Studies on Chemo- and Site-Selective C—H Amination of
Aniline and Phenol Derivatives with Dirhodium Catalysts and
Catalytic Asymmetric Synthesis of Inherently Chiral

Calixarenes

2020

CHEN Gong






Studies on Chemo- and Site-Selective C—H Amination of Aniline and
Phenol Derivatives with Dirhodium Catalysts and Catalytic
Asymmetric Synthesis of Inherently Chiral Calixarenes
BYUATERICE DT =) U ERONT = ) — VEEER O E
M OME @ IRy C-H 7 X BN FAREF Y v 7 AT L—
> DR G AU B9 D W5

2020

CHEN Gong



Table of contents

Abbreviations

Theoretical Section

1. Introduction

2. Development of chemo- and site-selective C—H amination of N,N-dialkylanilines
2.1 Background

2.2 Catalyst screening

2.3 Optimization of reaction condition

2.4 Investigation for substrate scope

2.5 Mechanistic investigation

2.6 Application to two-step demethylation

3. Studies on chemoselectivity in C—H amination of anisole and aniline derivatives
3.1 Background

3.2 Consideration about chemoselectivity

3.3 Ligand effects in C(sp®)—H amination of N,N-dimethylaniline

3.4 NMR experiments for estimation of association between catalysts and substrates
3.5 Calculation for effects of ligand structures

3.6 Interpretation of the effects of catalysts in C(sp®)—H amination of N,N-dimethylaniline

3.7 Ligand effects in C(sp?—H amination of anisole
3.8 Design of a new catalyst for C(sp?)—H amination and trial

10
11
13
16
18

19
21
22
23
25
26
27
29

4. Catalytic asymmetric synthesis of inherently chiral calixarenes by enantioselective C(sp?)—-H

amination

4.1 Background

4.2 Enantioselective C(sp?)-H amination of O,0'-di'Pr-calix[4]arene

4.3 Enantioselective C(sp?)—H amination of silyl-protected calix[4]arene

4.4 Design and synthesis of upper-rim-modified calix[4]arene

4.5 Enantioselective C(sp?)—H amination of upper-rim-modified calix[4]arene
4.6 Discussion about stereochemistry

Conclusion and outlook

31
34
35
36
38
41

43



1. General information
2. Chapter 2
3. Chapter 3
4. Chapter 4

References

Acknowledgments

Experimental Section

46
47
59
76

89

92



Ac
aqg.
Bn
'‘Bu
cat.
CDI
de
DFT
ee
equiv.
ESI

HPLC
HRMS
'Pr

"Pr

KIE
Me
min
m.p.
NMR

Ph
r.t.

TS
TIPDS
Troc
THF
Ts

Abbreviation

acetyl

agueous

benzyl

tert-butyl

catalyst

carbonyldiimidazole
diastereoselective excess
density functional theory
enantioselective excess
equivalent

electron spray ionization
Gibbs free energy

enthapy

hour

high performance liquid chromatography
high resolution mass spectrometry
isopropyl

normalpropyl

infrared

equilibrium constant

kinetic isotope effect

methyl

minute

melting point

nuclear magnetic resonance
ortho-

para-

phenyl

room temperature

entropy

temperature

transition state
1,1,3,3-tetraisopropyldisiloxane-1,3-diyl
2,2,2-trichloroehtoxycarbonyl
tetrahydrofuran
p-toluenesulfonyl



Theoretical Section






Chapter 1 Introduction

Development of new methods to construct C—N bonds is of great significance in current synthetic
organic chemistry because C—N bonds are ubiquitously involved in functional materials and bioactive
molecules.! From this context, the methods for C—N bond construction such as nucleophilic N-
substitution, reductive amination and Buchwald-Hartwig coupling reaction were intensively studied and
successfully applied to fine chemical synthesis.? Although the above methods are now reliable,
preparation of functionality prior to the amination is necessary. In recent years, transition metal-
catalyzed C—H amination provides a straightforward access to various amines without any pre-
functionalization, offering a great opportunity to the quick access to diverse nitrogen-containing
molecules with high efficiency.®

In general, transition metal-catalyzed C—H amination reactions can be classified into three
categories, C—H activation catalysis, C—H insertion catalysis, and single-electron-transfer (SET)
catalysis (Scheme 1.1).%" In the mechanism of C—H insertion catalysis, a metal nitrene species is
proposed to be generated and interact with a substrate in either a concerted or a stepwise manner to
result in C—N bond formation. To date, much efforts have been devoted to develop C—H amination
reaction via C—H insertion process, by virtue of various transition metals such as Cu, Ru, Rh, Ag, Ir,
and Co.3>3f

C-H activation

Il M ’/ “N R"
I‘ H o " M
N transition metal N l
>—H .
M : ’

‘NR” ~ M=N L >—NHR
transition metal R C-H insertion *

metal nitrene
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M" —_— M™lie
SET

Scheme 1.1 Reaction categories for metal-catalyzed C—H amination.

Dirhodium tetracarboxylates displayed a notable reactivity in the amination of unactivated
C(sp®)—H bonds via formation of dirhodium nitrene complexes and their C—H insertion process.* The
first example of dirhodium-mediated intramolecular C(sp®)-H amination was reported by Breslow and
Gellman in the early 80s (Scheme 1.2).%2 After the report, development of efficient reagents and excellent
catalysts expanded the utility of dirhodium-catalyzed intramolecular C—H amination and the improved
methods have been successfully applied to total synthesis of complex natural products.®
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Scheme 1.2 The first example of dirhodium-catalyzed C—H amination.

While the cleavage of C—H bonds is position-limited in intramolecular reactions, control of
chemo- and site-selectivity becomes an issue in intermolecular reactions.® In 1997, Miiller’s group
reported the first example of intermolecular chemo-selective C(sp®)-H amination using dirhodium
catalysts to reveal that electron rich C(sp®)—H bonds such as benzylic, allylic, and tertiary C(sp®)-H
bonds and C(sp®)-H bonds a to oxygen atoms can be selectively converted to C-N bonds (Scheme 1.3).”
Recently, Ueda, Kawabata and coworkers reported dirhodium-catalyzed site-selective C(sp®)-H
amination of organosilicon compounds directed by S effect of the silicon atom (Scheme 1.4).2
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H NHNs
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Scheme 1.3 Intermolecular chemoselective C(sp)—H amination by dirhodium nitrenes.
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Scheme 1.4 B-silicon-effect promoted dirhodium-catalyzed site-selective C(sp®)—H amination.



Compared to C(sp®)—H amination, intermolecular C(sp?)—H amination by dirhodium catalysts
was less studied.® In 2007, Hashimoto et al unexpectedly found that the intermolecular C(sp?)-H
amination took place at para position of the silyl ketene acetal moiety of compound 9, during the study
of amination reaction of silyl ketene acetals to provide a-chiral amino acid derivatives (Scheme 1.5).1°
Ten years later, Falck et al reported a general method for dirhodium-catalyzed intermolecular C(sp?)—H
amination of various arenes (Scheme 1.6).1! In this research, it was claimed that nitrenium ion species
generated in the acidic medium are the key to the electrophilic aromatic amination.

cl cl
© cl
Me PhI=NNs Me >/ J
OMe  Rhy(S-TCPTTL), e,
A O o) CO,Me /[ (o

H OSiEts Benzene, rt. NsHN 0”70
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1.2 equiv. 62% 717
Rhy(S-TCPTTL),

Scheme 1.5 The first example of dirhodium catalyzed intermolecular C(sp?)—H amination.
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Scheme 1.6 Dirhodium-catalyzed C(sp?)—H amination via dirhodium nitrenium ions.

In 2018, Ueda and Kawabata et al reported dirhodium-catalyzed intermolecular chemo- and site-
selective C(sp?)—H amination of alkoxyarenes (Scheme 1.7a).!2 Under the condition, a neutral
dirhodium nitrene complex is assumed to be generated to promote C(sp?)—H amination via electrophilic
aromatic substitution. The aromatic C(sp?)—H amination took place at the para position of the oxygen
substituent, even in the presence of otherwise reactive benzylic C(sp®-H bonds (Scheme 1.7b).2
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Scheme 1.7 (a) Intermolecular chemo- and site-selective C(sp?)—H amination via electrophilic aromatic
substitution of dirhodium nitrene complex. (b) Intermolecular benzylic C(sp%)-H amination.

Based on the background, | started investigation for development of other chemo- and site-
selective C—H aminations by use of dirhodium catalysts. And also, | tried to apply the method described
in Scheme 1.7a to unprecedented enantioselective reactions. The contents of my thesis were outlined
below.

In chapter 2, the method for chemo- and site-selective C—H amination of N,N-dialkylanilines
catalyzed by rhodium catalyst was developed. The C—H amination of N,N-dimethylaniline catalyzed by
Rhy(oct)s proceeded selectively at C(sp®)—H bonds o to the nitrogen atom, in the presence of aromatic
C(sp?)-H bonds. C(sp®)-H amination of the N-methyl group of various N-alkyl-N-methylanilines (alkyl
# methyl) was observed exclusively even in the presence of potentially reactive benzylic and tertiary
C—H bonds o to the nitrogen atom.**

In chapter 3, chemoselectivity in C—H amination of anisole and aniline derivatives was discussed.
Experimental and theoretical studies indicated that phenyl rings on the o carbon of the carboxylate
ligands of dirhodium complexes strongly affected the efficiency of both C—H amination reactions. In
the case of C(sp®)—H amination of aniline derivatives, the phenyl rings stabilize the coordination state
of amine to Rh center to inhibit the reaction strongly. On the other hand, the phenyl rings accelerate the
C(sp?—H amination of anisole, which suggested that generating 6+ of aromatic ring in the transition
state structure would be stabilized by the phenyl rings through cation/n or C—H/=n interactions.

In chapter 4, the catalytic asymmetric synthesis of inherently chiral calixarenes (ICCs) was
investigated. Use of a chiral dirhodium complex for selective C(sp?)—H amination of a Cs-symmetric
calix[4]arene derivative effectively promoted the chemo-, site- and enantioselective C(sp?)—-H amination
to provide the desymmetrized ICC in up to 88% ee. To the best of my knowledge, this is the first efficient
example of catalytic asymmetric synthesis of ICCs, using artificial catalysts.



Chapter 2 Development of chemo- and site-selective C—H amination of N,N-
dialkylanilines

2.1 Background

Since arylamine motifs are privileged structural units for the development of functional materials
and bioactive molecules,’> C-H bond functionalization of aniline derivatives have been extensively
studied.!® In the past few decades, considerable achievements have been made in C—H amidation of N,N-
dimethylaniline derivatives via cross dehydrogenative coupling between amides and C(sp®)—-H bonds o
to a nitrogen atom (Scheme 2.1).1"2° For example, Fu and co-workers developed Cu-catalyzed C(sp®) —
H amidation of N,N-dimethylaniline with amides and imides in the presence of tert-butyl hydroperoxide
as an oxidant.!” Fe-catalyzed oxidative protocols as well as transition-metal-free C(sp®)-H amidation
have also been developed.

oxidative conditions
| N sources

| |
N\/H (amide or imide) g N\/N g%
Cu, Fe catalyst N
or ,

transition-metal-free
conditions

Scheme 2.1 Oxidative C(sp®)—H amidation of N,N-dimethylanilines via iminium intermediates.

While various types of C—H amidation reaction of N,N-dimethylaniline derivatives were reported,
control of the site selectivity is still an unsolved problem in C(sp®)—H amidation of N,N-dialkylanilines
with two different alkyl groups. Fu and coworkers reported that treatment of N-benzyl-N-methylaniline
(17) with copper bromide and tert-butyl hydroperoxide provided the desired N-methyl-amidated product
18 in 28% yield along with the undesired dephenylated product 19 as a major product in 56% yield
(Scheme 2.2a).17@ The possible reaction paths were described in Scheme 2.2b. The primary C—H bond
cleavage provided the iminium intermediate A and following nucleophilic addition of acetamide to A
gave 18. On the other hand, the benzylic C—H bond cleavage provided the favored iminium intermediate
B. Hydrolysis of B and condensation with formaldehyde, derived from hydrolysis of A, generated the
iminium intermediate C to afford undesired 19 by reaction with acetamide.
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Scheme 2.2 The problem of site-selectivity in copper-catalyzed C(sp®)-H amidation.

C—H insertion of metal nitrene complexes is considered as an alternative method for C—H
amidation reaction to solve the problem about site selectivity, while metal nitrene-mediated C(sp*)—H

amidation o to a nitrogen atom has been relatively unexplored.?

a
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Scheme 2.3 (a) Dirhodium-catalyzed ortho C(sp?—H amidation of N,N-diisopropylaniline derivative.
(b) Side reaction in the reaction of N,N-dimethylaniline derivative.



Ito and Sugiyama et al reported dirhodium-catalyzed ortho-selective C(sp?)—H amidation of N,N-
diisopropylaniline derivatives 20 (Scheme 2.3a).2? In this report, when N,N-dimethylaniline derivative
22 was used as a substrate, demethylated product 23 was obtained as a side product, which indicated
that competitive C(sp®)—H amidation took place and the unstable aminal structure was decomposed
during the reaction or purification process (Scheme 2.3b). In addition, the para position of the amino
group was substituted to inhibit the para-C(sp?)—H amidation.

Based on the background, there is remained uncertainty that which C—H bond of N,N-
dialkylanilines is the most reactive in dirhodium-nitrene-mediated C—H amination reaction. To check
the reactivity, | started examination of the previously reported condition to C—H amination of N,N-
dimethylanilines and N-alkyl-N-methylanilines (alkyl # methyl) (Scheme 2.4).

R2Z H site-selective R2 RZ _N R?

R \|/ C—H amination } j ] \r " |

R R
/©/N\/H Rh catalyst ©/N\/N or ©/N\ or JT\(>/ ~
—_—
H N

Scheme 2.4 Rhodium catalyzed chemo- and site-selective C—H amination of aniline derivatives.



2.2 Catalyst screening

The study was commenced with C—H amination of N,N-dimethylaniline (24) as a substrate in the
presence of various dirhodium catalysts (Table 2.1). According to the previously optimized conditions
for C—H amination of anisole derivatives? and organosilanes®, 1.5 equiv. of 24 were treated with N-
trichloroethoxycarbonyl-O-tosylhydroxylamine (TrocNHOTS) in the presence of Rha(tpa)s and K.COs
in chlorobenzene at r.t., which gave no C—H aminated products. Instead, in the presence of Rha(esp)a,
amination of C(sp®)—H a to the nitrogen atom selectively took place to give 25 in 39% yield as a single
regioisomer. Screening of catalysts demonstrated that Rh2(oct)s promoted the C(sp®)—H amidation most
effectively to provide 25 in 46% yield. In all cases, C(sp?)—H aminated product was not obtained at all.

Table 2.1 Catalyst screening for C—H amination of N,N-dimethylaniline.
| TrocNHOTSs (1.0 equiv.)

©/N\/H

Rh Cat. (5 mol%)

KoCO3 (1.5 equiv.)

©/ A NHTroc

24 PhCl, rt., 12 h
1.5 equiv. 0.2M
Ph Me
Me Me Me
Me
/~0 N
|/ | Me (0] (6]
_Rh—Rh Me” 0O O\R|h RH—RH
77 th/ |~ e
Rhy(tpa)s Rhy(esp), Rha(piv)s
0% yield® 39% yield? 40% yield®
CF3 )C\HS n-C7H15
"/ 1/ '/ 1/ /L
Rh—Rh Rh—Rh Rh—Rh
/ | / | / | / | / | / |
Rhy(tfa), Rhy(OAc), Rhy(oct),
36% yield? 42% yield? 46% yield?®

@ Determined by crude H NMR, using 1,3-dinitrobenzene as an internal

standard.
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2.3 Optimization of reaction condition

With Rh(oct), as a catalyst, the effects of aminating reagents were investigated (Table 2.2). Use
of the trifluoroethoxy analogue and the tribromoethoxy analogue of TrocNHOTSs provided C(sp®)—H
aminated product 26 and 27 in the comparable yields. Treatment of 24 with N-tert-butoxycarbonyl-O-
tosylhydroxylamine and TrocNs gave only trace amount of the C—H aminated product. N-Methyl-O-
tosylhydroxylamine? did not provide any C—H aminated product.

Table 2.2 Aminating agents screening in the amination of N,N-dimethylaniline.

N source (1.0 equiv.) |

|

N H Rha(oot)s (5 mol%) N NHR
K,CO3 (1.5 equiv.)

24 PhCl, r.t., 12 h

25-27
1.5 equiv. 02M
Aminating agent | Product? Aminating agent E Product?

0 25 o

A~ )]\ _OTs | (R =Troc) >|\ )]\ .OTs +  Trace
Clc”™ "0” °N ' 46% yield °© N :
j)]\ : 26 Op

A~ _OTs | (R =CO,CH,CF3) P . Trace
S | 39% yield ClsC™ 0" N5
8o fmcct L

S .OTs : (R = COzCH2C8r3) /N ~ : Trace
BrsC O N ' 43% yield HsC™ "OTs

@ Determined by crude "H NMR analysis, using 1,3-dinitrobenzene as an internal standard.
b Without base.

Then, the effects of solvents and bases were investigated (Table 2.3). Although the solvent did
not affect the efficiency of the reaction, CH.Cl. and toluene were found most suitable for the present
purpose (entries 1-7). It is worth noting that the primary benzylic C(sp®)—H bonds of toluene were
totally intact for amination reaction, even when toluene was used as a solvent (entry 7). The use of
Li,COs3, Na,COs3, Cs,CO3, Rb2,CO3, or KOAC instead of K,COs did not improve the yield of the aminated
product 25 (entry 7 vs 8-12). Finally, the yield of 25 was improved by use of 10 equiv. of the substrate
24 to afford 25 in 79% yield (entry 13).

11



Table 2.3 Effects of solvents and bases.
| TrocNHOTs (1.0 equiv.) |

N. M Rhy(oct), (5 mol%) N, NHTroc
base (1.5 equiv.)
solvent, r.t., 12 h 5

24 02M 2
1.5 equiv.
Entry Solvent Base Yield (%)
1 EtOACc K2COs3 40
2 CHzCl2 K2CO3 60
3 CHCl3 K2COs3 49
4 PhH K2CO3 51
5 PhF K2COs3 52
6 PhCF3 K2CO3 48
7 PhMe K2CO3 60
8 PhMe Li2CO3 44
9 PhMe Na2COs 30
10 PhMe Cs2C03 41
11 PhMe Rb2COs3 54
12 PhMe KOAc 40
13k PhMe K2COs 79(70)¢

a Determined by crude 'H NMR analysis, using 1,3-dinitrobenzene as an internal

standard. P 10 equiv. of 24 was used. ¢ Isolated yield in parentheses.

12



2.4 Investigation for substrate scope

Substrate scope was then investigated with various N,N-dimethylarylamines under the optimized
conditions for the C—H amination reaction (Table 2.4). Substrates with chloro, bromo, and iodo groups,
respectively at C(4) successfully gave the corresponding aminated products 28, 29, and 30 in high yields.
Treatment of 4,N,N-trimethylaniline with the present protocol gave 31 as a single product, while the
primary benzylic C(sp®)~H bonds amination was not observed. Either an electron-withdrawing or
electron-donating group at C(4) did not affect the efficiency of the C(sp®)—H amination reaction (32—34).
The present procedure was found applicable to aniline derivatives with various substituents at the C(2),
which can be seen in products 35-39. The compound containing fluorescent dansyl group was found
also to undergo selective amination of the C(sp®)—H bond a to the nitrogen atom to give the product 41.
With all substrates examined here, highly chemoselective C(sp®)—H amination was observed in the
presence of aromatic C(sp?)—H bonds. In all cases, TrocNHOTS was almost completely consumed and
the formation of TrocNH; was observed, which indicated partial decomposition of the aminating reagent
under the reaction conditions.'® 2426 When slight excess amounts (1.5 equiv.) of the substrates were
employed, moderate yields of the desired products were observed in some cases (28, 30, 32, and 33).

Site-selectivity of the C—H amination was investigated using several N-alkyl-N-methylanilines
(alkyl # methyl) (Table 2.5). Treatment of N-ethyl-N-methylaniline by the present protocol provided the
N-methyl-aminated product 42 as a single regioisomer. Potential reactivity of the N-ethyl group toward
the C—H amination might be missed because of the instability of the aminal structure of the product
generated at the N-ethyl group if any. However, N-methylaniline, assumed to be generated from the
decomposition of the aminal structure,?> was not obtained under the condition. This result clearly
showed that amination of N-ethyl-N-methylaniline took place site-selectively at the primary C(sp*)—H
bond adjacent to the nitrogen atom. Similarly, C(sp®)—H amidation of substrates with an n-butyl and an
n-octyl group provided N-methyl-amidated products 43 and 44, respectively, as the single regioisomers.
Notably, substrates with tertiary and benzylic C(sp®)—H bonds o to the nitrogen atom underwent
amination at the primary C(sp®)—H bond selectively, to give 45 and 46, respectively. The present method
was also applicable to N-methyl-selective C—H amination of indoline derivative with an electronically
reactive tertiary C(sp®)—H bond adjacent to a nitrogen atom (47).

Although amination of some trialkylamines such as N,N-dimethylbenzylamine (48) under the
optimized condition was examined, the desired C(sp®)~H amination did not proceed to give only
recovered starting materials (Scheme 2.5). The present protocol could not be applied for C(sp®)-H
amination of aliphatic trialkylamines.

13



Table 2.4 Chemoselective C(sp®)—H amination of N,N-dimethylarylamine.

| TrocNHOTs (1.0 equiv.)

|
N. H Rhy(oct), (5 mol%) N, NHTroc
R -
K,COs (1.5 equiv.) R

toluene, r.t.,, 12 h

10 equiv. 0.2M 28-41
| | |
: NVNHTroc : ,NVNHTroc : NVNHTroc
Cl Br I
28, 75%°2 29, 71%*2 30, 69%°
(47%)° (46%)°
| | |
: ,NVNHTFOC : NVNHTTOC NVNHTFOC
Me M902C Et020/©/
31, 41%2 32, 73%2 33, 63%°
(45%)° (49%)°
| Cl | Br |
/©/NVNHTroc i NVNHTroc i NVNHTroc
MeO
34, 53%2 35, 44%*2 36, 59%°?
| | Me | OMe |
N NHTroc
©/NVNHTroc ©/NVNHTroc ©/ N
37, 52%2 38, 43%*2 39, 54%°

r NHTroc r NHTroc
L L
DA G

40, 48%2 41, 59%*

@ |solated yields. ® The number in parentheses is yield with 1.5 equiv. of substrate used, it was determined
by crude "H NMR analysis, using 1,3-dinitrobenzene as an internal standard.

14



Table 2.5 Site selectivity profiles of C(sp®)—H amination of N-alkyl-N-methylaniline derivatives.

NJ
S

TrocNHOTs (1.0 equiv.)
Rhy(oct)4 (5 mol%)

K2003 (1 5 equiv.)
toluene, r.t., 12 h

NHTroc

10 equiv. 02M 42-47
r NHTroc r NHTroc
N \( Me N Y N \(”C7H15
SR y (]
42, 33%*2 43, 43%2 44, 40%°
r NHTroc r /— NHTroc
N_ _Me N N
H H
45, 42%:2 46, 37%? 47, 33%°?

2 |solated yields.

AL
48

10 equiv.

TrocNHOTs (1.0 equiv.)
Rhy(oct), (5 mol%)

KoCO3 (1.5 equiv.)
toluene, r.t.,, 12 h

0.2M

’N oC
©\/
N\

49
0%

Scheme 2.5 C(sp®)—H amination of N,N-dimethylbenzylamine.
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2.5 Mechanistic investigation

To get insights into the reaction mechanism, the KIE of the reaction was measured (Scheme 2.6).
Under the competitive reaction of a 1:1 mixture of 24 and 24-ds, the C—H amination of 24 took place
faster than that of 24-dgs. The KIE value was estimated by the three times experiment of the competitive
reaction to be kn/kp = 3.7. This result indicated that the C—H bond cleavage is involved in the product-
determining step.

D3C >< ~N

PN
NHTroc N NHTroc

TrocNHOTs (1.0 equiv.)
Rhy(oct)4 (5 mol%)
K,CO3 (1.5 equiv.) +
Toluene, r.t., 10 min

24-dg 02M 25-dg 25
1.5 equiv. 1.5 equiv.

16% yield, klkp = 3.6

19% yield, ky/kp = 3.7 Averaged kylkp = 3.7
19% yield, ky/kp = 3.7

Scheme 2.6 Determination of KIE by competitive reaction between 24 and 24-de.

A possible reaction pathway for the C(sp®)—H amination is described in Scheme 2.7. The
dirhodium nitrene complex is assumed to be generated from Rhy(oct)s, TrocNHOTS, and K,COs
according to the previous reports for dirhodium-catalyzed C(sp®)—H amination.!® %2 The C—H insertion
of the nitrene species would take place to form the N—H bond and C—N bond in an asynchronous
concerted manner, which should be the product-determining step in this reaction according to the KIE
experiment. At last, the product was released from the rhodium center and the regenerated Rhx(oct)s was
participated to the next catalytic cycle.

The reacting C—H bonds were selected at the C—H insertion step. For example, N-benzyl-N-
methylaniline has two possible reaction sites, the primary C(sp®)—H bonds and the secondary benzylic
C(sp®)—H bonds. Although the secondary benzylic C(sp®)—H bonds have the less bond dissociation
energy, the sterically more accessible primary methyl C(sp®)—H bonds adjacent to the nitrogen atom
was expected to be selectively converted to the C—N bond. Similar site selectivity was observed in /-
selective C(sp®)—H amination of organosilicon compounds via C—H insertion of dirhodium nitrene

complexes.®
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Scheme 2.7 A possible catalytic cycle.

17




2.6 Application to two-step demethylation

An application to two-step demethylation of the N-methyl aniline derivative N-methyl-N-
octylaniline was demonstrated (Scheme 2.8). Treatment of 44, obtained by C(sp®)—H amination of N-
methyl-N-octylaniline, with Cs,COs in toluene under reflux condition afforded the desired N-
demethylated product, phenyloctylamine 50, in 58% isolated yield. Development of N-demethylation
reaction under mild condition has great significance because conventional methods for N-demethylation
requires relatively harsh conditions.?” The present method is assumed to be potentially useful for the
application to late-stage functionalization of bioactive molecules containing aromatic N-methyl group.

(I:SH 17 N-methyl-selective

e |
N e C(sp®)-H amination - N NHTroc  Cs;CO3(1.5 equiv.) N ~H
condition in toluene, refulx
Table 2.5
44

6h
50
58%

CgHq7 C|38H17

Scheme 2.8 Two-step demethylation of N-methyl-N-octylaniline.
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Chapter 3 Studies on chemoselectivity in C—H amination of anisole and
aniline derivatives

3.1 Background

In chapter 2, development of C(sp®)—H amination of aniline derivatives was described, where
Rhy(oct)s was an effective catalyst and Rhy(tpa)s was totally ineffective (Scheme 3.1a).1* On the other
hand, C—H amination of anisole (51) under similar condition took place selectively at para postion of
the methoxy group, where Rhy(oct), was totally ineffective and Rha(tpa)s was an effective catalyst
(Scheme 3.1b).}2 Chemoselectivities in the C—H amination reaction under similar conditions were
totally different depending on the substrates. In addition, ligand effects were complementary to each
chemoselective reactions. Interested in the reactivity difference and effects of the catalysts, a detailed
study, especially about ligand effects on each reaction, was conducted in this chapter to elucidate the
origin of the chemoselectivity and reactivity differences (Scheme 3.1c). As described in the introduction
of this thesis, engineering chemo- and site selectivity is highly desirable in C—H functionalization
reactions. In 2019, Baik, Park, and Chang et al reported Ru-catalyzed highly chemoselective C—H
amination reaction (Scheme 3.2).2% Based on the mechanistic investigation, it was proposed that the -
7 interaction between the ligand on the catalyst and substrate accelerate the intramolecular benzylic
C—H amination selectively rather than tertiary C—H amination. Inspired from the report, | envisaged that
elucidation of the origin of the chemoselectivity and the reactivity could lead to improve the reaction
efficiency in dirhodium-catalyzed C—H amination and design new catalysts for the purpose.
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(a) C(sp®)-H amination of aniline derivative

| Rh, cat. NHTroc

N
~ TrocNHOTs . \/
KoCO3
tol t.
24 ouene, . Rho(oct),: 25, 60% yield
1.5 equiv. Rhy(tpa)s: 25, 0% yield

(b) C(sp?)-H amination of anisole

)
0 Rh, cat. (0]
~ TrocNHOTs @ ~
K,CO4

PhCl, 0°C TrocHN
51 ' Rhy(oct),: 52, trace
1.5 equiv. Rhy(tpa)s: 52, 60% vyield (o/p=1/12)

(c) This work

h oot TTTTTTTTTTTTTToTToTTTmmmm T T I m T AT il
\ ' Do the substituents on ligands affect chemoselectivity? |
| MR e gands emoseie !
/ ' Can we get insights for improving reaction efficiency? |

0]

Scheme 3.1 (a) Effects of catalysts in C(sp®)—H amination of 24. (b) Effects of catalysts in para-
C(sp?—H amination of 51. (c) The purpose of this chapter.

benzylicH i tertiary _RrR® |:>|:6 Ph H H Me
Ph Me MeCN ™ ™\ M Me
Me MeCN NCMe Mo e ., Ph
N HN NH
O/ ~N _ _
o So1e o 54 55 0
o 3 I AN Y >95% yield
N Me 54:55 = >25:1
, Me
02N 7
interaction

proposed TS for benzylic C—H amination

Scheme 3.2 Ru-catalyzed chemoselective C(sp*)—H amination driven by - interaction between the
ligand and the substrate.
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3.2 Consideration about chemoselectivity

Under the condition described in Scheme 3.1, the reactive intermediate is assumed to be the same
species, dirhodium nitrene complexes. Depending on the substrates, the most reactive C—H would be
determined and the efficiency should be affected by the structures of the catalysts (Figure 3.1). The
dirhodium nitrene species is expected to be inserted into the C(sp*)—H bond o to the nitrogen atom of
24 in a concerted asynchronous manner (Figure 3.1a). The C—H insertion step includes a hydride transfer
process assisted by effective donation of the lone-pair electron of the neighboring nitrogen atom and the
following C—N bond formation. On the other hand, C—H amination of 51 took place at the aromatic
para-C(sp?)—H bond selectively even in the presence of C(sp®)—H bonds a to the oxygen atom (Figure
3.1b). The difference in chemoselectivity could be ascribed to the difference in the electronegativity and
valence between nitrogen and oxygen. The partial positive charge developed in the transition state of
C(sp®)-H amination of the N-methyl group in 24 would be stabilized by the adjacent nitrogen, to provide
the N-methyl aminated product 25 instead of the C(sp?)—H amination on the aromatic ring. On the other
hand, such stabilization may not be effectively operative in the reaction of 51 because of the relatively
stronger negative inductive effect of oxygen, derived from high electronegativity and low valence, than
nitrogen. As a result, electrophilic aromatic substitution of the electron-rich aromatic ring of 51 would
take place at the para position distal from the oxygen atom to selectively provide 52.

(@) B on T B 0+
relatively weak inductive effect favored P O
) NMez
P . <
i W
\\, I//
s Rh-Rh=N Rh—Rh:N\
Troc Troc
24 - - - L
C(sp®)-H amination C(sp?)—H amination

Lone pair stabilize the 5+ on the o carbon effectively in C(sp®)—H amination.

r q ~ distal position -
b - Ph |* p(\.. i
relatively strong inductive effect % OMe
(0] H- !
‘\‘ :/// < favored
Rh-Rh=N Rh—Rh:N\
51 Troc L Troc
C(sp®)~H amination C(sp?)-H amination

Strong inductive effect destabilize the 5+ on the a carbon in C(sp)-H amination.
Inductive effect also affect the para selectivity in C(sp?)—H amination.

Figure 3.1 Consideration of the reactivity difference between (a) N,N-dimethylaniline and (b) anisole.
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3.3 Ligand effects in C(sp®)—H amination of N,N-dimethylaniline

To check the effects of the ligand structures, the C(sp®)—H amination of N,N-dimethylaniline (24)
was examined in the presence of dirhodium catalysts with different numbers of phenyl rings on the o
carbon of the carboxylate group (Table 3.1). Triphenyl or diphenyl-substituted catalysts were totally
ineffective, while the monophenyl-substituted catalyst promoted C(sp®)—H amination of 24 with less
efficiency than Rhy(oct)s. Rn(PhCO,)4 accelerated the reaction comparable to Rha(oct)s. As the numbers
of phenyl substituents on the o carbon to the carboxyl group of the ligands increased, the yield of the
aminated product 25 decreased. These results allowed me to hypothesize that the phenyl ring on the a
carbon of the carboxylate group inhibit the C(sp®)—H amination of 24.

Table 3.1 The effect of the numbers of phenyl rings on the ligand in the C(sp®)—H amination.

| Rh, cat. (5 mol%)

|
N
~ TrocNHOTs N~ NHTroe
K,CO3 (1.5 equiv.)

24 toluene, r.t.,, 12 h 25
1.5 equiv. 0.2M
Ph Ph Me Ph CrH1s
Phj:Ph Ph;tMe Ph;tlvle Y Y
/A /A /N 0o 0“0
9, 9, %, RE_RE RE—RE
Rh—Rh Rh—Rh Rh—Rh e e

717 717 717

ha(tpa)4 ha(thMGCCOzM Rh2(PhM62CCO2)4 ha(PhC02)4 ha(OCt)4
Trace® Trace?® 21%*° 48%3 57%?

@ Determined by crude "H NMR analysis, using 1,3-dinitrobenzene as an internal standard.
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3.4 NMR experiments for estimation of association between catalysts and substrates

There seems to be the possibility that coordination of substrate 24 inhibit the catalytic reaction as
frequently observed in transition-metal-catalyzed reaction. To estimate the association between
substrate and catalyst, *H NMR spectra of a 1:1 mixture of 24 and dirhodium catalysts were measured
and compared to the spectrum of 24 (Figure 3.2). In the *H NMR of a 1:1 mixture of 24 and Rhy(oct)s,
the chemical shift of Ha was lower field shifted compared to the free state of substrate 24 (Figure 3.2a
vs b). The change of the chemical shift of Ha could be ascribed from the coordination of the nitrogen of
24 to the rhodium center of Rhy(oct)s. On the other hand, in the *H NMR of a 1:1 mixture of 24 and
Rhy(tpa)s, the chemical shift of Ha was upper field shifted compared to the free state of substrate 24,
contrary to the case of Rha(oct)s (Figure 3.2a vs c). The change of the chemical shift indicated that the
Ha protons of 24 were distributed near the phenyl ring on the ligand as a result from coordination of 24
to the rhodium center of Rhy(tpa)s. The shielding effect of the ring current of the phenyl rings would be
responsible for the upper field shift of Ha, which suggested the C—H/x interaction between the substrate
and the ligand.

(a) only 24 |

N\/Ha—>
24
|

-

(b) 1:1 mixture of Rhy(oct), and 24
C7His
Ha

0’/“\*0

'/ 1/ (‘
. Rh—Rh--N &+
I Tl Bh

N s, T—— S Yy S S —

(c) 1:1 mixture of Rhy(tpa), and 24 Ph
shielding effect

Ha
- o7 (!

| .
‘ Rh—Rh-- N\ o+
\ / | / Ph

o

Figure 3.2 *H NMR spectra (CDCls, 293 K, 400 M Hz) of (a) 24, (b) 1:1 mixture of Rhy(oct)s and 24,
and (c) 1:1 mixture of Rhy(tpa). and 24.
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The signals of the ligands were also informative for association between 24 and catalysts. *H
NMR spectra of various ratios of mixtures of 24 and Rhz(oct)s or Rha(tpa)s were measured and compared
to the spectra of only catalysts (Figure 3.3). In the spectra of Rhz(oct)s, only one signal which can be
assigned as the Hb signal was observed in all spectra (Figure 3.3a), which suggested that the association
equilibrium was fast and reversible. On the other hand, in the spectra of Rha(tpa)s, two different signals
which can be assigned as the Hc signal were observed (Figure 3.3b). As the amount of 24 increased, the
intensity of the signal in lower field decreased and that in upper field increased. These results indicated
that the coordination of 24 to Rhy(tpa)s is relatively strong and almost quantitative formation of the
complex between 24 and Rhy(tpa)s. As my expectation, association ability of the catalysts to the
substrate 24 was significantly different, depending on the structures of the ligands.

(a) (b)

Hc He

Hb CeH13 Hb CeH13

X X 4§ 4
Ph Ph
AR ATEE o ——

Ri—RH ZUTPh fast RR—RR=--N ol’/A\(ID/ N o |//A\C|)/ To
| 7] 24 | 7| Ph RH—RH 24 RH—RH--N"
Rha(oct)s Rhy(oct)s24 e 171 e

Rhy(tpa)y Rhy(tpa)s-24
free complex
only Rhy(oct), Hb only Rhy(tpa),

it e Pt

Rhy(oct)s : 24 = 1:0.3 Rha(tpa), : 24=1:0.3

VAN
PN e e

Rhy(oct)s :24=1:0.5 ~ Rhy(tpa)s :24=1:0.5

FERN
SNBSS 4 et

Rhy(tpa)s : 24 = 1: 0.8
Rhy(oct), :24=1:0.8 2(tpa)y

ettt Nt oot

Rhy(oct)s :24=1:1.1 : Rhy(tpa)s :24=1:1.1

T T T T T T T
26 25 24 23 22 21 w0 18 18 17
ppa

Figure 3.3 (a) 'H NMR spectra (CDCls, 293 K, 400 MHz) of Rh,(oct)s and mixtures with 24. (b) *H
NMR spectra (CDCls, 293 K, 400 MHz) of Rhy(tpa)s and mixtures with 24.
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3.5 Calculation for effects of ligand structures

To estimate the energy difference in coordination of 24 to the rhodium center, the DFT calculation
was performed (Scheme 3.3). Considering existence of huge conformational isomers of Rhy(oct)a,
Rh2(OAc)s was used for the model of Rhz(oct)s in the calculation. While the stabilization energy by
coordination of 24 to Rhy(OAC). was relatively low (AG = —2.0 kcal/mol), the complex between 24 and
Rha(tpa)s was much more stable than their free state (AG = —15.0 kcal/mol). The difference of the
stabilization energy depending on the catalysts were in good agreement with the observation in tH NMR
experiment (Figure 3.3).

Me
Me =z
| Meal= AG = -2.0 kcal/mol
Ph” N M + Rhy(OAc), y N--Rhy(OAc)4 AH = -20.0 kcal/mol
e Ph AS =-60.2 cal/mol*K
24
M
Me Vo 2 AG = -15.0 kcal/mol
N + Rhytpa), —=—= ~ N--Rhy(tpa), AH = -33.7 kcal/mol
Ph Me Ph/ AS =-62.7 cal/mol-K
24

Scheme 3.3 Calculated association energies of 24 with Rh(OAc)s and with Rhy(tpa)a.
Calculation was performed by DFT with M06/LanL2DZ(Rh)/6-31G(d,p) level of theory.

To investigate the origin of the energy difference depending on the catalysts, the obtained
3D structure of the complex between 24 and Rhy(tpa)s was shown in Figure 3.4. The structure
clearly showed that there are multiple C—H/r interactions between 24 and the phenyl rings on the
o carbon of the ligand carboxylates. The calculated structure was consistent with the observation
about the upper field shift of the signal of 24 in the *H NMR spectra shown in Figure 3.2. Based
on the results, I concluded that the phenyl rings on the o carbon of the ligand carboxylates stabilized
the complex between substrates and catalysts to inhibit smooth catalytic cycle in the C(sp®)—H
amination of aniline derivatives.

O—g O
Ph,C ‘(O’ Rh~o§/CPh3

,(o _o
PhsC™ Ny =R g2~ CPh,

Rhy(tpa),- 24

Figure 3.4 Calculated structure of the complex between 24 and Rh(tpa)a.
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3.6 Interpretation of the effects of catalysts in C(sp®—H amination of N,N-dimethylaniline

Based on the NMR experiments and DFT calculations in the above sections, interpretation of the
effects of the catalysts was described in Scheme 3.4. Coordination of substrate 24 to the rhodium center
would inhibit the smooth catalytic cycle, where the complex be a resting state in the reaction. In the case
of Rhy(oct)s, coordination of 24 to the catalyst was reversible and coordination of the nitrene source,
TrocNHOTSs, successfully departed the catalytic cycle including formation of the dirhodium nitrene
complex and its C—H insertion (Scheme 3.4a). On the other hand, in the case of Rhx(tpa)., coordination
of 24 to the catalyst was almost quantitative and the dissociation was very slow because of multiple C—
H/xn interactions between 24 and the ligands, which was supported by NMR experiments and DFT
calculation. Thus, most of Rhy(tpa)s form the inactive complex, as a resting state, and almost no
coordination-free active catalyst exists in the solution (Scheme 3.4b). As a result, coordination of 24 to
Rh(tpa)s could inhibit the catalytic cycle starting from coordination of TrocNHOTS to the rhodium
center not to provide any C—H aminated products.

(a) In case of Rhy(oct),

H
Vo 24 TrocNHOTs \ OTs
Rh—Rh-N <=——= Rh—Rh ——— Rh—Rh--N
\Ph reversible Troc
resting state
25 KOTs
K2COs KHCO,
N
H J/ .
— Ph™
\\ — J—
Rh—Rh——‘N" N Rh—Rh=N,
\ Ph Troc
Troc
(b) In case of Rhy(tpa),
Ph H
Ph “ TrocNHOTs \ OTs
H 24 A
oo -« Rh—Rh =—<—= Rh—Rh--N
1 1 N irreversible . Troc
Rh—Rh--N !
Ph K,COs _i_» KOTs
resting state E KHCO;
stabilized by multiple C—H/x ]
Rh—Rh=N
Troc

Scheme 3.4 The effects of the catalysts in C(sp®)—H amination of dimethylaniline 24.
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3.7 Ligand effects in C(sp?)—H amination of anisole

The ligand effects in C(sp?)—H amination of anisole (51) were also investigated, using dirhodium
catalysts with different numbers of phenyl rings on the o carbon of the carboxylate group (Table 3.2).
Triphenyl or diphenyl-substituted catalysts accelerated the reaction effectively, while the less substituted
catalysts have dramatically reduced activity. On the contrary to the case of C(sp®)—H amination of
aniline derivative, as the numbers of phenyl substituents on the a carbon to the carboxyl group of the
ligands increased, the yield of the aminated product 52 increased.

Table 3.2 The effect of the numbers of phenyl rings on the ligand in the C(sp?—H amination.

(0]

O Rh, cat. (5 mol%) ONG
TrocNHOTs P
K2CO3 (1.5 equiv.) TrocHN
51 PhCI,0°C, 20 h 52
1.5 equiv. 0.2M
Ph Ph Me Ph H

Phj:Ph Ph;tMe Ph;tl\/le A /C\7 *

O/A\O O’A\O O/A\o O’A\O OIA\O

"/ N/ "/ 1/

a4 1/ Ny Rh—Rh Rh—Rh

Rh—Rh Rh—Rh Rh—Rh Ay A
17 e 17 7 7

ha(tpa)4 ha(thMGCCOzM ha(PhMGzCCO2)4 RhQ(PhC02)4 ha(OCt)4

59%2 53%?2 6%°2 Trace? Trace®
p:o=9/1 p:o=9/1 p:o=10/1

@ Determined by crude H NMR analysis, using 1,3-dinitrobenzene as an internal standard.

From the observation of the tendency in Table 3.2 and the effects of the phenyl rings in the
C(sp*—H amination of aniline derivatives, it was proposed that cation/n or C—H/x interactions between
reacting substrate 51 and the phenyl rings on the ligands would stabilize the possible transition state
structure for nucleophilic attack of the aromatic ring to the dirhodium nitrene complex (Figure 3.5).
Although optimization of the transition state structure using the catalysts with phenyl rings on the o
carbon was examined based on the previously calculated structure of the transition state using
Rh2(OAC)s, the desired transition structure was not obtained because the activation electronic energy
(AE?) was less than 0 kcal/mol.
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Figure 3.5 Proposed transition state structure.
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3.8 Design of a new catalyst for C(sp?)—H amination and trial

In the former sections, stabilization effect for transition state of C(sp?)—H amination of anisole by
cation/n or C—H/x interactions was proposed according to the results on relationship between ligand
structures and catalytic activities. Based on the proposal, a new catalyst 56 was designed for
improvement of reaction efficiency in dirhodium-catalyzed C(sp?)—H amination with the expectation
that electron-rich aromatic rings on the ligands of 56 can stabilize the proposed transition state more
effectively than Rhy(tpa). (Figure 3.6a). The carboxylic acid 57 was easily prepared from benzoylformic
acid and anisole according to the reported procedure? and ligand exchange using Rh2(OAc)s and the
synthesized carboxylic acid 57 provided the catalyst 56 in good yield (Figure 3.6b).

OMe B BE:
Ar,C \—OMe
. o T

Ph Ph Design of a Ph 0o 6\0 " / OCH,
oo new catalyst 0™g R‘" |:‘g|{1—N'I

), 5, /— VARV N7 0

Rh—Rh Rh—Rh 0\9~ 00 \,CCI3
717 e vV o

Rhy(tpa), 56 Ar;C CAr3

more effective cation/n or
C—H/= interactions ?

(b)
anisole MeO Q Rh,(OAC), OMe
(3.0 equnv O (O 125 equiv.)
P205 *MsOH PhCI 150 °C
rt, 24 h, 48% COzH 3h, 96% 0

|/ |/
Benzoylformic acid Rh—Rh
e 56

Figure 3.6 Design and synthesis of a new catalyst 56 for C(sp?)—H amination.

The synthesized catalyst 56 was employed in C(sp?)—H amination of anisole 51 (Scheme 3.5a).
In the presence of 56, treatment of 51 with TrocNHOTSs and K,CO3 in chlorobenzene at 0 °C for 20 h
gave the para-C(sp?)—H aminated product 52 in 46% yield. The product yield was comparable with
Rh(tpa)s-catalyzed reaction and the expected improvement in reaction efficiency was not observed.
Then, the C(sp?)—H amination of triphenylamine 58 was investigated with some Rh, catalysts (Scheme
3.5b). Although the experimental results and discussions in sections 3.3 to 3.6 suggested that the phenyl
substituents on the o cabon of the ligands stabilize the coordination of amines to the rhodium center and
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inhibit the smooth catalytic cycle for C—H amination, I envisioned that bulky substituents on the nitrogen
inhibit coordination of 58 to rhodium center and the C(sp?)—H amination of an aniline derivative could
proceed via stabilization of the transition state for C(sp?)—H amination. While the Rhz(oct)4 catalyzed
reaction provided the desired para-C(sp?)—H aminated product 59 in just 7% vyield, the Rhy(tpa)s
catalyzed reaction afforded 59 in moderate yield (37%). Furthermore, in the presence of 56, 59 was
obtained in slightly improved yield of 40%. Although the stabilization effect or the proposed transition
state for C(sp?)—H amination by introduction of electron-donating groups on the ligands was not critical,
the experimental results in this section have no contradictions with my expectations and proposal. In
addition, to the best of my knowledge, this is the first example of dirhodium-catalyzed para selective
C(sp?)—H amination of aniline derivatives.

(a)

o) Rh;, cat. (5 mol%) o)
/©/ ~ TrocNHOTs _ ~
K2CO3 (1.5 equiv.)
H PhCI, 0 °C, 20 h TrocHN
51 52
1.5 equiv. Rhs(tpa)s: 51% yield

56: 46% yield

(b)

Rh, cat. (5 mol%)
TrocNHOTs

1.5 equiv.

> N
K,CO3 (1.5 equiv.)
PhCl, r.t., 12 h
TrocHN

59
Rhy(oct)y: 7% yield
Rhy(tpa)s: 37% yield
56: 40% yield

Scheme 3.5 Examination of C(sp?)—H amination of anisole (51) and triphenylamine (58) with
Rha(tpa)s and catalyst 56.
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Chapter 4 Catalytic asymmetric synthesis of inherently chiral calixarenes
by enantioselective C(sp?)—H amination

4.1 Background

Calixarenes are known to be representative molecules in host-guest chemistry. Because they have
cavities surrounded by the electron rich aromatic rings and can encapsulate other molecules depending
on the size and electronic nature, much efforts have been devoted to synthesis of functionalized
calixarene derivatives and their application to host-guest chemistry.*® Due to the bowl-shaped 3D
structure, calixarenes have a non-classical chirality, inherent chirality, depending on the arrangement of
achiral substituents.®* For example, calix[4]arene derivative 60 with two different substituents on the
upper rim (R, R?) has the chirality: when (cR)-60 or (cS)-60 is viewed from the concave side, the array
of the substituents (R!, R?) is assigned as clockwise or counterclockwise (CIP priority: R'>R?),
respectively (Figure 4.1).

CIP piority:
R'>R?

Figure 4.1 The concept of inherently chiral calix[4]arenes.

Since the concept of the non-classical chirality had been confirmed by optical resolution of the
racemic inherently chiral calix[4]arenes (ICCs) in 1990,% various methods for preparation of ICCs
including separation by chiral HPLC, separation of diastereomers by introduction of chiral fragments to
racemic ICCs and asymmetric synthesis were reported.® Considering the application of the ICCs for
development of functional molecules, asymmetric synthesis was required in terms of quantity.

Arnott et al reported the first successful asymmetric synthesis of ICCs by virtue of a chiral
auxiliary (Scheme 4.1).* By treatment of calix[4]arene derivative 61 possessing a chiral oxazoline
moiety, derived from L-valine, with cyclopentyllithium, ortho-lithiation took place diastereoselectively
and following fluorination by N-fluorobenzenesulfonimide (NFSI) provided 62 in 73% yield and 93%
de. After hydrolysis of the oxazoline moiety of 62, the ICC 63 was obtained in high enantiomeric excess.
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Scheme 4.1 The first diastereoselective synthesis of ICCs by virtue of chiral auxiliary.

Although there are many reports about synthesis of various types of 1CCs, only one example of
catalytic asymmetric synthesis of ICCs was reported® in spite of the widely known utility of catalytic
asymmetric synthesis in preparation of chiral molecules. McKervey et al reported lipase-catalyzed
acylative desymmetrization of Cs-symmetric calix[4]arene derivative 64 (Scheme 4.2). Although the
method was able to provide enantiomerically pure ICC 65, the yield of 65 was very low probably due
to formation of other regioisomers and over-acylated products (diacylate or triacylate).

Vinyl acetate

Aspergillus niger lipase
toluene, r.t.

OH OH pAc
65
19% vyield, 100% ee

Scheme 4.2 The first catalytic asymmetric synthesis by enzymatic acylative desymmetrization.

During the study of dirhodim-catalyzed chemo- and site-selective C—H amination reaction, Ueda
and Kawabata et al found that calix[4]arene derivative 66 underwent selective C—H amination at the
para position of the phenolic hydroxy group by treatment with Rhy(tpa)s and TrocNHOTSs (Scheme
4.3a).12 In this chapter, based on the discovery, | tried to develop the first efficient catalytic asymmetric
synthesis of ICCs, using artificial catalysts. For the purpose, C—H aminative desymmetrization of Cs-
symmetric calix[4]arene derivatives with two enantiotopic C(sp?)-H bonds were designed and
examined by use of chiral dirhodium complexes as catalysts (Scheme 4.3Db).
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(a) C(sp?)-H selective at para of OH
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Scheme 4.3 (a) A previous example of dirhodium catalyzed chemo- and site-selective C(sp?)—H
amination of calix[4]arene derivative 66. (b) The research aim and design of C—H aminative
desymmetrization for catalytic asymmetric synthesis of ICCs.
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4.2 Enantioselecitve C(sp?)-H Amination of O,0'-di'Pr-calix[4]arene

Firstly, 25,26-dihydroxy-27,28-diisopropoxycalix[4]arene (O,O'-di'Pr-calix[4]arene) (68) was
synthesized and enantioselective C(sp?)—H amination was examined in the presence of various chiral
dirhodium complexes (Table 4.1). In all experiment, the desired product was obtained just in trace
amounts. Considering the color change of the reaction solutions from green to grey, decomposition of
the dirhodium complexes was concerned probably due to the coordination of phenoxide derived from
68 and K,COs to the rhodium center.

Table 4.1 Trials for enantioselective C(sp?)—H amination of O,0'-di'Pr-calix[4]arene 68.

Rh, cat. (5 mol%)
TrocNHOTs (1.0 equiv.)

K,CO3 (1.5 equiv.)

I /

I ! PhCI, 0 °C, 12 h . -
OPr OProH HO 04 M O'Pr OProH HO
68 69
1.0 equiv.
Br
. o N
Ph
j/[,’ N Ph ///, N j//“ N
(0]
/K A O/EO © /£ 0
O/ N O/ \O s N O/ N
1/ (uj/ W/ 0/ 1/ 1/ ?/
Rh—Rh Rh—Rh Rh—Rh Rh—Rh
717 717 717 71 7
Rhy(S-PTTL), Rh,(R-BTPCP), Rhy(S-PTAD)4 Rhy(S-NTTL)4
Trace Trace Trace Trace
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4.3 Enantioselecitve C(sp?)—H amination of silyl-protected calix[4]arene

To inhibit the coordination of phenoxide to the Rh center and decomposition of the catalysts, |
planned to introduce bulky substituents on the lower rim instead of two isopropyl groups. In the
literature, 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl (TIPDS) group was reported as a useful protecting
group for O,0'-difunctionalization of calix[4]arene. According to the literature,*® TIPDS protected
calix[4]arene 70 was synthesized in a similar way and catalytic desymmetrization of 70 was investigated
(Table 4.2). While Rhy(S-DOSP)4 did not provide any C—H aminated products, Rhy(R-BTPCP),
afforded the desired product 71 as a racemic mixture. Rhy(S-PTTL), catalyzed the enantioselective
C(sp?—H amination of 70 with moderate enantioselectivity (26% yield, 50% ee). Further screening for
catalysts, solvents, and bases did not improve the yield and enantioselectivity in the reaction of 70.

Table 4.2 Catalyst screening for C—H aminative desymmetrization of TIPDS protected calix[4]arene.

NHTroc
Rh; cat. (5 mol%)

TrocNHOTs (1.0 equiv.)

K2003 (1 .5 equiv.)
PhCIl,0°C, 12 h
02M

Br
Ph O

Ph j/[,’ N
0°"Y0 /£ 0

S/ 0”~0
Rh— i/ s
7| /R|h Rh—Rh
71 7
Rhy(S-DOSP)4 Rhy(R-BTPCP), Rhy(S-PTTL),
0% yield,? 0% ee” 8% yield,? 0% eeP 26% yield,? 50% ee®
Cl Cl
o o 0
Cl
7, N j//,, N >// N
Cl
A o A~ © I\ o]
7’ N O/ N - N
W/ 1/ 9/ 1/ ?/
Rh—Rh Rh—Rh Rh—Rh
g e 71
Rha(S-PTAD)4 Rhy(S-NTTL), Rhy(S-TCPTTL),
24% yield,? 50% ee® 10% vyield,? 37% ee® 11% yield,® -21% ee®

2 |solated yields. ® Determined by HPLC.
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4.4 Design and synthesis of upper-rim-modified calix[4]arene

In the former sections, modification of the lower rim of the calix[4]arene was investigated to find
that modification of lower rim was not enough for efficient asymmetric induction from the chiral
dirhodium complexes in C(sp?)—H amination of the upper rim. To improve enantioselectivity, a substrate
72 with substituents on the upper rim was designed (Scheme 4.4). Considering that substituents on the
upper rim in close to the reacting site would interact or collide with substituents on the ligands of chiral
dirhodium complexes, effective asymmetric induction was expected to be achieved. Phenyl groups were
chosen as substituents because both attractive and repulsive interactions between a substrate and chiral
dirhodium complex can be expected.

steric interactions
affect asymmetric induction

small . .
substituents  reacting site

/o

Modification on
the upper rim

Scheme 4.4 Design of substrate for effective asymmetric induction.

A synthetic route of 72 was described in Scheme 4.5. Dibromide 73 was synthesized by 2 steps
from calix[4]arene according to the reported procedure.®” Treatment of 73 with TIPDSCI and 'BUOK
gave a mixture of conformational isomers of the desired product (74a:74b = 3.3:1), they can be separated
by recycle HPLC. From the symmetry of the 'H NMR spectra of 74a and 74b, the conformations of
them could be assigned as cone or 1,2-alternate, not partial cone. The significant difference between the
spectra was the chemical shift difference of methylene protons Ha and Hb (shown in structures of 74a
and 74b in Scheme 4.5). Compared to the *H NMR spectra of the known 1,2-alternate compound, the
major product 74a was assigned to 1,2-alternate and the minor product 74b to cone. Suzuki-Miyaura
coupling reaction of a mixture of 74a and 74b with phenylboronic acid and following deprotection of
benzyl groups under hydrogenation condition afforded the desired compound 72 in 53% yield. Since
the C—C bonds between the methylene groups and the aromatic rings of the calix[4]arene derivatives
can freely rotate at r.t., when the phenols are not protected, both of 1,2-alternate 75a and cone 75b were
converted to the desired compound 72, whose conformation was assigned to cone by analysis of H
NMR spectrum of 72.
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iPr—Si” Ngi-ipr Prip, Br Br
Br Br ] \ ; /
'Pr ip Pr—q |
r Si___si—/pr
(TIPDSCI) N 1o
‘BuOK 0 /
T W% + ]
/ QTHF d BnO HbOBnO o (0]
OBn OBnpoH HO 0°C,3h BnOHp Bna . \S_/ \S/i
81 % IPr/ | ‘ \iPr
3 SHa: 3.64 ppm SHa: 2.98 ppm I i
Snp: 3.87 ppm  Br . Pr Pr
Hb PP Br Sub: 4.59 ppm
1,2-alternate cone
74a 74a:74b = 3.3:1 74b
Ph Ph
PhB(OH),
CSzCOg
Pd(PPh3), | ]
PhMe/MeOH OBn OBno\ /O\S.)
70°C,12h Si Si~ip,
iPr/ , \iP
Pr r
1,2-alternate cone
75a 75b

Pd(OH)2/C, Hy
EtOAc/MeOH

/
60 °C,24 h 0 O
53% in two steps ) \s|/ \Sli\,-
Pror AP
ipr  'Pr
cone
72

Scheme 4.5 A synthetic route of upper-rim-diPh-modified TIPDS-protected calix[4]arene.
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4.5 Enantioselecitve C(sp?)—H amination of upper-rim-modified calix[4]arene

With the newly designed substrate 72 in hand, catalyst screening was performed (Table 4.3).
Rh2(S-PTTL)4, the most effective catalyst in C—Hamination of 70, gave only trace amount of the product
76. On the other hand, another effective catalyst Rhy(S-PTAD)4 promoted the reaction to afford 76 with
high enantioselectivity (87% ee). As expected, the introduction of substituents on the upper rim of the
substrate affected the asymmetric induction significantly. Use of other analogues of Rhx(S-PTTL), and
Rh2(S-PTAD), did not improve the yield and enantioselectivity.

Table 4.3 Catalyst screening for C—H aminative desymmetrization of upper-rim-modified substrate 72.

Ph Ph NHTroc
Rh, cat. (5 mol%)

TrocNHOTs (1.0 equiv.)

K,CO3 (1.5 equiv.)

PhCI, 0 °C, 12 h
0.1 M
i N
PriPrI lPrI Pr 72
1.0 equiv.
Ph Ph
(@) (0]
Ph
j//,’ N j//,' N
Ph
A (0] A 0
0” ~0 o~
"/ 1/ 1/ (I)/
Rh—Rh Rh—Rh
717 717
Rhy(S-PTTL), Rhy(S-TPPTTL)4
Trace® Trace?
Cl Cl
o O © ° o
j/, N O %, N %, _N
( X Lee
(0] 0]
O ~ A~
AN o“ o 20NN
(I)/ ?/ 1/ 1/ 1/ 1/
20 a48e 71 7
Rho(S-NTTL)4 Rhy(S-PTAD)4 Rhy(S-TCPTAD)4
16% yield,? 82% ee® 29% yield,? 87% ee® Trace?

8 |solated yields. b Determined by HPLC.
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Then, screening of reaction parameters including solvents, bases, and temperature were
conducted, using 72 as a substrate and Rhy(S-PTAD). as a catalyst (Table 4.4). Use of benzene or
substituted benzene as solvent did not improve the reaction efficiency (entries 1-4). Screening of
inorganic bases revealed that potassium salts were sufficient and relatively stronger bases such as K3PO4
and 'BUOK increased the yield of 76 with slightly inferior enantioselectivity (entries 5-10). Investigation
for the effects of temperature and addition of molecular sieves 4A did not improve the enantioselectivity
(entries 11-13).

Table 4.4 Screening of conditions for C—H aminative desymmetrization of 72.
NHTroc

Rhy(S-PTAD)4 (5 mol%)
TrocNHOTs (1.0 equiv.)

K2C03 (1 5 equiv.)

PhCI, 0 °C, 12 h
0.1 M
Pr Pr 72
1.0 equiv.
Entry Solvent Base Temperature  Yield (%) ee (%)°

1 PhCF3 K2COs3 0°C 20 80
2 PhF K2COs3 0°C Trace -
3 PhH K2COs3 20°C 34 60
4 PhMe K2COs3 0°C 15 66
5 PhCI Li2COs 0°C 10 78
6 PhCI Na2COs 0°C 19 80
7 PhCI Cs2C0s3 0°C 16 78
8 PhCI KOAc 0°C 20 80
9 PhCI K3POg4 0°C 34 84
10 PhCI ‘BUOK 0°C 33 85
11 PhCI K2COs3 20°C 36 76
12 PhCI K2COs3 -20°C 22 76
13¢ PhCI K2COs 0°C 30 84

2 |solated yields. ® Determined by HPLC. ¢ Molecular Sieves 4A as an additive.
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The effects of aminating reagents were examined (Table 4.5). Use of trifluoroethyl derivative of
TrocNHOTSs provided C—H aminated product 77 in lower yield and enantioselectivity. On the other
hand, treatment of 72 with tribromo derivative of TrocNHOTSs gave the desired product 78 in slightly
improved yield and enantioselectivity (31% yield, 88% ee). TrocN3; was employed to the present C—H
amination without base to find that high temperature was required for generation of the rhodium nitrene
and N gas, which resulted in decrease of enantioselectivity. Other aminating reagents did not provide
the desired C—H aminated product.

Table 4.5 Effects of aminating reagents.

Rhy(S-PTAD)4 (5 mol%)
Aminating reagents (1.0 equiv.)

K,CO3 (1.5 equiv.)

PhCI, 0 °C, 12 h
0.1 M

Product Aminating agent | Product

O 1
76 (R = Troc) )J\ ¢ ' 76 (R = Troc)
29% vyield,? CI3C/\O N \ 31% yield,?

87% ee® | 53%ee®

)OJ\ i 77 (R = CO,CH,CF3) 04
A~ _OTs: 20% yield,? : Trace

FsC™ O H E 68% eeP CI3C/\O NH; .
Q | 78 (R = CO,CH,CBr) :

5 C/\OJ\N’OTS: 31% yield,? HiC.-OTs | 0% yield
3 88% ee® H :

2 |solated yields. ® Determined by HPLC. ¢ Without base, at 100 °C.
4 PhI(OAc), and MgO were used.
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4.6 Discussion about stereochemistry

Based on the experimental results, the assumed asymmetric induction in the C—H amination was
described in Figure 4.2. In the literature, single crystal X-ray analysis of Rhy(S-PTAD)4 revealed its Cs-
symmetric structure.® The dirhodium nitrene structure was assumed from the crystal structure of Rhy(S-
PTAD)4 (Figure 4.2a). To clarify the effects of the substituents on the chiral center, a Newman projection
of the dirhodium nitrene complex from the viewpoint of a chiral center was drawn (Figure 4.2a).
Possible molecular assemblies in the transition state of nucleophilic attack of the pro-(cS)- and pro-(cR)-
aromatic rings to the nitrene were described in Figure 4.2b. In the model, while pro-(cR)-phenol seems
to attack the nitrene without any significant steric repulsion between the substrate and the catalyst, steric
repulsion between the phenyl group on the upper rim and phthalimide group on the chiral center could
prevent attack of pro-(cS)-phenol to the nitrene. However, the absolute configuration of the obtained
product 76 has not been determined yet due to the instability of the product in solution. To discuss the
stereochemistry in the reaction, determination of the absolute configuration of the product and
calculation of the transition state structure are necessary.

X-ray structure of Rhy(S-PTAD),
O—CH,CCl3

Newman projection
of assumed Rh nitrene

side view

Ph Ph H H Rhy(S-PTAD)4 pro-(cR)-attack pro-(cS)-attack
TrocNHOTs disfavored favored
l \ , N K,CO3
> Z> Y% i
| /

OR OR HO KHCO3
OH KOTs
72

steric repulsion
NHTroc between Ph and Phth

Ph Ph
| PhthN,_: S
i ;

/
OR OR QH HO
76 with high ee

Absolute configuration was not determined.

Figure 4.2 Discussion about stereochemistry. (a) Crystal structure of Rhy(S-PTAD)s and Newman
projection of assumed dirhodium nitrene complex. (b) Possible stereochemical paths.

41



42



Conclusion and outlook

By utilizing rhodium metal as catalyst and TrocNHOTSs as nitrogen source, rhodium nitrene
intermediated was generated, and the highly chemo and site- or stereo-selective C—H amination of
different substrates were achieved. The results are summarized below.

Chapter 2. An optimal condition for dirhodium catalyzed C—H amination of aniline derivatives
proceeded at C(sp®)—H bonds a to the nitrogen atom was established, in a chemo and site-selective
manner. Mechanistic study shows that the C—H bond cleavage was involved in the product-determining
step in the concerted asynchronous C—H insertion process. The application of this amination to a two
steps N-demethylation was demonstrated. This method provides an alternative way to the site-selective
amination of N-methylaniline derivatives and will be possibly used in the N-demethylation of functional
molecules.

Chemoselective for C(sp®)-H
Site-selective for N-Me group

R’ ) R R’ ] R
H \|/ H \i/
Rh catalyst
H N H TrocNHOTs H N NHTroc
base
H H
21 examples

33-75% yields

Chapter 3. The effects of ligands on dirhodium complexes on the chemoselective C—H amination
reactions were studied. In the case of C(sp®)~H amination of N,N-dimethylaniline, the numbers of
phenyl substituents on the o carbon to the carboxyl group is negatively relate to the catalytic activity.
Based on the relationship between the ligand structures and catalytic activities as well as NMR
experiments and DFT calculation, it was proposed that the phenyl substituents stabilize the coordination
state of substrates to the rhodium center by multiple C—H/x interactions to inhibit the smooth catalytic
cycle. Oppositely, in the case of C(sp?)—H amination of anisole, the numbers of phenyl substituents on
the a carbon to the carboxyl group is positively relate to the catalytic activity. The relationship between
the ligand structures and catalytic activities allowed me to propose the transition state structure for
C(sp?—H amination, in which the generating 8+ on the reacting aromatic ring be stabilized by cation/n
or C—H/n interactions. Based on the hypothesis, a newly designed catalyst was synthesized and
examined to find it possessing comparable reactivity in C(sp?)—H amination of anisole and

triphenylamine.
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0% yield
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N

good yield

Chapter 4. Catalytic desymmetrization of Cs-symmetric calix[4]arene derivatives by

enantioselective C(sp?)—H amination was investigated. Various modification of lower and upper rim of

the substrates to find one good condition for the purpose. The C(sp?)—H amination of the calix[4]arene

derivative with a TIPDS group on the lower rim and phenyl groups on the upper rim was achieved in

high enantioselectivity (up to 88% ee), with a chiral dirhodium complex catalyst constituting of amino

acid derivatives. To the best of my knowledge, this is the first example of catalytic asymmetric synthesis

of inherently chiral calix[4]arene by rhodium catalyzed amination. Although highly selective amination

was achieved about only one substrate and the absolute configuration of the product has not been

determined yet, this achievement is expected to expand the methodology for catalytic asymmetric

synthesis of ICCs and applications of ICCs for unique host-guest chemistry.

O’ o)
|/ 1/
Rh—Rh
71 7

Rhy(S-PTAD),

K,CO3

44

Ph ﬁi HN
b b ud
| PN | IOH
Pr/SlI SrPr
Pr Pr
78

31% yield, 88% ee

O/\CBr3



Experimental section

45



1. General information

'H NMR spectra were recorded on JEOL ECX-400 (400 MHz) and are reported in ppm using
solvent resonance as the internal standard (CDClIs at 7.26 ppm, acetone-ds at 2.05 ppm). When peak
multiplicities are reported, the following abbreviations are used: s = singlet; d = doublet; dd = doublet
doublet; t = triplet; g = quartet; sep = septet; m = multiplet; br = broad. **C NMR spectra were recorded
on JEOL ECX-400 (100 MHz) or JEOL ECX-600 (150 MHz) and are reported in ppm using solvent
resonance as the internal standard (CDClIs at 77.16 ppm, acetone-ds at 29.84 ppm). Unless otherwise
noted, NMR spectra were recorded at 293 K. IR spectra were recorded with a JASCO FT/IR-4200
spectrometer. Mass spectra were obtained on Bruker Impact HD mass spectrometers or Bruker timsTOF
mass spectrometer (IMS-QTOF) for ESI. Melting points were measured using a Yamagimoto micro
point apparatus. Specific rotation was measured with JASCO P-2200 polarimeters. Analytic HPLC was
run with a JASCO PU-2089 Plus instrument, equipped with Daicel CHIRAL PAK IB or COSMOSIL
CHIRAL 5A columns, and a JASCO UV-2075 Plus UV/Vis detector at 254 nm. Recycle HPLC was run
with a JASCO PU-2086 Plus instrument, equipped with a COSMOSIL 5SL column and a JASCO UV-
2075 Plus UV/Vis detector at 254mn. Purification of reaction products was carried out by column
chromatography on silica gel 60N (spherical, neutral, KANTO) or preparative thin layer
chromatography on precoated plates (0.5 mm, Merck). Analytical thin layer chromatography was
performed on precoated plates (0.25 mm, Merck). Visualization was accomplished with UV light.

TrocNHOTS, % 2,2 2-trifluoroethyl-N-tosyloxycarbamate,*? Rh,(tpa)s,”® Rhz(Ph,MeCCO,),,*
Rhz(piv)s,* Rh2(PhMe,CCO,)4,*? Rha(PhCO2)4,*® Rho(S-PTTL)s,* Rha(S-NTTL)s,*® Rhy(S-DOSP)4,*
Rhy(S-TPPTTL)4* were prepared according to literature procedure. Rh2(R-BPTCP)4,* Rhy(S-PTAD)4,*
Rhy(S-TCPTTL)4* were purchased from Strem Chemicals, USA. Rhy(oct)s, Rho(OAc)4 were purchased
from TCI. Rhy(tfa)s, Rho(esp). and Rhy(S-TCPTAD).* were purchased from Sigma-Aldrich. Li>COs,
K2CO3, Na;COs, Cs,CO3, Rb,COs, and KOAc were purchased from Wako Chemical. Anhydrous
chlorobenzene, benzotrifluoride and 2,2,2-tribromoethanol were purchased from Sigma-Aldrich.
Anhydrous toluene, chloroform, ethyl acetate and benzene were purchased from Wako Chemical.
Anhydrous dichloromethane was purchased from Kanto Kagaku. Fluorobenzene was purchased from
TCI. Anhydrous DMF and acetonitrile were purchased from Nacalai tesque. All chemical reagents were
commercially purchased and used without further purification.
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2. Chapter 2
General procedure for dirhodium-catalyzed intermolecular C—H amination of N,N-
dialkylanilines

N7
RN R' N7 NHTroc

TrocNHOTs (0.05 mmol)
Rhy(oct)4 (5 mol%)
R? > R?
K,CO3 (1.5 equiv.),

toluene, rt, 12 h
0.2M

To a suspension of N,N-diakylanilines (0.5 mmol, 10 equiv. or 0.075 mmol, 1.5 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.) and K>COs3 (10.4 mg, 0.075 mmol, 1.5 equiv.) in toluene
(0.25 mL) were added Rhy(oct)s (1.9 mg, 0.05 equiv.) at r.t.. After being stirred for 12 h, the reaction
was guenched by addition of water and extracted with EtOAc. The organic layer was washed with brine,
and dried over Na>SO, filtered, and concentrated. The crude material was purified by preparative TLC
or column chromatography to afford the aminated product. The product exists as a mixture of rotamers
due to its carbamoyl moiety. For coalescence of the signals of the rotamers, *H NMR of product was
measured at 323K.

(A) 293 K |CHCI, 9 d
d g
c | H
b N._N. _O._CCl
e g
e a
ac 25
b
H H,0
f g )\
(B) 323 K i
H,0
ppm 7:{] 6{0 STD 4:{] 3.‘0 Z‘AO

Figure S1. VT-'H NMR spectra of 25 in CDCl; (A) at 293 K (B) at 323K.
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Specific Procedures and Characterization Data
2,2,2-Trichloroethyl ((methyl(phenyl)amino)methyl)carbamate (25)

CHs
: NvNHTroc

Following the general procedure, N,N-dimethylaniline (63 pL, 0.5 mmol, 10 equiv.), TrocNHOTSs (18.1
mg, 0.05 mmol, 1.0 equiv.), K:COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s (1.9 mg, 0.05
equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by sequential
preparative TLC (1% EtOAc/hexane = 1/9, 2" CHCla/hexane = 1/1) to afford 25 as colorless oil (11.0
mg, 71%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.29—7.26 (m, 2H), 6.84—6.82(m, 3H), 5.42 (br s, 1H), 4.92 (d,
J =5.6 Hz, 2H), 4.74 (s, 2H), 3.02 (s, 3H); **C NMR (100 M Hz, CDCls) 3: 154.9, 147.7 129.6, 118.7,
113.9, 95.6, 74.7, 59.7, 37.8; IR (neat, cm™): 3326, 2952, 1722, 1598, 1499, 1367, 1220, 1132, 1041,
993, 817, 750; HRMS-ESI* (m/z): Calcd. for C11H14CIsN20, [M+H]* 311.0115; found, 311.0115.

2,2,2-Trifluoroethyl ((methyl(phenyl)amino)me9thyl)carbamate (26)
CHs
|

H
N N (0] CF
\/\”/\/ 3

O

Following the general procedure, N,N-dimethylaniline (10 pL, 0.075 mmol, 1.5 equiv), 2,2,2-
trifluoroethyl (tosyloxy)carbamate (15.6 mg, 0.05 mmol, 1.0 equiv.), K2COs3 (10.4 mg, 0.075 mmol, 1.5
equiv.), and Rhz(oct)s (1.9 mg, 0.05 equiv.) were stirred at r.t. in chlorobenzene (0.25 mL) for 12 h. The
crude material was purified by sequential preparative TLC (1%t EtOAc/hexane = 1/9, 2" CHCls/hexane
= 1/1) to afford 26 as colorless oil (4.8 mg, 37%).

'H NMR (400 M Hz, CDCls;, 323 K) &: 7.29—7.26 (m, 2H), 6.85—6.81 (m, 3H), 5.36 (br s, 1H), 4.88 (d,
J =5.6 Hz, 2H), 4.46 (g, J = 8.0 Hz, 2H), 3.01 (s, 3H); **C NMR (100 M Hz, CDCls) &: 154.8, 147.7
129.6, 123.1 (g, J = 276.5 Hz), 118.7, 113.9 and 113.6 (rotamers), 61.1 (q, J = 36.2 Hz), 59.7, 37.9; IR
(neat, cm™): 3339, 2916, 1729, 1602, 1531, 1507, 1292, 1232, 1176, 973, 758, 694; HRMS-ESI* (m/z):
Calcd. for C11H14F3N20, [M+H]* 263.1002; found, 263.1007.

2,2,2-Tribromoethyl ((methyl(phenyl)amino)methyl)carbamate (27)
CHs

N_ N_ _O_ _CBrs
~N \n/ N
Y.

Following the general procedure, N,N-dimethylaniline (10 pL, 0.075 mmol, 1.5 equiv.), 2,2,2-
tribromoethyl (tosyloxy)carbamate (24.8 mg, 0.05 mmol, 1.0 equiv.), K.COj3 (10.4 mg, 0.075 mmol, 1.5
equiv.), and Rhy(oct)s (1.9 mg, 0.05 equiv.) were stirred at r.t. in chlorobenzene (0.25 mL) for 12 h. The
crude material was purified by sequential preparative TLC (1%t EtOAc/hexane = 1/9, 2" CHCls/hexane
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= 1/1) to afford 27 as colorless oil (8.0 mg, 36%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.30—7.26 (m, 2H), 6.85-6.81 (m, 3H), 5.46 (br s, 1H),
4.94-4.93 (m, 4H), 3.03 (s, 3H); *C NMR (100 M Hz, CDCls) 6: 154.8, 147.8 129.6, 119.0 and 118.7
(rotamers), 113.9 and 113.7 (rotamers), 79.4, 60.4 and 59.7 (rotamers), 37.9, 37.2; IR (neat, cm™): 3318,
2920, 1725, 1598, 1495, 1359, 1216, 1129, 1041, 993, 750, 699, 635; HRMS-ESI* (m/z): Calcd. for
C11H12"°Br#'BrN.O, [M+H]* 444.8580; found, 444.8583.

2,2,2-Trichloroethyl (((4-chlorophenyl)(methyl)amino)methyl)carbamate (28)

CHj,

|
: N ~ NHTroc
Cl

Following the general procedure, 4-chloro-N,N-dimethylaniline (78 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by sequential preparative TLC (1% EtOAc/hexane = 1/5, 2" CHCls/hexane = 1/1) to afford 28 as
colorless oil (13.0 mg, 75%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.21 (d, J = 8.4 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 5.42 (br s,
1H), 4.88 (d, J = 6.0 Hz, 2H), 4.74 (s, 2H), 3.00 (s, 3H); *C NMR (100 M Hz, CDCls) 3: 154.9, 146.4,
129.4, 123.7, 115.1 and 114.9 (rotamers), 95.5, 74.7, 59.8, 38.0; IR (neat, cm™): 3331, 2920, 1725,
1499, 1363, 1216, 1140, 1005, 809, 722; HRMS-ESI* (m/z): Calcd. for C11H13ClsN.O2 [M+H]*
344.9726; found, 344,9725.

2,2,2-Trichloroethyl (((4-bromophenyl)(methyl)amino)methyl)carbamate (29)

CHs
/©/ N ~ NHTroc
Br

Following the general procedure, 4-bromo-N,N-dimethylaniline (100 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhx(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by sequential preparative TLC (1%t EtOAc/hexane = 1/9, 2@ CHClsy/hexane = 1/1) to afford 29 as
colorless oil (13.8 mg, 71%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.35 (d, J = 9.2 Hz, 2H), 6.70 (d, J = 9.2 Hz, 2H), 5.43 (br s,
1H), 4.87 (d, J = 6.0 Hz, 2H), 4.74 (s, 2H), 2.99 (s, 3H); 3C NMR (100 M Hz, CDCl3) 3: 154.9, 146.8,
132.3, 115.5 and 115.3 (rotamers), 110.9, 95.5, 74.7, 59.6, 38.0; IR (neat, cm™): 3326, 2948, 1725,
1598, 1495, 1363, 1208, 1132, 1052, 1000, 813, 722; HRMS-ESI* (m/z): Calcd. for C11H13BrCIsN-O.
[M+H]* 388.9220; found, 388.9218.
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2,2,2-Trichloroethyl (((4-iodophenyl)(methyl)amino)methyl)carbamate (30)

CHs
: N\/NHTroc
|

Following the general procedure, 4-iodo-N,N-dimethylaniline (124 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by sequential preparative TLC (1% EtOAc/hexane = 1/9, 2" CHCls/hexane = 1/1) to afford 30 as
colorless oil (15.0 mg, 69%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.52 (d, J = 8.8 Hz, 2H), 6.60 (d, J = 8.8 Hz, 2H), 5.45 (br s,
1H), 4.87 (d, J = 5.6 Hz, 2H), 4.74 (s, 2H), 2.99 (s, 3H); *C NMR (100 M Hz, CDCls) &: 154.9, 147 .4,
138.2, 115.8, 95.5, 80.1, 74.7, 59.4, 37.9; IR (neat, cm™): 3335, 2948, 1722, 1590, 1490, 1359, 1224,
1140, 1052, 809, 727; HRMS-ESI* (m/z): Calcd. for C11Hi3ClsIN2O, [M+H]* 436.9082; found,
436.9079.

2,2,2-Trichloroethyl ((methyl(p-tolyl)amino)methyl)carbamate (31)

GHa
: NvNHTroc
Me

Following the general procedure, N,N,4-trimethylaniline (68 mg, 0.5 mmol, 10 equiv.), TrocNHOTs
(18.1 mg, 0.05 mmol, 1.0 equiv.), K,CO3 (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhz(oct)s (1.9 mg,
0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by
sequential preparative TLC (1% EtOAc/hexane = 1/9, 2" CHCls/hexane = 1/1) to afford 31 as light
yellow oil (6.7 mg, 41%).

'H NMR (400 M Hz, CDCl3, 323 K) &: 7.09 (d, J = 7.2 Hz, 2H), 6.75 (d, J = 7.2 Hz, 2H), 5.39 (br s,
1H), 4.88 (d, J = 6.0 Hz, 2H), 4.74 (s, 2H), 2.98 (s, 3H), 2.28 (s, 3H); *C NMR (100 M Hz, CDCls) 5:
155.0, 145.6, 130.1, 128.2, 114.4 and 114.2 (rotamers), 95.6, 74.9 and 74.6 (rotamers), 60.0, 37.8, 20.4;
IR (neat, cm™): 3331, 2920, 1718, 1514, 1363, 1212, 1136, 1049, 957, 813, 730; HRMS-ESI* (m/z):
Calcd. for C12H16CI3N20, [M+H]* 325.0272; found, 325.0272.

Methyl 4-(methyl((((2,2,2-trichloroethoxy)carbonyl)amino)methyl)amino)benzoate (32)

GHs
: N\/NHTroc
MGOZC

Following the general procedure, methyl 4-(dimethylamino)benzoate (90 mg, 0.5 mmol, 10 equiv.),
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TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/5) to afford 32 as a white solid (13.4 mg, 73%).

White solid: m.p. 152 °C; *H NMR (400 M Hz, CDCls, 323 K) &: 7.95 (d, J = 8.8 Hz, 2H), 6.78 (d, J =
8.8 Hz, 2H), 5.51 (br s, 1H), 4.95 (d, J = 6.0 Hz, 2H), 4.75 (s, 2H), 3.87 (s, 3H), 3.11 (s, 3H); ®C NMR
(100 M Hz, CDCls) 6: 167.3, 154.9, 151.2, 131.7, 119.5, 111.9, 95.4, 774.8, 58.9, 51.9, 38.2; IR (KBr,
cm?): 3351, 2955, 1741, 1693, 1618, 1527, 1290, 1186, 1005, 831, 767; HRMS-ESI* (m/z): Calcd. for
C13H16ClsN204 [M+H]* 369.0170; found, 369.0171.

Ethyl 4-(methyl((((2,2,2-trichloroethoxy)carbonyl)amino)methyl)amino)benzoate (33)

CHa
/©/ N ~ NHTroc
EtO,C

Following the general procedure, ethyl 4-(dimethylamino)benzoate (97 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/5) to afford 33 as a white solid (12.0 mg, 63%).

White solid: m.p. 120 °C; *H NMR (400 M Hz, CDCls, 323 K) &: 7.95 (d, J = 9.2 Hz, 2H), 6.77 (d, J
=9.2 Hz, 2H) 5.53 (br s, 1H), 4.95 (d, J = 6.0 Hz, 2H), 4.75 (s, 2H), 4.34 (g, J = 7.2 Hz, 2H), 3.11 (s,
3H), 1.37 (t, J = 7.2 Hz, 3H); 3C NMR (100 M Hz, CDCls) 8: 166.8, 154.9, 151.1, 131.6, 119.8, 111.9,
95.4,74.7,60.6,58.9, 38.1, 14.6; IR (KBr, cm™): 3343, 2965, 1729, 1682, 1518, 1295, 1184, 1106, 817,
722; HRMS-ESI* (m/z): Calcd. for C14H1sCIsN2O4 [M+H]* 383.0327; found, 383.0324.

2,2,2-Trichloroethyl (((4-methoxyphenyl)(methyl)amino)methyl)carbamate (34)

¢Hs
: N\/NHTroc
MeO

Following the general procedure, 4-methoxy-N,N-dimethylaniline (75 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/9) to afford 34 as colorless oil (8.9 mg, 53%).

'H NMR (400 M Hz, CDCls, 323 K) &: 6.87-6.81 (m, 4H), 5.36 (br s, 1H), 4.83 (d, J = 6.4 Hz, 2H),
4.73 (s, 2H), 3.77 (s, 3H), 2.93 (s, 3H); *C NMR (100 M Hz, CDCls) 6: 155.0, 153.3, 142.1, 116.7 and
116.3 (rotamers), 115.0, 95.6, 74.6, 61.0, 55.8, 38.0; IR (neat, cm™): 3326, 2920, 1722, 1518, 1243,
1129, 1037, 822, 722; HRMS-ESI* (m/z): Calcd. for Ci2H16ClsN2Os [M+H]* 341.0221; found,
341.0220.
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2,2,2-Trichloroethyl (((2-chlorophenyl)(methyl)amino)methyl)carbamate (35)
Cl  CHs

i
©/ N._NHTroc

Following the general procedure, 2-chloro-N,N-dimethylaniline (77 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/9) to afford 35 as colorless oil (7.6 mg, 44%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.38 (d, J = 7.6 Hz, 1H), 7.22 (t, ) = 7.1 Hz, 1H), 7.10 (d, J =
8.0 Hz, 1H), 7.00 (t, J = 8.0 Hz, 1H), 5.37 (br s, 1H), 4.74 (s, 2H), 4.68 (d, J = 6.8 Hz, 2H), 2.90 (s,
3H); 3C NMR (100 M Hz, CDCl3) &: 155.0, 146.5, 130.9, 128.5, 127.6 and 127.2 (rotamers), 124.6 and
124.4 (rotamers), 122.7 and 122.3 (rotamers), 95.7, 74.8 and 74.5 (rotamers), 61.9 and 61.6 (rotamers),
38.4; IR (neat, cm™): 3339, 2960, 1722, 1514, 1479, 1224, 1120, 1049, 718; HRMS-ESI* (m/z): Calcd.
for C11H13ClsN2O, [M+H]* 344.9726; found, 344.9738.

2,2,2-Trichloroethyl (((2-bromophenyl)(methyl)amino)methyl)carbamate (36)

Br ?H3
i N\/NHTroc

Following the general procedure, 2-bromo-N,N-dimethylaniline (100 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/9) to afford 36 as colorless oil (11.1 mg, 59%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.59 (d, J = 8.0 Hz, 1H), 7.27 (t, ) = 7.6 Hz, 1H), 7.12 (d, J =
8.0 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 5.38 (br s, 1H), 4.74 (s, 2H), 4.65 (d, J = 6.4 Hz, 2H), 2.88 (s,
3H); ¥C NMR (100 M Hz, CDCl3) §: 155.0 and 154.3 (rotamers), 147.9 and 147.6 (rotamers), 134.1,
128.6 and 128.3 (rotamers), 125.3 and 125.2 (rotamers), 123.3 and 123.0 (rotamers), 120.0 and 119.7
(rotamers), 95.7, 74.8 and 74.5 (rotamers), 62.4 and 62.0 (rotamers), 38.5; IR (neat, cm™): 3339, 2948,
1725, 1515, 1479, 1232, 1156, 722; HRMS-ESI* (m/z): Calcd. for C11H13BrCIzsN,O, [M+H]* 388.9220;
found, 388.9219.

2,2,2-Trichloroethyl (((2-iodophenyl)(methyl)amino)methyl)carbamate (37)

| ?H3
©/ N ~ NHTroc

Following the general procedure, 2-iodo-N,N-dimethylaniline (124 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhx(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
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by preparative TLC (EtOAc/hexane = 1/9) to afford 37 as colorless oil (11.4 mg, 52%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.87 (d, J = 8.4 Hz, 1H), 7.32 (t, J = 8.0 Hz, 1H), 7.12 (d, J =
8.4 Hz, 1H), 6.83 (t, J = 7.6 Hz, 1H), 5.37 (br s, 1H), 4.74 (s, 2H), 4.57 (d, J = 6.0 Hz, 2H), 2.84 (s,
3H); 3C NMR (100 M Hz, CDCls) 8: 155.0, 150.7, 140.4, 129.2, 126.3, 123,2, 98.2, 95.7, 74.5, 62.8,
39.0; IR (neat, cm™): 3339, 2920, 1729, 1510, 1463, 1236, 1125, 718; HRMS-ESI* (m/z): Calcd. for
C11H13Cl3IN2O, [M+H]* 436.9082; found, 436.9081.

2,2,2-Trichloroethyl ((methyl(o-tolyl)amino)methyl)carbamate (38)
CH; CI;HS
N ~ NHTroc

Following the general procedure, N,N,2-trimethylaniline (68 mg, 0.5 mmol, 10 equiv.), TrocNHOTs
(18.1 mg, 0.05 mmol, 1.0 equiv.), K,CO3 (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhz(oct)s (1.9 mg,
0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by
preparative TLC (EtOAc/hexane = 1/9) to afford 38 as light yellow oil (7.0 mg, 43%).

'H NMR (400 M Hz, CDCls, 323 K) &: 7.25—7.14 (m, 2H), 7.07 (d, J = 8.0 Hz, 1H), 7.02 (t, J = 7.2
Hz, 1H), 5.21 (br s, 1H), 4.73 (s, 2H), 4.51 (d, J = 6.4 Hz, 2H), 2.81 (s, 3H), 2.32 (s, 3H); °C NMR
(100 M Hz, CDCls) 6: 155.0, 148.4, 133.1, 131.5, 126.6, 124.1, 121,7 and 121,5 (rotamers), 95.7, 74.8
and 74.5 (rotamers), 61.9, 38.9, 18.4; IR (neat, cm™): 3335, 2952, 1738, 1594, 1503, 1316, 1224, 1049,
806, 727; HRMS-ESI* (m/z): Calcd. for C1,H16CIsN20, [M+H]* 325.0272; found, 325.0257.

2,2,2-Trichloroethyl (((2-methoxyphenyl)(methyl)amino)methyl)carbamate (39)
OMe (;:H3
N ~ NHTroc

Following the general procedure, 2-methoxy-N,N-dimethylaniline (76 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/3) to afford 39 as colorless oil (9.1 mg, 54%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.02—6.88 (m, 4H), 5.38 (br s, 1H), 4.73 (s, 2H), 4.71 (d, J =
6.4 Hz, 2H), 3.89 (s, 3H), 2.91 (s, 3H); *C NMR (100 M Hz, CDCls) &: 155.2, 152.0, 138.4, 123.3,
121.1,120.2 and 120.0 (rotamers), 111.4, 95.8, 74.5, 61.2, 55.7, 38.4; IR (neat, cm™): 3339, 2948, 1733,
1598, 1503, 1455, 1232, 1105, 809, 722; HRMS-ESI* (m/z): Calcd. for Ci2H16CIsN2Os [M+H]*
341.0221; found, 341.0219.

2,2,2-Trichloroethyl ((methyl(naphthalen-1-yl)amino)methyl)carbamate (40)
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Following the general procedure, N,N-dimethylnaphthalen-1-amine (85 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by column chromatography (EtOAc/hexane = 1/9) to afford 40 as yellow oil (8.6 mg, 48%).

'H NMR (400 M Hz, CDCls, 323 K) &: 8.19 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 7.61 (d, J =
8.0 Hz, 1H), 7.51-7.47 (m, 2H), 7.41 (t, J = 8.0 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 5.22 (br s, 1H),
4.76—4.74 (m, 4H), 2.98 (s, 3H); *C NMR (100 M Hz, CDCls) &: 155.0, 146.3 and 145.9 (rotamers),
134.9,129.1, 128.6, 126.2, 125.9, 125.6, 124.5, 123.5, 117.9 and 117.6 (rotamers), 95.7, 74.7 and 74.5
(rotamers), 63.2 and 62.7 (rotamers), 39.1 and 39.0 (rotamers); IR (neat, cm™): 3326, 3051, 2956, 2920,
1725, 1510, 1395, 1224, 1136, 1037, 933, 806, 781; HRMS-ESI* (m/z): Calcd. for CisH16CIsN20,
[M+H]* 361.0272; found, 361.0272.

Phenyl 5-(methyl((((2,2,2-trichloroethoxy)carbonyl)amino)methyl)amino)naphthalene-1-sulfona-
te (41)

HsCo
3 >N""NHTroc

SOsPh

Following the general procedure, phenyl 5-(dimethylamino)naphthalene-1-sulfonate (164 mg, 0.5
mmol, 10 equiv.), TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), Ko.COs (10.4 mg, 0.075 mmol, 1.5
equiv.), and Rhy(oct)s (1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude
material was purified by column chromatography (EtOAc/hexane = 1/3) to afford 41 as light yellow oil
(15.3 mg, 59%).

'H NMR (400 M Hz, CDCls, 323 K) §: 8.62 (d, J = 8.8 Hz, 1H), 8.60 (d, J = 6.4 Hz, 1H), 8.12 (d, J =
7.2 Hz, 1H), 7.70 (t, J = 8.0 Hz, 1H), 7.49 (t, J = 8.0 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.23—7.16 (m,
3H), 6.92 (d, J = 7.2 Hz, 2H), 5.30 (br s, 1H), 4.74—4.70 (m, 4H), 3.00 (s, 3H); *C NMR (100 M Hz,
CDCls) 6: 155.0, 149.8, 147.4, 131.6, 131.5, 131.3, 130.3, 130.2, 129.7, 128.8, 127.3, 123.9, 122.2,
121.5, 119.3, 95.6, 74.8 and 74.6 (rotamers), 63.2, 39.5; IR (neat, cm™): 3402, 2952, 1738, 1518, 1367,
1192, 1052, 862, 730; HRMS-ESI* (m/z): Calcd. for C21H2CIsN20sS [M+H]* 517.0153; found,
517.0143.

2,2,2-Trichloroethyl ((ethyl(phenyl)amino)methyl)carbamate (42)
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Et

I
©/ N ~ NHTroc

Following the general procedure, N-ethyl-N-methylaniline (68 mg, 0.5 mmol, 10 equiv.), TrocNHOTSs
(18.1 mg, 0.05 mmol, 1.0 equiv.), K.COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhz(oct)s (1.9 mg,
0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by
preparative TLC (EtOAc/hexane = 1/9) to afford 42 as colorless oil (5.3 mg, 33%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.28—7.24 (m, 2H), 6.81—6.79 (m, 3H), 5.40 (br s, 1H), 4.90 (d,
J =5.2 Hz, 2H), 4.75 (s, 2H), 3.47 (g, J = 6.8 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H); *C NMR (100 M Hz,
CDCls) 8: 154.7, 146.6, 129.7, 118.1, 113.7 and 113.3 (rotamers), 95.6, 74.6, 58.0, 44.8, 13.2; IR (neat,
cmt): 3318, 2965, 1725, 1503, 1372, 1200, 1140, 997, 822, 727; HRMS-ESI* (m/z): Calcd. for
C12H16CI3N20O2 [M+H]* 325.0272; found, 325.0274.

2,2,2-Trichloroethyl ((butyl(phenyl)amino)methyl)carbamate (43)
’I’C4H9

©/N\/ NHTroc

Following the general procedure, N-butyl-N-methylaniline (81 mg, 0.5 mmol, 10 equiv.), TrocNHOTSs
(18.1 mg, 0.05 mmol, 1.0 equiv.), K,CO3 (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhz(oct)s (1.9 mg,
0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by
preparative TLC (EtOAc/hexane = 1/9) to afford 43 as colorless oil (7.6 mg, 43%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.27—7.24 (m, 2H), 6.81-6.78 (m, 3H), 5.37 (br s, 1H), 4.89 (d,
J=5.2 Hz, 2H), 4.75 (s, 2H), 3.38 (t, J = 7.2 Hz, 2H), 1.64—1.58 (m, 2H), 1.41—-1.35 (m, 2H), 0.96 (t,
J=7.6Hz, 3H); 3 C NMR (100 M Hz, CDCls) 8: 154.7, 146.8,129.7,118.1, 113.6 and 113.2 (rotamers),
95.6, 74.6, 58.4,50.4, 30.1, 20.4, 14.1; IR (neat, cm*): 3326, 2960, 2864, 1733, 1602, 1503, 1367, 1232,
1184, 817, 722; HRMS-ESI* (m/z): Calcd. for C14H20CIsN20, [M+H]* 353.0585; found, 353.0586.

2,2,2-Trichloroethyl ((octyl(phenyl)amino)methyl)carbamate (44)
"CgH17

I
: N ~ NHTroc

Following the general procedure, N-methyl-N-octylaniline (110 mg, 0.5 mmol, 10 equiv.), TrocNHOTSs
(18.1 mg, 0.05 mmol, 1.0 equiv.), K.CO3 (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhz(oct)s (1.9 mg,
0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by
preparative TLC (EtOAc/hexane = 1/9) to afford 44 as colorless oil (8.2 mg, 40%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.27—7.23 (m, 2H), 6.81—6.77 (m, 3H), 5.37 (br s, 1H), 4.89 (d,
J=5.6 Hz, 2H), 4.75 (s, 2H), 3.36 (t, J = 7.2 Hz, 2H), 1.68—1.58 (m, 2H), 1.35—1.21 (m, 10H), 0.89 (t,
J=16.0Hz, 3H); *C NMR (100 M Hz, CDCls) 5: 154.7,146.8,129.7,118.1, 113.5 and 113.2 (rotamers),
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95.6, 74.6, 58.4,50.7, 31.9, 29.6 and 29.4 (rotamers), 28.0, 27.3, 22.8, 14.3; IR (neat, cm™): 3335, 2956,
2857, 1729, 1602, 1503, 1367, 1224, 997, 817, 722; HRMS-ESI* (m/z): Calcd. for C1sH2sCIsN2O2
[M+H]* 409.1211; found, 409.1209.

2,2,2-Trichloroethyl ((isopropyl(phenyl)amino)methyl)carbamate (45)

©/N vNHTroc

Following the general procedure, N-isopropyl-N-methylaniline (75 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/9) to afford 45 as colorless oil (7.1 mg, 42%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.28—7.24 (m, 2H), 6.87—6.80 (m, 3H), 5.19 (br s, 1H), 4.87 (d,
J =5.2 Hz, 2H), 4.75 (s, 2H), 4.06 (sep, 1H), 1.27 (d, J = 6.4 Hz, 6H); **C NMR (100 M Hz, CDCls)
o: 153.9, 147.3, 129.8 and 129.5 (rotamers), 118.4, 114.0 and 113.7 (rotamers), 95.6, 74.8 and 74.5
(rotamers), 52.9, 48.0, 20.8; IR (neat, cm): 3315, 2965, 1725, 1499, 1323, 1192, 1116, 1045, 822, 727,
HRMS-ESI* (m/z): Calcd. for C13H1sCIsN2O, [M+H]* 339.0428; found, 339.0429.

2,2,2-Trichloroethyl ((benzyl(phenyl)amino)methyl)carbamate (46)

: ,N\/NHTroc

Following the general procedure, N-benzyl-N-methylaniline (100 mg, 0.5 mmol, 10 equiv.),
TrocNHOTSs (18.1 mg, 0.05 mmol, 1.0 equiv.), K2COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s
(1.9 mg, 0.05 equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified
by preparative TLC (EtOAc/hexane = 1/9) to afford 46 as colorless oil (7.2 mg, 37%).

'H NMR (400 M Hz, CDCls, 323 K) 6: 7.33—7.21 (m, 7H), 6.85—6.80 (m, 3H), 5.45 (br s, 1H), 4.98 (d,
J =6.0 Hz, 2H), 4.73 (s, 2H), 4.65 (s, 2H); *C NMR (100 M Hz, CDCls) &: 154.8, 147.2, 138.4, 129.7,
128.8,127.2,126.8, 118.7, 113.6, 95.5, 74.7, 58.4, 54.3; IR (neat, cm™): 3335, 3028, 1725, 1602, 1499,
1363, 1236, 1172, 809, 727; HRMS-ESI* (m/z): Calcd. for C17H1sClzN.O, [M+H]* 387.0428; found,
387.0428.

2,2,2-trichloroethyl ((2-methylindolin-1-yl)methyl)carbamate (47)

N

\\NHTroc
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Following the general procedure, 1,2-dimethylindoline (75 mg, 0.5 mmol, 10 equiv.), TrocNHOTSs (18.1
mg, 0.05 mmol, 1.0 equiv.), K:COs (10.4 mg, 0.075 mmol, 1.5 equiv.), and Rhy(oct)s (1.9 mg, 0.05
equiv.) were stirred at r.t. in toluene (0.25 mL) for 12 h. The crude material was purified by preparative
TLC (EtOAc/hexane = 1/9) to afford 47 as a white solid (5.6 mg, 33%).

White solid: m.p. 79 °C; *H NMR (400 M Hz, CDCls, 323 K) &: 7.10—7.06 (m, 2H), 6.73 (t, J = 7.6
Hz, 1H), 6.56 (d, J = 7.6 Hz, 1H), 5.38 (br s, 1H), 4.86—4.72 (m, 4H), 3.84—3.74 (m, 1H), 3.13 (dd, J
=8.8 Hzand 15.6 Hz, 1H), 2.64 (dd, J = 10.4 Hz and 15.2 Hz, 1H), 1.41 (d, J = 6.4 Hz, 3H); °C NMR
(100 M Hz, CDCls) 8: 155.2, 149.9, 129.7, 127.6, 124.9, 119.3, 107.3, 95.6, 74.7, 57.7, 52.0, 37.3, 19.2;
IR (KBr, cm?): 3343, 2968, 1718, 1527, 1372, 1236, 1148, 989, 730; HRMS-ESI* (m/z): Calcd. for
C13H16ClsN20O2 [M+H]* 337.0272; found, 337.0253.

Procedure for Decomposition of Aminal 50

CsH17 C|38H17

vNHTroc Cs,CO; N_
H
toluene refulx
6 h

50

Cs2COs (78 mg, 0.24 mmol, 1.5 equiv.) was added to a solution of 44 (65 mg, 0.16 mmol, 1.0 equiv.)
in toluene (1.6 mL) and the resulting mixture was allowed stirring under reflux condition. After being
stirred for 6 h, the reaction was quenched by addition of 1N HCI and extracted with EtOAc. The organic
layer was washed with brine, and dried over Na>SOs, filtered, and concentrated. The NMR yield of the
product 50 (75%) was determined by *H NMR using 1,3-dinitrobenzene as an internal standard. The
residue was purified by preparative TLC (EtOAc/hexane = 1/20) to afford the product 50 (19 mg, 58%
yield) as colorless oil. The spectral data were identical to the reported data.*

KIE Measurements

D. D
D3C. _CDj3 H3C. _CHj H,C
~ 3 ~ /\
N N TrocNHOTs (0.1 mmol) > N><NHTroc N">NHTroc
—|— Rhy(oct)4 (5 mol%)
K,CO3;(1.5eq.) +
24-4 o1 Toluene, rt, 10 min
6 02M
1.5 eq. 1.5 eq. 25-dg 25

16% yield, kulkp = 3.6
19% yield, kulkp = 3.7
19% yield, kulkp = 3.7

To a suspension of N,N-dimethylaniline (24; 18 mg, 0.15 mmol, 1.5 equiv.), N,N-bis(methyl-ds)aniline

(24-ds; 19 mg, 0.15 mmol, 1.5 equiv.), TrocNHOTS (36.2 mg, 0.10 mmol, 1.0 equiv.) and K>COs (20.8

mg, 0.15 mmol, 1.5 equiv.) in toluene (0.5 mL) was added Rh(oct). (4.0 mg, 0.005 mmol, 0.05 equiv.)
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at r.t.. After being stirred for 10 min, the reaction was quenched by addition of water and extracted with
EtOAc. The organic layer was washed with brine, and dried over Na,SOs, filtered, and concentrated in
vacuo. The residue was purified by preparative TLC purification (EtOAc/hexane =1/9) to afford a
mixture of 25 and 25-ds. KIE was calculated from the comparison of the integrals between an aromatic
signal (8 6.84—6.82 ppm, 3H of 25 and 25-d¢) and a methylene (8 4.92 ppm, 2H of 25) in *H NMR of a
solution of 25 and 25-ds (CDClIs). The experiments were performed three times and the determined KIE
was the average of three runs.

Synthesis of reagents

2,2,2-tribromoethyl-N-tosyloxycarbamate (S2) was synthesized by the method described below.
0 o]

CDI HO-NH2-HCI )J\ TsCl
P
> -~ OH ——— » _OTs
BraC™ OH™ChHcN Imidazole BrsC® O° N EtsN, Et,0, Br3C/\O)]\N
0°Ctort,2h 0°Crt,2h s1 H 0°Ctort, 12h <2 H

To a solution of 2,2,2-tribromoethanol (424 mg, 1.5 mmol, 1.0 equiv.) in CH3CN (7.5 mL) was added
CDI (267 mg, 1.6 mmol, 1.1 equiv.) at 0 °C. After being stirred for 2 h at r.t., the solution was cooled
to 0 °C. Imidazole (306 mg, 4.5 mmol, 3.0 equiv.) and hydroxylamine hydrochloride (417 mg, 6 mmol,
4.0 equiv.) were added to the reaction mixture. The reaction mixture was stirred at r.t. for 2 h and
acidified with 1 N HCI. The resulting mixture was extracted with diethylether, the organic layer was
washed with brine, and dried over Na,SO,, filtered, and concentrated in vacuo. The yellow oil was
solidified to a yellow solid. After recrystallization from CHCls/Hexane, the desired S1 was obtained
(220 mg, 43%) as a white solid.

To a solution of S1 (170 mg, 0.5 mmol, 1.0 equiv.) in diethylether (10 mL) at 0 °C were added p-
toluenesulfonyl chloride (105 mg, 0.55 mmol, 1.1 equiv.) and triethylamine (76 pL, 0.55 mmol, 1.1
equiv.). The resulting white suspension was stirred at r.t. for 2 h. The reaction was quenched by addition
of water and extracted with diethylether. The organic layer was washed with brine, and dried over
NazSOQq, filtered, and concentrated in vacuo. The desired product S2 was obtained as a white solid (110
mg, 44% yield) after recrystallization from CHCls/Hexane.

White solid, m.p. 171 °C; *H NMR (400 M Hz, acetone-ds) 5: 11.1 (br's, 1H), 7.89 (d, J = 8.4 Hz, 2H),
7.50 (d, J = 8.4 Hz, 2H), 4.92 (s, 2H), 2.46 (s, 3H); 3C NMR (100 M Hz, acetone-ds) &: 155.1, 147.2,
131.6, 130.8, 130.4, 78.1, 36.3, 21.6; IR (KBr, cm™): 3247, 2948, 1765, 1594, 1447, 1383, 1280, 1232,
1180, 1101, 1052, 817, 730, 547; HRMS-ESI* (m/z): Calcd. for CioH10"°Br#*BrNOsSNa [M+Na]*
517.7702; found, 517.7716.
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3. Chapter 3
Synthesis of catalyst 56

OMe

A mixture of Rha(OAC)s (40 mg, 0.09 mmol) and 57 (250 mg, 0.72 mmol) was heated at 150°C for 3 h.
After allowing the mixture to cool to r.t., EtOAc was added and the dark green solution was washed
with saturated aqueous NaHCOsz and water. The solvent was removed and the residue was
chromatographed on aluminium oxide (30% ethyl acetate/hexane) to give 56 (136 mg, 95%) as a green
solid.

Green solid: m.p. >300 °C. *H NMR (CDCls, 400 M Hz, CDCls) &: 7.05 (t, J = 6.8 Hz, 1H), 6.86 (t, J
= 8.0 Hz, 2H), 6.66 (d, J = 7.6 Hz, 2H), 6.56 (d, J = 8.4 Hz, 4H), 6.40 (d, J = 8.8 Hz, 4H), 3.69 (s, 6H);
13C NMR (CDCls, 100 MHz) §: 193.2, 158.1, 144.2, 136.2, 131.5, 130.6, 127.3, 126.5, 113.0, 67.7, 55.8;
IR (KBr, cm?): 3434, 2940, 2836, 1686, 1582, 1507, 1256, 1184, 1033, 802, 566; HRMS-ESI* (m/z):
Calcd. for (CgsH76016RN2Na), [M+Na],?* 1617.8153 found, 1617.8162.

The procedure for amination of triphenylamine 58

To a suspension of triphenylamine 58 (18.4 mg, 0.075 mmol, 1.5 equiv.), TrocNHOTs (18.1 mg, 0.05
mmol, 1.0 equiv.) and K>COs3 (10.4 mg, 0.075 mmol, 1.5 equiv.) in chlorobenene (0.25 mL) were added
Rha(tpa)s (3.4 mg, 0.05 equiv.) at r.t.. After being stirred for 12 h, the reaction was quenched by addition
of water and extracted with EtOAc. The organic layer was washed with brine, dried over Na;SOs,
filtered, and concentrated. The yield of the product 59 was determined by *H NMR using 1,3-
dinitrobenzene as internal standard. The crude material was purified by preparative TLC (EtOAc/hexane
=1/9) to afford the aminated product 59 (7.5 mg, 35%) as a white solid.

2,2,2-trichloroethyl (4-(diphenylamino)phenyl)carbamate (59)

IIDh

N
/©/ Ph
TrocHN

White solid: m.p. 204 °C; H NMR (400 M Hz, CDCls) &: 7.31 (d, J = 8.4 Hz, 2H), 7.27—7.22 (m, 4H),
7.09-7.05 (m, 6H), 7.00 (t, J = 11.2 Hz, 2H), 6.81 (br s, 1H), 4.83 (s, 2H); *C NMR (150 M Hz, CDCl5)
8:151.8,147.9, 144.4,132.1,129.4, 125.4, 123.9, 122.8, 120.4, 95.4, 74.6; IR (KBr, cm'l): 3291, 1718,
1546, 1487, 1275, 1243,1105, 742, 694; HRMS-ESI* (m/z): Calcd. for Co1Hy7ClaN20, [M]* 434.0350

59



found, 434.0358.

NMR titration

N,N-dimethylaniline and Rh,(oct), mixture

Rhy(oct)4 (0.79 mg, 1.01 mmol) was dissolved in CDCls (1.0 mL) to prepare a host solution (1.01mM).
N,N-dimethylaniline 24 (4.77 mg, 0.0394 mmol) was dissolved in CDCI; (1.0 mL) to prepare a guest
solution (39.4 mM). The titration was monitored by *H NMR spectroscopy with 0.6 mL of the host
solution and 5 x nuL of the guest solution.

N,N-dimethylaniline and Rhy(tpa)s mixture

Rh(tpa)s-0.3EtOAC (1.34 mg, 0.97 mmol) was dissolved in CDCl3 (1.0 mL) to prepare a host solution.
N,N-dimethylaniline 24 (6.06 mg, 0.05 mmol) was dissolved in CDCl; (1.0 mL) to prepare a guest
solution (50.0 mM). The titration was monitored by *H NMR spectroscopy with 0.6 mL of the host
solution and 5 x nuL of the guest solution.
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Computational details in this chapter

Geometry optimization and frequency calculation were performed by density functional theory (DFT)
at the M06/LanL2DZ(Rh)/6-31G(d,p) level of theory, using Gaussian 16. XYZ coordinated and
thermochemical data at 298.15K (energies in Hartree) of the calculated structures were described below.

N,N-dimethylaniline (24)
|
o
M06/6-31G(d,p)
Electronic Energy = —365.941659

Enthalpy = —365.759284
Free Energy = —365.802702

C 0.18209900 0.00001000 -0.05100700
C -0.54590500 -1.20431500 -0.02410700
C -1.93313200 -1.19426000 0.01142800
C -2.64460200 0.00000800 0.02833800
C -1.93313300 1.19428300 0.01179800
C -0.54590500 1.20433400 -0.02371300
H -0.02756600 -2.15839600 -0.03063900
H -2.46377600 -2.14414900 0.02986000
H -3.73077500 -0.00000100 0.05832100
H -2.46377400 2.14416700 0.03053500
H -0.02756500 2.15841500 -0.02988200
N 1.56592800 -0.00002300 -0.10691800
C 2.28021400 1.24399300 0.04276400

H 2.07836100 1.74007500 1.00642700

H 3.35421600 1.05420400 -0.02192200
H 2.02436400 1.95180600 -0.75756700
C 2.28010400 -1.24402000 0.04343900
H 2.02459100 -1.95212400 -0.75674200
H 3.35414100 -1.05428900 -0.02081400
H 2.07784600 -1.73974600 1.00720200
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Rh2(OAC)4

CHj

MO06/LanL2DZ(Rh)/6-31G(d,p)
Electronic Energy = —1132.578552
Enthalpy = -1132.345459

Free Energy = -1132.42233

Rh -0.00342200 -0.00216800 1.19357700
Rh -0.00223400 -0.00358500 -1.19306000
O 1.44775700 1.45964300 -1.13048500
O 1.44164700 1.46575700 1.13009000

0 1.46257200 -1.44863300 1.13367500
O 1.45875000 -1.45505600 -1.12692000
O -1.46515000 1.44587900 -1.13176100
O -1.47088900 1.44275000 1.12884300
O -1.44780800 -1.46942100 1.13030700
O -1.45161800 -1.46595300 -1.13032700
C 1.85182400 1.86666400 -0.00034000
C 2.93839600 2.90019400 0.00268900

H 3.90565500 2.39309400 0.08565000

H 2.92604300 3.47007800 -0.92825000
H 2.82924800 3.55992400 0.86609800

C 1.86874100 -1.85482400 0.00427600
C 2.95237900 -2.89141200 -0.00383500
H 2.72653200 -3.65714300 -0.75017800
H 3.89483300 -2.41639400 -0.29546200
H 3.06699100 -3.33788700 0.98511900
C -1.85696700 -1.87158000 -0.00009400
C -2.94384700 -2.90457200 0.00287100
H -2.92808100 -3.47791900 -0.92588500
H -2.83816900 -3.56112600 0.86909800
H -3.91107600 -2.39648300 0.07984900
C -1.87149200 1.85196500 -0.00180400
C -2.90366000 2.93971300 -0.00518300
H -3.55150100 2.84325700 -0.87897500
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H -2.39400500 3.90721900 -0.06686100
H -3.48627300 2.91562100 0.91766800

Rha(OAC)s+24

CH3

MO06/LanL2DZ(Rh)/6-31G(d,p)
Electronic Energy = —1498.552900
Enthalpy = —1498.136609

Free Energy = —1498.228264

C -0.59242200 2.25654500 0.88719000
C 0.98676600 1.26779500 -2.33399600
C 2.55486200 -1.68735300 -0.65666600
C 0.94932500 -0.67009500 2.57770200
0 0.65019400 2.46113800 0.98869400

O -1.15587700 1.20397000 0.45793800
O 1.87874800 1.68762700 -1.54702000
0 0.08121800 0.41610300 -2.07014700
0 3.10907900 -0.63296900 -0.24523600
O 1.30412200 -1.90569100 -0.74168800
0 1.86326100 0.15219900 2.29491400

0 0.04168200 -1.09458500 1.79608000
Rh 1.94151700 0.96225500 0.39146800
Rh 0.00509400 -0.39368300 -0.15893200
N -1.77610900 -1.72915400 -0.69973600
C -1.63470400 -2.06551200 -2.12577700
H -1.50503900 -1.16490000 -2.72549900
H -0.72654400 -2.66132900 -2.24296400
H -2.50725100 -2.63638000 -2.47755900
C -1.63331500 -2.95507800 0.10161400
H -0.73444500 -3.47569800 -0.23588900
H -1.48708900 -2.71200900 1.15423700
H -2.51231300 -3.60556900 -0.02277400
C -2.93927600 -0.94303300 -0.38544600
C -3.46055900 -0.04204100 -1.31922900
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C -3.51476800 -0.99754900 0.88721100
C -4.52452400 0.78372400 -0.98224400
H -3.01696300 0.04991300 -2.30510300
C -4.57884600 -0.16651800 1.21431300
H -3.12165900 -1.66710700 1.64480500
C -5.09304800 0.72967500 0.28517200
H -4.90965000 1.47887500 -1.72499900
H -5.00786200 -0.22606000 2.21213100
H -5.92747500 1.37644100 0.54449700
C 0.94740000 -1.21120100 3.97978600
H 1.82968200 -1.84417300 4.11860800
H 1.02777800 -0.38355600 4.68967300
H 0.04642500 -1.79433400 4.17687200
C 3.44816500 -2.81834800 -1.08331700
H 3.32450500 -3.65611300 -0.38955300
H 3.15102700 -3.17057200 -2.07518300
H 4.49252000 -2.50281700 -1.09068000
C 1.00930600 1.82737800 -3.72868300
H 1.04337800 2.91934700 -3.68153300
H 1.92392700 1.49673500 -4.23086800
H 0.13927300 1.50044600 -4.30030600
C -1.51959800 3.36216300 1.30473200
H -2.09834600 3.68977400 0.43535000
H -2.23457600 2.97851400 2.03871700
H -0.96206100 4.20323900 1.71962800

Rhy(tpa)s
Ph
Ph Ph

070

\/ 1/
RA—RA
dind

MO6/LanL2DZ(Rh)/6-31G(d,p)
Electronic Energy = -3902.996024
Enthalpy = -3901.740677

Free Energy = —3901.929815

C -2.01708800 1.64366200 0.01937700
C -3.27171700 2.54365100 0.08786000
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C -2.78302800 3.99769500 0.29323800
C -3.39519900 5.06321300 -0.37438800
H -4.18789900 4.86842900 -1.09224800
C -3.01546700 6.37932300 -0.12361300
H -3.51187800 7.18793600 -0.65581000
C -2.01354900 6.65931600 0.79813100
H -1.71194100 7.68689300 0.98736900
C -1.40733100 5.61001500 1.48006500
H -0.61926900 5.80472700 2.20529600
C -1.79295300 4.29587200 1.23819800
H -1.31332700 3.49295000 1.79317200
C -4.83869700 3.02617800 2.03920200
H -4.75621700 4.08690300 1.81111500
C -5.67962500 2.60963700 3.06820300
H -6.24036400 3.35055700 3.63391300
C -5.79860700 1.25982500 3.37422700
H -6.45005200 0.93569200 4.18268000
C -5.07463700 0.32454300 2.63930300
H -5.14935400 -0.73860300 2.86322900
C -4.24322000 0.74290000 1.60912800
H -3.68529500 -0.01316300 1.05586200
C -4.10613900 2.10015200 1.29830000
C -4.09206400 2.41813800 -1.20470200
C -5.43978100 2.05688400 -1.18626300
H -5.92436700 1.80891500 -0.24546100
C -6.18884700 2.01839200 -2.36264700
H -7.23959700 1.74050100 -2.31618900
C -5.60074900 2.33218700 -3.57986600
H -6.18389200 2.30350500 -4.49759900
C -4.25442100 2.69134800 -3.61285300
H -3.77929900 2.94540500 -4.55770000
C -3.51334400 2.74057400 -2.44116600
H -2.47141700 3.04952500 -2.48044500
C -1.63826100 -1.99708200 -0.02910500
C -2.63474200 -3.17584400 -0.09085900
C -3.56243500 -2.95630600 -1.29391400
C -4.06053800 -4.04104600 -2.01426700
H -3.72541100 -5.04791100 -1.77308800
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C -4.98621700 -3.85230700 -3.03713800
H -5.36004500 -4.71364000 -3.58646600
C -5.42576000 -2.57393100 -3.35798000
H -6.14267400 -2.42594900 -4.16247200
C -4.93915300 -1.48285900 -2.64293200
H -5.26635300 -0.47129100 -2.87861100
C -4.02280700 -1.67568400 -1.61767400
H -3.65794700 -0.80058500 -1.07912500
C -3.45021600 -3.25785900 1.20803600
C -4.84553400 -3.23530300 1.19953200
H -5.38247700 -3.11545800 0.26217000
C -5.57372300 -3.37459000 2.38126500
H -6.66072700 -3.35975500 2.34190400
C -4.91904600 -3.53163300 3.59468400
H -5.48551400 -3.64156100 4.51671300
C -3.52560000 -3.55271100 3.61837200
H -2.99660000 -3.67961200 4.56022200
C -2.80231500 -3.42387300 2.44142300
H -1.71625000 -3.46818400 2.47473500
C -1.79164600 -4.45643100 -0.30792500
C -2.06247900 -5.63262600 0.39745500
H -2.84635800 -5.64486300 1.15023400
C -1.34865300 -6.80130700 0.14242000
H -1.58171700 -7.70173300 0.70686400
C -0.34952900 -6.81968200 -0.82320600
H 0.21322500 -7.73034200 -1.01561400
C -0.08527600 -5.66211900 -1.54751600
H 0.69135600 -5.65400300 -2.30980300
C -0.80083200 -4.49664600 -1.29810800
H -0.58491600 -3.60702400 -1.88408900
C 2.07907800 -1.67263600 0.01603500
C 3.26869400 -2.65314000 0.08822900
C 2.96644100 -3.65585100 1.21159400
C 3.93872000 -4.07705300 2.11490800
H 4.93604300 -3.64503100 2.08090000
C 3.64594300 -5.04623300 3.07354700
H 4.42031900 -5.35729600 3.77138900
C 2.37864500 -5.60896100 3.14234300
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H 2.15301300 -6.36456200 3.89147400
C 1.39790000 -5.19549300 2.24297800
H 0.39799300 -5.62620600 2.26994100
C 1.69206600 -4.22959000 1.29169100
H 0.91355500 -3.92838400 0.58933200
C 3.44762400 -3.36745000 -1.26007900
C 3.36804400 -4.75368100 -1.38470200
H 3.14481800 -5.36722300 -0.51523700
C 3.57141100 -5.37489900 -2.61744600
H 3.50598800 -6.45923200 -2.68455700
C 3.85794400 -4.62057300 -3.74587600
H 4.01494700 -5.10456600 -4.70714600
C 3.95492100 -3.23484800 -3.63185100
H 4.18991400 -2.62953600 -4.50453700
C 3.75928300 -2.61989000 -2.40446600
H 3.85167700 -1.53882800 -2.32516900
C 4.53031000 -1.82977100 0.42167800
C 5.78348900 -2.30212200 0.01609900
H 5.84543100 -3.20941100 -0.58159500
C 6.95100700 -1.63955600 0.37767600
H 7.91210800 -2.03320300 0.05386100
C 6.89020800 -0.48200600 1.14658600
H 7.80049700 0.04764400 1.41878300
C 5.65221600 -0.00145300 1.55256800
H 5.58966000 0.91478600 2.13763400
C 4.48334400 -0.67010500 1.20121800
H 3.52894200 -0.27532800 1.54329800
C 1.71034500 2.06986600 -0.02931400
C 2.65644700 3.28670800 -0.09558900
C 2.10236300 4.22862000 -1.17446400
C 2.92276600 4.90202400 -2.07525900
H 3.99447200 4.71815900 -2.07749400
C 2.38171100 5.80928300 -2.98553600
H 3.04055100 6.32129000 -3.68353700
C 1.01592100 6.05885600 -3.00644000
H 0.59842200 6.76846700 -3.71720100
C 0.18504800 5.39071700 -2.10910500
H -0.88886600 5.57394400 -2.09671000



C 0.72718500 4.48515200 -1.20930500
H 0.06316200 3.98082100 -0.50683200
C 2.70250800 3.97963900 1.27511100
C 2.26138800 5.28765300 1.46843400
H 1.85382400 5.85494800 0.63515900
C 2.33623300 5.88956400 2.72514300
H 1.98934700 6.91406700 2.84649500
C 2.85353200 5.19426700 3.80836200
H 2.91133900 5.66368400 4.78773900
C 3.30819500 3.88951400 3.62566800
H 3.72377400 3.33274500 4.46261600
C 3.23715400 3.29516300 2.37500900
H 3.60320600 2.27917800 2.24096000
C 4.06015300 2.77869100 -0.48109200
C 5.18075400 3.53292700 -0.11499900
H 5.04676900 4.43245300 0.48299300
C 6.45887700 3.15870800 -0.51314200
H 7.31109600 3.76783100 -0.21955100
C 6.64612300 2.01339400 -1.28033700
H 7.64612200 1.70972900 -1.58221000
C 5.54277400 1.25386300 -1.64628400
H 5.67629400 0.34292500 -2.22731300
C 4.26150600 1.63367700 -1.25745700
H 3.41660500 1.02235100 -1.56696000
0 -1.61257900 1.23229300 -1.10598300
O -1.46960900 1.38194700 1.13074900
O -1.17997000 -1.61035500 -1.14392000
O -1.33272300 -1.50439900 1.09498300
0 1.69886300 -1.24519600 -1.11245400
O 1.57888600 -1.34283000 1.13153800
0 1.29209600 1.64396900 -1.14568700
0 1.42520300 1.57360800 1.09911500
Rh 0.05992400 0.01298800 -1.19799800
Rh 0.06078600 0.02508700 1.18420700
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MO06/LanL2DZ(Rh)/6-31G(d,p)
Electronic Energy = —4268.996250
Enthalpy = —4267.553745

Free Energy = —4267.756532

C -2.37653900 -0.73472700 -0.52771300
C -3.81386700 -1.31623400 -0.53887100
C -4.80973400 -0.15409600 -0.31402300
C -6.01370600 -0.09362200 -1.02462400
H -6.22687400 -0.83564300 -1.78998500
C -6.95695500 0.89601800 -0.76014800
H -7.88433500 0.91460500 -1.32862500
C -6.71788900 1.85056900 0.22166100
H -7.45124300 2.62781700 0.42406000
C -5.53297200 1.79053400 0.94674900
H -5.32345700 2.52061000 1.72796100
C -4.59323300 0.79762500 0.69066100
H -3.68537400 0.76623100 1.29016100
C -5.17211000 -2.54691800 1.22663900
H -6.03300500 -1.94804200 0.93601900
C -5.32185400 -3.53620900 2.19481900
H -6.29709600 -3.69745500 2.64944100
C -4.23299700 -4.30993800 2.58156400
H -4.34741500 -5.07974100 3.34164500
C -2.99382400 -4.09032300 1.98511500
H -2.12448000 -4.67927200 2.27595800
C -2.85248400 -3.11107600 1.00893900
H -1.86675900 -2.95965100 0.56888100
C -3.93708200 -2.31911600 0.61854400
C -4.07456100 -2.01574300 -1.88015700
C -4.41020400 -3.36686300 -1.96123600
H -4.46858000 -3.97036300 -1.05868100
C -4.68197300 -3.96560300 -3.19248100
H -4.94905600 -5.02011200 -3.22458100
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C -4.61291000 -3.22512200 -4.36352900
H -4.82360400 -3.69111800 -5.32350700
C -4.27721500 -1.87374600 -4.29612500
H -4.22144200 -1.27810300 -5.20446700
C -4.01615600 -1.27806500 -3.07177400
H -3.76648500 -0.21972900 -3.03410400
C 0.86781500 -2.45389700 -0.32589100
C 1.37321600 -3.91761600 -0.32008900
C 0.74253400 -4.66654100 -1.50127200
C 1.41730900 -5.74134300 -2.08117700
H 2.42475200 -5.98453100 -1.74831800
C 0.81746000 -6.51039300 -3.07340900
H 1.36425200 -7.34275000 -3.51120400
C -0.46970600 -6.21341800 -3.50577800
H -0.93731600 -6.80839900 -4.28710100
C -1.15352100 -5.14481900 -2.93428900
H -2.15902500 -4.88822800 -3.26378100
C -0.55543600 -4.38285400 -1.93762600
H -1.11517400 -3.54511100 -1.52088100
C 1.00219800 -4.59935400 1.00352700
C 0.22310400 -5.75558800 1.04973400
H -0.15509900 -6.19331800 0.12936400
C -0.08311900 -6.36891300 2.26567200
H -0.68820900 -7.27302000 2.26792100
C 0.37260900 -5.82988900 3.46018200
H 0.13072700 -6.30493500 4.40823000
C 1.15467300 -4.67594500 3.42958800
H 1.53139800 -4.24375300 4.35521000
C 1.47218900 -4.07812200 2.21841000
H 2.10505400 -3.19230300 2.20866700
C 2.90852800 -3.84349200 -0.51648600
C 3.78679900 -4.60694000 0.25748800
H 3.39917200 -5.25052700 1.04338100
C 5.16196900 -4.56379500 0.03417200
H 5.82152100 -5.16601100 0.65572000
C 5.68730700 -3.75964500 -0.96931300
H 6.76189100 -3.71375200 -1.13458300
C 4.82157200 -3.01775900 -1.76704200
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H 5.21344700 -2.38147900 -2.55893200
C 3.45035100 -3.06427400 -1.54890000
H 2.79143300 -2.48230100 -2.18689500
C 2.68303200 0.73932600 -0.23142000
C 4.16716400 1.12093400 -0.00447100
C 4.58632000 0.40674600 1.29143600
C 5.08706500 1.07939200 2.40190200
H 5.21645700 2.15906400 2.37246700
C 5.41664000 0.38299500 3.56664900
H 5.80419100 0.93020100 4.42337200
C 5.25458900 -0.99355200 3.63489900
H 5.51435300 -1.53341500 4.54278000
C 4.76062800 -1.67888600 2.52413600
H 4.63401000 -2.76099300 2.54682300
C 4.43009300 -0.98410700 1.37037900
H 4.03520500 -1.53041600 0.51175100
C 5.05269100 0.71893900 -1.19010600
C 6.23494800 -0.00210100 -1.01526700
H 6.51608100 -0.35310600 -0.02558200
C 7.06992400 -0.28502900 -2.09499000
H 7.98680300 -0.84693400 -1.92765800
C 6.73490800 0.14401800 -3.37215000
H 7.38250900 -0.08013600 -4.21683500
C 5.56659700 0.88044200 -3.55703900
H 5.29868600 1.23981300 -4.54815500
C 4.74539700 1.17733200 -2.47796300
H 3.85403200 1.77989800 -2.63034600
C 4.22368800 2.65021100 0.17884200
C 5.41931000 3.32725700 -0.08379200
H 6.26741400 2.77755700 -0.48712200
C 5.54431000 4.68736400 0.17482600
H 6.48700900 5.18796400 -0.03526700
C 4.47200400 5.40307400 0.69712700
H 4.56149200 6.46987900 0.88947400
C 3.27740300 4.74309200 0.95422300
H 2.42225400 5.30090000 1.33427400
C 3.15241800 3.38001900 0.70300200
H 2.20071800 2.89252800 0.91099800
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C -0.64857400 2.59013400 -0.53084100
C -1.16084600 4.04440600 -0.61893400
C -2.28743900 4.05902100 -1.66326600
C -2.44869900 5.09344100 -2.58155100
H -1.72906900 5.90699300 -2.61836500
C -3.51943700 5.09272300 -3.47391700
H -3.62024000 5.90907200 -4.18590700
C -4.44772100 4.06053200 -3.46124100
H -5.28272800 4.06355200 -4.15824100
C -4.29759800 3.01853500 -2.54878000
H -5.01585700 2.19999900 -2.51022700
C -3.22566700 3.01966400 -1.66757300
H -3.13026500 2.19806600 -0.95581200
C -1.66806100 4.46383400 0.77268400
C -3.02205100 4.55656600 1.08891500
H -3.77509800 4.36851200 0.32744400
C -3.43556000 4.89026900 2.37963100
H -4.50042200 4.96467100 2.59480600
C -2.50443100 5.13800300 3.37849200
H -2.82841600 5.40095700 4.38310100
C -1.14582700 5.05275400 3.07473100
H -0.39896400 5.24491100 3.84289900
C -0.73956200 4.72244000 1.79001700
H 0.32418900 4.65483100 1.56466100
C 0.01211700 4.94256500 -1.05164000
C -0.06674500 6.32089900 -0.81294600
H -0.93895700 6.72328800 -0.29970300
C 0.94633000 7.18004100 -1.21999000
H 0.85506500 8.24667000 -1.02619400
C 2.07358800 6.67774800 -1.86517500
H 2.87613600 7.34554800 -2.17033700
C 2.16747900 5.31332800 -2.10087700
H 3.05553000 4.89627800 -2.57353400
C 1.14459700 4.45400500 -1.70741200
H 1.25382500 3.39063300 -1.90681000
O -1.74470200 -0.66174400 -1.61722500
O -1.94088800 -0.38149100 0.60640700
0 0.83257100 -1.89964700 -1.45732400



0 0.54856600 -1.91386200 0.77481200
0 2.19852300 0.67791200 -1.39005400
O 2.04431600 0.56088700 0.85057300
O -0.47831100 1.99184600 -1.62541800
O -0.42904000 2.11596400 0.62443200
Rh 0.20199100 0.04300800 -1.62001400
Rh 0.05829600 0.11752200 0.80287200
N 0.07559900 0.30941700 3.06655000
C 0.89149100 -0.80437800 3.58376200
H 0.51624700 -1.76265200 3.22489600
H 1.91347100 -0.68683300 3.20495700
H 0.89775200 -0.79192600 4.68428600
C 0.76002700 1.57605400 3.38423200
H 1.80155500 1.49249700 3.06103600
H 0.30102600 2.40685600 2.84499400
H 0.71869100 1.76744300 4.46726700
C -1.30877700 0.27080900 3.47037800
C -1.96561000 -0.95594100 3.60816000
C -2.03718200 1.45118000 3.65406400
C -3.31362200 -0.99837400 3.93745500
H -1.44767700 -1.89263400 3.41332000
C -3.38598400 1.39544800 3.98792600
H -1.57781700 2.42738700 3.52871000
C -4.03423000 0.17478500 4.13368600
H -3.80408300 -1.96681400 4.01447500
H -3.92669000 2.33092300 4.12604100
H -5.09276300 0.13640500 4.37987900
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4. Chapter 4
A representative procedure for dirhodium-catalyzed intermolecular C—H amination of calixarene
70.

NHTroc
Rhy(S-PTTL), (5 mol%)

TrocNHOTs (1.0 equiv.)

K2CO3 (1.5 equiv.)
PhCI, 0 °C, 24 h
0.2M

|
PrPr 70

To a suspension of calixarene 70 (20.0 mg, 0.03 mmol, 1.0 equiv.), TrocNHOTSs (10.9 mg, 0.03 mmol,
1.0 equiv.), K2COs (6.2 mg, 0.045 mmol, 1.5 equiv.) in PhCI (0.15 mL) was added Rhy(S-PTTL)4 (1.9
mg, 0.05 equiv.) at 0 °C. After being stirred for 24 h at 0 °C, the reaction was quenched by addition of
water and extracted with EtOAc. The organic layer was washed with brine, dried over Na,SQ,, filtered,
and concentrated. The crude material was purified by preparative TLC (EtOAc/hexane = 1/9) to afford
71 (6.6 mg, 26%) as a white solid.

White solid: m.p. 145 °C; HPLC condition: CHIRALPAK IB column, eluent hexane: EtOAc = 97: 3,
flow rate 1.0 ml/min, T = 20 °C, retention time: tmgj = 11.7 min, tmin=15.0 min. [a]p 2° = +13.0 (45%
ee, ¢ 1.0, CHCI3). *H NMR (400 M Hz, CDCls) 6: 8.71 (s, 1H), 8.38 (s, 1H), 7.13 (s, 1H), 7.07—6.98
(m, 7H), 6.74—6.67 (m, 3H), 6.57 (br s, 1H), 4.80—4.75 (m, 3H), 4.62 (d, J = 13.2 Hz, 1H), 4.52 (d, J =
13.6 Hz, 1H), 4.25 (d, J = 13.6 Hz, 1H), 3.46 (d, J = 13.6 Hz, 1H), 3.42 (d, J = 13.6 Hz, 1H), 3.37 (d,
J = 13.2 Hz, 1H), 3.31 (d, J = 12.8 Hz, 1H), 1.64—1.50 (m, 2H), 1.45-1.39 (m, 12H), 1.23—1.13 (m,
2H), 1.13 (d, J = 6.4 Hz, 3H), 1.11 (d, J = 7.2 Hz, 3H), 0.80 (d, J = 7.6 Hz, 3H), 0.79 (d, J = 7.2 Hz,
3H); ¥C NMR (100 M Hz, CDCls) &: 151.7, 151.2 149.3, 148.4, 148.0, 132.5, 131.7, 131.6, 131.5,
131.1, 129.9, 129.5, 129.4, 129.3, 129.1, 129.0, 128.9, 128.8, 128.6, 128.3, 123,5, 122.8, 121.1, 119.8,
119.5,955,74.4,34.5,32.3,31.7,31.3,21.2,18.33, 18.25, 18.0, 17.5,17.4,17.0, 16.8, 15.2, 14.7, 13.7,
13.4; IR (KBr, cm?): 3335, 2951, 2865, 1733, 1469, 1258, 1214, 1032, 752, 700; HRMS-ESI* (m/z):
Calcd. for Cu3Hs,CIsNO7SioNa [M+Na]* 878.2240; found, 878.2224.

General Procedure for dirhodium-catalyzed intermolecular C—H amination of calixarene 72.
Ph Ph NHR

Rh,(S-PTAD)4 (5 mol%)
Aminating agents (1.0 equiv.)
K2CO3 (1.5 equiv.)
PhCI,0°C, 12 h
0.1M
Pr Pr 72 Pr Pr

76-78

To a mixture of calixarene 72 (0.015 mmol, 1.0 equiv.), TrocNHOTS (5.4 mg, 0.015 mmol, 1.0 equiv.),
Rh catalyst (0.05 equiv.) and K,CO;3 (3.1 mg, 0.0225 mmol, 1.5 equiv.) was added PhCI (0.15 mL) at
0 °C under Argon atmosphere. After being stirred for 12 h at 0 °C, the reaction was quenched by addition
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of water and extracted with EtOAc. The organic layer was washed with brine, dried over Na;SOs,,
filtered, and concentrated. The residue was purified by preparative TLC purification to afford the
aminated product.

Trichloroethoxy carbamate 76

Ph Ph NHTroc

Following general method, calixarene 72 (12.3 mg, 0.015 mmol, 1.0 equiv.), TrocNHOTSs (5.4 mg,
0.015 mmol, 1.0 equiv.), K»COs3 (3.1 mg, 0.0225 mmol, 1.5 equiv.), and Rhy(S-PTAD)4 (1.2 mg, 0.05
equiv.) were stirred at 0 °C in PhCI (0.15 mL) under Argon for 12 h. After raise up to r.t., water was
added and the solution was extracted with EtOAc. The combined organic layer was washed with brine
and dried with Na,SOa.. The crude material was purified by preparative TLC (EtOAc/hexane = 1/9) to
afford 76 (4.4 mg, 29%) as a white solid.

White solid: m.p. 147 °C; HPLC condition: CHIRALPAK IB column, eluent hexane: EtOAc = 97: 3,
flow rate 1.0 ml/min, T = 20 °C, retention time: tmej = 17.3 min, tmin=15.2 min. [a], 2° =+9.1 (85% ee,
¢ 1.0, CHCI3). 'H NMR (400 M Hz, CDCls) 8: 8.76 (s, 1H), 8.44 (s, 1H), 7.44—7.40 (m, 4H), 7.38—7.32
(m, 6H), 7.29—7.20 (m, 4H), 7.13—7.00 (m, 4H), 6.69 (t, J = 7.6 Hz, 1H), 6.54 (br s, 1H), 4.83 (d, J =
12.4 Hz, 1H), 4.75 (s, 2H), 4.70 (d, J = 13.2 Hz, 1H), 4.57 (d, J = 13.2 Hz, 1H), 4.28 (d, J = 13.2 Hz,
1H), 3.57 (d, J = 13.2 Hz, 1H), 3.50 (d, J = 13.2 Hz, 1H), 3.40 (d, J = 13.2 Hz, 1H), 3.38 (d, J = 12.8
Hz, 1H), 1.64—1.50 (m, 2H), 1.48—1.41 (m, 12H), 1.27—1.19 (m, 2H), 1.16 (d, J = 5.6 Hz, 3H), 1.14 (d,
J = 6.0 Hz, 3H), 0.85 (d, J = 4.0 Hz, 3H), 0.83 (d, J = 4.0 Hz, 3H); 3C NMR (150 M Hz, CDCls) &:
151.8,151.3,149.0, 148.23, 148.17, 140.9, 140.6, 136.2, 135.7, 132.8, 132.0, 131.7, 131.4, 131.2, 130.0,
129.5, 129.1, 128.8, 128.7, 128.35, 128.29, 128.26, 127.8, 127.5, 127.1, 127.0, 126.8, 121.3, 120.0,
119.7,95.5, 74.4, 34.9, 32.4, 32.0, 31.5, 18.4, 18.3, 18.2, 18.0, 17.5, 17.4, 17.1, 16.9, 15.3, 14.8, 13.8,
13.5; IR (KBr, cm?): 3418, 2916, 2873, 1746, 1610, 1458, 1260, 1013, 802, 694; HRMS-ESI* (m/z):
Calcd. for CssHeoCIsNO7SizNa [M+Na]* 1030.2866; found, 1030.2845.
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Trifluoroethoxy carbamate 77

Pr Pr

Following general method, calixarene 72 (12.3 mg, 0.015 mmol, 1.0 equiv.), 2,2,2-trifluoroethyl
(tosyloxy)carbamate (4.7 mg, 0.015 mmol, 1.0 equiv.), K,COs (3.1 mg, 0.0225 mmol, 1.5 equiv.), and
Rh2(S-PTAD)4 (1.2 mg, 0.05 equiv.) were stirred at 0 °C in PhCI (0.15 mL) under Argon for 12 h. After
raise up to r.t., water was added and the solution was extracted with EtOAc. The combined organic layer
was washed with brine and dried with Na,SO,. The crude material was purified by preparative TLC
(EtOAc/hexane = 1/9) to afford 77 (2.9 mg, 20%) as a white solid.

White solid: m.p. 155 °C; HPLC condition: COSMOSIL CHIRAL 5A column, eluent hexane: EtOAc
=97: 3, flow rate 1.0 ml/min, T = 20 °C, retention time: tme = 13.5 min, tmin=11.5 min. [a], 2° =+11.2
(64% ee, ¢ 1.0, CHCls). *H NMR (400 M Hz, CDCls) &: 8.75 (s, 1H), 8.46 (s, 1H), 7.49—7.22 (m, 13H),
7.11-7.02 (m, 4H), 6.69 (t, J = 7.2 Hz, 1H), 6.46 (br s, 1H), 4.83 (d, J = 12.4 Hz, 1H),4.71 (d, J = 13.2
Hz, 1H), 4.59 (d, J = 12.8 Hz, 1H), 4.47 (q, J = 8.4 Hz, 2H), 4.29 (d, J = 13.2 Hz, 1H), 3.58 (d, J =
13.2 Hz, 1H), 3.51 (d, J = 13.2 Hz, 1H), 3.40 (d, J = 13.6 Hz, 1H), 3.39 (d, J = 12.8 Hz, 1H), 1.69—-1.56
(m, 2H), 1.48—1.42 (m, 12H), 1.27—-1.19 (m, 2H), 1.17 (d, J = 6.4 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H),
0.86 (d, J =4.4 Hz, 3H), 0.84 (d, J = 4.0 Hz, 3H); *C NMR (150 M Hz, CDCls) &: 151.7, 151.3, 149.0,
148.3, 148.2, 140.9, 140.6, 136.2, 135.8, 132.8, 132.0, 131.7, 131.4, 131.2, 129.8, 129.5, 129.1, 128.8,
128.7, 128.34, 128.29, 128.24, 127.8, 127.5, 127.1, 127.0, 126.8, 123.2 (q, J = 276 Hz), 121.3, 120.2,
119.9, 60.9 (q, J = 37.5 Hz), 34.9, 32.4, 32.0, 31.5, 18.34, 18.29, 18.22, 18.0, 17.5, 17.4, 17.1, 16.9,
15.2, 14.8, 13.8, 13.5; IR (KBr, cm™): 3335, 2944, 2864, 1742, 1463, 1264, 1172, 1013, 758, 694;
HRMS-ESI* (m/z): Calcd. for CssHeoFsNO;SizNa [M+Na]* 982.3753; found, 982.3737.

Tribromoethoxy carbamate 78

Pr Pr
Following general method, calixarene 72 (12.3 mg, 0.015 mmol, 1.0 equiv.), 2,2,2-tribromoethyl
(tosyloxy)carbamate (7.4 mg, 0.015 mmol, 1.0 equiv.), K,COs (3.1 mg, 0.0225 mmol, 1.5 equiv.), and
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Rh2(S-PTAD)4 (1.2 mg, 0.05 equiv.) were stirred at 0 °C in PhCI (0.15 mL) under Argon for 12 h. After
raise up to r.t., water was added and the solution was extracted with EtOAc. The combined organic layer
was washed with brine and dried with Na>SO,. The crude material was purified by preparative TLC
(EtOAc/hexane = 1/9) to afford 78 (5.3 mg, 31%) as a white solid.

White solid: m.p. 159 °C; HPLC condition: COSMOSIL CHIRAL 5A column, eluent hexane: EtOAc
=97: 3, flow rate 1.0 ml/min, T = 20 °C, retention time: tmej = 22.4 Min, tmin=17.9 min. [a], 2° =+16.6
(86% ee, ¢ 1.0, CHCls). *H NMR (400 M Hz, CDCls) &: 8.77 (s, 1H), 8.44 (s, 1H), 7.45—7.22 (m, 13H),
7.15—-7.03 (m, 4H), 6.69 (t, J = 7.6 Hz, 1H), 6.58 (br s, 1H), 4.93 (d, J = 2.4 Hz, 2H), 4.84 (d, J = 12.4
Hz, 1H), 4.71 (d, J = 13.2 Hz, 1H), 4.57 (d, J = 13.2 Hz, 1H), 4.29 (d, J = 13.6 Hz, 1H), 3.57 (d, J =
12.8 Hz, 1H), 3.50 (d, J = 12.8 Hz, 1H), 3.41 (d, J = 13.6 Hz, 1H), 3.39 (d, J = 12.4 Hz, 1H), 1.67—1.50
(m, 2H), 1.48—1.41 (m, 12H), 1.31-1.19 (m, 2H), 1.16 (d, J = 5.6 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H),
0.85 (d, J = 4.0 Hz, 3H), 0.83(d, J = 4.4 Hz, 3H), *C NMR (150 M Hz, CDCls) &: 151.6, 151.3, 149.0,
148.2, 148.1, 140.9, 140.6, 136.2, 135.7, 132.8, 132.0, 131.7, 131.4, 131,2, 130.1, 129.9, 129.5, 129.1,
128.75, 128.69, 128.4, 128.30, 128.27, 127.8, 127.5, 127.1, 127.0, 126.9, 121.3, 119.9, 119.6, 68.1,
37.2,34.9,32.4, 32.0, 315, 18.4, 18.29, 18.25, 18.0, 17.5, 17.4, 17.1, 16.9, 15.3, 14.8, 13.8, 13.4; IR
(KBr, cm™): 3386, 2940, 2864, 1738, 1467, 1256, 1024, 750, 699, 523; HRMS-ESI* (m/z): Calcd. for
CssHeo°Bré!Br.NO;SizNa [M+Na]* 1164.1336; found, 1164.1344.
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HPLC chart
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Racemic 78
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Synthesis of 68

'Prl, NaH
_ >
DMF, r.t, 2 h ]
63 % OPr OProH HO
calix[4]arene 68

25,26-dihydroxy-27,28-diisopropoxycalix[4]arene (68).

To a solution of calix[4]arene (1.06 g, 2.5 mmol, 1.0 equiv.) in DMF (10 mL) was added NaH (60% in
mineral oil, 0.36 g, 9.0 mmol, 3.6 equiv.) at r.t.. After stirring for 15 min, "Prl (0.53 mL, 5.38 mmol,
2.15 equiv.) was added to the mixture slowly. 2 h later, the reaction was quenched with 1M HCI, and
extracted with EtOAc. The combined organic layer was washed with brine, dried over Na,SOs, filtered,
and concentrated to get the crude product. Recrystallization of the crude product by dichloromethane
and methanol gave the product 68 as a white solid (650 mg, 51%).

White solid: m.p. 244 °C; 'H NMR (400 M Hz, CDCls) &: 9.11 (s, 2H), 7.04—6.94 (m, 8H), 6.75 (t, J
= 7.6 Hz, 2H), 6.62 (t, J = 7.2 Hz, 2H), 4.69 (d, J = 12.4 Hz, 1H), 4.39—4.30 (sep, 2H), 4.33 (d, J =
13.6 Hz, 2H), 4.31 (d, J = 14.0 Hz, 1H), 3.39 (d, J = 13.2 Hz, 2H), 3.38 (d, J = 12.4 Hz, 1H), 3.36 (d,
J =13.2 Hz, 1H), 1.59 (d, J = 5.6 Hz, 6H), 1.53 (d, J = 6.0 Hz, 6H); 3C NMR (100 M Hz, CDCls) &:
151.7, 151.4, 135.2, 134.9, 129.6, 129.1, 128.82, 128.78, 128.7, 128.1, 124.3, 120.5, 78.3, 32.5, 31.8,
30.7, 22.4, 22.2; IR (KBr, cm): 3328, 2971, 2932, 1590, 1448, 1373, 1096, 917, 750; HRMS-ESI*
(m/z): Calcd. for CssH3s0sNa [M+Na]* 531.2506; found, 531.2499.
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Synthesis of 70

Cl cl

) 1 O .
'Pr—Sij Si—'Pr
i \
~ Pr Pr
| (TIPDSCI)
| Imidazole, DMF
OH OH oH HO rt, 12h
calix[4]arene 63 %

To a solution of calix[4]arene (212 mg, 0.5 mmol, 1.0 equiv.) in anhydrous DMF (5 mL) was added
imidazole (102 mg, 1.5 mmol, 3.0 equiv.) and stirred for 30 min at r.t.. Then a solution of 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (TIPDSCI) (187 uL, 0.6 mmol, 1.2 equiv.) in DMF (2.5 mL) was added
dropwise to the solution. After stirred overnight, the mixture was cooled to 0°C and added 2M HCI. The
precipitate was filtered and washed with water. The product was recrystallized from dichloromethane
and methanol and dried to get 70 as a white powder (210 mg, 63%).
25,26-dihodroxy-27,28-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-calix[4]arene (70).

White solid: m.p. 258 °C; 'H NMR (400 M Hz, CDCls) &: 8.70 (s, 2H), 7.10—7.02 (m, 8H), 6.76 (t, J
=7.2Hz,2H), 6.71 (t, ) = 7.2 Hz, 2H), 4.70 (d, J = 12.8 Hz, 2H), 4.67 (d, J = 13.2 Hz, 1H), 4.30 (d, J
= 14.0 Hz, 1H), 3.51 (d, J = 13.2 Hz, 1H), 3.46 (d, J = 12.8 Hz, 1H), 3.42 (d, J = 12.8 Hz, 2H), 1.63
(sep, 2H), 1.47 (t, J = 7.6 Hz, 12H), 1.25 (sep, 2H), 1.17 (d, J = 7.2 Hz, 6H), 0.85 (d, J = 7.6 Hz, 6H);
13C NMR (100 M Hz, CDCls) &: 151.2, 148.8, 132.3, 131.2, 129.9, 129.4, 128.9, 128.8, 128.7, 128.3,
123.1,121.2,34.5,32.3,31.5,18.3,18.1,17.4,16.9, 15.0, 13.6; IR (KBr, cm™): 3322, 2952, 2864, 1463,
1260, 1021, 893, 754; HRMS-ESI* (m/z): Calcd. for CaHs00sSi:Na [M+Na]* 689.3089; found,
689.3096.
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Synthesis of 72

Cl Cl
. |_/O\ /
’Pr—lS| Si—ipr ipr
Br Br ipr \’Pr Pre / ,’Pr
(TIPDSCI) Si i—i
BuOK
THF,
OBn OBnpoH HO 0°C,3h
81 %
73
Br Br
1,2-alternate
74a 74a:74b = 3.3:1 74b
PhB(OH),
Cs,CO3 i
Pd(PPhs); ]
PhMe/MeOH, OBn OBno\ 9
70°C,12h si Si-ipy
Pr” \
Ph  Ph ipr 'Pr
1,2-alternate cone
75a 75b

Pd(OH),/C,H,

EtOAc/MeOH,
60 °C, 24 h OH OH 0 o ©
. N s\
53% in two steps S Si—ipr
Pr \
Pr Pr
cone
72

To a solution of 73 (800 mg, 1.05 mmol, 1.0 equiv.) in THF (21 mL) was added t-BuOK (354 mg, 3.15
mmol, 3.0 equiv.) under an atmosphere of Argon at 0 °C. 20 min later, 1,3-dichloro-1,1,3,3-
tetraisopropyldisiloxane (TIPDSCI) (657 uL, 2.1 mmol, 2.0 equiv.) was added dropwise to the solution.
After being stirring at 0 °C for 2 h, the reaction was quenched by addition of water and extracted with
EtOAc. The organic layer was washed with brine, dried over Na;SOs, filtered, and concentrated to get
the crude product. The combined NMR yield was 81% (with 1,1,2,2-tetrachloroethane as an internal
standard). The ratio of 74a:74b is 3.3:1. The crude product was purified by flash column (DCM/hexane
= 1/6) to get a mixture of 74a and 74b (730 mg, 70% yield) as a white solid. To analyze the
conformation, 74a and 74b were separated by recycle HPLC (EtOAc/hexane = 1/9).
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1,2-alternate-5,11-Dibromo-25,26-dibenzyloxy-27,28-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)
calix[4]arene (74a).

White solid: m.p. 235 °C; *H NMR (400 M Hz, CDCls) §: 7.25—7.23 (m, 2H), 7.19-7.09 (m, 8H), 7.01
(d, J = 7.2 Hz, 2H), 6.89—6.84 (m, 4H), 6.49 (d, J = 8.0 Hz, 4H), 4.35 (d, J = 13.6 Hz, 1H), 4.28 (s,
4H), 3.88 (d, J = 12.8 Hz, 2H), 3.78 (d, J = 12.4 Hz, 1H), 3.67 (d, J = 12.4 Hz, 1H), 3.24 (d, J = 13.2
Hz, 1H), 2.78 (d, J = 12.8 Hz, 1H), 1.06—0.93 (m, 14H), 0.82—0.73 (m, 2H), 0.73 (d, J = 6.0 Hz, 6H),
0.34 (d, J = 7.6 Hz, 6H); *C NMR (100 M Hz, CDCls) &: 155.6, 151.4, 137.1, 135.5, 133.7, 132.5,
131.9, 131.5, 131.1, 129.2, 129.0, 128.0, 127.3, 127.2, 123.2, 113.1, 75.1, 38.5, 32.8, 28.9, 17.8, 17.3,
16.9, 16.8, 14.0, 13.9; IR (KBr, cm™): 2994, 2864, 1458, 1264, 1221, 1034, 936, 828, 760, 696; HRMS-
ESI* (m/z): Calcd. for CssHes*Bré!BrNOsSi, [M+NH4]* 1022.2672; found, 1022.2672.

cone-5,11-Dibromo-25,26-dibenzyloxy-27,28-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl) calix[4]arene
(74b).

White solid: m.p. 254 °C; *H NMR (400 M Hz, CDCls) &: 7.33—7.23 (m, 6H), 7.15-7.12 (m, 4H),
6.79—6.75 (m, 4H), 6.67—6.59 (m, 4H), 6.52 (dd, J = 6.8 Hz and 2.0 Hz, 2H), 4.95 (d, J = 11.6 Hz, 2H),
4.82 (d, J = 11.6 Hz, 2H), 4.32 (d, J = 13.6 Hz, 1H), 3.65 (d, J = 13.2 Hz, 1H), 3.12 (d, J = 13.6 Hz,
1H), 2.98 (d, J = 13.2 Hz, 2H), 2.56 (d, J = 13.2 Hz, 1H), 1.53—1.45 (m, 2H), 1.32 (d, J = 7.2 Hz, 6H),
1.25 (d, J = 8.0 Hz, 6H), 1.13—1.03 (m, 2H), 1.04 (d, J = 6.0 Hz, 6H), 0.83 (d, J = 6.8 Hz, 6H); *C
NMR (100 M Hz, CDCls) 6: 154.3, 150.2 137.0, 136.2, 135.3, 134.0, 132.0, 131.6, 130.5, 130.4, 128.5,
128.3,128.2,128.0, 122.9, 112.6, 76.6, 34.0, 31.3, 29.9, 18.2, 18.1, 17.8, 17.4, 16.0, 14.4; IR (KBr, cm’
1): 2944, 2866, 1458, 1300, 1239, 1211, 1083, 943, 821, 761, 698; HRMS-ESI* (m/z): Calcd. for
Cs4Hea"*Bré!BrNOsSi, [M+NH.]* 1022.2672; found, 1022.2694.

The ratios of 74a and 74b were determined by comparison of the integration of the both signals in crude
'H NMR spectra as shown below.

001 002 003 004 085 006 007 008 009 01 Gl 002 013
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cone-5,11-Diphenyl-25,26-dihydroxy-27,28-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-calix[4]arene
(72)

To a mixture of 74a and 74b (300 mg, 0.3 mmol, 1.0 equiv.), phenylboronic acid (183 mg, 1.5 mmol,
5.0 equiv.), Cs,CO3 (543 mg, 1.5 mmol, 5.0 equiv.) was added toluene (3 mL) and MeOH (3 mL), then
Argon blowing for 30 minutes. After that, Pd(PPhs)s (63 mg, 0.06 mmol, 0.2 equiv.) was added to the
solution. The yellow solution was stirring at 70 °C for 12 h. After cooling to r.t., the solution was filtrated
by Celite, add water and extracted with EtOAc. The combined organic layer was washed with brine and
dried with Na;SO4. After removal of solvent, the crude material was purified by flash column
(EtOAc/hexane = 1/15) to afford a mixture of 75a and 75b and their mono phenyl ring byproducts. To
a solution of the mixture in EtOAc/MeOH (15 mL) was added 10 % palladium hydroxyl on carbon (150
mg). The mixture was stirred at 60 °C under a hydrogen atmosphere (1 atm) for 24 h. After filtration
and evaporation of the solvent, the residue was first purified by flash column (EtOAc/hexane = 1/9) to
get a mixture of the desired product and its mono phenyl ring side-product. They were further separated
by recycle HPLC (EtOAc/hexane = 1/9) to get pure 72 (130 mg, 53% yield in 2 steps) as a white powder.
White solid: m.p. 146 °C; *H NMR (400 M Hz, CDCls) &: 8.69 (s, 2H), 7.43—7.40 (m, 4H), 7.34 (t, J =
7.6 Hz, 4H), 7.29—7.22 (m, 6H), 7.08 (d, J = 7.6 Hz, 2H), 6.99 (d, J = 6.4 Hz, 2H), 6.66 (t, J = 7.2 Hz,
2H), 4.71 (d, J = 13.2 Hz, 3H), 4.28 (d, J = 13.6 Hz, 1H), 3.57 (d, J = 13.6 Hz ,1H), 3.45 (d, J = 12.8
Hz, 2H), 3.43 (d, J = 13.6 Hz, 1H), 1.65—1.53 (m, 2H), 1.49-1.42 (m, 12H), 1.27—-1.22 (m, 2H), 1.15
(d, J =7.6 Hz, 6H), 0.84 (d, J = 7.2 Hz, 6H); *C NMR (100 M Hz, CDCl3) &: 151.3, 148.6, 140.8,
135.9, 132.6, 131.4, 129.8, 129.7, 129.0, 128.7, 128.6, 128.4, 128.3, 127.6, 127.0, 126.8, 126.6, 121.2,
34.9,32.3,31.8,18.3,18.1,17.5,17.0, 15.0, 13.6; IR (KBr, cm™): 3358, 2948, 2873, 1471, 1256, 1079,
1021, 942, 860, 837; HRMS-ESI* (m/z): Calcd. for Cs;HssOsSi-Na [M+Na]* 841.3715; found,
841.3715.
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