling properties in the green solvents which

suggests that the observed variation in swelling with solvent is a

function of the resin backbone and not of the way in which it is

functionalised. This is important for synthetic applications as

the nature of the functionality attached to the resin will change

during a solid-phase synthesis.

ChemMatrix resin was found to swell well in a wide range

of green solvents (Fig. 10). The only solvents found not to be

suitable for use with this resin were 4-methylpentan-2-one 6,

isopropyl acetate 9, isobutyl acetate 10, cyclopentyl methyl

ether 15, para-cymene 19, ethanol 21 and isopropanol 22. The

incompatibility of this resin with aromatic solvent 19 is under-

standable as the resin contains no aromatic groups. The lack

of swelling in the more non-polar ketones and esters 6, 9, 10

when very similar but more polar ketones 4, 5 and ester 8 did

swell the resin well probably reflects the polar nature of the

PEG-based polymer. Curiously however, whilst ethanol 21 and

isopropanol 22 failed to swell the resin, the more polar

alcohol; methanol 20 and the less polar alcohol 1-heptanol 23

both gave good swelling of the resin.

The SpheriTide resin did not swell well in any of the green

solvents (Fig. 11), though cyclopentanone 7 and the more

polar alcohols; methanol 20 and ethanol 21 did swell it to just

below 4.0 mL g−1. The SpheriTide resin was functionalised

with an Fmoc-protected Rink linker, exactly the same function-

ality present on the TentaGel S resin. Comparison of Fig. 6 and

11 shows very different swelling behaviour for these two resins

across a range of green solvents, again suggesting that inter-

actions between the solvent and resin determine the resin

swelling, not the nature of the functionalisation.

Comparison of the data in Fig. 3–10 shows that cyclopenta-

none 7 and dimethyl isosorbide 14 were able to swell all of the

Fig. 10 Swelling of ChemMatrix resin.

Fig. 11 Swelling of SpheriTide resin.

Fig. 9 Swelling of NovaGel resin.
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polystyrene and PEG based resins to more than 4.0 mL g−1. In

contrast, ethanol 21 and isopropanol 22 were not able to swell

any of the resins to 4.0 mL g−1 and ionic liquid 25 was only

suitable for use with ChemMatrix resin. The ChemMatrix and

ArgoGel resins appear to have the best overall compatibility

with a range of green solvents.

Modelling resin–solvent interactions

To better understand and be able to predict resin swelling in

green solvents, a modelling study was undertaken using the

Hansen Solubility Parameters in Practice (HSPiP) software.33

A training set of 15 green solvents (1–4, 7, 8, 11, 12, 16–22)

as well as DMF, NMP and dichloromethane was chosen. For

each resin, these solvents were divided into n groups (n = 4–6)

based on their ability to swell the resin. Thus, the difference

between the maximum (Smax) and minimum (Smin) swelling

volume observed for a given resin with these 18 solvents was

divided by n and the solvents allocated to groups32 given by:

Group ‘a’ lower boundary ¼ Smax � aððSmax � SminÞ=nÞ

where n = 4, 5 or 6 and a = 1 to n.

The software then analyses solvents in terms of their ability

to swell the resin and carries out a least squares minimisation

to produce a three-dimensional plot based on the dispersion

energies (D), hydrogen bonding energies (H) and dipolar ener-

gies (P) of the solvents such as that shown in Fig. 12 for

Merrifield resin with n = 5 (plots for all resins with n = 4, 5 and

6 are given in the ESI‡). In this plot, the centre of the green

sphere is at the parameters of the ideal solvent to swell the

resin and the radius of the sphere (R) represents the uncer-

tainty in this value. The blue circles are the group 1 (highest

swelling) solvents and the red squares are all the other solvents

in the training set.

Table 2 shows the numerical results obtained for all nine

resins with four, five or six groups. The HSPiP software

requires there to be two solvents in the highest swelling group

(group 1). If one solvent swells the resin much better than any

other, then the default software parameters will not be able to

calculate the optimal solvent parameters. This was found to be

the case for ArgoGel where dichloromethane produced much

greater swelling than any other solvent. In addition, as the

value of n increases, it becomes increasingly likely that there

will be only one solvent in the highest swelling group and

when n = 6 this was found to be the case for TentaGel,

NovaGel and ChemMatrix resins. Both these problems could

be solved within the software by giving equal weighting to sol-

vents in groups 1 and 2 when required.

Based on the results in Table 2, n = 5 gives the optimal

results in terms of having the lowest value for R (in all cases

except Merrifield resin) and values for D P and H which are

close to those for n = 4 and 6. The parameters calculated for

the optimal solvents to swell polystyrene and PEG resins could

be compared with the D, P and H parameters for ethylbenzene

(D = 17.8, P = 0.6, H, 1.4) and ethylene glycol dimethyl ether

(D = 15.4, P = 6.3, H, 6.0) as models for the monomer units

within the two polymers. For polystyrene resins, the dispersion

energies (D) of the model monomer unit and predicted

optimal solvents matched quite well (17.1–17.7 to 17.8), but

the dipolar energies (P) and hydrogen bonding energies (H)

were very different. For the PEG-based resin, ChemMatrix,

none of the energy parameters was a particularly good fit. ThisFig. 12 HSPiP prediction for Merrifield resin based on 5 groups.

Table 2 HSPiP resin swelling predictions

Resin

n = 4 n = 5 n = 6

D P H R D P H R D P H R

Merrifield 17.48 8.51 4.27 3.3 17.47 8.27 4.77 4.9 17.65 11.24 9.43 3.0
ParaMax 17.68 7.87 7.71 4.0 17.68 7.87 7.72 4.0 17.68 7.82 7.75 4.0
JandaJel 17.13 9.34 4.09 3.4 17.30 9.16 4.09 3.4 16.97 10.23 2.48 5.5
TentaGel S RAM Fmoc 17.76 10.88 6.49 1.7 17.72 10.82 6.41 1.7 17.69a 10.78a 6.35a 1.7a

ArgoGel 18.37a 8.44a 8.44a 3.3a 17.68a 10.93a 6.40a 1.7a 17.71a 10.81a 6.40a 1.7a

HypoGel 200 17.33 11.72 9.05 4.9 17.57 12.02 8.68 3.9 17.78 12.27 9.10 4.9
NovaGel 17.78 11.37 9.57 4.7 17.21 10.87 10.22 3.0 17.90a 12.10a 9.07a 4.9a

ChemMatrix 18.58 9.89 7.04 1.0 18.60 9.82 6.98 1.0 17.80a 11.20a 9.27a 3.2a

SpheriTide 17.45 11.10 9.61 3.0 17.14 11.33 9.35 3.0 17.26 11.24 9.43 3.0

a Value calculated giving equal weighting to solvents in groups 1 and 2.
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indicates that it is not possible to assume ‘like swells like’ and

just base the modelling on the polymer repeat unit.

Having determined the energy parameters for an optimal

solvent for each resin, the HSPiP software then generated a list

of all solvents in its database ranked in order of their least

squares distance from the optimal solvent.32 The solvents

(excluding those in the training set) in these tables were coded

green amber or red according to the latest version of the GSK

green solvents guide5c and Table 3 lists those green or amber

solvents that were found to swell at least 4 resins.

Glycerol triacetate 26 was found to be a very viscous solvent

and this prevented experimental determination of its ability to

swell resins. Glycerol diacetate 27 is only available as a mixture

of 1,2- and 1,3-regioisomers, so it was also omitted from experi-

mental studies. The remaining solvents in Table 3, (5, 6, 9, 14

and 15) were included in the solvents used in the experimental

determination of resin swelling (Fig. 3–11) which allowed the

accuracy of the solvent selection predictions to be tested and

the experimental and predicted swellings for each resin are

shown in Fig. 13–17. The data in Fig. 13–17 is presented as a

percentage of the maximum observed swelling for that resin to

compensate for the fact that some resins swell more than

others and so allow data to be compared between resins.

It is apparent from Fig. 13 that there is a good correlation

between how close the DHP parameters for dimethyl iso-

Table 3 Resin swelling predictions

Resin

Solventa

5 6 9 14 15 26 27

Merrifield 3.1 4.9 3.0 4.3
ParaMax 4.4 6.2 6.5 0.8 5.3 4.3
JandaJel 2.8 5.0 7.9 4.0 5.0 7.0
TentaGel 4.1 7.1 8.7 3.9 7.2 7.3 8.5
ArgoGel 4.1 7.2 8.4 4.0 7.2 7.4 8.5
HypoGel 200 5.6 5.1 6.8
NovaGel 6.0 4.7 6.6 4.7
ChemMatrix 5.6 3.4
SpheriTide 5.4 4.7 5.6

a The number given for each solvent is its RMS deviation from the
DHP parameters for an optimal solvent for the resin.

Fig. 15 Comparison of observed resin swellings in butan-2-one 5.

Resins are ranked from highest predicted swelling (left) to lowest (right)

with the RMS deviation of the solvent parameters for butan-2-one from

those of an ideal solvent given as a number above each bar.

Fig. 13 Comparison of observed resin swellings in dimethyl isosorbide

14. Resins are ranked from highest predicted swelling (left) to lowest

(right) with the RMS deviation of the solvent parameters for dimethyl

isosorbide from those of an ideal solvent given as a number above each

bar.

Fig. 14 Comparison of observed resin swellings in cyclopentyl methyl

ether 15. Resins are ranked from highest predicted swelling (left) to

lowest (right) with the RMS deviation of the solvent parameters for

cyclopentyl methyl ether from those of an ideal solvent given as a

number above each bar.

Fig. 16 Comparison of observed resin swellings in 4-methylpentan-2-

one 6. Resins are ranked from highest predicted swelling (left) to lowest

(right) with the RMS deviation of the solvent parameters for 4-methyl-

pentan-2-one from those of an ideal solvent given as a number above

each bar.
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sorbide 14 are to the DHP parameters for the ideal solvent for

the resin and how much the resin was experimentally found to

swell in solvent 14. The only exceptions are NovaGel for which

the experimental swelling was 10–20% higher than predicted

and HypoGel. In the latter case, dimethyl isosorbide 14 was

found to be a better solvent to swell the resin than any solvent

in the training set or in Fig. 2. This is an indication that the

swelling of HypoGel by dimethyl isosorbide is influenced by

one or more parameters not covered by solvents in the training

set. Of the nine resins (all of which were predicted to swell in

solvent 14 on the basis of the data in Table 3), dimethyl isosor-

bide 14 was experimentally found to swell all but SpheriTide to

more than 4.0 mL g−1 (Fig. 3–11 and ESI‡).

A similar situation is apparent in Fig. 14 for the swelling of

resins with cyclopentyl methyl ether 15. In this case solvent 15

was found to be the equal best solvent (with NMP) to swell

paraMax and the experimental result is about 30% higher than

predicted by the modelling study. Otherwise, the experi-

mentally observed swelling of the first five solvents decreases

as the RMS distance of the DHP parameters for cyclopentyl

methyl ether 15 from those of the ideal solvent increases. For

this solvent, only Merrifield, JandaJel and ParaMax resins were

found to swell to more than 4.0 mL g−1 (Fig. 3–11 and ESI‡).

The data for resin swelling in butan-2-one 5 (Fig. 15) is

more scattered, although a general decrease in the percentage

of maximum resin swelling as the RMS distance of the DHP

parameters for butan-2-one 5 from those of the ideal solvent

increases is apparent. In Fig. 15, the swelling of JandaJel

appears to be too low and the swelling of HypoGel and

NovaGel too high. However, this is largely a feature of the

swelling of these resins in other solvents affecting the results

when displayed as a percentage. There was actually very little

difference in the range of resin swellings observed in butan-2-

one (2.3–4.8 mL g−1)32 which is probably largely responsible

for the scatter seen in Fig. 15. Nevertheless, of the five resins

with the lowest RMS deviations for butan-2-one 5, four were

found to swell to >4.0 mL g−1.32

For 4-methylpentan-2-one 6 (Fig. 16) and isopropyl acetate 9

(Fig. 17), the RMS distance of the DHP parameters in all of the

solvents were rather large (>4.8). Nevertheless, a general

decrease in percentage of maximum resin swelling as the RMS

value increased is apparent, though the swelling of JandaJel in

isopropyl acetate appears to be higher than predicted. For

both solvents, only two resins were found to swell to >4.0

mL g−1 and these were JandJel and ParaMax which were

ranked second and third in 4-methylpentan-2-one and first

and second in isopropyl acetate.32

Overall the data in Fig. 13–17 shows that the modelling

approach adopted using the HSPiP software can be used to

suggest new green solvents to swell a particular resin.

To further investigate the applicability of the HSPiP soft-

ware to green solvent prediction, its ability to predict mixed

solvent systems capable of swelling resins was investigated.

The solvent optimization list within HSPiP was edited to

contain just solvents 1–24 and this was used in conjunction

with the (n = 5) ideal D, P and H parameters for each resin

(Table 2) to generate an optimal mixture of two solvents to

swell each resin. The results are shown in Table 4.

In five cases (JandaJel, TentaGel, ArgoGel, NovaGel,

SpheriTide), the optimal predicted solvent mixture was found

experimentally to swell the resin to an amount that was

between or the same as the swelling observed with the solvent

components individually. This is the result that would be

expected in the absence of any cooperative effects between the

two solvents. However, in three cases (ParaMax, HypoGel 200,

ChemMatrix) the predicted solvent mixture was found to swell

the resin more than either solvent individually and in one case

(Merrifield), the predicted optimal solvent was found to swell

the resin less than either solvent individually. These results

could not have been predicted just on the basis of the swelling

observed by the solvent components alone and are suggestive

of positive or negative effects involving both solvents and their

interaction with the resin. These results illustrate the ability of

the HSPiP software to make predictions concerning resin

swelling which are not intuitively obvious.

Resin-supported Ugi reactions

To experimentally test the relevance of the resin swelling

results, we chose the Ugi reaction as a pharmaceutically rele-

Table 4 Mixed solvent predictions for resin swelling

Resin

Predicted Experimental

Solvent 1
(%)

Solvent 2
(%)

Solvent 1
(mL g−1)

Solvent 2
(mL g−1)

Mixture
(mL g−1)

Merrifield 12 (52) 15 (48) 5.6 5.8 4.8
ParaMax 14 (95) 1 (5) 7.3 2.8 7.8
JandaJel 12 (75) 1 (25) 8.8 1.8 8.3
TentaGel 7 (84) 23 (16) 4.8 1.8 3.8
ArgoGel 7 (84) 23 (16) 5.8 1.8 5.8
HypoGel
200

7 (91) 24 (9) 4.8 1.8 5.3

NovaGel 7 (65) 21 (45) 4.8 1.8 4.3
ChemMatrix 3 (80) 14 (20) 8.3 7.8 8.8
SpheriTide 7 (71) 21 (29) 3.8 3.8 3.8

Fig. 17 Comparison of observed resin swellings in isopropyl acetate 9.

Resins are ranked from highest predicted swelling (left) to lowest (right)

with the RMS deviation of the solvent parameters for isopropyl acetate

from those of an ideal solvent given as a number above each bar.
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vant, 4-component condensation reaction which produces

α-amino amides. The solution-phase Ugi reaction is known to

occur in a wide range of solvents and solid-phase variants have

been reported on a range of resins.34

Two resins, Merrifield and ChemMatrix were selected along

with two green solvents: methanol 20 and 2-methyl-THF 12.

Methanol was chosen over other potentially green alcohols as

it has been reported34b to be preferred solvent for solution

phase Ugi reactions due to its polarity giving a high solubility

of reagents, but low solubility of Ugi products. Based on the

resin swelling results shown in Fig. 3 and 10, it was predicted

that for a Merrifield resin-supported Ugi reaction, 2-methyl-

THF would be a much better solvent than methanol whilst for

a ChemMatrix supported reaction, both solvents would be

effective. Initially, the solution-phase Ugi reaction (Scheme 1)

was carried out in both solvents to test the methodology and

to obtain baseline yields for the Ugi reactions in the two sol-

vents in the absence of any resin swelling effects.

Benzhydrylamine was chosen as the amine component to

mimic the Rink amide linker which would be used for solid-

supported reactions. The Ugi reactions in methanol and

2-methyl-THF proceeded in nearly identical yields (79 and 75%

respectively after 1.5 hours), giving α-amino amide 28.

Removal of the benzhydryl group was also carried out as this

would correspond to cleavage of Ugi adducts from a solid-

support and gave α-amino amide 29 in 48–67% yield. Thus,

the overall yield for the synthesis of compound 29 in solution

was 38% in methanol and 50% in 2-methyl-THF.

To convert this Ugi reaction to a solid-supported synthesis,

the benzhydrylamine was replaced by Merrifield or

ChemMatrix resin with a Rink amide linker attached

(Scheme 2). Commercial resins supplied with Fmoc-protected

Rink linkers were first deprotected with 20% piperidine in

DMF. Then, the Ugi reactions were carried out as for the solu-

tion-phase synthesis of α-amino amide 28. The resin-

supported α-amino amide 30 was cleaved from the support by

treatment with trifluoroacetic acid in dichloromethane. DMF

and dichloromethane were used for the initial resin Fmoc-

deprotection and substrate cleavage steps as these are high swell-

ing solvents for both resins (Fig. 3 and 10) thus ensuring that

the isolated yields of α-amino amide 29 were representative of

the Ugi reactions and not influenced by the resin cleavage.

Compound 29 was then purified by flash chromatography to

give isolated yields. All solid-supported syntheses were carried

out in duplicate to ensure that the results were reproducible

and the results are shown in Table 5.

It is apparent from the data in Table 5, that for reactions

carried out on Merrifield resin, the average yield obtained

from reactions carried out in 2-methyl-THF 12 is about four

times higher than the average yield obtained in methanol 20.

This is consistent with 2-methyl-THF effectively swelling the

resin and allowing reagents to access all of the resin-supported

amines whilst methanol did not effectively swell the resin and

only surface exposed amines were able to react. In contrast, for

reactions carried out on ChemMatrix resin, the average yields

obtained with both solvents very closely match the corres-

ponding overall yields obtained from the solution phase

Scheme 1 Solution-phase Ugi reaction.

Scheme 2 Solid-supported Ugi reaction.

Table 5 Solid-supported Ugi reactions

Resin name Capacitya (mmol g−1) Solvent 29b (%)

Merrifield 1.0 2-MeTHF 27 and 36
Merrifield 1.0 MeOH 3 and 4
ChemMatrix 0.49 2-MeTHF 52 and 57
ChemMatrix 0.49 MeOH 30 and 32

aObtained from the manufacturer’s certificate of analysis and checked
by CHN analysis. b Isolated yields after purification by column chrom-
atography from two separate reactions.
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synthesis of amide 29 (Scheme 1), which indicates that

both solvents are able to effectively swell the ChemMatrix

resin. Thus, the results obtained from the solid-supported Ugi

reactions indicate that the experimentally determined resin

swellings are indicative of which green solvents will (and will

not) be suitable for solid-supported synthesis on a particular

resin.

Experimental
General methods

All experiments were carried out under a precautionary atmo-

sphere of N2. Analytical TLC was performed on aluminium

backed plates pre-coated (0.25 mm) with Merck KGaA silica

Gel 60 F254. Compounds were visualised by exposure to UV

light and stained using potassium permanganate solution

(KMnO4) followed by heating. Flash column chromatography

was performed using Flurochem Silica Gel LC60A (40–60 μM).

All solvent mixtures are reported as v/v solutions.
1H- and 13C-NMR spectra were obtained using a JEOL ECS

400 MHz Spectrometer. Both 1H and 13C spectra were refer-

enced to the residual protic solvent (CHCl3 = 7.26 ppm,

CH3OH = 4.78 ppm, (CH3)2SO = 3.30). Coupling constants are

reported using the following notation or combination of: s =

singlet, br = broad, d = doublet, t = triplet, m = multiplet.

Assignment of signals in 1H spectra was achieved using 1H–
1H

COSY spectra, where necessary.

High resolution mass spectra (HRMS) were recorded using

Electrospray Ionisation (ESI), on a Bruker micrOTOF Mass

Spectroscopy (MS) in tandem with an Agilent series 1200

liquid chromatography (LC) system. Infra-Red (IR) spectra were

recorded using a Perkin Elmer Spectrum Two FT-IR spectro-

meter. Melting points were determined with a TA Instruments

Q2000 DSC. Solvent modelling was carried out using HSPiP

software.33

Determination of resin swelling

Resin (100 mg) was accurately weighed into a 2 mL syringe

fitted with a polypropylene fritted disc (void volume =

0.12 mL). Solvent (2 mL) was added and the syringe agitated

for 1 hour at room temperature. The solvent was removed by

compressing the syringe piston. The resin was then allowed to

return to its maximum volume by slowly withdrawing the

piston. The volume was recorded and the degree of swelling

calculated from the following formula:

Degree of swelling ðmL g�1Þ ¼ 10� ðmeasured volume� 0:12Þ

Synthesis of α-amino amide 28

To MeOH or 2-MeTHF (1.5 mL) was added benzhydrylamine

(207 µL, 1.2 mmol) and pentanal (128 μL, 1.2 mmol). The

resulting solution was agitated at 28 °C for 10 min. To this

solution was added benzoic acid (146.5 mg, 1.2 mmol) in

anhydrous methanol or 2-MeTHF (3 mL) followed by cyclo-

hexylisocyanide (149 μL, 1.2 mmol). The reaction was agitated

for 1.5 h at 28 °C. The mixture was then evaporated in vacuo

and the residue dissolved in ethyl acetate (20 mL). The organic

solution was washed with 1 M HCl (2 × 10 mL), saturated

NaHCO3 (2 × 10 mL) and saturated NaCl (2 × 10 mL), dried

(anhydrous MgSO4) and filtered. The organic layer was concen-

trated in vacuo and the residue purified by flash column

chromatography (20 : 80, EtOAc : PE) to give compound 28

(458 mg, 79% in MeOH; 434 mg, 75% in 2-MeTHF) as a yellow

oil. Rf: 0.23 (20 : 80, EtOAc : PE); νmax(ATR) 3302 w, 2928 s, 2856

w, 1663 s, 1617 m and 1525 cm−1 m; δH 8.05 (1H, br, NH),

7.45–7.18 (15H, m, ArH), 6.27 (1H, s, NCHPh2), 3.81–3.80 (1H,

m, NCHCvO), 3.66–3.57 (1H, m, NHCH̲), 1.83–1.51 (6H, m,

(CH2)3Me), 1.40–0.99 (10H, m, (CH2)5), 0.76 (3H, t J 7.1 Hz,

CH3); δC 174.3, 171.0, 137.2, 130.2 129.3, 128.9, 128.7, 128.6,

128.2, 126.3, 77.4, 64.9, 47.6, 32.7, 32.6, 31.4, 29.1, 25.8, 24.6,

24.5, 22.5, 13.9; m/z (ESI+) 505 [(M + Na)+, 100]; Found (ESI+)

505.2820, calculated for C32H38N2NaO2 (M + Na)+ 505.2825.

Deprotection of α-amino amide 28

TFA (2 mL) was added to amide 28 (100 mg, 0.2 mmol) and

the solution agitated for 4 hours at room temperature. The

reaction mixture was evaporated in vacuo and the residue puri-

fied by flash column chromatography (30 : 70, EtOAc : PE) to

give compound 29 as a white solid (44 mg, 67%).

Mp 163–163.5 °C; νmax(ATR) 3264 m, 3080 w, 2934 m, 2858 w,

1659 w, 1632 s and 1551 cm−1 m; Rf: 0.25 (30 : 70, EtOAc : PE);

δH 7.84–7.81 (2H, m, ArH), 7.52–7.39 (3H, m, ArH), 7.20 (1H,

d J 7.2 Hz, NH), 6.66 (1H, d J 6.7 Hz, NH), 4.65 (1H, dd J 14.7,

7.0 Hz, NCHCvO), 3.80–3.71 (1H, m, NCH), 1.93–1.56 (6H, m,

(CH2)3Me), 1.40–1.09 (10H, m, (CH2)5), 0.85 (3H, t J 7.0 Hz,

CH3); δC 170.8, 167.1, 134.0, 131.6, 128.5, 127.1, 53.6, 48.3,

33.0, 32.8 (2 peaks), 32.7, 27.6, 25.4, 24.7, 22.5, 13.9; m/z (ESI+)

339 [(M + Na)+, 100]; Found (ESI+) 339.2040, calculated for

C19H28N2NaO2 (M + Na)+ 339.2043.

Solid-supported synthesis of α-amino amide 29

Resin with an Fmoc-protected Rink linker (100 mg) with

capacity given in Table 4 was allowed to swell in DMF (2 mL)

for 30 min. Then, a 20% (v/v) solution of piperidine in DMF

(2 mL) was added and the resin agitated for 10 min. The resin

was filtered and treated a second time with a 20% solution of

piperidine in DMF (2 mL) for 10 min. The deprotected resin

was then filtered, washed with DMF (2 mL) and CH2Cl2 (2 mL)

and dried in vacuo. A sample was subjected to the Kaiser test35

to confirm the presence of primary amines. The remaining

resin was suspended in MeOH or 2-MeTHF (2 mL) for 30 min.

Pentanal (10 eq. based on the resin loading given in Table 4)

was added to the swollen resin and the reaction mixture was

agitated for 10 min. Benzoic acid (10 eq. based on the resin

loading given in Table 4) and cyclohexylisocyanide (10 eq.

based on the resin loading given in Table 4) were added and

the resin was agitated for 18 h. The resin was then washed

with DMF (5 × 5 mL) and CH2Cl2 (5 × 5 mL) and dried under

vacuum. The resin was then treated with a 30% solution of

TFA in CH2Cl2 (2 mL) for 3 h at RT. Resin was removed by fil-

tration and the filtrate was concentrated in vacuo. The residue
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was purified by flash column chromatography (30 : 70,

EtOAc : PE) to give compound 29 as a white solid in the yields

quoted in Table 4. Analytical and spectroscopic data were iden-

tical to those reported for compound 29 prepared by a solu-

tion-phase synthesis.

Conclusions

When analysed from a green perspective, solid-phase synthesis

has the potential to reduce the use of chemicals and energy

during reaction work-up and product purification by replacing

acid–base washes and chromatography with a simple resin fil-

tration. However, the resin also has to be considered as an

auxiliary reagent and whilst it can in principle often be reused

in practice this is rarely done. The other green benefit of solid-

supported synthesis however is that it facilitates the move from

batch to flow reactions. Flow reactions occur under steady

state conditions in which energy transfer, reactant compo-

sition, product yield and product purity are all time-constant.

This can allow the reaction conditions to be optimised to

produce purer product that can be obtained in batch reactions

and hence reduces waste associated with side product for-

mation and product purification.

The solvent is usually the major component (by mass) of

any chemical reaction and hence replacement of conventional

petrochemical derived solvents by greener, more sustainably

sourced ones is a high priority for a chemicals industry keen

to improve its environmental impact. In this work we have

shown that out of nine resins developed for solid phase syn-

thesis in conventional solvents, eight would swell to an appro-

priate extent in at least some of 25 green solvents investigated.

We have also shown that a computational approach can be

used to predict which green solvents (and solvent mixtures)

will (and will not) swell a particular resin based on the use of

a training set of solvents to determine the dispersion, hydro-

gen bonding and dipolar energies for the ideal solvent to

swell a particular resin and then determining how close the

corresponding energies for a particular solvent are to these

ideal values. The experimental and modelling work on resin

swelling was also validated by an experimental study of solid-

phase Ugi reactions carried out with resin/solvent combi-

nations that were predicted to be both suitable and

unsuitable.

The resin swelling results reported herein should be

equally applicable to other solid-phase syntheses carried out

on the resins/solvents studied and the methodology we have

developed can be applied to other resins and green solvents.

In this context, solid-phase synthesis is sometimes carried out

at elevated temperatures often with microwave heating. To

assist in green solvent selection, the boiling points of solvents

1–24 are included in Fig. 2. Resins based on crosslinked poly-

styrene, PEG-grafted polystyrene and crosslinked PEG have all

been used at temperatures of 86–200 °C (ref. 36) and poly-

styrene based resins are known to be stable to at least

250 °C.37
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