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Cavitand-driven Metal-catalyst Systems for Selective
Transformation
Tetsuo Iwasawa *

A preparative synthesis of new supramolecular phosphorus ligands that are based on a resorcin
[4]arene and flanked by two quinoxaline walls was described, including a description of complex-
ation with Au metals that reside in the space. We explored a catalytic proclivity of the Au
complexes, and found that they efficiently catalyze selective transformations that were previously
unthinkable and not possible heretofore in bulk solution. In addition, we sought reasonable
mechanism of the effect through a comparison with the corresponding model molecules that
weakened and/or lacked the cavity compartments: comparative experiments revealed that the
models exhibited much lower reactivities and selectivities. Consequently, the two quinoxaline—
moieties proved to be quintessential for the catalysis and the selective production of molecules.
Clearly, our progress reported herein will constitute an illustration of high potential of cavitand-
driven metal catalysts because of the pivotal evidence showing the catalytic utility of quinoxaline—
spanned resorcin[4]arene which is a monumental platform in supramolecular chemistry. These
results serve as intellectual basis for future catalytic cavitand chemistry.
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“We propose the class name cavitand for synthetic
organic compounds that contain enforced cavities large
enough to accommodate simple molecules or ions.”
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Fig. 1 (a) Triquinoxaline-spanned resorcin[4]arene; (b)
diquinoxaline-spanned resorcin[4]arene.
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Scheme 1 Preparative syntheses of introverted
phosphoramidite 1 and 2, and subsequent
complexations with AuCl-S(CH.,),.
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Fig. 2 ORTEP drawing of 1-AuCl with thermal ellipsoids at
the 50% probability level; (a) top view; (b) side view;
(¢) side view of 1-AuCl where interior CH,Cl, is
deleted for ease of viewing. Hydrogen atoms are
omitted for clarity.

Fig. 3 ORTEP drawing of 2-2AuCl with thermal ellipsoids
at the 50% probability level; (a) top view; (b) side
view from a quinoxaline wall; (c) side view from a
phosphoramidite moiety. The interior CH,Cl, is
deleted for ease of viewing, and hydrogen atoms are
omitted for clarity.
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Scheme 2 Difference in catalysis between 1-AuCl and
2-AuClL
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Scheme 3 Reactivities of (a) 1-octyne and (b)
ethynylbenzene on the dimerization.
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Table 1 2-2AuCl-catalyzed cross—-dimerization between
1-octyne and ethynylbenzene.
1 mol% 2:2AuCl n-CgHy3
nCSH13 2 mol% Ag ” ”
Solvent
1, 20h 7 "n-CeHyz & "n-CeHyg
3 4
Entry2@ Solvent Ag source %Yield of 3¢ Ratio of 3/4¢
1 toluene AgOTH 47 5.4/1
2 CH,Cl, AgOTf 36 3.6/1
3 mesitylene AgOTf 32 4.311
4 THF AgOTf 0 -
5 toluene AgBF, 49 3.3/1
6 toluene AgSbFg 17 3.6/1
7 toluene AgNO3 0 -
8d toluene AgNTf, 51 3.11
9d toluene AgOTf 62 3.411
10de toluene AgOTf 70 411

2 Conditions: ethynylbenzene (1 mmol, 102 mg), 1-octyne (1.2 mmol, 132 mg),
2:2AuCl (0.01 mmol, 19.7 mg), Ag source (0.02 mmol), solvent (1 mL). ? Isolated
yields. ¢Molar ratios determined by 'H NMR spectroscopy of the crude products.
91.5 mmol of 1-octyne. €5 mL of toluene as a solvent.
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Scheme 4 Intramolecular cyclization of a diyne.
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Scheme 5 Cross-dimerization utilizing 1-(D-ethynyl)-
naphthalene.
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Fig. 4 Plausible catalytic cycle for the 2-2AuCl-promoted
dimerization reaction.
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Fig. 5 Introverted bis—Au phosphite 5-2AuCl and corre-
sponding models 6-2AuCl and 7-2AuClL
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Scheme 6 Synthesis of (a) quinoxaline-walled 5-2AuCl,
and corresponding models (b) 6-2AuCl and
(c) 7-2AuClL.
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Scheme 7 Cross-dimerization in the presence of catalysts
5-2AuCl, 6-2AuCl, and 7-2AuCl
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Fig. 6 Portions of the '"HNMR spectra of (a) 5, (b) iso-5,
(¢) 6, (d) is0-6, (e) 7, (f) iso-7 (400 MHz, CDCl;)
The peaks labelled with circle and triangle correspond
to inward- and outward-oriented POCH; groups,
respectively.
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Scheme 8 Complexation of AuCl-S(CH3), with phosphorus
cavitands 2, 5, 8-10.
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Table 2 Evaluation of catalytic performance of 2, 5, 8-10 on
the cross—-dimerization.

1.0 mol% Catalyst R

2.0 mol% AgOTf
+ R B — | | + | |
toluene
[ [T+ GRS
1 mmol 1.5 mmol cross homo
entry R Catalyst Isolated %Yield of cross  Ratio of cross/homo?

1 n-CgHiz 2:2AuCl 70 4.11
2 8-2AuCl 73 4.31
3 9-2AuCl 56 3.0/1
4 10-2AuCl 53 3.711
5 5-2AuCl 58 3.0/1
6 CH,CH,Ph 2:2AuCI 53 2.91
7 8:2AuCl 64 2.21
8 9-2AuCl 53 1.5/1
9 10-2AuCl 57 3.01
10 5-2AuCl 57 3.11

aMolar ratios determined by 'H NMR spectroscopy of the crude products.
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Scheme 9 (a) Complexation between iso-5
and AuCl-S(CH,),; (b) evaluation of
1s0-5-2AuCl on the dimerization.
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Scheme 10 Synthesis of 11+ AuCl derived from cavitand 11
prepared by mCPBA oxidation.
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| (3) Selective folding of the single side-chain |

Fig. 7 11-Au’ was designed with three features in mind;
(1) coordination to the triple bond; (2) hydrogen
bonding; (3) selective folding of the single side-chains.
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Table 3 Evaluation of reactivity of 11-AuCl in selective
hydration of 1-phenyl-1-butyne 12a as compared to
several Au catalysts.”

@H“m

2 mol% Au-catalyst
2.4 mol% AgOTf
2 mol% additive

=
H20 (5 eq)
toluene

12a 50 °C, time/h
%Yield?
entry Au cat. additive time/h 12a° 13a 14a
1 11-AuCl 1 0 <2 98
2 1-AuCl - 1 82 3 1
3 1-AuCl O=PPhg 1 78 3 1
4 (IPr)AuCl - 4 9 18 56
5 (IPr)AuCl O=PPhg 4 7 16 68
6 AuCI-PPhg - 4 78 1 1
7 AuClI-PPhg O=PPhg 4 94 <1 <1
8 AuCI-S(CH3), - 4 72 0 0
9 AuCI-S(CHg),  O=PPhg 4 92 0 0

@ Conditions: 12a (0.07 mL, 0.5 mmol), H,0 (0.05 mL, 2.5 mmol), 11+AuClI (18 mg,
0.01 mmol), additive (0.01 mmol), toluene (1 mL). ®Determined by 'H NMR
analyses on the basis of samples that were purified by short-plugged silica-gel
column chromatography (eluent: toluene only). ¢ Unreacted 12a.

Table 4 Influece of aliphatic substituetnts joined to
1-phenl-1-ethynyl moiety on Au-catalyzed
selective hydration.”

2 mol% catalyst
R 2.4 mol% AgOTf (o]

Table 5 Influece of isomeric octynes on catalytic hydrations
with 11-AuCl and (IPr)AuCl’

2 mol% catalyst
R2 2.4 mol% AgOTf o

A

R2

o7 e O OY
H,0 (5 eq) +
toluene m
12 50°C,1h 13 14
%Yieldb
entry cat. R alkyne 12¢ 13 14
1 H 12b 100 0 0
2 CHj3 12¢ 0 2 98
3 11-AuCl CoHs 12a 0 2 98
4 n-CqH, 12d 51 16 33
5 n-CHg 12e 87 10 3
6 n-C;Hys 12f 100 0 0
7 H 12b 100 0 0
8 (IPr)AuCl CHjz 12¢ 98 2 2
9 and CoHs 12a 70 4 17
10 O=PPhg n-CgH, 12d 88 5 7
1 n-C4Hq 12e 61 1 28
12 n-C;Hys 12f 94 3 3

@ Conditions: 12 (0.5 mmol), H,0 (0.05 mL, 2.5 mmol), catalyst (0.01 mmol),
toluene (1 mL). ?Determined by '"H NMR analyses on the basis of samples that
were purified by short-plugged silica-gel column chromatography (eluent: toluene
only). ¢Unreacted 12.

EHZ, AT OBEMEAKRA28—] 128 T % 11- AuCl
& (IPr) AuCl @ UG % i L 72(F 5). 11-AuCl 1
3-F 27 F 128 & 2-F 7 F > 12h DKM % HEIRY
Zfifi U 72 As, 1-F 7 F 2 120 120 L UGt 2 R & 7
7o 7z (entries 1—3)o ALK L (IPr) AuCl 1%, #+ 7
F IS OFEIEIC X & FHERE L %2 52 o 72 (entries 5—8)

RAILRE5OBEDS, 11-AuCl O ZEFIT X F Ll
B - TFOVHIEH & LRV EAE 2R 2 &8 o
M2 bo HTRMOBRIEL n-CHy & CH; &% B4
FALHVDRENTHE, ZOAFNVIEEZF VI
FTHEERMEIZONWT, 2-RVUF 12k, 4- X F-2-%
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R! HO(Geq) R’ RY
toluene (¢]
12 50°C,1h 13 14
%Yieldb

entry cat. R? R2 octyne12  12¢ 13 14
1 n-CgHg  CoHs 129 0 9 91
2 11-AuCl n-CeHy  CHy 12h 0 18 82
3 n-CeHiz  H 12i 100 0 0
4 n-CsH; n-CgHy 12j 4 96 -
5 n-CHg CoHs 129 64 13 23
6 (IPHAUCI n-CgHyy  CHg 12h 40 21 39
7 and  nCgHiz H 12i 74 26 0
8 0=PPh; n-CgH, n-CgH 12j 25 75 -

@ Conditions: 12 (55 mg, 0.5 mmol), H,O (0.05 mL, 2.5 mmol), catalyst (0.01 mmol),
toluene (1 mL). ©Determined by 'H NMR analyses on the basis of samples that
were purified by short-plugged silica-gel column chromatography (eluent: toluene
only). ¢Unreacted 12.

YF 21, 3= v 12m OKHIE &V CRGE L 72
(ZFx—L11), 12k DA, 1Bk WERMICE LT &
H, AF VLV T FNEDOTBRRUE IR T
Vo =, 12k ZRFE 1 D372 G U Rk S 7
122015 E, 1412386% b DIERTHEL, 41 VT
uEw%ux%w%%l%w%KR&ét 072 ) Wi

W ERbRL, 12m OGEIZITEEEB D,
7R 1Am BEIEE TR L N,

2 mol% 11-AuCl
CH3 2.4 mol% AgOTf (o}

= :
H3C/ ———> H,c CH3; *+ H4C CHs
H,0 (5 eq) \)k/ \/\r
toluene (o]
12k 50°C,1h 13k, 59% 14k, 41%

Hj the same above

CHj CHj, CHz O
121 131, 14% 141, 86%
C,H5 the same above
n-CgH13 Z n- CSH13JK/CZH5 n-CgH1z /YCZHs
12m 13m, 12% 14m, 808%

Scheme 11 Catalytic capability of 11-AuCl on selective
hydrations of 2-pentyne 12k, and 4-methyl-2-
pentyne 12, and 3-decyne 12m.
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Fig. 8 Mono-Au cavitand 15- AuCl
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Fig. 9 The model compounds of 16-AuCl and 17-AuCl (R=
CyH,,) for verification of the working hypothesis.

amol% n+AuCl
(n=15-17)

o)
R2 1.2 amol% AgOTf
Zz 1JK/R2 R /\n/R2
R toluene (1 mL), H,0 (0.05 mL) R + )
o
12 50 °C, time 13 14
CH,CH3 CH, CH,CH3 CHj CH,
Z 7 zZ B TN
n-C4Hg n-CsHyq
CHs
12a 12¢ 12g 12h 121
R'=Ph R'=Ph R' = (CH2)3CH3 R'=(CH2)4CH3  R'= CH(CHj),
R2= CH,CH3 R2=CHj, R2= CH,CH3 R2=CH, R2=CHj,

Scheme 12 Comparitive experiments between a parent 15
and models 16-17 on hydrtion reactions.
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Table 6 Evaluation of reactiviites 15, 16 and 17 conducted
via Scheme 12.”

mol% of mol% of  t %Yieldb
entry alkyne neAuCl n O=PPh; [h] 12¢ 13 14

1 12a 05 15 - 1 0o 2 88
2 16 - 1 100 0 O
3 16 0.5 1 71 < 1
4 16 0.5 14 14 12 71
5 17 - 1 89 2 1
6 17 0.5 1 82 2 1
7 17 0.5 14 43 7 38
8 12¢ 05 15 - 1 0o 1 99
9 16 0.5 1 >99 <1 0
10 17 0.5 1 99 <1 0
1 12g 2 15 - 1 0 9 ot
12 16 0.5 1 36 33 31
13 17 0.5 1 3 47 50
14 12h 0.5 15 - 1 0 12 88
15 16 0.5 1 95 2 3
16 17 0.5 1 95 1 4
17 12i 2 15 - 1 0o 17 83
18 16 0.5 1 30 21 49
19 17 0.5 1 10 27 63

@ Conditions: toluene (1 mL), H,O (0.05 mL, 2.5 mmol), Au catalyst

(0.01 mmol), alkyne and O=PPh; (appropriate amounts). ® Determined by
H NMR analyses on the basis of samples that were purified by
short-plugged silica-gel column chromatography. ¢ Unreacted 12.
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