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The 1,2,4-triazolium scaffold in asymmetric organocatalysis
results in remarkable rate accelerations, with reactions typically
occurring via N-heterocyclic carbene (NHC) intermediates.
Although the most acidic NHC pre-catalyst class, there remains
scope for further increases in acidity particularly for aqueous
organocatalysis applications. The acidity-enhancing effects of
thio-substituents on carbon acidity are well-documented but
not explored in the 1,2,4-triazolium scaffold. Herein, we report
the synthesis of a large series of N, N-dialkyl-C(3)-S-aryltriazo-
lium ions and quantitative kinetic evaluation of C(5)-H acidity.
The direct attachment of S-aryl substituents to the triazolium
heterocycle results in substantial increases in protofugalities
(kinetic acidities) with second order rate constants (kDO) for C(5)-

H deprotonation by DO� base that are 2.9–60.3 fold higher than
for reference 1,4-dimethyl-1,2,4-triazolium iodide in D2O solu-
tion. Protofugalities for the N, N-dialkyl-C(3)-S-aryltriazolium
series are similar to commonly used bicyclic N-aryl-1,2,4-
triazolium organocatalysts despite having two electron donat-
ing N-alkyl substituents. This highlights the future potential of
this NHC design which could enable the introduction of two
chiral alkyl substituents close to the C(5) carbenic position with
pre-catalyst acidity controlled by distal C(3)-S-aryl substitution.
Detailed X-ray structural data-protofugality correlations enabled
evaluation of the S-aryl substituent effect origins. C(5)-H pKa
values (16.9–18.6) were calculated by utilisation of experimental
protofugalities.

Introduction

N-heterocyclic carbenes (NHCs) have diverse applications in
many areas ranging from catalysis to materials science.[1] For
most applications, NHCs are generated through in situ deproto-
nation of a conjugate acid heterocyclic azolium salt (Sche-
me 1a). Many heterocyclic frameworks may be employed, and
the 1,2,4-triazolium scaffold (1, X=Y=N) is arguably the most
widely applied NHC pre-catalyst in organocatalysis.[1d] Triazolium
pre-catalysts provide access to a broad range of transformations
and product architectures under relatively mild reaction con-
ditions. In recent years, the chemistry accessible by triazolium-
derived catalysis has been extended from classical nucleophilic
catalysis by acyl-anion-like chemistry to a range of radical
mediated processes.[2] The focus of contemporary NHC organo-
catalysis has also shifted towards more sustainable solvent
media such as water.[3]

Inspiration for the field of NHC organocatalysis stemmed
from the mechanism of action of thiazolium-derived cofactor,

Thiamin 2 (Scheme 1b).[4] This sulfur-containing azolium salt is a
cofactor for a broad range of enzymatic transformations, such
as C� C bond formation and cleavage reactions.[5] Initial efforts
to emulate this chemistry in organocatalysis focused on
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Scheme 1. a) Deprotonation of heterocyclic azolium salt 1 to give N-
heterocyclic carbenes (NHCs). b) Structure of Thiamin 2 (Vitamin B1). c)
Examples of 1,2,4-triazolium-containing compounds 3 and 4 with antibacte-
rial activities. d) This work on 3-S-aryl-1,2,4-triazolium salts.
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modifications of the thiazolium scaffold and subsequently
moved to an exploration of alternative heterocyclic
scaffolds.[5e–g] The 1,2,4-triazolium salts have delivered success in
asymmetric NHC organocatalysis in part owing to increased
pre-catalyst acidity from three nitrogen heteroatoms, but also
an increased propensity towards modification close to the
carbenic position. 1,2,4-Triazolium-containing molecules also
have extensive applications beyond organocatalysis including
as anticancer, antibacterial and antifungal agents in medicinal
chemistry (e. g. antibacterial agent, Biapenem 3, Scheme 1c).[6]

Despite the widespread applications of 1,2,4-triazolium
species in catalysis, there has been limited exploration of S-
substituted triazolium ions. For effective organocatalysis in
water it has been recognised that the field can benefit from
improvements in catalyst design including towards increased
(pre)catalyst acidities.[1b] Most NHC pre-catalysts have pKas
higher than water thus would benefit from acidity-enhancing
substituents. The increase in carbon acidity by sulfur-substitu-
tion is well-documented particularly in the case of α-sulfur
substituents.[7] Whilst there are several examples of 1,2,4-
triazolium compounds of medicinal chemistry relevance with
direct S-alkyl substitution at C(3) (e. g. cephalosporin scaffold
4,[8] Scheme 1c), there are no S-aryl examples to our knowledge.

Herein we report the synthesis and kinetic evaluation of a
large series of S-aryl substituted 1,2,4-triazolium salts
(Scheme 1d). 29 novel triazolium salts have been isolated as
part of this work, with kinetic analysis of C(5)-H/D exchange by
1H NMR spectroscopy enabling construction of a protofugality
scale[9–10] and Hammett analysis. Protofugalities, or rate con-
stants for C(5)-H deprotonation, underpin NHC generation and
catalytic applications. By obtaining X-ray diffraction (XRD) data
for ten triazolium salts, correlations between protofugalities and
solid-state structural parameters allow for the origins of the S-
aryl substituent effect to be probed.

Results and Discussion

Synthesis of S-aryltriazolium Salts

N, N-dialkyl S-aryltriazolium salts were accessed by initial
formation of neutral S-aryl triazoles (Scheme 2) followed by N-
alkylation to cationic triazolium tetrafluoroborate salts
(Scheme 3). The S-aryl triazoles were prepared from commer-
cially available 4-methyl-4H-1,2,4-triazole-3-thiol 8 by Ullmann
coupling to a series of aryl iodides. Initial experiments explored
the coupling of iodobenzene to thiol 8 in the presence of a
range of bases in acetone, acetonitrile and dimethylformamide
solvents (ESI, Table S1). The best results (81% isolated yield 9a)
were obtained using triethylamine in a 2 :1 acetonitrile:water
mixture with microwave heating to 180 °C for 2 h (Scheme 2a
and Table 1).

Using these conditions, the substrate scope was extended
to a range of aryl iodides (Scheme 2a) allowing for the isolation
of 15 S-aryl triazoles 9a-n, 9p and 9q in moderate to excellent
yields (Table 1). In addition, coupling of thiol 8 and pentafluor-
opyridine (PFP) in the presence of potassium carbonate

(Scheme 2b) provided access to S-triazole (9o). The preparation
of 4-ethynyl substituted S-triazole 9r was also explored using
trimethylsilyl-protected 4-bromophenylacetylene 10 (Sche-
me 2c). Unexpectedly, stereoselective addition to give the
ethenyl-conjugated S-triazole 11 was instead observed in very
high yields. Attempted Ullmann coupling using 4-bromopheny-
lacetylene in place of 10 similarly gave addition product 11
(82% yield) rather than the desired product of S-aryl coupling.
For six S-aryltriazoles, single crystal XRD structural analysis could
be performed (ESI, Figure S1, Section S1.3). The S-triazoles are
seen to adopt a roughly perpendicular arrangement of aryl and
triazolyl rings, with slipped-stack packing of the aryl rings.

N, N-dialkyl S-aryltriazolium salts were then prepared by N-
methylation of S-aryl triazoles using trimethyloxonium tetra-
fluoroborate (Scheme 3a). The desired 1,4-dimethyl-3-
(arylthio)triazolium salts 5a-o·BF4 were the major products in all
cases, verified by single crystal XRD (ESI, Figure S2 and
Section S1.4). 1H NMR data could be additionally used to
distinguish 5a-o·BF4 from the isomeric 2,4-dimethyl-3-
(arylthio)triazolium salts 12a-o·BF4 as the 1H NMR C(5)-H
chemical shift values for the desired 1,4-isomer are ~0.7–1 ppm
higher than for the 2,4-isomer in CDCl3 and DMSO-d6.
Furthermore, the isolated regioisomer could be distinguished

Scheme 2. Overview of 3-S-aryltriazole syntheses undertaken within this
work. a) General synthesis of S-triazoles 9a-n, 9p and 9q by microwave-
assisted Ullmann coupling. b) Synthesis of the 2,3,5,6-tetrafluoropyrid-4-yl
analogue S-triazole 9o. c) Attempted Ullmann coupling of 8 with a protected
phenylacetylene led to ethenyl-conjugated S-triazole 11 in high yields.
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by differing hydrogen exchange rates in protic deuterated
solvents (vide infra, ESI Section S3.5). Attempted N-methylation
of 11 gave a complex mixture and was not further pursued.

Other alkylating and arylating agents were also explored in
reactions with the S-phenyl triazole 9a. Triethyloxonium
tetrafluoroborate was used to access 1-ethyl-4-methyl-3-
(phenylthio)triazolium salt 6·BF4 (Scheme 3b). The lower iso-
lated yield was owing to the formation of a more complex
product mixture attributed to alkyl exchange under the reaction
conditions (ESI, Section S1.1.3). Use of excess benzyl bromide
under forcing conditions (Scheme 3c) resulted in the formation
of the N, N-dibenzyl S-triazolium salts 7·Br and 13·Br as the
major isolated products. This was presumed to result from the
onward reaction of initially formed 1-benzyl-4-methyl S-triazo-
lium salt 14·Br which was only isolated in 5% yield under these
conditions. The yields of all N, N-dialkyl triazolium salts are
listed in Table 1.

With isolation of both regioisomers in the majority of cases,
the selectivity of N-alkylation could be investigated. Selectivities
of 80% or greater towards formation of 1,4-dialkyltriazolium
product were achieved in the methylation of S-aryltriazoles
bearing para-substitution on the S-aryl ring. The introduction of
bulky ortho-substituents led to significantly decreased selectiv-

ity in methylation likely owing to the out-of-plane arrangement
for the S-aryl ring facilitating access to both N(1) and N(2). The
forcing conditions involved in the benzylation of 9a potentially
account for the lack of selectivity observed between 7·Br and
13·Br.

Density functional theory (DFT) calculations with the
‘Estimating Nucleophilicity and Electrophilicity’ (EsNuEl)
application[11] were undertaken using r2SCAN-3c SMD(DMSO)
single-point calculations on previously optimised lowest energy
conformers for each compound (ESI, Section S2). When consid-
ering nucleophilicity, EsNuEl computes Methyl Cation Affinities
(MCAs) that consider the addition of the methyl cation to each
atom within the molecule (Equation 1). Differences in MCA
values are reported in Table 1. In agreement with experimental
observations, the calculations show a preference for N(1)-
methylation of S-triazoles, with MCA values for addition at N(2)
between 0.4 and 10.8 kJmol� 1 less than at N(1) (Table 1).

Nucþ CHþ3 !
DE
MCA product MCA � � DE (1)

XRD analysis provided access to structural data for ten S-
aryltriazolium salts (ESI, Figure S2 and Section S1.4, CCDC
2366204–2366212, 2366219). The out-of-plane conformation of
the S-aryl and triazolyl rings observed for S-aryltriazoles is
conserved in the triazolium salts.

N-Arylation under a wide range of conditions showed
limited success, with the most promising conditions involving
the use of copper catalysts with diamine ligands (ESI,
Section S1.5). The reaction of PFP with 9a led to an unexpected
byproduct whereby the C(5)-H is exchanged for a 2,4,5,6-
tetrafluoropyrid-4-yl (TFP) substituent (Scheme 3d). It is pro-
posed that the desired S-triazolium 17·F is an intermediate in
the reaction pathway to 15 and 16, however clear evidence for
the existence of 17·F was not obtained (ESI, Section S1.6). XRD
analysis was possible for 15, showing a 55 ° dihedral angle
between the triazolyl and tetrafluoropyrid-4-yl rings (ESI,
Section S1.6).

Kinetic Evaluation of Proton Transfer

We have previously determined rate constants for deprotona-
tion (protofugalities) of a broad range of 1,2,4-triazolium salts.[12]

Hydrogen/deuterium exchange is commonly applied to quanti-
tatively assess the kinetic lability of protons attached to carbon,
which is important for catalytic applications.[13] For low concen-
trations of the C(5)-protonated triazolium salts in D2O solution,
the exchange of the acidic C(5)-H for deuterium is irreversible,
and there is good evidence to support a stepwise H/D
exchange mechanism via an N-heterocyclic carbene (NHC)
intermediate under these conditions.[12d,13e,g] As NHC reprotona-
tion/deuteration is known to be fast with a rate constant close
to that for dielectric relaxation of solvent, the overall observed
rate of H/D exchange may be equated with rate-limiting
deprotonation to form the solvent equilibrated carbene.

Using the same approach (Scheme 4), first and second order
rate constants for exchange of the C(5)-H of 1,4-dialkyl S-

Scheme 3. Overview of 3-S-aryl-1,2,4-triazolium salt syntheses undertaken
within this work. a) N-Methylation of 9a-o was used to access 1,4-dialkyl-S-
triazolium salts (5a-o·BF4) and 2,4-dialkyl-S-triazolium salts (12a-o·BF4). b) N-
Ethylation of 9a led to 6·BF4. c) Using excess benzyl bromide, dibenzylated
S-triazolium salts 7·Br and 13·Br were isolated as major products. d) The
reaction of PFP with 9a gave C(5)-substituted S-phenyltriazoles.
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aryltriazolium salts for deuterium were determined for eleven
examples in solutions of DCl or deuterated formate buffers in
D2O, at 25 °C and ionic strength=1.0 (KCl). Apart from 7·Br,
where solubility issues were observed, all S-triazolium salts were
investigated within fully aqueous conditions; kinetic analysis of
7·Br necessitated the addition of 20v% MeCN-d3 to the D2O
solution. Experiments were undertaken at known pD values,
allowing for the calculation of deuteroxide concentration (ESI
Section S3.1). As observed previously for other triazolium
salts,[12] C(5)-H/D exchange above pD 4 was too fast for kinetic

monitoring by 1H NMR spectroscopy for all S-triazolium salts
explored.

To ensure accuracy of NMR signal quantification, T1 values
for the C(5)-hydrogens of the S-aryltriazolium salts were
determined in 0.1 M DCl solution in D2O (pD 1) using the
inversion recovery method (ESI, Section S3.2). All S-triazolium
salts have half-lives for H/D-exchange significantly longer than
the inversion recovery experiment (~15 min) under these
conditions. Table 2 summarises the T1 values obtained for 5a-
o·BF4, 6·BF4, and 7·Br which range from 3.0–6.5 seconds. For
5a·BF4 with the largest T1 = 6.5 s at pD 1, a closely similar value
was also obtained at pD 2 (T1 = 6.7s). An upper value of T1
(C(5)-H)=7s was assumed and an overall relaxation delay of
35s (5 × T1) was employed for this study (ESI, Section S3.2).

In all cases, H/D-exchange was the only reaction evident
and no parallel reactions such as hydrolytic ring opening, or
demethylation were observed under these dilute aqueous
conditions at low pD. As a result, the overall H/D-exchange
process for S-aryltriazolium salts was cleanly pseudo first order
in dilute aqueous solution. The pseudo first-order rate constants
for the exchange process, kex (s

� 1), were determined from the
slope of semilogarithmic plots of the fraction of remaining

Table 1. Synthetic yields of S-aryl triazoles and dialkyltriazolium salts (isolated yields unless stated otherwise) and computational Methyl Cation Affinities.

R Ar Yield –S-Aryl triazole
(%)

Yield – 1,4-dialkyltriazolium
(%)

Yield – 2,4-dialkyltriazolium
(%)

ΔMCA (N(1)!N(2))[a]
(kJ mol� 1)

Me Ph 9a, 81 5a·BF4, 82 12a·BF4, 2
[b] � 5.66

Me p-OMe-Ph 9b, 29[c] 5b·BF4, 80 12b·BF4, 10 � 5.20

Me 2,6-Me-Ph 9c, 72 5c·BF4, 44 12c·BF4, 35 � 5.65

Me p-tBu-Ph 9d, 40 5d·BF4, 35 12d·BF4, 7 � 4.95

Me p-Me-Ph 9e, 60 5e·BF4, 47 12e·BF4, 3 � 4.87

Me p-F-Ph 9 f, 78 5 f·BF4
[d] 12f·BF4

[d] � 7.77

Me p-I-Ph 9g, 40 5g·BF4, 55 12g·BF4, 4 � 6.15

Me p-Br-Ph 9h, 75 5h·BF4, 51 12h·BF4, 1 � 6.59

Me p-CHO-Ph 9 i, 16 5 i·BF4, 72
[e] 12 i·BF4, 13

[c] � 8.40

Me p-COOMe-Ph 9 j, 21 5 j·BF4, 63 12 j·BF4, 5 � 8.68

Me p-COMe-Ph 9k, 10 5k·BF4, 68 12k·BF4, 9 � 8.14

Me p-CF3-Ph 9 l, 69 5 l·BF4
[d] 12 l·BF4

[d] � 9.17

Me p-CN-Ph 9m, 12 5m·BF4, 23 12m·BF4, 5 � 7.40

Me p-NO2-Ph 9n, 91 5n·BF4, 77 12n·BF4, 5 � 10.76

Me TFP[f] 9o, 93 5o·BF4, 53 12o·BF4, 1 � 8.97

Me p-COOH-Ph 9p, 97[g] - [h] - [h] � 8.39[i]

Me Pyrid-2-yl 9q, 61 - [j] - [j] � 0.38[i]

Me CH=CH-(p-Br� Ph) 11, 97 - [j] - [j] � 10.31[i]

Et Ph 9a, 81 6·BF4, 51
[k] - [l] � 5.66

Bn Ph 9a, 81 7·Br, 31
18·Br, 5

13·Br, 27 � 5.66

[a] Difference in calculated methyl cation affinity (ΔMCA = MCA(N(2)) - MCA(N(1))) between N(1)-methylation and N(2)-methylation of the S-aryl triazoles
determined using the EsNuEl application (Equation 1). [b] NMR conversion. Minor product in crude 1H NMR spectrum but could not be isolated and purified.
LC–MS retention time also consistent with minor isomer. [c] Aryl bromide used rather than aryl iodide. [d] Synthesis not attempted. [e] NMR conversion.
Major product in crude 1H NMR spectrum but could not be isolated and purified. LC–MS retention time also consistent with major isomer. [f] TFP =

Tetrafluoropyrid-4-yl. [g] NMR conversion and not isolated. [h] Preferential methylation of carboxylic acid substituent rather than triazole. [i] ΔMCA (N(1)!
N(2)) calculated for comparison although other methylation sites available. [j] Reaction attempted but complex mixture observed. [k] Yield with 1 equivalent
Et3OBF4. [l] Complex mixture owing to alkyl rearrangement under reaction conditions (ESI Section 1.1.3).

Scheme 4. C(5)-H/D-exchange of S-aryl-1,2,4-triazolium salts monitored by 1H
NMR spectroscopy; NHC 18 is formed as intermediate in a stepwise H/D-
exchange mechanism with consecutive deprotonation and reprotonation
steps.
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substrate, f(s) versus time (Equations 2 and 3). In Equation 2, I(t)
and I(0) are the peak integrals at time ‘t’ and zero for the signal
owing to the C(5)-H of the S-aryltriazolium salts integrated
relative to internal standard. Figure 1a shows representative
semilogarithmic plots of ln f(s) versus time for the H/D-
exchange reaction of 5a·BF4 at different pD values. Representa-
tive NMR overlays, additional plots of f(s) or ln f(s) versus time,
all results of kinetic fitting and tabulated values of kex are
provided in the ESI (Section S3.3).

f sð Þ ¼
I tð Þ
I 0ð Þ (2)

lnf sð Þ ¼ � kext (3)

kex ¼ kDO DO
�½ � (4)

log10kex ¼ log10
kDOKw

gDO

� �

þ pD (5)

Using kex values determined at different pDs the second-
order rate constant, kDO (M

� 1s� 1), was then obtained for each S-
triazolium salt using Equations 4 and 5 where Kw=10� 14.87 M2 is
the ion product of D2O at 25 °C[15] and γDO is the apparent
activity coefficient of deuteroxide under our experimental
conditions (ESI, Section S3.1.4). Figure 1b shows a representa-
tive plot of kex versus deuteroxide concentration according to
Equation 4. The excellent linear correlation supports a first order
dependence on DO� . The slope of unity for plots of Log10 kex
against pD, corresponding to Equation 5, similarly confirm a first
order dependence of the H/D-exchange rate upon DO�

concentration. The second-order rate constant, kDO (M
� 1s� 1), is

then obtained from the slope or y-axis intercept when fitting to
Equations 4 or 5, respectively.

Table 2 summarises kDO and Log10 kDO values obtained
within this work from fitting to Equation 4. Values obtained
from fitting to Equations 4 or 5 (ESI Section 3.3) are closely
similar in all cases except for 5c·BF4 where a variance >0.13
was observed likely owing to the limited number of data points.
The comparison of reactivities towards deprotonation by
deuteroxide anion, kDO, allows for a comparison of kinetic
acidities, or protofugalities. In this case, the common base DO�

is the conjugate base of solvent water thus the rate constants
are relevant to all applications of S-triazolium salts in aqueous
media.

Figure 2 includes a Protofugality Scale which facilitates
comparisons of Log10 kDO values for all C(3)-S-aryltriazolium salts
(Table 2) and previous data for a range of triazolium and
imidazolium conjugate acids of NHCs.[12d,16–17] Relative to 1,4-
dimethyltriazolium iodide 19,[16] all of the S-aryltriazolium ions
5a-o·BF4, 6·BF4 and 7·Br have significantly higher protofugal-
ities by up to ~2 orders of magnitude (ΔLog10 kDO=0.5 to 1.8)
demonstrating the acidifying effect of the introduction of an S-
aryl substituent at C(3). Electron-withdrawing substituents upon
the S-aryl ring increase the protofugality, whilst electron

Table 2. Summary of data obtained in the kinetic evaluation of S-
triazolium salts.

Analogue T1 (s)
[a] kDO (M

� 1 s� 1) [b] Log10 kDO σX [c]

5a·BF4 6.51 4.25 (�0.03)×107 7.63 0.00

5b·BF4 5.67 2.70 (�0.07)×107 7.43 � 0.27

5c·BF4 4.49 2.16 (�0.13)×107 7.33 � 0.25[d]

5e·BF4 5.56 3.27 (�0.03)×107 7.51 � 0.17

5g·BF4 5.67 4.60 (�0.05)×107 7.82 +0.18

5h·BF4 4.86 4.43 (�0.02)×107 7.65 +0.23

5 j·BF4 5.75 6.61 (�0.13)×107 7.82 +0.45

5n·BF4 6.25 9.20 (�0.36)×107 7.96 +0.78

5o·BF4 5.90 1.62 (�0.04)×108 8.21 +1.22[d]

6·BF4 4.97 3.38 (�0.03)×107 7.53 -[e]

7·Br 3.00 4.51 (�0.10)×108 8.65 -[e]

[a] T1 values determined in 0.1 M DCl in D2O using the inversion recovery
method. [b] kDO values obtained using Equation 4. [c] Hammett σp-X taken
from Hansch et al.[14] [d] σx calculated as described in ESI Section S3.4. [e]
Not included in Hammett analysis.

Figure 1. a) Semilogarithmic plots of the fraction of remaining substrate as a
function of time for 5a·BF4 to determine the pseudo first-order rate constant
kex (s

� 1) at each pD; b) Plot of kex (s
� 1) against DO� concentration (M) for

5a·BF4 to determine the second-order rate constant for C(5)-deprotonation,
kDO (M

� 1s� 1).
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donating substituents lower kDO relative to S-phenyl analogue
5a·BF4. For example, changing the aryl substituent from p-
methyl (5e·BF4) to p-methoxycarbonyl (5 j·BF4) increases Log10
kDO by 0.32 corresponding to a 2-fold increase in kDO. The
introduction of an N-ethyl substituent in place of one of the N-
methyl groups (6·BF4) shows a minimal change in kDO (c.f.

5a·BF4). Overall, dibenzyl triazolium 7·Br has the highest kDO
value of the compounds analysed in this work. In general,
electron withdrawing substituents destabilise the cationic
conjugate acid relative to the formally neutral NHC, which
favours deprotonation and increases protofugality.

Figure 2. Protofugality scale for the S-triazolium salts analysed in this work. Representative kDO values from previous NHC proton transfer studies are also
included: 1,4-dimethyl-1,2,4-triazolium iodide 19,[16] pyrrolidine-fused triazolium salts 20a-e,[12d] morpholine-fused triazolium salts 21,[12d] and imidazolium salt
22.[17]
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Importantly, the acidifying effect of an S-aryl substituent at
C(3) results in 5a-o·BF4, 6·BF4 and 7·Br having similar proto-
fugalities overall to commonly used N-aryl 1,2,4-triazolium
organocatalysts (20a-e, 21)[13a–d] despite the former having two
electron donating N-alkyl substituents that typically decrease
protofugality. This highlights the potential of the S-aryl scaffold
for introducing two stereogenic N-alkyl substituents close to
the carbenic position whilst maintaining kinetic acidity, whereas
widely applied N-aryl scaffolds (20a-e, 21) only permit chiral
modification on one side via the fused ring component. Finally,
the protofugalities of all triazolium salts are substantially higher
than bis-N-arylimidazolium salts (e.g. 22) owing to the presence
of an additional electron withdrawing nitrogen in the NHC ring.

Hammett analysis of the S-triazolium protofugality data was
then performed using σ-values for the S-aryl substituents
(Table 2 and ESI Section S3.4). Good linear correlations were
observed with and without the inclusion of data for substrates
with S-aryl ortho-substituents (Figure 3a). Similar Hammett ρ
values of +0.49 and +0.53 were obtained, with the positive
sign in each case consistent with an H/D-exchange process
favoured by electron withdrawing X-substituents. By compar-
ison with the reference acid dissociation of benzoin acids (ρ=

+1.00, Figure 3b),[18] the sign of experimental ρ values deter-
mined herein can be aligned with a formal increase in electron
density in the transition state for the rate-limiting step

consistent with the formation of a neutral NHC from a cationic
precursor. The smaller magnitude of ρ is unsurprising given the
greater distance of the X-substituent from the site of deproto-
nation in S-triazolium ions versus the reference reaction (Fig-
ure 3b).

Hydrogen-deuterium exchange of the C(5)-hydrogen of
isomeric 2,4-dimethyltriazolium salts 12 was substantially slow-
er than for 1,4-isomers 5. No significant change in 1H NMR C(5)-
H peak area was observed in methanol-d4 for 12 on the same
timescale for complete H/D-exchange for 5. As the more acidic
‘normal’ NHC position between the N-alkylated nitrogen atoms
is blocked by an S-aryl substituent in 12, this observation is
unsurprising and further 1H NMR kinetic evaluation was not
attempted owing to the long timescales required.

Structure-Protofugality Correlations

By analysis of XRD data, it is hoped relationships can be
identified between specific structural parameters and exper-
imental values of kDO. Figure 4a assembles the ten single crystal
X-ray structures obtained for the S-aryltriazolium series along-
side Hammett σX and Log10 kDO values. In all cases, the S-aryl
ring is tilted relative to the central triazolium moiety. Table S24
and S25 collects dihedral angles, bond lengths and angles for
each of the structures (ESI Section S4.1). Structural elements
showing the strongest correlations to kDO are illustrated in
Figure 4b. The most dramatic changes are observed in dihedral
angles D(C3-S6-C7-C9) and D(N2-C3-S6-C7) (°) with variation in the
S-aryl moiety. Notably, reasonable linear correlations are
observed between D(C3-S6-C7-C9) (°) and σp-X (Figure S70, R2=
0.848) in addition to kDO and D(C

3-S6-C7-C9) (°) (Figure S71, R2=
0.778) with smaller dihedral angles aligning with higher σp-X and
kDO values. Presumably more electron withdrawing p-substitu-
ents favour through-conjugation from sulfur towards the aryl
substituent facilitated by increased co-planarity. By contrast,
correlation of kDO and j D(N

2-C3-S6-C7) j (°) (Figure S72) is not
linear but rather shows clustering of data around 25° and 100°
respectively with a switch in dihedral angle occurring between
σp= +0.23 (p-Br) and +0.45 (p-COOMe).

Decreases in kDO values parallel lower C3� S6 and higher
N1� N2 bond lengths (Figures S73, S74; R2=0.818, 0.624). Greater
conjugation from sulfur with the triazolium ring (lower C3-S6, Å)
would be expected to attenuate cationic character and
decrease protofugality as observed. Increasing distance from
the carbenic position will decrease the electron withdrawing N2

inductive effect also aligning with a lower kDO. Attempted linear
correlations of other parameters show substantially poorer
overall fits. Notably, there was no significant change in the
carbenic N1-C5-N4 angle for all 1,4-dialkyltriazolium salts across
the series 5a-o·BF4 (107.2-107.6°), however, this angle increases
to 112° for 2,4-isomer 12 g.BF4.

Across the 5a-o·BF4 series there is a small but significant
difference in each case between L(N1� C5) and L(N4� C5). For
example, L(N1� C5)=1.313 �0.002 Å and L(N4� C5)=1.335
�0.002 Å for 5a·BF4. The shorter L(N1� C5) bond lengths suggest
more double bond character and greater conjugation from N1

Figure 3. Hammett analysis of protofugality data: a) Hammett plots of Log10
kDO versus substituent constant, σX; b) Comparison of the Hammett reaction
constant ρ obtained in this work to the reference acid dissociation of para-
substituted benzoic acids in water.
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to C5 possibly allowing for greater dicationic charge stabilisation
following sulfur-triazolium conjugation (23, Figure 4c). Multi-
parameter fits were also explored using JMP software (for full
details, see ESI Section S4.3). Fitting to Equation S13 was found
to be the best model when including XRD data for all ten S-
triazolium salts giving kDO predictions with reasonable accuracy
in comparison with experimental values

Determination of C(5)-H pKa Values

The carbon acid pKa values in water for the S-aryltriazolium salts
may be estimated by application of Equation 6 derived for the
acid dissociation in Equation 7. As discussed previously,[12] this
kinetic approach may be used to estimate pKa values in water
when direct determination is precluded by the solvent levelling
effect. As the conjugate acid pKas of most NHC pre-catalysts are
higher than for solvent water, quantitative deprotonation of
solvent by NHC is favoured. The kinetic approach permits
calculation of pKa from the rate constants for the forward and
reverse directions of the proton transfer equilibrium (Equa-
tion 6). In this equation, kHO (M

� 1s� 1) is the second order rate
constant for deprotonation at C(5) by hydroxide ion, which may
be calculated from the corresponding kDO value using a value of
kDO/kHO=2.4 for the secondary solvent isotope effect on the
basicity of HO� in H2O versus DO� in D2O. As discussed
previously,[12] the absence of significant general base catalysis of
deuterium exchange provides good evidence that the reverse
protonation of the triazol-5-ylidene NHC by water is equal or
close to the limiting rate constant for the physical process of
dielectric relaxation of solvent (kHOH � kreorg=1011 s� 1). By

application of Equation 6, carbon acid pKa values ranging from
16.9–18.6 could be calculated based on the protofugalities
determined herein for the 11 triazolium salts 5a-o·BF4, 6·BF4
and 7·Br (Table S23, ESI Section S3.5). In line with observations
on protofugalities, these pKa values are comparable to those
determined for commonly used 1,2,4-triazolium organocatalysts
and substantially lower than for related imidazolium NHC pre-
catalysts.

pKa ¼ pKw þ log
kHOH
kHO

(6)

(7)

Conclusions

In summary, a large series of novel N, N-dialkyl 3-S-aryl-
triazolium salts have been prepared from neutral triazole
precursors. Methyl Cation Affinities (MCAs) of the neutral
triazoles were determined computationally and found to agree
with the experimental preference for N(1) over N(2)-methyl-
ation. Detailed kinetic proton transfer studies were undertaken
by 1H NMR spectroscopy permitting determination of first and
second order rate constants (kex (s� 1) and kDO (M� 1s� 1),
respectively) for hydrogen-deuterium exchange at the C(5) pre-
carbenic position for 11 S-aryltriazolium salts. Comparison of kDO
values (protofugalities towards conjugate base of water) across

Figure 4. a) Summary of the 10 S-aryltriazolium salt single-crystal X-ray structures determined herein. X-ray structures are ordered based on the Hammett σX
substituent constants of the S-aryl moiety and Log10 kDO values. b) Summary of the XRD structural elements identified to show trends with σX and kDO. c) The
proposed role of coulombic attraction enabled by shorter L(N1-C5) and more cationic N1.
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the series enabled construction of a Protofugality Scale for
ranking of relative kinetic acidities versus other common NHC
pre-catalyst scaffolds. Specifically, the acidifying effect of an S-
aryl substituent at C(3) results in similar protofugalities for 5a-
o·BF4, 6·BF4 and 7·Br compared to commonly used N-aryl-1,2,4-
triazolium organocatalysts despite the former having two
electron donating N-alkyl substituents that typically decrease
protofugality. This highlights the benefit of distal exocyclic S-
aryl substitution towards increasing NHC pre-catalyst acidity
without needing more proximal N-aryl modification. Single
crystal X-ray diffraction data were obtained for six S-aryltriazoles
and ten S-aryltriazolium salts permitting detailed structural
analysis and structure-protofugality correlations. Finally aque-
ous C(5)-H pKas for the S-aryltriazolium salts could be calculated
using experimental kDO values.

Supporting Information Summary
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A large series of novel N,N-dialkyl-
1,2,4-triazolium salts with 3-S-aryl sub-
stituents was prepared from neutral S-
aryl triazole precursors. High protofu-
galities (kinetic acidities) were demon-

strated for C(5)-H highlighting the
acidifying effect of the distal C(3)-
sulfur with mechanistic insight
obtained from XRD-protofugality cor-
relations.

M. S. Smith, T. J. Blundell, I. Hickson,
A. C. O’Donoghue*

1 – 11

S-Aryl Substitution Enhances Acidity
of the 1,2,4-Triazolium Scaffold

Wiley VCH Dienstag, 12.11.2024

2499 / 377873 [S. 11/11] 1

 10990690, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202400753 by D
urham

 U
niversity - U

niversity, W
iley O

nline L
ibrary on [19/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	S-Aryl Substitution Enhances Acidity of the 1,2,4-Triazolium Scaffold
	Introduction
	Results and Discussion
	Synthesis of S-aryltriazolium Salts
	Kinetic Evaluation of Proton Transfer
	Structure-Protofugality Correlations
	Determination of C&TRzwj;(5)-H pKₐ Values

	Conclusions
	Supporting Information Summary
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


