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Abstract Extending earlier studies on iodine catalysis, experimental
investigations show that various halogen-bond donors can also be em-
ployed to accelerate the Michael addition between trans-crotonophe-
none and indole. Solvent as well as counteranion effects have been ana-
lyzed, and kinetic and computational investigations provide additional
insights into the mode of activation.

Key words catalysis, DFT calculations, halogen bonding, kinetics, sol-
vent effects

Halogen bonding – the noncovalent interaction between
an electrophilic region of a halogen atom and a Lewis base –
has enjoyed a tremendous success over the last decade in
various fields of chemistry.1 Within the framework of or-
ganocatalysis, Bolm and coworkers were the first to employ
1-iodoperfluoroalkanes as catalysts for the reduction of 2-
substituted quinolines with a Hantzsch ester in 2008.2 Sys-
tematic investigations by Huber and coworkers revealed a
few years later that halogen-bond-based catalysts (typically
polydentate iodinated azolium ions or perfluorinated iodo-
benzene derivatives) can be employed for the activation of
carbon–halogen bonds (Scheme 1).3 Similar catalyst sys-
tems have subsequently also been used for the activation of
imines4 and carbonyl dienophiles (Scheme 1).5 Recently,
Takemoto and coworkers reported on a halogen-bond-cata-
lyzed cross-enolate coupling reaction that yields 1,4-dicar-
bonyls in high yields.6 Building on previous investigations
on the halogen-bond properties of iodoalkynes,7 Matsuzawa,
Takeuchi, and Sugita relied on electron-deficient iodo-
alkynes as effective catalysts for the activation of thioam-
ides.8

In the light of the success of various halogen-bond do-
nors in catalysis, we have recently analyzed different io-
dine-catalyzed Michael additions (e.g., Scheme 2) both ex-
perimentally and computationally.9 Based on our investiga-
tions, we were able to show that iodine acts as a halogen-
bond donor in these reactions and significantly lowers the
activation free energies of these transformations. A hidden
Brønsted acid catalysis,10 which is often used as an explana-
tion,11 could be ruled out experimentally.9b
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Scheme 2  Michael addition between trans-crotonophenone (1) and 
indole (2) catalyzed by molecular iodine9b and different halogen-bond 
donors

Building on these findings, we wondered whether io-
dine can be replaced by other halogen-bond donors in these
reactions. Therefore, we have analyzed the catalytic poten-
tial of different monodentate halogen-bond donors for the
Michael reaction of Scheme 2 between trans-crotonophe-
none (1) and indole (2). We now report on the results of
these investigations and compare their catalytic activities
to that of molecular iodine.

We started our experimental investigation with the io-
dinated benzimidazolium triflate C1–OTf in acetonitrile,12 a
solvent that worked best for iodine catalysis.9b We em-
ployed 10 mol% of the halogen-bond catalyst and moni-
tored the reaction progress by 1H NMR spectroscopy with
respect to the internal standard SiEt4 (see the Supporting
Information for details).13

For all cases discussed below, the yields of the isolated
product at the end of the experiments (typically after 44 h)
were in very good agreement with those determined from

in situ NMR spectroscopy and no alternate reaction prod-
ucts (e.g., double alkylation) could be detected under the
reaction conditions. As initially anticipated, the halogen-
bond donor C1–OTf is also catalytically active and affords 3
in 36 % yield after 44 h (Table 1). However, in comparison to
molecular iodine (Scheme 2, 93 % after 3 min), the halogen-
bond donor C1–OTf is significantly less reactive. Intrigued
by this unexpected low reactivity, we next tested the same
catalyst in various solvents (Table 1). Generally, almost no
background reaction (< 5 % conversion after 44 h) could be
observed in the absence of any catalyst.14 A catalytic effect
could be observed in most aprotic solvents, when 10 mol%
C1–OTf were used. However, almost no product formation
could be detected in DMSO and DMF. This effect might be
attributed to their higher Lewis basicities compared to the
other solvents.15 A similar effect had already been observed
for iodine catalysis9b and can be explained by a competing,
strong halogen bond between the catalyst and the solvent,
deactivating the catalyst. Surprisingly, methanol, a solvent
that resulted in a poor yield in the iodine-catalyzed reac-
tion, performs very well for C1–OTf (92 % yield). However,
all reactions are significantly slower than molecular io-
dine9b indicating that C1–OTf is a much weaker catalyst for
this transformation.

Table 1  Solvent Dependency of the Reaction between trans-Crotono-
phenone (1) and Indole (2) Catalyzed by the Iodobenzimidazolium Tri-
flate C1–OTfa

Scheme 1  Selected examples for halogen-bond-catalyzed reactions 
(BArF

4 = B[3,5-(CF3)2C6H3]4
–).
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Entry Solvent Yield (%)

1 Ph2O 97

2 dioxane 97

3 EtOAc 95

4 CD3OD 93

5 C6D6 87

6 DCE 80

7 CDCl3 75

8 CD2Cl2 75

9 THF 67

10 CD3CN 36

11 d6-DMSO 7a

12 DMF 0a

a Yield determined by 1H NMR spectroscopy with respect to the standard SiEt4.
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In our investigations on iodine catalysis, we were able to
experimentally rule out catalysis by traces of Brønsted ac-
ids formed by decomposition of molecular iodine.9b Similar
experiments failed in this investigation, as weak bases such
as Na2CO3 are ineffective to deactivate acid traces and non-
nucleophilic bases lead to catalyst decomposition.5 Howev-
er, NMR-spectroscopic investigations reveal that the cata-
lysts are stable in the presence of the reactants (see the
Supporting Information) and cause a considerable shift in
the 1H NMR and 13C NMR spectra. At this point, we cannot
completely rule out the formation of very small amounts of
iodine by partial decomposition of the employed catalysts.
However, no change in color of the reaction mixture has
been observed which renders iodine formation unlikely.

As iodinated benzimidazolium salts are catalytically ac-
tive in the Michael addition between 1 and 2, we subse-
quently tested other halogenated structures for their activi-
ties in this reaction. Due to different solubilities of charged
species, we employed three different solvents (C6D6, CD3CN,
and CD3OD) for these experiments. The results are summa-
rized in Scheme 3 and Figure 1. In a control experiment, the
noniodinated benzimidazolium salt C2–OTf turned out to
be significantly less reactive and a slow product formation
could only be observed in C6D6. Furthermore, the employed
counteranions (tested as NaOTf, NBu4OTf, and NBu4NTf2
salts) were completely inactive in both benzene and metha-
nol. The replacement of the octyl substituent to the smaller
methyl group (C3–OTf) only slightly affects the catalytic ac-
tivity while the solubility in less polar solvents (e.g., ben-
zene) significantly decreases. As observed before,2,3g,16 the
brominated analogue C4–OTf is also catalytically active, but
the reaction is significantly slower (Figure 1). However,
there are also cases known in which the brominated struc-
tures are more reactive than their iodinated counterparts.3a

Surprisingly, the iodinated imidazolium ions C5 and C6
turned out to be almost unreactive in benzene and acetoni-
trile (< 12 % yield). Interestingly, these structures remain
catalytically active in methanol as also indicated in the ki-
netic experiments (C5–NTf2, Figure 1). When the heterocy-
clic structure is changed to a triazole system (e.g., in C7–
OTf), the reaction also takes place but is slightly slower.

Among neutral halogen-bond donors, electron-poor io-
doalkynes like C10 – excellent catalysts for the activation of
thioamides8 – are catalytically inactive in the Michael addi-
tion studied here. Similarly, the addition of perfluoroiodo-
benzene C11 only results in a very slow product formation.
In contrast, N-halogenated succinimides C8 and C9 are
highly active in this transformation and high conversions
are already obtained after several minutes (see the Sup-
porting Information for details). However, NMR spectro-
scopic investigations indicate in these cases that a signifi-
cant decomposition of the catalysts has taken place until
the end of that reaction and the dehalogenated succinimide

might have formed. As a consequence, other pathways have
to be discussed for these species in addition to a halogen-
bond mechanism (see also below).

To get a better understanding of the underlying reaction
mechanism and mode of activation, we monitored the ki-
netics of the Michael addition in more detail by 1H NMR
spectroscopy and determined the reaction order in the hal-
ogen-bond catalyst. Therefore, a series of kinetic experi-
ments with variable catalyst concentrations in both C6D6
and CD3OD under otherwise identical conditions were
studied in these solvents. Plotting the logarithm of the ini-
tial rate against the logarithm of the catalyst concentration
resulted in linear correlations with a slope around 0.5.
While this deviation from unity could indicate the forma-
tion of dimeric species,17 another explanation might be
more likely. An unfavorable pre-equilibrium, which results
from the dissociation of the ion pair to yield the ‘free’ halo-
gen-bond donor, results in a slope of 0.5.18 When ion pair-
ing is not possible (e.g., for NIS (C8)), a reaction order close
to unity can be determined for the halogen-bond catalyst.
Therefore, the kinetic investigations indicate that one halo-
gen-bond donor is involved in the rate-limiting transition
state and support the initial assumption of a halogen-bond
activation.

Scheme 3  Catalytic activities of different halogen-bond donors in the 
reaction of trans-crotonophenone (1) and indole (2) in C6D6 (blue), 
CD3CN (black), and CD3OD (green); Dipp = 2,6-diisopropylphenyl
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Based on the results of the kinetic analysis and as differ-
ent counterions had been used in the preparation of the
azolium salts of Scheme 3, we decided to closer analyze
how the counteranion affects the catalytic properties of the
iodobenzimidazolium catalyst C1 as a model system. Be-
sides the initially employed trifluoromethylsulfonate (OTf–),
we also relied on other weakly coordinating anions like
bis(trifluoromethylsulfonyl)amide (NTf2

–) and the borates
BF4

–, BPh4
–, and BArF

4
– (B[3,5-(CF3)2C6H3]4

–). The corre-
sponding salts were either synthesized from the corre-
sponding benzimidazole and Meerwein’s salt (Me3OBF4) or
by anion metathesis from C1–OTf. Three solvents with dif-
ferent polarities (C6D6, CD3CN, and CD3OD, Table 2) were
chosen for this analysis, and the results are summarized in
Table 2. While the reactivities of the different salts are al-
most comparable in benzene and methanol, no reactions
have been observed in acetonitrile with any anions other
than OTf–. In benzene and methanol, the NTf2

– and BF4
–

counterions resulted in comparable yields, while the BPh4
–

salt turned out to be unreactive or significantly less reactive
in all solvents. Interestingly, the addition of BPh4 salts sig-

nificantly reduced the catalytic activity of C1–OTf in both
benzene and methanol solution. This finding is also in line
with the results of the kinetic analysis and indicates the for-
mation of ion pairs under the reaction conditions. This indi-
cates that the interaction between C1 and the BPh4

– ion
could be stronger than that to the triflate ion.19

Table 2  Counteranion Effects of the Reaction between trans-Crotono-
phenone (1) and Indole (2) Catalyzed by Iodobenzimidazolium Salts 
C1–X

Counterion effects have been observed before for other
reactions, but it seems that no general trends can be ob-
served: While the BF4

– salt is only slightly more effective
than the OTf– salt in the activation of benzhydryl bromide,3c

the BArF
4

– salt is significantly more active than the OTf– an-
alogue in a Diels–Alder reaction.5 In contrast, for the activa-
tion of 1-chloroisochromane, the OTf– salt is superior to
BArF

4
– and BPh4

– salts.3g

In addition to the experimental investigations described
above, we also calculated the influence of selected halogen-
bond donors on the activation free energies for this trans-
formation.20 For the computational investigation, we have
analyzed this reaction in the gas phase as well as in ben-
zene and methanol (using the IEFPCM continuum model).
In general, the calculated catalytic effects follow the same
trend in the gas phase and in solution. As expected from ex-
perimental studies on solvent effects of halogen bonds,17c,21

the calculated catalytic effects were typically largest in the
gas phase compared with their values in solution. This
again indicates that the solvent has an important influence
on the halogen bond, and the results obtained from gas-
phase calculations might overestimate the strength of this
noncovalent interaction. In addition, specific solvent–solute
interactions are not taken into account in continuum mod-
els. While all results are summarized in the Supporting In-

Figure 1  Conversion vs. time profiles for the halogen-bond-catalyzed 
reaction between trans-crotonophenone (1) and indole (2) in CD3OD 
(25 °C)

Entry d6-Benzene (%) d3-CH3CN (%) d4-MeOH (%)

1 C1–OTf 87 37 93

2 C1–NTf2 81 < 1 90

3 C1–BPh4 < 1a < 1 17

4 C1–BF4 63 < 1 89

5 C1–BArF
4 67 < 1 88

a No product formation observed in 1H NMR spectroscopy after 44 h.

O

Ph
+

N
H

Ph

O

N
H

solvent, 23 °C, 44 h

1 32

N

N

C8H17

CH3

I

X

C1–X
(10 mol%)
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2017, 28, A–G



E

D. von der Heiden et al. LetterSyn  lett

D
ow

nl
oa

de
d 

by
: C

al
ifo

rn
ia

 In
st

itu
te

 o
f T

ec
hn

ol
og

y 
(C

A
LT

E
C

H
).

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.
formation, for the sake of clarity, we will only discuss the
values obtained for benzene solution in the following.
These results are summarized in Table 3.

Table 3  Activation Free Energies (ΔG‡) for the Michael Reaction be-
tween trans-Crotonophenone (1) and Indole (2) in the Presence of Dif-
ferent Catalystsa

In all cases, very high activation free energies have been
calculated. The uncatalyzed reaction proceeds with an acti-
vation free energy of +37.9 kcal mol–1 in line with no back-
ground reaction being observed after prolonged reaction
times. Among the computationally employed halogen-bond
donors, F3C–I (C12), F5C6–I (C11), and the iodoalkyne C10
resulted in higher activation free energies compared to the
uncatalyzed reactions (+2.8 < ΔΔG‡ < +3.2 kcal mol–1). De-
spite the stabilizing nature of the halogen bond, the unfa-
vorable entropy term (–TΔS) compensates this favorable in-
teraction resulting in an overall unfavorable process. In line
with these findings, these compounds were also found to
be inactive in the experimental studies described above
(Scheme 3 and the Supporting Information).

In contrast, the iodinated azolium ions C3, C13, and C14
all resulted in a substantial reduction of the activation free
energies (–6.4 < ΔΔG‡ < –4.9 kcal mol–1). However, the cal-
culated activation free energies are still substantially large
indicating that the calculations might underestimate the
strength of the halogen bond.8 Qualitatively, the computed
results are in line with the long reaction times. Further-
more, the benzimidazole catalyst is also calculated to be the
most active iodinated azolium ion. By far, the most active
halogen-bond donor in the computational investigation is
N-iodosuccinimide which lowers the activation free energy
by 7.6 kcal mol–1. NIS (C8) is also the most active catalyst in
the experimental investigations. This value is also close to
the previously calculated catalytic activity of molecular io-
dine (ΔΔG‡ = 7.6 kcal mol–1) using a slightly different com-
putational method.9b However, in the case of NIS, a signifi-
cant decomposition to the nonhalogenated succinimide
was also observed at the end of the reaction. Therefore, we
additionally examined whether the transfer of an I+ atom to
the Michael acceptor 1 could be an alternate explanation
(Scheme 4). However, the dissociation of the corresponding
C–I (in the azolium salts) or N–I bond (in NIS) resulted in
highly endergonic intermediates (ΔG > 50 kcal mol–1,
Scheme 4). As a consequence, this alternative seems to be
less likely.

Scheme 4  Calculated free energies for the transfer of an iodine atom 
to the Michael acceptor 1 in benzene solution

In summary, we were able to show that molecular io-
dine can be replaced by other halogen-bond donors as cata-
lyst in the Michael reaction between trans-crotonophenone
and indole. These results show that neutral electrophiles

Entry Catalyst ΔG‡

1 +41.1

2 +41.0

3 +40.7

4 uncatalyzed +37.9

5 +33.0

6 +32.5

7 31.5

8 +30.3

a In kcal mol–1; M06-2X-D3/aug-cc-pVTZ/IEFPCM(benzene)//M06-2X-D3/6-
311+G(d,p)/IEFPCM(benzene); aug-cc-PVTZ-PP was used for iodine.
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can be activated for a subsequent nucleophilic attack by
halogen-bond donors. Therefore, these findings will turn
out useful in the development of more active (and ideally
chiral) catalysts in the field of halogen bonding.
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