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Introverted Brgnsted acid cavitands for selective conjugate addition reactions
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Department of Materials Chemistry, Ryukoku University, Otsu, Japan

ABSTRACT

Four new quinoxaline-spanned cavitands having a diester hydrogen phosphate group were
successfully synthesised. These phosphorous derivatives were applied in Brgnsted acid-assisted
catalytic conjugate addition reactions. The results were ranked with the control of diphenyl
hydrogen phosphate as well as among those four cavitands. The structure-activity relationship
revealed that the catalyst centre surrounded by two trans-positioned quinoxalines significantly
influences reaction profile and product distribution. This comparative study provides us an
intellectual basis for future catalytic cavitand chemistry and artificial enzymatic catalysis.
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Introduction

Mother Nature has been meticulously crafting enzymes for
some four billion years, and the transformations they per-
form are the ultimate inspiration for any catalytic endea-
vour we make [1-3]. Many distinct structural features are
identifiable: 1) the host must provide the guest with
a pocket so that encapsulation through host-guest interac-
tions can occur, 2) an inwardly directed reactive centre
must be present. These two salient features give rise to
specialised transformations that are necessary for life [4,5].
The pocket and the guest are dynamic and move, making
adjust for optimisation of binding, reaction, and departure.

From our synthetic point of view, these features can
be explored using supramolecular cavitands[6]. The cavi-
tand architecture has evolved over a much shorter time
period, but human ingenuity gives us the advantage of
semi-rational design of cavitand platforms, the common
platforms where our attention is drawn contain curva-
ture7 calixarenes[8], cyclodextrins[9], cyclotriveratry-
lenes[10], and resorcinarenes[11]. However, inward
orientation of reaction centres towards the cavity has
been underdeveloped owing to synthetic difficulties.

When the reactive moiety is installed into the cavitand,
we often face the problem that products consist of in-
and out-ward functionalised isomers[12].

Our recently reported quinoxaline-walled resorcin[4]
arene cavitand provided us an opportunity to instal reac-
tive functional groups pointing inwardly. For example,
one side AuCl serves as an activator for alkynes, and on
the other P = O works as a hydrogen bond acceptor, luring
water into the close spatial proximity[13]. In other exam-
ples, a bis-AuCl cavitand brings two alkynes together to
result in a dimerisation event[14]. Looking down below
each cavitand, we see the concave resorcin[4]arene, pro-
viding a definite hollow. This hollow has limited space in
which transition-state geometry and reaction intermedi-
ate are actively stabilised; thus, highly regio-selective
transformations unthinkable so far are achieved. The effi-
cient reactions are otherwise daunting: typical catalytic
ligands do not provide a platform to control the reaction
selectivity and efficiency. We do not think these arrange-
ments are the only possibilities for functionalising cavi-
tands, as other introvertedly catalytic functionality can be
attached to the peripheral positions.
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In this work, we remove the metal and explore the
capabilities of cavitands that position a Brgnsted acid of
a diaryl hydrogen phosphate moiety (Figure 1)[15]. The
acid 1 is flanked by three quinoxaline-walls those arrange
for a definite compartment. The chemical cavity in 2 and 3
is loosely screened off from the bulk solution by cis- and
trans-positioned two quinoxaline-walls, respectively. The

hollow in 4 is partitioned by a single quinoxaline at the
rim of a cavitand base. Here, we report syntheses of new
introverted Brensted acids cavitands 1, 2, 3, and 4 those
are applicable to catalysts. We anticipated that these four
different cavitand-acids would show different catalytic
capabilities as well as achieve supramolecular advantages
not recognised heretofore.

Figure 1. Diaryl hydrogen phosphates 1, 2, 3 and 4.



Results and discussions

Phosphate 1 was derived from a tri-quinoxaline-
spanned resorcin[4]arene (Scheme 1)[16]. The starting
architecture that structures the diol cavitand formation
around its vase-shaped space was previously reported.
Upon addition of CIsP = O to the diol in pyridine sol-
vent, the reaction smoothly completed in 1 h; however,
workup operation caused terrible loss of chemical
yields owing to the laborious occurrence of emulsion
state. After several attempts, we finally found the pro-
cedure described in part (a) of Scheme 1, in which firstly
a complex 1-CsHsN was produced in high yields with
the aid of centrifuge apparatus, reprecipitation, and
recrystallisation. Then, part (b) of Scheme 1, extraction
of the pyridine of 1.CsHsN with 1 M aqueous HCI pro-
duced the free acid 1 in 95% yield: the pyridine peaks in
the NMR spectra totally disappeared, and the host 1
was surely produced. The molecular structure of 1.C5Hs
N was determined by crystallographic analysis, which
clearly disclosed that a singly molecule pyridine resides

Cl;P=0
4 equiv

-
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inside the compartment in its solid state (Figure 2(a))
[17] The pyridine is interestingly sandwiched between
two quinoxaline walls facing each other, where the
hexagonal shape of the pyridine ring almost overlaps
with two pyrimidine substructures (Figure 2(b) and (c)).
It is especially noteworthy that the pyridine directs the
nitrogen atom at the P(O)OH miety (Figure 2(d)). This
strongly suggests that an acid-base reaction occurred
between the pyridine and P(O)OH to give the corre-
sponding salt illustrated in Figure 2(d), which is
strongly supported by the nearly same distances
between the phosphorus atom and two oxygen atoms
(1.469 A for P1-09, and 1.474 A for P1-010). In addition,
the same distance highlights that the phosphate hydro-
gen in the state of free acid form 1 is not preferentially
pointing inward or outward the cavity but it would be
fluctuating between the two oxygen groups.

Like as crystallographic analysis, NMR spectro-
scopic analyses of 1.CsHsN for a solution state also
explained that one pyridine molecule is folded inside

H,O 1) CHCI3 /1 M aq. HCI
(27 mL) 2) Centrifuge (4 x 100 rpm, 5 min)

Pyridine
(45 mL)
rt,1h

0°C
15 min

3) Reprecipitation from
CHCI3/MeOH

4) Recrystallization from EtOAc
(51.9 mL/g at 0 °C)

1+(~ 0.5 CsHgN)  Pyridine (2 equiv)
84% _
879 CH,Cl,
r.t. 30 min
1) Dissolved into CH5Cl,, r.t., 30 min
(b) 1+(~ 0.5 C5HgN) 2) Extraction with 1 M ag. HCI (10 mL x 5) 1
0.25 mmol > o
(400 mg) 3) Centrifuge (4 x 100 rpm, 5 min) 95% (367 mg)

Scheme 1. Synthesis of (a) a pyridinium salt 1-CsHsN, and (b) a free acid 1 through extraction of the interior pyridine
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Figure 2. ORTEP drawing of 1-CsHsN with thermal ellipsoids at the 50% probability level; (a) top view; (b) side view from a gap
between two quinoxaline moieties; (c) side view from a quinoxaline wall; (d) an illustration for 1.CsHsN where a quinoxaline moiety
standing in the foreground was omitted for ease of viewing. Blue for nitrogen atoms, red for oxygen atoms, and yellow for
phosphorous atoms. A pyridine molecule resides inside the cavity hollow. The hydrogen atoms are omitted for clarity. Selected

bond lengths [Al: 1.469 for P1-09, and 1.474 for P1-010.

the space: three kinds of pyridine proton peaks in
"H NMR (400 MHz, CD,Cl,) are located at 5.58, 4.70
and 4.14 ppm (Figure S1)[18]. These three peaks are
not sharp, but each integral value is properly 2:1:2,
which strongly suggest each peak corresponds to 2-,
4-, and 3-positioned protons of one interior pyridine
(Figure S1)[19].

Further 'H NMR-analyses in deuterated solvents those
are CD,Cl,, C4De, C;Dg, para-CgDqp, and 1,3,5-CoD45
unveiled differences between the host-guest complex
1.CsHsN and free acid 1 (Figure 3). The spectra of 1-Cs
HsN showed clear peaks those are rationally assigned.
For example, the spectra in C¢Dg, C;Dg, para-CgD+o, and
1,3,5-CoD4, were shown in part (a), (b), (c) and (d): three
kinds of methine protons directly below three quinoxa-
line walls appear sharply at around 5.5-6.5 ppm (marked
with squares), which means vase conformers are predo-
minantly formed in these solvents[20]. The acid and base
pair would be tightly interacted, so the interior pyridine

ring unwaveringly stayed on. On the other hand, for free
1, the spectra in CD,Cl, and C¢Dg showed definite peaks,
yet in C;Dg, para-CgDqo, and 1,3,5-CoD¢, gave numer-
ously small, obscure, and broad signals in part (f), (g),
and (h): many protons including the methine protons
directly below three quinoxaline walls were not settled
(marked with triangles). This suggests that conforma-
tions of 1 in C;Dg, para-CgDq, and 1,3,5-CoD;, float
between the vase and kite forms and/or drift with mole-
cular interaction of dimerisation owing to the cavity
non-full of these aromatic solvents.

Does the inside space of 1 mismatch a molecule C;Dg,
para-CgD1, and 1,3,5-CoD,;, for reasons of size adjustment
or functional complementarity? So, we had fitting experi-
ments of 2-picoline and 2,4,6-collidine because these two
molecules are similar size and shape to C;Dg and 1,3,5-Cq
D, (Figure 4). To the flask charged with free acid 1 in C;Dg
was added 1.2 equiv of 2-picoline or 2,4,6-collidine, which
gave sharp and reasonable peaks along with
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(b) 1-CsHsN
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Figure 3. Portions of the "H NMR spectra (400 MHz, 298 K) of (a) 1-CsHsN in CgDg; (b) 1-CsHsN in C;Dg; (c) 1-CsHsN in p-CgDsg; (d) 1-Cs
HsN in 1,3,5-CoD1y; (€) 1 in CgDg; (f) 1 in C;Dg; (g) 1 in p-CgDqg; (h) 1 in 1,3,5-CD;,. M: methine protons directly below three
quinoxaline moieties, ¥: observable but unidentified peaks, X: the residual protons of the deuterated solvents. The spectra of part
(a)-(e) exhibit definite and reasonable signals for vase-shaped com&égﬁs, while those of part (f)-(h) gave many small and unidentified

(a)1 x

w
(b) 1+(2-picoline) x| ||
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Figure 4. Portions of the "H NMR spectra (400 MHz, C;Dg, 298 K)
of (@) 1; (b) 1-(2-picoline); (c) 1+(2,4,6-collidine). m: methine
protons directly below three quinoxaline moieties, ¥ : observa-
ble but unidentified peaks, X: the residual protons of the
deuterated solvents. The spectrum of part (a) shows many
small and unidentified peaks, and those of part (b) and (c)
exhibit definite and reasonable signals for vase-shaped
complexes.

straightforward assignments (part (b) and (c)) as com-
pared to the unclear methine peaks of free 1 in C;Dg
(part (a)). These explain that 2-picoline and 2,4,6-collidine
were forcibly and definitely encapsulated through the
acid-base pair. Therefore, the analogously shaped toluene
and mesitylene were not too over-sized to fit inside, and

the electronically more neutral toluene and mesitylene
than 2-picoline and 2,4,6-collidine are less compatible
with the interior space[21].%*

Next, we synthesised the two walls derivatives dis-
playing the aromatic panels in adjacent and opposed
orientations according to the preparative procedure of 1
(Scheme 2(a) and (b)). The starting di-quinoxaline-
spanned resorcin[4]arene diols were previously reported
[16,22]. The high-yielding transformation of the diols
into the corresponding 2.CsHsN  and  3.CsHs
N succeeded, and the following removal of the pyridine
guest by addition of 1 M aqueous HCl produced the free
acids 2 and 3. We also prepared the single wall deriva-
tive displaying the aromatic panel in an adjacent posi-
tion (Scheme 2(c)). The starting cavitand bearing two
quinoxalines and two bridged-methylenes, that is pre-
viously reported [22], underwent removal of just single
quinoxaline group to yield 5 in 75%. A reaction between
5 and ClsP = O afforded 4-CsHsN, and the following
extraction of the pyridine provided free acid 4 in 94%
yield. These three free acids in C;Dg, para-CgDo, and Cq
D;, as well as CD,Cl, and C¢D¢ afforded clear '"H NMR
spectra with reasonable assignments. This indicates that
the free acids 2, 3, and 4 readily encapsulate C;Dg,
para-CgD1o, and CoD1».
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1) Cl3P=0 (4 eq)
pyridine, r.t., 1 h

2)H,0,0°C
15 min

1) CIsP=0 (4 eq)
pyridine, r.t., 1 h

2) H,0, 0°C

4+(C5H5N)
94%

Scheme 2. Synthesis of (a) 2 and 2:CsHsN; (b) 3 and 3-CsH;sN; (c) 4 and 4-CsHsN.

When it is compared 1, 2, 3, and 4 to 1-CsHsN, 2-CsHsN,
3.CsH;5N, and 4-CsHsN from the view point of compound
stability, free acids 1-4 were much more labile than pyr-
idinium salts 1-CsH;5N, 2:CsHsN, 3-CsHsN, and 4-CsHsN. One
of the problems associated with the free acids lies in their
strong acidity]23 The white solid materials 1-4 observably

—_—— |®\

1M aq. HCI

H
N

1) CI3P=0 (4 eq)
pyridine, r.t., 1 h
 ——
2)H,0,0°C

15 min

4
_
0,
CH,Cl, 96%
rt,1h

decomposed in around one week after purification, chan-
ging colour to the reddish samples with multiple spots in
TLC analysis. On the other hand, 1:CsH;sN, 2:CsHsN, 3-CsHs
N, and 4-CsHsN did not decompose even one year after.
Thus, we kept 1-CsHsN, 2:CsHsN, 3-CsHsN, and 4-CsHsN in
storage and prepared 1-4 right before we used them.
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H pyrazole L)/\/
O/\ toluene : [)/\/
Phosphate pyridinium TFC, th 7

derived from
1, 2, 3, 4 and (PhO),P(O)OH

Scheme 3. Competitive conjugate addition of aniline and pyr-
azole to the complex phosphate (2-vinyl)pyridinium to form 6
and 7.

In seeking to develop a reactivity profile of 1-4 we
made plans to carry out competitive conjugate addition
reactions between the nucleophilic reagents, and then
decided to employ aniline and pyrazole (Scheme 3). We
allocated the Michael acceptor to (2-vinyl)pyridine that
was activated by diaryl hydrogen phosphate of a free-
acid cavitand (1-4) or a control (PhO),P(O)OH[24]. These
phosphate pyridinium complex between the (2-vinyl)
pyridine and diaryl hydrogen phosphate was ensured
in "H NMR spectra, and the isolated complexes were
employed (Figure S2)[25]. Results in the competitive
experiments were summarised in Table 1. For entries 1
and 2, the reaction didn’t occur in the absence of protic
acid. For entries 3 and 4, the presence of (PhO),P(O)OH
facilitated the addition to yield 6 as a major adduct in
around 70% and 7 as a minor adduct in around 10%[26].
When the temperature rose to 45°C, the reaction time
got much shorter to 5 h (entry 4). For entries 5 and 6,
cavitand 1 was used: In contrast to the control (PhO),
P(O)OH, the reaction time was prolonged owing to the
steric hindrance, and the gap in chemical yields between
6 and 7 was greatly narrowed (entry 6). For entries 7-10,
when two-walled cavitands 2 and 3 were applied, the
major and minor products were totally reversed.
Chemical yields of 6 were gradually decreasing and
those of 7 were slowly increasing: Finally, in entry 10,
the adduct 6 was a minor product in 19% yield, and

Table 1. Evaluation of product distribution in reactions con-
ducted via Scheme 3.2*

%Yield™
Entry Phosphate Pyridinium T/°C t/h® 6 7
1 none rt. 20 0 0
2 none 45 14 0 0
3 (PhO),P(0)OH-C;H;N r.t. 30 66 10
4 (Ph0),P(0)OH-C;H;N 45 5 72 12
5 1-C,H,N . 72 61 9
6 1.C;H;N 45 24 4 33
7 2.C;H/N rt. 48 29 40
8 2.C,H;N 45 20 29 'y}
9 3.C;H;N r.t. 24 25 46
10 3.C;H,N 45 12 19 52
" 4.C;H,N rt. 24 34 35
12 4-C,H,N 45 14 32 38

[a] Conditions: phosphate pyridinium (0.30 mmol), aniline (0.080 mL,
0.90 mmol), pyrazole (61 mg, 0.90 mmol), toluene (1.2 mL). [b] Reactions
were stopped when (2-vinyl)pyridine was consumed. [c] Isolated yields
after silica-gel column chromatography
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Scheme 4. Acid-catalysed competitive addition reactions of ani-
line and pyrazole to (2-vinyl)pyridine to form 6 and 7.

major adduct 7 was predominantly formed in 52%. For
entries 11 and 12, the single-walled 4 provided mostly
same yields for 6 and 7: the production capability of 4
seems to be between 1 and 2. Thus, the distribution of 6
and 7 was strongly affected by structural difference in
quinoxalines-organised architectures.

In a similar vein, catalytic performance of 1-4 was also
studied, according to the Scheme 4. First, the Michael
acceptor of (2-vinyl)pyridine incorporated with 2 mol%
of diaryl hydrogen phosphate: then, two Michael donors
of aniline and pyrazole were added. Results were sum-
marised in Table 2. Reactions at room temperature were
sluggish, remaining unreacted (2-vinyl)pyridine (entries
1,3,5,7,9, 11). On the other hand, reactions at 45°C
completed and the gaps in chemical yields between 6
and 7 were narrowed in the order of (PhO),P(O)OH, 1, 2,
and 3 (entries 4, 6, 8, 10). The production capability of 4
seems to be close to that of 2 (entries 11 and 12).

Given the structure-activity relationship in Tables 1
and 2, a mix of tall quinoxalines and small bridging-
methylenes has turned out to be potent strategy for
the preferential production of 7. The important thing is
that the well-arrayed two-quinoxalines in trans-position
present the cavity with remarkable reactivity and selec-
tivity: the three quinoxalines are oversupply and one
wall is in short supply. Very likely, this will arrive at

Table 2. Evaluation of acid capabilities in catalytic reactions
conducted via Scheme 4.2

%Yield"

Diaryl Hydrogen ot (2-vinyl)
Entry Phosphate °C h® 6 7 pyridine
1 none rt. 20 0 0 >99
2 none 45 14 0 0 >99
3 (PhO),P(O)OH rt. 46 55 7 16
4 (PhO),P(O)OH 45 24 65 22 0
5 1 rt 90 49 13 12
6 1 45 90 51 33 0
7 2 rt. 90 49 10 15
8 2 45 54 45 32 0
9 3 rt. 90 39 14 30
10 3 45 48 47 43 0
1" 4 rt. 90 43 13 15
12 4 45 48 48 32 0

[a] Conditions: diaryl hydrogen phosphate (0.020 mmol), (2-vinyl)pyridine
(0.11 mL, 1.0 mmol), aniline (0.27 mL, 3.0 mmol), pyrazole (204 mg,
3.0 mmol), and toluene (1.2 mL). [b] Reactions were stopped when
(2-vinyl)pyridine was consumed. [c] Isolated yields after silica-gel column
chromatography.
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a fact that the opened-compartment partitioned by aro-
matic walls is an important matter in this unusual selec-
tive production. Such a molecular architecture would
make a difference in chemo-selectivity from flat, plain,
and device-less (PhO),P(O)OH that preferentially
forms 6.

Conclusion

In conclusion, the peripheral hydrogen phosphate in
new cavitands 1-4 leads one pyridine guest to its inter-
ior space, which provides a new architecture for the
chemo-selective transformation and catalysis. This
study suggests the following three salient features.
Firstly, the preparative syntheses of 1-4 were achieved
with  crystallographic characterisation of 1.CsHs
N complex: Although the acidity is too strong to main-
tain the framework, the corresponding complex embra-
cing one pyridine molecule is stable enough to stock
more than one year. Secondly, the peripheral protic acid
regulates entry of a molecule into the cavity hollow
which accommodates 2-picoline and 2,4,6-collidine but
does not encapsulate similar-sized toluene and
1,3,5-mesitylene. To match inside the narrow space, the
basic moiety such as a pyridine core is significant for
interaction with the tethered acid and carpeted pi-
clouds. Thirdly, a factor essential for the unusual product
distribution in the conjugate addition is a mixture of
small bridging methylene groups and much taller, flatter
quinoxaline groups. The features would be complemen-
ted by stabilisation of this chemical processes, which
involve nucleophilic attack, de-aromatisation, and re-
aromatisation. These are consequences inherent to
such a limited space, which has a strong resemblance
to enzymatic catalysis that forcibly limits a transition-
state geometry and actively stabilise reactive species
[27-29]. Although the mechanism resulting in uncom-
mon product distribution is not yet fully known, the
presence of introverted Brgnsted acid allows us to
achieve potent selective transformations and catalysis.
Development of a deeper understanding of how this
system works, and of new selective transformations,
and of new cavitands, is ongoing and will be reported
in due course.

Experimental
General methods

All reactions sensitive to air or moisture were carried out
under an argon atmosphere and anhydrous conditions
unless otherwise noted. Dry solvents were purchased
and used without further purification. All reagents were

used as received. Analytical thin layer chromatography
was carried out on Merck silica 60F,54. Column chroma-
tography was carried out with silica gel 60 y (Kanto
Chemical Co.). LRMS and HRMS were reported on the
basis of TOF (time of flight)-MS (MALDI-TOF or ESI-TOF),
and DART (Direct Analysis in Real Time)-MS. 'H and
'3C and 3'P NMR spectra were recorded with a 5 mm
QNP probe at 400 MHz and 100 MHz and 162 MHz,
respectively. Chemical shifts are reported in d (ppm)
with reference to residual solvent signals ['H NMR:
CHCl5 (7.26), C;Hg (2.08), CH,Cl, (5.32); *C NMR: CDCl;
(77.0)]. Signal patterns are indicated as s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet; br, broad.

Synthesis of 1.CsHsN

(see Scheme 1) Under an argon atmosphere, to a white
suspension of tri-quinoxaline-spanned resorcin[4]arene
(10 g, 6.7 mmol) in pyridine (45 mL) at room temperature
was slowly added POCI; (2.47 mL, 27.0 mmol). The start-
ing diol compounds disappeared on TLC monitoring.
After stirred for 1 h, the reaction was quenched by
addition of water (27 mL) over 5 min at 0°C, and followed
by evaporation of all the volatiles. The residue was dis-
solved in CHCl; (90 mL), and 1T M aqueous HCl was
added. The resultant emulsion was separated into
organic and aqueous phases by centrifuge apparatus
(40 x 100 rpm, 5 min). The combined organic phases
were dried over Na,SO,, filtered, and concentrated in
vacuo to give 10.9 g of yellow solid materials as crude
products. Reprecipitation from CHCls/CHsOH (1/8, v/v)
afforded 10.1 g of white solid materials, and the follow-
ing recrystallisation from EtOAc (51.9 mL/g) at - 5°C
yielded white solid of 8.72 g of host-guest complexes
that were composed of 1 and pyridine with approximate
1:0.5 ratio. To a colourless solution of the 1:0.5 host-
guest complex (1 g, 0.65 mmol) in CH,Cl, (2 mL) at
room temperature was added pyridine (0.1 mL,
1.3 mmol). After the mixture was stirred for 30 min, the
CH,Cl, solvent and extra amounts of pyridine were eva-
porated to yield 1 g of 1:CsHsN in 94% as white solid
materials. For data of 1.CsHsN: Rf values 0.46 (toluene/
EtOAc, 2:1); '"H NMR (400 MHz, CDCl3) 8.26 (s, 2H), 8.03
(m, 2H), 7.69 (m, 4H), 7.56 (d, J = 9.0 Hz, 2H), 7.46 (m, 4H),
7.35 (s, 2H), 7.31 (s, 2H), 7.25 (s, 2H), 5.79 (t, J = 8.1 Hz, 1H),
5.57 (t, J = 8.1 Hz, 2H), 4.98 (t, J = 8.1 Hz, 1H), 2.37 (dt,
J=8.1,7.6 Hz, 2H), 2.31 (dt, J = 8.1, 7.6 Hz, 2H), 2.23 (dt,
J = 8.1, 7.4 Hz, 4H), 1.51-1.28 (m, 72 H), 0.90-0.87 (m,
12 H) ppm; "*C NMR (100 MHz, CDCl3) 152.9, 152.6, 152.3,
152.2 (two peaks are overlapped), 152.0, 148.8 (Jp
= 9.1 Hz), 139.8, 139.3, 139.1, 136.9, 136.5, 135.1, 130.2,
129.9, 129.4, 129.1, 128.1, 127.7, 127.5, 123.3 (two peaks
are overlapped), 121.9, 119.3, 118.5, 35.84, 34.00, 32.03



(many peaks are overlapped), 29.84, 29.79, 29.78, 29.50
(many peaks are overlapped), 22.78, 22.76, 14.20, 14.18
(many peaks are overlapped) ppm; *'P NMR (162 MHz,
CDCl3) —17.0 ppm; MS (ESI) m/z: 1626 [MH]; IR (neat):
2920, 2848, 1484, 1413, 1330, 1155, 756, 590 cm”; HRMS
(ESI) calcd. for Cq91H12oN7NaO;oP: 1649.8984 [M+ Nal™,
found: 1649.8994.

Synthesis of 1

(see Scheme 1) 1-CsHsN (400 mg, 0.25 mmol) was dis-
solved into CH,Cl, (20 mL) at room temperature over
10 min, and the solution was transferred into a 50 mL
separatory funnel. The organic phase was washed with 1
M aqueous HCI (10 mL x 5), and the resultant emulsion
was separated into organic and aqueous phases by cen-
trifuge apparatus (40 x 100 rpm, 5 min). The combined
organic phases were dried over Na,SO,4, and filtered, and
concentrated in vacuo to yield 367 mg of free acid 1
(95%) as yellow solid materials. For data of 1: Rf values
0.46 (toluene/EtOAc, 2:1); "H NMR (400 MHz, CDCls) 8.29
(s,2H), 7.91 (m, 2H), 7.78 (m, 2H), 7.61-7.59 (m, 4H), 7.53-
7.45 (m, 4H), 7.40 (s, 2H), 7.27 (s, 2H), 7.24 (s, 2H), 5.77 (t,
J=82Hz 1H), 5.61 (t,J = 7.9 Hz, 2H), 4.90 (t, J = 6.6 Hz,
1H), 2.33-2.25 (m, 8 H), 1.44-1.28 (m, 72 H), 0.89 (t,
J=6.3 Hz, 12 H) ppm; 3C NMR (100 MHz, CDCl5) 153.3,
152.9, 152.7, 152.63, 152.59 (two peaks are overlapped),
146.1 (d, Jop = 7.4 Hz), 140.0, 139.9, 137.0, 136.2, 135.6,
134.1 (d, Jop = 2.4 Hz), 129.59, 129.57, 129.2, 128.9, 128.2
(d, Jop = 2.2 Hz), 127.9, 123.5, 122.8, 119.4, 117.1 (d, Jp
= 3.6 Hz), 35.95, 34.23, 33.02, 32.10, 32.09, 31.17 (many
peaks are overlapped), 29.85, 29,80, 29.59 (many peaks
are overlapped), 28.17 (many peaks are overlapped),
14.29 (many peaks are overlapped) ppm; 3'P NMR
(162 MHz, CDCl5) —12.3 ppm; MS (MALDI-TOF) m/z:
1548 [MHI*; IR (neat): 2920, 2849, 1479, 1327, 1157,
1021, 754 cm™'; HRMS (MALDI-TOF) calcd. for CogH11s
NgO10P: 1547.8714 [MH]*, found: 1547.8720.

Synthesis of 2.CsHsN

(see Scheme 2(a)) Under an argon atmosphere, to
a white solution of cis-di-quinoxaline-spanned resorcin
[4]arene (548 mg, 0.4 mmol) in pyridine (5 mL) at room
temperature was slowly added POCl; (0.15 mL,
1.6 mmol). The starting diol compounds disappeared
on TLC monitoring. After stirred for 1 h, the reaction
was quenched by addition of water (3 mL) over 5 min
at 0°C, and followed by evaporation of all the volatiles.
The residue was dissolved in CH,Cl, (10 mL). The organic
phase was washed with brine (10 mL x 2), dried over Na,
SO,, filtered, and concentrated in vacuo to give 590 mg
of white solid materials (97%) as crude products. For
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data of 2.CsHsN: Rf values 0.19 (CH,Cl,/MeOH, 9:1);
'H NMR (400 MHz, CD,Cl,) 831 (s, 1H), 8.06 (d,
J =82 Hz, 1H), 794 (d, J = 8.2 Hz, 1H), 7.81 (d,
J=8.2Hz, 1H), 7.73-7.55 (m, 5 H), 7.34 (s, 3 H), 7.29 (s,
1H), 7.23 (s, 1H), 7.21 (s, T1H), 7.11 (brs, 2H, 2-positioned
protons of the pyridine ring), 6.40 (brs, 2H, including
4-positioned proton of the pyridine ring), 5.95 (brs, 2H,
3-positioned protons of the pyridine ring), 5.75 (t,
J = 8.1 Hz, 1H), 563 (t, J = 8.1 Hz, 1H), 539 (d,
J =73 Hz, 1H), 484 (t, J = 7.5 Hz, 1H), 4.58 (t,
J = 8.0 Hz, 1H), 3.46 (d, J = 5.2 Hz, 1H), 2.36-2.23 (m,
8 H), 1.43-1.28 (m, 72 H), 0.90-0.87 (m, 12 H) ppm;
>C NMR (100 MHz, CD,Cly) 1559, 1554 (d, Jop
= 1.7 Hz), 153.4, 153.2 (three peaks are overlapped),
153.0, 152.49, 152.45, 152.3 (d, Jop = 1.4 Hz), 149.2 (d,
Jep = 8.3 Hz), 148.5 (d, J.p = 8.8 Hz), 142.1, 140.9 (2-posi-
tioned carbons of the pyridine ring), 140.2 (two peaks
are overlapped), 140.1, 140.0, 139.7, 138.0 (d, Jp
= 1.8 Hz), 137.24, 137.18, 137.11, 135.9 (4-positioned
carbon of the pyridine ring), 135.5 (two peaks are over-
lapped), 130.2, 130.1, 129.9, 129.8, 128.5, 128.43, 128.38,
128.3, 124.8 (two peaks are overlapped), 122.9 (3-posi-
tioned carbons of the pyridine ring), 122.4, 121.2, 119.2,
118.2 (d, Jep=3.6Hz),117.5,117.1 (d, Jep = 3.4 Hz), 99.93,
36.84, 36.27, 34.68, 32.38 (many peaks are overlapped),
31.02, 30.18, 29.83 (many peaks are overlapped), 28.43,
23.14, 14.33 (many peaks are overlapped) ppm; *'P NMR
(162 MHz, CD,Cl,) —17.3 ppm; MS (ESI) m/z: 1512 [MH]™;
MS (ESI) m/z: 1534 [M+ Na]*; IR (neat) 2922, 2851, 1577,
1486, 1413, 1332, 1161, 968, 751, 602 cm™'; HRMS (ESI)
calcd. for Co4Hq20NsNaO;oP: 1533.8699 [M+ Nal*, found:
1533.8675.

Synthesis of 2

(see Scheme 2(a)) 2:CsHsN (134 mg, 0.09 mmol) was
dissolved into CH,Cl, (10 mL) at room temperature. The
solution was transferred into a 50 mL separatory funnel,
and the organic phase was washed with 1 M aqueous
HCl (10 mL x 5). The resultant emulsion was separated
into organic and aqueous phases by centrifuge appara-
tus (40 x 100 rpm, 5 min). The organic phase was dried
over Na,SO,, and filtered, and concentrated in vacuo to
yield 122 mg of free acid 2 (96%) as white solid materials.
Rf values 0.19 (CH,Cl,/MeOH, 9:1); '"H NMR (400 MHz, CD,
Cl,) 8.28 (s, 1H), 7.96 (brs, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.78
(d, J= 8.4 Hz, 1H), 7.75 (brs, 1H), 7,62-7.54 (m, 4 H), 7,40
(brs, 1H), 7.33 (s, TH), 7.29 (s, TH), 7.24 (s, T1H), 7.21 (s. 1H),
6.43 (s, 1H), 5.74-5.68 (m, 2H), 5.50 (d, J = 7.1 Hz, 1H), 4,68
(t,J=8.1Hz 1H),4.57 (t, J=7.1 Hz, 1H),4.03 (d, J=7.1 Hz,
1H), 2.34-2.30 (m, 8 H), 1.44-1,27 (m, 72 H), 0.91-0.86 (m,
12 H) ppm; *C NMR (100 MHz, CD,Cl,) 155.8, 153.3,
153.2, 152.95 (two peaks are overlapped), 152.91, 152.8
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(two peaks are overlapped), 152.6, 146.4 (d, J., = 6.4 Hz),
145.9 (d, Jop = 6.4 Hz), 140.3 (two peaks are overlapped),
140.2,139.7,138.7,137.4,136.8, 136.0, 135.7, 135.2, 133.7,
129.9, 129.8, 129.7, 129.5, 129.4, 128.6, 128.4, 128.3, 128.2,
1248, 123.6, 1224, 121.9, 119.3, 117.8, 117.5, 116.61,
116.56, 99.9, 36.9, 36.4, 34.8, 32.7, 32,5, 324 (many
peaks are overlapped), 31.1, 30.7, 30.3, 30.2 (many
peaks are overlapped), 29.9, 28.5, 28.3 (many peaks are
overlapped), 23.2, 14.4 ppm; *'P NMR (162 MHz, CD,Cl,)
—-13.3 ppm; MS (ESI) m/z: 1432 [MH]*; IR (neat) 2913,
2845, 1408, 1324, 1264, 1152, 1013, 961, 754 cm_1;
HRMS (ESI) calcd. for CggHq16N4O10P: 1431.8429 [MH]Y,
found: 1431.8423.

Synthesis of 3.CsHsN

(see Scheme 2(b)) Under an argon atmosphere, to a white
solution of trans-di-quinoxaline-spanned resorcin[4]arene
(480 mg, 0.35 mmol) in pyridine (5 mL) at room tempera-
ture was slowly added POCl; (0.13 mL, 1.4 mmol). The
starting diol compounds disappeared on TLC monitoring.
After stirred for 1 h, the reaction was quenched by addition
of water (2.5 mL) over 5 min at 0°C, and followed by
evaporation of all the volatiles. The residue was dissolved in
CHCl; (10 mL). The organic phase was washed with brine
(10 mL x 2), dried over Na,SO,, filtered, and concentrated in
vacuo to give 478 mg of yellowish white solid materials
(95%) in pure form. For data of 3:CsHsN: Rf values 0.32 (CH,
Cl,/MeOH, 9:1); 'H NMR (400 MHz, CD,Cl,): 7.76-7.64 (m,
6 H, including 2-positioned protons of the pyridine ring),
7.58-7.48 (m, 4 H), 7.44 (s, 2H), 7.38 (s, 2H), 7.32 (s, 2H), 7.29
(s, 3 H, including 4-positioned proton of the pyridine ring),
6.17 (brs, 2H, 3-positioned protons of the pyridine ring), 5.87
(d, J=7.5Hz 1H), 5.58 (t,J = 8.1 Hz, 2H), 5.04 (t, J = 6.7 Hz,
1H), 4.88 (t, /= 8.0 Hz, 1H), 4.30 (d, /= 7.2 Hz, 1H), 2.37-2.25
(m, 8 H), 1.43-1.28 (m, 72 H), 0.92-0.87 (m, 12 H); *C NMR
(100 MHz, CD,Cl,) 155.6, 152.7, 152.62, 152.57, 152.4, 149.5
(d, Jop = 35.3 Hz), 144.5 (2-positioned carbons of the pyr-
idine ring), 140.1, 139.8, 139.7, 139.4, 137.0 (4-positioned
carbon of the pyridine ring), 136.6, 135.9, 130.0, 129.8, 128.3,
128.2,124.0,122.6,122.4,118.6 (3-positioned carbons of the
pyridine ring), 117.9, 100.2, 54.4, 54.1, 53.6, 37.0, 32.3, 30.1,
29.8, 23.1, 14.3 (many peaks are overlapped) ppm; *'P NMR
(162 MHz, CD,Cl,) —16.6 ppm; MS (ESI) m/z: 1430 [M-CsHg
NI7; IR (neat): 2921, 2849, 1487, 1399, 1328, 1272, 1165,
603 cm™"; HRMS (ESI) calcd. for CgoH174N4040P: 1429.8278
[M-C5HgN]™, found: 1429.8200.

Synthesis of 3

(see Scheme 2(b)) 3:CsHsN (150 mg, 0.1 mmol) was
dissolved into CH,Cl, (20 mL) at room temperature,
and the solution was transferred into a 50 mL separatory

funnel. The organic phase was washed with 1 M aqueous
HCl (10 mL x 5), dried over Na,SO,, and filtered, and
concentrated in vacuo to yield 123 mg of free acid 3
(86%) as white solid materials. For data of 3: Rf values
0.32 (CH,Cl»/MeOH, 9:1), "H NMR (400 MHz, CD,Cl,): 7.91
(d, J = 8.0 Hz, 2H), 7.83 (d, J = 7.9 Hz, 2H), 7.63 (s, 2H),
7.56-7.52 (m, 4 H), 7.34 (s, 2H), 7.30 (s, 2H), 7.28 (s, 2H),
5.75-5.68 (m, 3 H), 4.74-4.69 (m, 2H), 4.09 (d, J = 7.6 Hz,
1H), 3.80 (brs, 1H), 2.42-2.30 (m, 8 H), 1.46-1.24 (m, 72 H),
0.92-0.84 (m, 12 H) ppm; *C NMR (100 MHz, CD,Cl,)
156.1, 153.0, 1529, 152.8, 152.5, 146.6, 140.2, 140.1,
139.0, 137.7, 1354, 134.9,129.9, 1284, 128.2, 123.7,
122.6, 117.7, 100.1, 37.0, 36.5, 34.6, 32.4 (many peaks
are overlapped), 31.2, 31.1, 30.2 (many peaks are over-
lapped), 28.4 (many peaks are overlapped), 23.2 (many
peaks are overlapped), 14.4 (many peaks are overlapped)
ppm; 3'P NMR (162 MHz, CD,Cl,) —13.4 ppm; MS (ESI) m/
z: 1431 [M-HI; IR (neat): 2921, 2849, 1483, 1399, 1328,
1161, 969, 758 cm™'; HRMS (ESI) calcd. for CgoH114N4010
P: 1430.8306 [M-H]~, Found: 1430.8301.

Synthesis of 5

(see Scheme 2(c)) Under an argon atmosphere, to
a solution of the starting di-quinoxaline cavitand
(1.4 mg, 1.0 mmol) in DMF (60 mL) at 80°C was added
CsF (3.0 g, 20 mmol), and the resultant mixture was
followed by addition of a solution of catechol (121 mg,
1.1 mmol) in DMF (11 mL). After the reaction mixture was
stirred at 80°C for 1 h, the mixture was cooled to room
temperature, and followed by quenching with slow
addition of 1 M aqueous HCI (180 mL). The precipitates
were filtered off, and washed thoroughly with water
(300 mL), and dried up at ambient temperature. The
materials were dissolved into CH,Cl, (70 mL), and the
solution was washed with brine (20 mL), and dried over
Na,SO,, and filtered, and concentrated in vacuo to give
crude product of 270 mg as brown solid materials.
Purification by column chromatography (Toluene/
EtOAc = 19:1) afforded 5 of 940 mg as white solid
materials (75%). For data of 5: Rf values 0.38 (hexane/
EtOAc, 2:1); "H NMR (400 MHz, CDCls3) 7.99-7.96 (m, 2H),
7.69-7.67 (m, 2H), 7.46 (s, 1H), 7.26 (s, TH), 7.21 (s, TH),
7.15 (s, TH), 7.10 (s, TH), 7.08 (s, TH), 6.42 (s, 1H), 6.28 (s,
1H), 5.74 (d, J=7.2 Hz, 1H), 5.64 (d, J = 7.2 Hz, TH), 5.58 (t,
J=8.1Hz, 1H), 4.73 (t, J = 8.1 Hz, 1H), 4.69 (t, J = 8.1 Hz,
1H), 4.32-4.29 (m, 3 H), 2.24-2.22 (m, 8 H), 1.43-1.27 (m,
72 H), 0.90-0.87 (m, 12 H) ppm; *C NMR (100 MHz,
CDCls) 155.7, 155.6, 155.2, 155.1, 153.5, 153.1, 152.2,
152.0, 151.8, 151.0, 140.3, 139.3, 139.1, 139.0, 137.8,
135.9, 134.1, 131.2, 130.2 (two peaks are overlapped),
129.4, 128.5, 127.8 (two peaks are overlapped), 125.8,
122.2,121.9,120.6, 117.1, 116.9, 110.6, 109.9, 99.9, 99.7,



36.8, 36.3, 34.6, 34.1, 33.7, 32.3 (many peaks are over-
lapped), 30.8, 30.29, 30.26, 30.2, 30.1 (many peaks are
overlapped), 30.0, 29.8 (many peaks are overlapped),
28.4, 28.3, 28.2, 23.1 (many peaks are overlapped), 14.5
(many peaks are overlapped) ppm; MS (ESI) m/z: 1254
[M-HI7; IR (neat): 3323, 2921, 2851, 1606, 1579, 1489,
1407, 1331, 957 cm™'; HRMS (ESI) calcd. for CgoH113N>
Og: 1253.8502 [M-H], found: 1253.8520.

Synthesis of 4¢CsHsN

(see Scheme 2(c)) Under an argon atmosphere, to
a solution of 5 (879 mg, 0.7 mmol) in pyridine (14 mL) at
room temperature was added phosphorus oxychloride
(0.26 mL, 2.8 mmol). After the mixture was stirred for 1 h
at room temperature, the reaction was quenched at 0°C
with water (10 mL). The aqueous layer was extracted with
CH,CI, (10 mL x 3), and the combined organic phases
were washed with brine (30 mL), dried over Na,SO,,
filtered, and concentrated in vacuo to give 907 mg of
white solid materials as crude products (93%). For data of
4.CsHsN: Rf values 0.20 (CH,Cl,/MeOH, 9:1); 'H NMR
(400 MHz, CDCls) 8.76 (brs, 2H, 2-positioned protons of
the pyridine ring), 8.21 (dd, /= 7.8, 7.8 Hz, 1H, 4-positioned
proton of the pyridine ring), 7.96 (d, /= 7.7 Hz, 1H), 7.88 (d,
J=17.7 Hz, 1H), 7.79-7.72 (m, 2H, 3-positioned protons of
the pyridine ring), 7.65-7.61 (m, 2H), 7.45 (s, 1H), 7.42 (s,
1H),7.18 (s, TH), 7.16 (s, TH), 7.12 (s, TH), 7.10 (s, TH), 6.55 (s,
1H), 6.42 (s, 1H), 5.76 (t, J = 8.0 Hz, 1H), 5.73 (d, J = 7.2 Hz,
1H), 5.52 (d, /= 7.2 Hz, 1H), 4.77 (t, J = 8.0 Hz, 1H), 4.69 (t,
J=8.0Hz 2H), 446 (d, J=7.2 Hz, 1H), 445 (d, J = 7.2 Hz,
1H), 2.32-2.21 (m, 8 H), 1.47-1.27 (m, 72 H), 0.90-0.86 (m,
12 H) ppm; "*C NMR (100 MHz, CDCl5) 155.9, 155.3, 155.2,
155.1 (two peaks are overlapped), 153.5, 153.4, 1520,
151.9, 148.7, 148.3, 143.9, 143.0, 140.1, 140.0, 138.8,
1383, 138.0, 137.7, 135.6, 135.5, 1354, 1343, 1298,
129.6, 1285, 1284, 123.1, 122.2, 121.2, 1204, 117.2,
117.01, 116.96, 116.8, 99.5, 99.3, 36.7, 36.5, 36.1, 34.5,
32.2 (many peaks are overlapped), 31.5, 31.3, 30.9, 30.2
(many peaks are overlapped), 30.0 (many peaks are over-
lapped), 29.7, 28.4, 28.3, 28.2, 23.0 (many peaks are over-
lapped), 14.4 (many peaks are overlapped) ppm; *'P NMR
(162 MHz, CDCls) —14.7 ppm; MS (ESI) m/z: 1316 [M-CsHg
NI~; IR (neat): 2922, 2851, 1487, 1269, 1160, 957, 594 cm™;
HRMS (ESI) calcd. for CgyH11,N040P: 1315.8060 [M-CsHg
NI~, found: 1315.8063.

Synthesis of 4

(see Scheme 2(c)) To a solution of 4.CsHsN (400 mg,
0.29 mmol) in CH,Cl, (10 mL) was added 1 M aqg. HCI
(10 mL) dropwise over 1 min, and the mixture was stirred
for 10 min at room temperature. The aqueous layer was
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extracted with CH,Cl, (10 mL x 3), and the combined
organic phases were washed with 1 M aqueous HCI
(10 mL x 4) and brine (20 mL), dried over Na,SOy, filtered,
and concentrated in vacuo to give 350 mg of brownish
white solid materials as crude products (93%). For data
of 4 Rf values 0.20 (CH,Cl,/MeOH, 9:1); 'H NMR
(400 MHz, CDCls) 8.00-7.95 (m, 2H), 7.67-7.61 (m, 2H),
7.39 (s, 1H), 7.26 (s, TH), 7.23-7.20 (m, 2H), 7.16 (s, TH),
7.11 (s, TH), 6.58 (s, TH), 6.43 (s,1H), 5.79 (t, /= 7.7 Hz, TH),
5.72(d, J=7.0Hz, 1H), 557 (d, /= 7.0 Hz, 1H), 4.72-4.64
(m, 3 H),4.42 (d, J=7.0 Hz, 2H), 3.94 (brs, 1H, -OH), 2.31-
2.21 (m, 8 H), 1.43-1.26 (m, 72 H), 0.89-0.86 (m, 12 H)
ppm; ">C NMR (100 MHz, CDCl5) 156.1, 155.8, 155.4,
155.0, 153.3, 153.2, 152.7, 152.1, 146.3 (d, Jooc = 7.9 Hz),
145.8 (d, Jop = 7.9 Hz), 140.2 (two peaks are overlapped),
139.0, 138.1, 137.9, 137.6, 135.2, 134.8 (d, J, = 3.5 Hz),
133.6 (d, Jop = 3.5 Hz), 130.0 (two peaks are overlapped),
128.6, 128.4, 123.5, 122.3, 121.8, 120.4 (two peaks are
overlapped), 117.4,117.3,117.0 (d, Joo = 4.2 Hz), 116.5 (d,
Jep = 4.2 Hz), 99.6, 99.4, 36.7, 36.6, 36.2, 34.6, 32.3 (many
peaks are overlapped), 31.7, 31.1, 30.9, 30.1 (many peaks
are overlapped), 29.8 (many peaks are overlapped), 28.4,
28.2 (many peaks are overlapped), 23.0 (many peaks are
overlapped), 14.5 ppm (many peaks are overlapped)
ppm; *'P NMR (162 MHz, CDCl;) —14.0 ppm; MS
(ESI) m/z: 1316 [M-H]; IR (neat): 2922, 2851, 1487, 1331,
1158, 1005, 957 cm™'; HRMS (ESI) calcd. for CgoH115N5010
P: 1315.8060 [M-H]~, found: 1315.8030.

Representative procedure for synthesis of 6 and 7

(see Table 1, entry 10) Under an argon atmosphere, to
a solution of 3+(2-vinyl)pyridine (461 mg, 0.30 mmol) in
toluene (1.0 mL) at room temperature was added the
stock solution of aniline (0.08 mL, 0.90 mmol) and pyrazole
(61 mg, 0.90 mmol) in toluene (0.16 mL). The resultant
brown solution was stirred at 45°C for 12 h, and all the
starting (2-vinyl)pyridines were consumed. The reaction
was quenched by addition of water (5.0 mL), and the
aqueous layer was separated, which was followed by
extraction with CH,Cl, (10 mL x 3). The combined organic
phases were washed with brine (10 mL), dried over Na,SO,,
filtered, and concentrated in vacuo to give the crude pro-
ducts. Purification by short-plugged silica-gel column chro-
matography (CH,Cl,/EtOAc = 1/1) give 11 mg of 6 (19%) as
brown oil, and 7 of 27 mg (52%) as pale brown oil. For data
of 6: Rf values 0.63 (CH,Cl,/EtOAc, 1:1), "H NMR (400 MHz,
CDCls) 8.57 (dd, J = 4.8, 1.8 Hz, 1H), 7.60 (ddd, J = 7.6, 7.6,
1.8 Hz, 1H), 7.19-7.13 (m, 4 H), 6.69 (dd, /= 7.3, 7.3 Hz, TH),
6.64 (d,J=7.6 Hz, 2 H),4.18 (brs, 1H), 3.54 (t, /= 6.6 Hz, 2 H),
3.09 (t, J = 6.6 Hz, 2 H) ppm; "*C NMR (100 MHz, CDCl5)
160.1, 149.7, 148.5, 136.8, 129.6, 123.7, 121.8, 117.6, 113.2,
43.86, 37.78 ppm. For data of 7: Rf values 0.18 (CH,Cl,
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/EtOAC, 1:1), "H NMR (400 MHz, CDCl;) 8.56 (dd, J = 4.5,
1.7 Hz, 1 H), 7.53 (ddd, J = 7.6 Hz, 7.6, 1.7 Hz, 1 H), 7.50 (d,
J=20Hz 1H),719(d, J=20Hz 1 H),713(dd,J =76,
45Hz, 1H),697 (d,J=7.6Hz 1 H),6.13 (dd, J = 2.0, 2.0 Hz,
1H),457 (t,J=7.0Hz 2 H),3.36 (t, J = 7.0 Hz, 2 H) ppm;
3C NMR (100 MHz, CDCl5) 158.4, 149.8, 139.7, 136.8, 129.7,
124.0,122.0,105.3,51.8, 39.2 ppm; MS (DART-TOF) m/z: 174
[IMHI* IR (neat): 2941, 1593, 1436, 1396, 1089, 1050,
750 cm™" HRMS (DART-TOF) calcd. for C;oH;,N3: 174.1030
[MH]*, Found: 174.1032.

Representative procedure for catalytic reactions in
the synthesis of 6 and 7

(see Table 2, entry 10) Under an argon atmosphere, to
a solution of 3 (29 mg, 0.02 mmol) in toluene (1.0 mL) at
room temperature was added (2-vinyl)pyridine (0.11 mL
1.0 mmol). After the mixture was stirred for 15 min, the
stock solution of aniline (0.32 mL, 3.0 mmol) and pyrazole
(204 mg, 3.0 mmol) in toluene (0.16 mL) was added. The
resultant brown solution was stirred at 45°C for 48 h, and
all the starting (2-vinyl)pyridine was consumed. After
stirred for 48 h, the reaction was quenched by addition
of water (5.0 mL) over 1 min at 0°C, the aqueous layer was
separated and followed by extraction with CH,Cl, (10 mL
x 3). The combined organic phases were washed with
brine (10 mL), dried over Na,SQO,, filtered, and concen-
trated in vacuo to give the crude products. Purification by
short-plugged silica-gel column chromatography (CH,Cl,
/EtOAc = 1/1) give 6 of 93 mg (47%) as brown oil, and 7
of 74 mg (43%) as pale brown oil. The samples were
identical to the authentic compounds in all data.
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