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Abstract — Hydrogen-bonding catalysis by cyclic trialkylsulfonium and
tetraalkylammonium salts in an aza-Diels-Alder reaction was investigated.
Among the examined onium salt catalysts, cyclic trialkylsulfonium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  possessing a non-coordinating
counter anion was the most effective. Details of the activation modes of cyclic
trialkylsulfonium and tetraalkylammonium salts were discussed on the basis of

DFT calculation.

INTRODUCTION

The synthetic utility of alkyl-onium salts is widely recognized in organic chemistry.' Trialkylsulfonium
and tetraalkylammonium salts are often utilized as useful reagents in organic synthesis. In addition,
tetraalkylammonium salts are employed as reliable catalysts in phase-transfer and ion-pair catalysis via
the activation of a nucleophile.? In the course of our study on the new possibilities of onium salt catalysis,
we have proved that both trialkylsulfonium and tetraalkylammonium salts function as hydrogen-bonding

catalysts that activates electrophiles (Figure 1).>* We herein discuss the details of the activation modes
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and the catalytic activities of these onium salts as hydrogen-bonding catalysts in an aza-Diels-Alder

reaction.®

> C>
+
7~
_I
(2]
I T
T N
=— o
@ T3
LT
[e2]
¥L, ¢
%
5
s
[ —~ 1
2+ =
[w Il
=
T 0!
s O
~

‘ 31.9
R : $ :
- oo '+ Me Ph
5+ . SN i 2 :
|~ H'//’/ ! Y \ ' X !
5+ T i / \ ' H H '
J— . L5+ , , '
+ e H S+ 17.8 '
S /IVHH + [
| NS ~t :
2a 5+H Ho+ i

Figure 1. Structures of tetraalkylammonium salt 1a and trialkylsulfonium salt 2a as hydrogen-bonding
catalysts

RESULTS AND DISCUSSION

We initially investigated the catalytic activities of tetraalkylammonium and trialkylsulfonium salts in an
aza-Diels-Alder reaction of N-phenylbenzaldimine 3a (Scheme 1).° In the absence of a catalyst, the
reaction with Danishefsky’s diene proceeded very slowly at 0 °C to give aza-Diels-Alder product 4a in
4% vyield after 3 h. When tetrabutylammonium iodide was employed as the catalyst under same reaction
conditions, the reaction was promoted to a moderate extent (22% yield).*! Piperidine-derived cyclic
tetraalkylammonium iodide 1a improved the reactivity to give product 4a in 67% yield. Related cyclic
trialkylsulfonium iodide 2a, which possesses more acidic a-hydrogens, promoted the reaction efficiently
to produce 4a in good yield (81% yield). Exchanging the iodide counter-anion in onium iodides 1a and 2a
for tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF-; barfate) as the non-coordinating counter-anion
(1b and 2b) further improved the yields, and the reaction that used trialkylsulfonium barfate catalyst 2b
gave the highest yield of product 4a (98% yield). It should be noted that the reactions with sodium barfate
(Na'BArF") and tetraarylboric acid (H'BArF") provide product 4a only in low yields (21 and 16% yields,
respectively). These results clearly suggested the importance of cyclic onium salt moieties for efficient

promotion of an aza-Diels-Alder reaction.

The substrate generality in the aza-Diels-Alder reaction of imines 3 was examined by using cyclic
ammonium and sulfonium salt catalysts 1 and 2 (Scheme 2). In general, both tetraalkylammonium barfate

1b and trialkylsulfonium barfate 2b clearly accelerated the aza-Diels-Alder reactions to provide
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corresponding products 4 in moderate to good yields. The sulfonium catalyst 2b was more effective than

related ammonium catalyst 1b.
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To elucidate the origin of the higher catalytic activity of the sulfonium catalyst than the ammonium
catalyst, DFT calculations were conducted. Based on the experimental results in which the
non-coordinating barfate anion was more effective, the trialkylsulfonium and tetraalkylammonium cation
were used as chemical models. The alkyl-onium catalyst/imine complexes were predicted to have a wide
variety of interacting modes depending on the number of acidic hydrogen atoms that potentially interact
with imine (&+ in Figure 1). To explore the possible interacting modes of the alkyl-onium catalyst/imine
complexes and the corresponding transition state (TS) conformations, the following workflow was

adopted (Scheme 3).’

Screening for Identification of TS structure
catalyst-imine complex Ph Ph
N N
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various types of
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Scheme 3. Workflow for systematic exploration of possible transition state conformations in
aza-Diels-Alder reaction

The Global Reaction Route Mapping (GRRM) method® was firstly performed at the PM6 level using a
simplified model system (exchanging Ar group for Me group) to find various types of alkyl-onium
catalyst/imine complexes (CP) without prejudice. Whereas the anharmonic downward distortion
following (ADDF) approach in the GRRM method can be applied to find all equilibrium structures (EQs)
on the potential energy surface, the large-ADDF (/-ADDF) search can quickly explore lower energy EQs
connected via low isomerization barriers. Therefore, to reduce computational costs, the /-ADDF search
was performed in two modes: (i) use of a certain optimized structure of alkyl-onium catalyst/imine
complex, or (ii) addition of imine with random initial position to alkyl-onium catalyst. All the
alkyl-onium catalyst/imine complexes obtained by the GRRM method were further re-optimized at the
B3LYP/6-31+G** level.” On the other hand, the TS structure in the aza-Diels-Alder reaction without the
catalyst was investigated at the B3LYP/6-31+G** level to identify the energetically stable conformation
(TSexo, TSend). Next, the optimal TS structure without the catalyst (DFT) was combined with various
types of alkyl-onium catalyst/imine complexes (GRRM/DFT) to systematically explore possible and
stable TS conformations. Finally, the most promising TS structures were expanded to the realistic model

and optimized at the dispersion-corrected B3LYP-D3/6-31+G** level.
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The I-ADDF search (LADD = 20, NLowest = 5) in the two modes (i and ii) gave totally 31 EQs (i: 2 EQs,
ii: 29 EQs) and 25 EQs (i: 20 EQs, ii: 5 EQs) in sulfonium catalyst/imine and ammonium catalyst/imine
complexes, respectively. All the alkyl-onium catalyst/imine complexes obtained by the GRRM method
were classified and compensated depending on the structural properties and further re-optimized at the
B3LYP/6-31+G** level (Figures 2 and 3). In the sulfonium catalyst/imine complex (CPs), two CH
moieties form a bridged structure through non-classical CH...N hydrogen bonds, in which imine interacts
with both acidic hydrogen atoms simultaneously. Such a bridged structure is the preferential interacting
mode in the urea/imine complex.!® As for the chair-like conformation of the catalyst, four possible
bridging modes (CPs_1 - CPs_4) are located within small energy range (< 2 kcal/mol). In contrast, a
catalyst structure that has been deformed from the stable chair-like conformation significantly destabilizes
the sulfonium catalyst/imine complex (CPs_5). In a manner similar to CPs, the ammonium catalyst/imine
complex (CPn) forms a bridged structure through the dual non-classical CH...N hydrogen bond. CPn has
a wider variety of interacting modes than CPs because of the larger number of acidic hydrogen atoms.
Whereas the relatively stable CPn lower than 1.5 kcal/mol have a chair-like conformation (CPn_1 —

CPn_4), a distorted catalyst structure is observed in less stable CPn_5 — CPn_8.
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Figure 2. Three-dimensional (3D) structures and relative energies (Gibbs free energies are shown in
italics) of sulfonium catalyst/imine complexes (CPs) at the B3LYP/6-31+G** level. Interacting hydrogen
atoms are highlighted in green (other hydrogen atoms are omitted). Hydrogen bond distances are shown
in A
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Figure 3. Three-dimensional (3D) structures and relative energies (Gibbs free energies are shown in
italics) of ammonium catalyst/imine complexes (CPn) at the B3LYP/6-31+G** level. Interacting
hydrogen atoms are highlighted in green (other hydrogen atoms are omitted). Hydrogen bond distances
are shown in A.

Next, the TS structures in the aza-Diels-Alder reaction without a catalyst were investigated to identify
energetically more stable conformations (TSexo, TSend, Figure 4). Both TSexo and TSend are located at
almost the same energy level. The asynchronicity in bond formation is larger in TSend than TSexo. With
insights into the TS structures in hand, slightly more stable TSend was combined with relatively stable
CPs_1 — CPs_4 and CPn_1 — CPn_4 to explore possible TS conformations at the B3LYP/6-31+G**

level (using the simplified model system to reduce computational costs).
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TSexo (+0.2) TSend (0.0)

Figure 4. Three-dimensional (3D) structures and relative energies of TSexo and TSend in
aza-Diels-Alder reaction (B3LYP/6-31+G**)

The relative energies of the corresponding TS structures (sulfonium catalyst: TSs, ammonium catalyst:
TSn) show a similar tendency to those of CP (Table 1).!! In TSs and TSn, the possible TS conformations
are located within a small energy range. In the relatively stable TS conformations, the structural
properties of the corresponding CP and TSend are retained, which are the bridged structure through the
dual non-classical CH...N hydrogen bond and asynchronous C-C bond formation (Figure 5). One of the
two non-classical CH...N hydrogen bonds between catalyst and imine is significantly enhanced because
of the developing negative charge on the nitrogen atom in the TS structure. Those computational results
indicate that the relative energy difference of TS shows good correlation with that of CP and the
arrangement of substrates on an alkyl-onium catalyst does not affect the stability of TS. Therefore, we
expanded the energetically most stable TSs_ 1A and TSn_2B to a realistic model and investigated them in

detail (TSs_1A_real and TSn_2B_real).

Table 1. Relative energies of various TS structures in the sulfonium catalyst (TSs) and the ammonium
catalyst (TSn) promoted aza-Diels-Alder reaction (B3LYP/6-31+G**)

TSs (sulfonium catalyst) TSn (ammonium catalyst)
AE AG AE AG

TSs_1A 0.0 0.0 TSn_1A 0.0 +2.0
TSs_1B 0.0 +0.8 TSn_1B -0.1 +0.8
TSs_2A +0.3 +1.4 TSn_2A -0.1 +1.3
TSs_2B +0.2 +1.3 TSn_2B 0.0 0.0
TSs_3A +06 +0.7 TSn_3A -0.3 +1.1
TSs_3B +0.5 +1.2 TSn_3B -0.2 +1.0
TSs_4 +2.1 +2.4 TSn_4AB +1.5 +3.1
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Figure 5. Three-dimensional (3D) structures and relative energies (Gibbs free energies are shown in
italics) of selected TS conformations (a: TSs, b: TSn) at the B3LYP/6-31+G** level. Interacting

hydrogen atoms are highlighted in green (other hydrogen atoms are omitted). Hydrogen bond distances
are shown in A,

Interestingly, the optimized structures of TSs_1A_real and TSn_2B_real are significantly different from
their corresponding simplified models. The introduction of Ph groups on imine has a great impact on the
interacting mode between imine and catalyst (Figure 6a). In both TS structures, the dual CH...N
hydrogen bond is broken and the alkyl-onium catalyst activates imine through multiple CH/rt interaction
and a single non-classical CH...N hydrogen bond, as revealed by non-covalent interaction (NCI) analysis
(Figure 6b)."” In TSs_1A_real, a significantly strong CH/x interaction (shown in green region) exists
between the Ph group derived from benzaldehyde and the S-Me moiety of the sulfonium catalyst. On the
other hand, TSn_2B_real exhibits relatively weaker (smaller green region) CH/m interaction between the
two Ph groups of imine and the ammonium catalyst. The relative stability of TS in the sulfonium and
ammonium salt catalyzed aza-Diels-Alder reactions was estimated as the energy differences between TS
structures (TSs_1A real and TSn_ 2B real) and the sum of alkyl-onium catalyst, imine, and diene.
TSs 1A real is located at the relatively lower energy level (5.9 kcal/mol) than TSn_2B real (7.7
kcal/mol) in qualitatively consistent with the experimentally observed higher catalytic activity of the
sulfonium catalyst. Both CP and TS in the sulfonium salt catalyzed reaction are more stable than those in

the ammonium salt catalyzed reaction (Figure S1 in Supporting Information). Whereas both sulfonium
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and ammonium catalysts have rigid structures and would be difficult to deform, the relative energy
difference between the substrate parts in TSs_1A real and TSn_2B_real is only 0.05 kcal/mol.
Therefore, we suppose that the main contributor to the high catalytic activity of the sulfonium catalyst is
the interaction energy difference between substrate and catalyst. Indeed, the basis set super position error
(BSSE)-corrected interaction energy between substrate and catalyst is 1.1 kcal/mol larger in TSs_1A real
than TSn_2B_real.

(a) Three-dimensional structure

(b) NCI plot

Strong
CH/r interaction
CH/z interaction :

TSn_2B_real TSs_1A_real

Figure 6. (a) Three-dimensional (3D) structures and (b) NCI plots of TSs_1A real and TSn_2B_real at
the B3LYP-D3/6-31+G** level. Interacting hydrogen atoms are highlighted in green (other hydrogen
atoms are omitted). Hydrogen bond distances are shown in A. Gradient surfaces correspond to s = 0.25 au
and a color scale of —0.05 < p < 0.05 au (blue, strongly attractive; green, weakly attractive; red, strongly

repulsive).
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CONCLUSION

In conclusion, we have presented the details of the activation modes of cyclic trialkylsulfonium and
tetraalkylammonium salts that are used as catalysts in the aza-Diels-Alder reaction. Various relatively
stable interacting modes of each alkyl-onium catalyst/imine complex were identified by the GRRM
method followed by DFT calculations. In the corresponding TS structures, multiple CH/n interactions and
a single non-classical CH...N hydrogen bond play a crucial role in the activation of imine. The large
interaction energy between substrate and catalyst is attributed to the notably high catalytic activity of the

sulfonium catalyst in the aza-Diels-Alder reaction.

EXPERIMENTAL

'H and *C NMR spectra were measured on a JEOL JNM-AL 400 NMR instrument (400 MHz for 'H
NMR and 100 MHz for *C NMR). Tetramethylsilane (TMS) was the internal standard (0 ppm) for 'H
NMR, and CDCls was the internal standard (77.0 ppm) for *C NMR. The following abbreviations were
used to express the multiplicities: s = singlet; d = doublet; t = triplet; m = multiplet; br = broad.
High-resolution mass spectra (HRMS) were measured on a JEOL JMS-700N. Infrared spectra (IR) were
measured on a JASCO FT/IR-4200 spectrometer. All reactions were monitored by thin-layer
chromatography using Merck precoated TLC plates (silica gel 60GF-254, 0.25 mm) and visualization was
accomplished by the use of a UV lamp (254 nm) or such dyes as KMnOs. The products were purified by

flash column chromatography on silica gel. Dehydrated solvents were purchased from Kanto Chemical.

Synthesis of catalysts 1 and 2.

Catalysts 1 and 2 were prepared according to the literature.?

General procedure for aza-Diels-Alder reactions.

To a solution of imine 3 (0.10 mmol) and catalyst (0.010 mmol, 10 mol%) in dehydrated CH>Cl, (2.0
mL) was added Danishefsky’s diene (0.15 mmol) at 0 °C under N, atmosphere, and the reaction mixture
was stirred for 3 h at 0 °C. Then, aqueous 1IN HCI (50 pL) was added, and the reaction mixture was
further stirred for 5 min at 0 °C. The reaction mixture was quenched by adding H>O at 0 °C and extracted
three times with CH2Cl> at room temperature. The combined extracts were dried over Na>SO4 and
concentrated. The residue was purified by column chromatography on silica gel (hexane/EtOAc = 1/0-0/1

as eluent) to give product 4.

Characterizations of aza-Diels-Alder products 4.

Aza-Diels-Alder products 4, except 4¢, are known products.>*
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2-(4-Methylthiophenyl)-1-phenyl-2,3-dihydropyridin-4(1H)-one (4c): '"H NMR (400 MHz, CDCl3): §
=7.66 (dd, J = 1.2, 8.0 Hz, 1H), 7.30 (t, J = 8.0 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.8 Hz,
2H), 7.12 (t, J = 7.6 Hz, 1H), 7.02 (dd, J = 0.8, 8.8 Hz, 2H), 5.23-5.29 (m, 2H), 3.29 (dd, J = 7.2, 16.8 Hz,
1H), 2.76 (ddd, J = 1.2, 3.2, 16.4 Hz, 1H), 2.46 (s, 3H); 1*C NMR (100 MHz, CDCl3): § = 190.1, 148.1,
144.6, 138.2, 134.6, 129.5, 126.9, 126.6, 124.4, 118.5, 102.9, 61.3, 43.3, 15.6; IR (neat): 3046, 2920,
1645, 1574, 1493, 1339, 1323, 1302, 1293, 1278, 1205, 757 cm™'; HRMS (FAB) caled for C1sHisNOS:
296.1109 ([M+H]"), found 296.1109.
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