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ABSTRACT

Hydroxycarbazoles are one of the most important classes of molecules due to their
biological activity from medicinal point of view. The carbazole framework is found in a wide
range of bioactive natural products and pharmaceuticals, showing anti-viral, anti-malarial, and
anti-tumour activity. Some of them are currently being used as lead compounds for drug
development. The carbazoles are also used as building blocks for synthesising functional
materials, such as organic light-emitting diodes (OLED), because of their wide band gap, high
luminescence efficiency, and flexible modification of the parent skeleton.

Considering the importance of a variety of hydroxycarbazoles, | herein report the
oxidative coupling reaction of hydroxycarbazoles to generate axially chiral bi-
hydroxycarbazoles using a chiral vanadium complex. To fill the gap in research and deliver the
straightforward synthetic method with high enantioselectivity; a detailed study on homo-
coupling of 4-hydroxycarbazoles using dinuclear vanadium catalyst via a dual activation

method is discussed in Chapter 2.

Among the synthesis of a hetero biaryl moiety, the challenge of hetero-coupling of
hydroxycarbazoles with 2-naphthols (or B-ketoesters) has been successfully developed by

utilizing mono nuclear vanadium complex in Chapters 3 and 4.
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Chapter 1: Introduction

The structural motifs containing chiral biaryls have been extensively studied over the
decades due to their potential applications in asymmetric synthesis.® A noteworthy contribution
was therefore made by organic chemists to develop various biaryls using novel synthetic
strategies. Especially, 6,6'-dinitrobiphenyl-2,2’-dicarboxylic acid and relative molecules are
interesting moieties as they were found to have an axial chirality seen in structures made up of
crossing dissymmetric planes.? In fact, the atropisomers of chiral biaryls are encountered in
various synthetic compounds such as chiral ligands and catalysts as well.>> The presence of
chiral biaryls is not limited only to the chiral ligands and catalysts but is also seen in the natural
products of pharmaceutical interest as shown in the (Figure 1).°

BINOL (X = OH)

BINAP (X = PPh,) Maruoka Catalyst® O O

LLB complex

Chiral Iigands/catalysts} 0 0

H
N O { Natural products ]
O OH .

CONH,

Vancomycin

Clausenawalline A

Figure 1. Representative examples of axially chiral ligands, catalysts, and natural products

A notable contribution toward the synthesis of optically active biaryl derivatives is well
reported in the literature. For instance, (A) an enantioselective coupling of aryls,?*¢ (B) a
chirality transfer from central chirality to axial chirality,®¢ and (C) kinetic resolution of

racemic compounds or atroposelective transformation of prochiral compounds?™9 are some of

8



the representative examples as shown in the (Scheme 1). Additionally, (D) the transition-metal-
catalyzed benzannulations such as [2+2+2] annulations also allowed the generation of chiral biaryls;

which is an excellent alternative construction of axial chirality.?"

(A)
enantioselective
aryl-aryl coupling

R1
R3 (D)
R2 benzannulations

¥\ ./

Scheme 1. Representative strategies for optically active biaryl derivatives

(C)

resolution

atroposelective
transformation

The catalytic synthesis of biaryls is challenging due to low yield, low stereochemical
control, and side product formations. In this context, several research groups have developed
facile strategies for the synthesis of functionalized biaryls. Among them, the metal complex-
catalyzed enantioselective construction of axially chiral scaffolds has been widely explored.
Especially, chiral base metal complex-catalyzed oxidative homo- and hetero-coupling of arenol
derivatives is one of the most straightforward and sustainable approaches. Indeed, this strategy
is advantageous from the synthesis point of view as it does not require any pre-activation for
the coupling partners. Consequently, highly active chiral catalysts for the oxidative coupling
of arenols 2 & have been reported during the last few years.

However, the number of methods for the enantioselective synthesis of axially chiral
biarenols such as phenols, polycyclic and heterocyclic arenols are still limited due to high
oxidation potentials require strong oxidants (or low oxidation potentials needing adequate
conditions) to suppress over-oxidations. Especially, when compared to that the catalytic and
highly enantioselective synthesis of 1,1’-bi-2-naphthol (BINOL) derivatives using chiral metal
catalysts. Some of the examples are outlined in (Figure 2) containing [mononuclear metal
catalysts: Smrcina and Kocovsky (Cu 1993),2 Nakajima (Cu 1999),% Katsuki (Ru 2000),%
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Kozlowski (Cu 2001),2¢ Chen (V 2002),2¢ Uang (V 2003),%" Iwasawa (V 2004),% Ha (Cu
2004),2" Habaue (V, Cu 2005),8" Sekar (Cu 2013),%¢ Cui and Wu (Cu 2014),®' Breuning (Cu
2015),8™ Bania (V 2015),%" Pappo (Fe 2016, 2019),2°® Sasai and Takizawa (V 2016),° Oh and
Takizawa (V 2017),° Ishihara (Fe 2019)® Tu and Tian (Cu 2019, 2021),2" Uchida (Ru 2020),*
and Zhang (Cu 2022)% and dinuclear metal complexes: Gong (V 2002),2 Gao (Cu 2003),2¥
Sasai and Takizawa (V 2004),'° Katsuki (Fe 2009)%].

” O
_R? [
N N N
NHR
N R! R;z\ £ R* W + (cucl
N Clu N—Cu_ NH; |
?u\m cl H OO
cl o
Nakajima Ha
(R",R?=H, R®=Ph, R*= Et) (R = 3-pentyl)
Kocovsky Breuning Kozlowski Sekar
(R'=Ph, R%,R3 R*= Me) (R=H)

Q

9o ;S
o \\ v O SOsH SN
+ FeBra o
@ V)orCu MeO Br SO3zH o ”\O

Uang Chen Habaue Pappo Oh, Takizawa
Me Me
i < o
o) O p=0
o ;
m Q N O‘\ '_Eg + (Fe(OT),
=P =N, o N= 0 AVANGE L RO
oH¥o 1R Hcy
g Y PaLs l
c?\\SI,/l 0 0 Cl Me Me
: Me Me
Ilwasawa Bania Sasai, Takizawa Cui i
Ve ) ui, Wu Ishihara
(Immobilized catalyst) (Immobilized catalyst) I
o Ph. Ph N
H 7 H —N_ T N=
NN N
N,

o
Cl ko sl le G2 O
% S Ra% e
— ! 2
\—i 0o Katsuki
(Ar = Ph, X = NO)
Gong Sasai, Takizawa Katsuki Uchida
(X=H;0, OH, Y = H, Br) (Ar = 3,5-F-4-TMS-CgHy, X = H,0)

Figure 2. Highly active chiral transition metal catalysts for oxidative homo- and hetero-

coupling of 2-naphthols
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1.1 Reported Oxidative Coupling of Phenols and their Problems to be Solved

A hetero-coupling reaction involves binding two different reaction substrates to each
other. The fabrication of the highly optically active and regioselective hetero-coupling is
challenging even though using 2-naphthol coupling precursors. In most cases, the use of a high
stoichiometric fraction of the substrate is essential due to the low gap between the oxidation
potential and its effects on reactivity. In this context, the representative reports on hetero-

coupling reactions using 2-naphthol analogues are shown in Scheme 2-1.
A) Smrcin and Kocovsky (1993)

0
o)
CuCl, (10 mol%) MeO OO "
(-)-sparteine (20 mol%) HO
HO —N
AgClI (1.0 equiv) ‘O N
MeOH, rt

2ab (-)-sparteine
49%, 27% ee

=
[0}
- 9
o
o,

I
O
;8

(1.0 equiv)

B) Kozlowski (2005)

o
Cul (10 mol%)
MeO HO 1,5-diaza-cis-decaline H
1c (10 mol%)
i MeO HO
HO HO NH
CH,Cl,/MeCN, O, (S,S)
40 °C 1,5-diaza-cis-decaline
o) o
1d 2cd
(4.0 equiv) 68%, 90% ee

C) Habaue (2005, 2007)

RRN
CuCI-(S,S)-PhBox

I
Q E:O
py)
X
T 2
Q ®)

1 (10 mol%) OMO
+ N N\)
HO
HO X z
s THFrt’ 02 —R" | Ph Ph
% 2 (S,S)-PhBox
1 53-91%
SO o R 27-65%ee ...
D) Tu (2019)
o] . o
RO CuBr (5 mol%) R
SPDO ligand RO OO
HO ; (5 mol%) HO ; ‘
HO Y
o ¥ i-PrOH, air N L NH N
Ny N rt P R Ph
= R SPDO ligand
f 2

) 45-87%
(1.5 equiv) 20-99% ee

Scheme 2-1. The reported oxidative hetero-coupling of naphthol derivatives
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In 1993, Smr¢in and Kocovsky et al. reported the synthesis of binaphthyl moiety 2ab
using a chiral copper catalyst prepared from copper (1) chloride and (-)-sparteine promoted
oxidative hetero-coupling reaction using silver (I) chloride as an oxidant.8 Despite it being an
interesting example of the chiral biaryls, the yield as well as enantioselectivity was not
considerably promising. Later, Kozlowski et al. developed a copper (I) complex with 1,5-
diaza-cis-decalin chiral ligand; which delivered an improved yield and enantioselectivity (90%
ee) when using a 2-naphthol substrate with a carbonyl group at the C-3 position (Scheme 2-1-
B);?2 molecular oxygen is adopted as an oxidizing agent.

In 2005 and 2007, Habaue et al. reported hetero-coupling reactions utilizing cuprous
chloride and chiral oxazoline (S, S)-PhBoX ligands. (Scheme 2-1-C).2 When the reaction
substrates were taken a stoichiometrically a 1:1 ratio product 2 was obtained with up to 91%
yield and 65% ee along with high chemoselectivity. Most recently, Tu et al. reported a highly
enantioselective hetero-coupling reaction using copper (1) bromide and a spiro skeleton SPDO
ligand affording binaphthyl product 2 with up to 87% yield and 99% ee (Scheme 2-1-D).?*
This reaction also adopts molecular oxygen from the air, which is a co -oxidant.

Alternatively, the cheaper and safer Fe-metal catalysis was explored by Katsuki et al. for
oxidative hetero-coupling reactions of 2-naphthols using Fe-Salen catalysts (Scheme 2-2-A).%
This strategy affords chiral binaphthyl derivatives in moderate yields with excellent

enantioselectivity.

A) Katsuki (2010)

.

1 Fe cat. OO
(4-6 mol%) HO

—_—
* HO
HO toluene, air
R

1

44-70%
(1-2 equiv) 87-95% ee

HO Fe cat
1a
+
Ny
T
1

(2.5 mol%) OO
_~ _ HO

A
R (t-BuO), R
(1.0 equiv) =
DCE/HFIP, rt 2
(1.0 equiv) 33-53%

62-92% ee

Scheme 2-2. The reported oxidative hetero-coupling of naphthol derivatives using Fe metal
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Pappo et al. reported the utilization of chiral iron-phosphate complex for hetero-coupling
using HFIP as a solvent to produce biaryl product 2 with up to 53% yield with 92% ee (Scheme
2-2-B).8° This methodology was valuable to deliver products with high enantioselectivity even
when unsubstituted 2-naphthol substrates were used.

Apart from Fe and Cu catalysts, the electron-rich ruthenium complexes were also
successfully explored for the synthesis of functionalized biaryls. Recently, Uchida et al.
reported Ru-Salen catalysed hetero-coupling reaction to synthesize product 2 with up to 85%
yield and 89% ee (Scheme 2-3-A).8 Interestingly, the unwanted homo-coupling reaction can
be suppressed by the inclusion of bulky substituents at the C-3 and C-7 positions of the
substrate. The catalyst is also suitable for oxidative hetero-coupling reactions between 2-
naphthols and phenols, leading to product 2 with up to 67% yield and 90% ee.

A) Uchida (2020)

C7

Ru cat.
HO (5 mol%) OO
HO R
HO
toluene, MS 3A /
25-40 °C, 48 h R P

R .
Cs 1 air 2

(1.5 equiv) 51-85%
79-89% ee

HOR Ru cat.
1 (5 mol%)
HO R

+ (AF = 4-TMS-3,5-F2-C(5H2)
HO HO Ru cat.
R" toluene, MS 3A R"
30°C,48h
1 air 2
(1.5 equiv) 19-67%
54-90% ee

Scheme 2-3 The reported oxidative hetero-coupling of naphthol using Ru metal

It would be worth mentioning that the chemoselective synthesis of chiral C1-symmetric
bis(arenols) through enantioselective oxidative coupling with electronically comparable
arenols without a directing group remains a challenge. Kozlowski and Pappo independently
illustrated that the steric and/or electronic factors of the coupling partner such as the intensity
of the binding to the metal catalyst, oxidation potential, and nucleophilicity are crucial

considerations of cross-selective coupling.
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The excessive exploitation of the substrates is also required to obtain the hetero-coupling
products in high yields with high enantioselectivity. In addition, when a copper catalyst is used,
a carbonyl group which is an oriented group at the C-3 perspective of the 2-naphthol substrate;
a high substituent is anticipated for the reaction substrate. The chemical selectivity of the
oxidative hetero-coupling is complicated, and it is vital to suppress the formation of homo-

coupling and side reactions.
1.2 Dimeric Hydroxycarbazole in Natural Products

Carbazoles are tricyclic heterocycles made up of two six-membered benzene rings fused
on either side of a five-membered nitrogen-containing ring of pyrrole. Functionalized
carbazoles are one of the important classes of organic scaffolds which are present in many
natural products.!* Among them, the dimeric hydroxycarbazole derivatives have attracted
many research groups due to their natural abundance and a broad spectrum of pharmacological
actions such as anti-tumour, anti-oxidant, anti-bacterial activities, and free-radical scavenging
effects. Moreover, the dimeric hydroxycarbazoles have also attracted attention as usage for Cp-
symmetric chiral ligands. (Figure. 3)'?'®* However, only a few reports deal with
enantioselective processes because their high reactivity leads to over-oxidation reactions.**
Precise and gentle manufacturing processes for this important class of optically active

compounds are still in great demand.

bis-7-hydroxygirinimbine A clausenamine A
Stem bark of Murraya euchrestifolia Clausena excavata
Anti-tumor/ Anti-oxidant cytotoxic activities
H natural products
N
OMe
HO N
HO OH HO

I KH/OV\O):
(e}
clausenawalline E bis-7-hydroxygirinimbine B (S)-PegPhos
roots of Clausena wallichii Stem bark of Murraya euchrestifolia
anti-MRSA SK1 Anti-tumor/ Anti-oxidant

Figure 3. Dimeric hydroxycarbazoles in natural products and chiral ligands
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1.3 Reported Homo-coupling of Hydroxycarbazole

Over the past decades, several
synthetic strategies have been developed to
obtain easy access to natural dimeric
hydroxycarbazole derivatives. Especially,
oxidative coupling of hydroxycarbazoles is
one of the interesting methods of accessing
these axially chiral molecules.!* In 1989,
the Moody research group reported the
homo-coupling of 3-hydroxycarbazole in
the presence of benzoyl peroxide along
with manganese (V1) oxide as co-oxidant to
synthesize the homo-coupled but optically
inactive product as shown in the (Scheme

3-A).15

Bringmann, Lin, and Fillion

A) Moody 1989

N
adh L)

3-Hydroxycarbazole

B) Bringmann 1995, Lin 2000, Fillion 2000

R4
RZ (+BuO), R

OHH

1-Hydroxycarbazole

C) Knolker 1996

p-chloranill

H N
Q NH E—— N H
o -

2-Hydroxycarbazole
rac

Scheme 3. Oxidative coupling of hydroxy carbazole

independently reported the oxidative homo-coupling of 1-hydroxycarbazoles in the presence

of tert-butyl peroxide as an oxidant as shown in (Scheme 3-B).1® One year later from

Bringmann, Kndélker found that tetrachloro-para-benzoquinone worked as oxidative coupling

reagents for 2-hydroxycarbazole (Scheme 3-C).}” Moody and Knolker have adopted highly

toxic reagents such as Hg(OAc)z, (FeCO)s, and TI(TFA)s respectively to synthesize

hydroxycarbazole precursors for oxidative coupling. Before 2016, there was no substantial

success in developing a green and enantioenriched oxidative coupling for hydroxycarbazoles.

Several attempts were made to establish an asymmetric evolution of axially chiral

oxidative homo-coupling of hydroxycarbazoles. In 2015, the Kozlowski group reported the

oxidative coupling of 2-hydroxycarbazole 3a using a chiral vanadium catalyst 4a. However,

this methodology delivered products with poor enantio- and regioselectivities. Vanadium

catalyst 4a can activate both the ortho (C1) and ortho' (Cs) positions near the hydroxyl group,

leading to a formation of regio-isomeric oligomers (Scheme 4-1);'® the chiral vanadium

catalyst leading to the racemic product 6a up to 70% yield as a Major product.

15



tgy O O—
(S-4a
3 O (10 mol%)
N

Hoo N CHCl3, 0, 1-3d,
3a rt-40 °C
2-Hydroxycarbazole

70%, rac

11%, rac

Scheme 4-1. First vanadium-catalyzed oxidative coupling of 2-hydroxycarbazoles

To suppress the formation of regioisomeric oligomers as well as racemized products,
Kozlowski introduced a methyl group at the ortho'-carbon and benzyl substitution at the
nitrogen atom of the 2-hydroxycarbazoles. Interestingly, the oxidative coupling of 2-
hydroxycarbazole 3b proceeds with an excellent yield and stereochemical control using chiral
vanadium catalyst 4b. The catalyst loading of 20 mol% successfully delivered the product 5b
with 91 % yield, and 87% ee (Scheme 4-2).18°

(S)-4b
(20 mol%)

PhCI, O,, AcOH, 2d
0°C

2-H [
ydroxycarbazole 91 %, 87% ee

Scheme 4-2. Vanadium-catalyzed oxidative coupling of 2-hydroxycarbazoles

Recently, our group also reported the enantioselective oxidative coupling of 2-hydroxy-
3-methylcarbazole using a chiral vanadium complex (Ra,S)-8a (Scheme 4-3).2° The
enantioselectivity of the product was observed low due to the racemization of the product in

the absence of the N-protecting group.

‘ (Ra,S)-8a HO O N !
9 H i
O NH (30 mol%) N H :

t-Bu

- OH
CHCls, AcOH, O, 0°C Q
HO 3c ’

48h 5c
2-Hydroxycarbazole

44-63 %
18-21% ee

Scheme 4-3. Vanadium-catalyzed oxidative coupling of 2-hydroxycarbazoles

Subsequently, our group reported the first oxidative homo-coupling of 3- hydroxycarbazoles
using dinuclear vanadium complex (R,,S,S)-10a in the presence of air which serves as a co-

16



oxidant (Scheme 5-1).%° It was observed that N-Phenyl-, 4-CI-C¢Ha-, as well as 4-Me-CsHa-
substituted substrates 9 afforded their corresponding homocoupling products 11 in moderate
yields (55- 65%) with good enantioselectivities (75- 80% ee).

(R4,S,S)-10a
(5 mol%)

CCl,, air, 30-50 °C
9 48h

3-Hydroxycarbazole 20-65 %
65- 80% ee

: (R..S,S)-10a

Scheme 5-1. Dinuclear Vanadium-catalyzed oxidative coupling of 3-Hydroxycarbazoles

Despite these successful reports on enantioselective oxidative coupling of 2- and 3-
hydroxycarbazoles, there are still challenges with other relatively complex hydroxycarbazole
derivatives. Consequently, it creates an opportunity to develop new strategies to synthesize
homo-and hetero-coupled hydroxycarbazoles with high enantioselectivity and yields. The
primary aim of my PhD thesis was to explore dinuclear and mononuclear vanadium complexes

for the enantioselective synthesis of functionalized hydroxycarbazoles.
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1.4 My work: homo- and hetero-coupling of hydroxycarbazoles

My research work was exclusively based on the enantioselective homo- and hetero-

coupling of hydroxycarbazoles. The brief outline of my work is depicted as follows.

(i)

(i)

Enantioselective oxidative couplings of 4-hydroxycarbazoles using a chiral dinuclear
vanadium(V) complex (Ra,S,S)-10a have been achieved for the first time. The desired
dimeric 4-hydroxycarbazole products were obtained with up to 90% ee under mild
reaction conditions. Subsequently, the high racemization barriers of coupling products
calculated by DFT indicated the potential usefulness of biaryl skeletons as C>-symmetric
chiral ligands for asymmetric catalysis.?°

R2
dinuclear V cat.

)
N O R (5 mol %)
- O CHCly, air, 20 °C

OH 24-96 h

t-Bu dinuclear V cat.
homo-coupling (R,,S,S)-10a

The detailed investigation of dinuclear vanadium catalyst (Ra,S,S)-10a for homo-

coupling of 4-hydroxycarbazoles will be discussed in (Chapter 2).

The catalytic enantioselective oxidative hetero-coupling of hydroxycarbazoles with 2-
naphthol using a chiral mononuclear vanadium(V) complex has been developed for the
first time. The coupling of hydroxycarbazole derivatives with various arenols provided
axially chiral biarenols under mild conditions with high chemo-, regio-, and
enantioselectivities. Interestingly, satisfactory functional group tolerance was achieved
using mononuclear vanadium complexes. Moreover, the aerobic oxidative hetero-
coupling with B-ketoesters also proceeded with high chemo- and stereoselectivities under

slightly modified reaction conditions;?! which will be discussed in (Chapters 3 and 4).

R R3 :
T e
HO mononuclear V cat. I

(1.0 eq) (10 mol %) HO O O

HO !

+ 1,4-dioxane, LiCl (3.0 eq) X

HO N air, 30 °C, 96 h L
— R4 i
= :

hetero-coupling

mononuclear V cat.
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Chapter 2

Enantioselective Homo-coupling of 4-Hydroxycarbazole

Chiral vanadium complexes are proven as effective catalysts for the synthesis of homo-
coupling of 2- and 3-hydroxycarbazoles. The recent reports by Kozlowski and our research
group successfully demonstrated the utility of these complexes. This chapter will be focused
on the first stereoselective oxidative homo-coupling of 4-hydroxycarbazoles using a chiral

vanadium catalyst.
2.1 Synthesis of 4-Hydaroxycarbazole Precursor

The synthesis of the 4-hydaroxycarbazole precursor was achieved by using readily
available starting material 2-Bromo nitrobenzene as shown in (Scheme 6).

Step | Step Il

Pd(PPhs), (6 mol%)

NO, K,CO3 (3.0 equiv) NO2 O P(OEt),
Br DMF/H,0 (5/1) 0.25 M O MW, 210 °C

|
OH O

. - .
(1.1 equiv) 80°C,12h 30 min
12a 13a 97% 14a 89%
Step I Step IV
H NaH(2.5 equiv) \N \
O Mel (1.3 equiv) O HBr (47%) N O
Q DMF (0.1 M) Q AcOH Q
O 0°Ctort N 120 °C, 4 h OH
15a 24 h 16a 51% 17a

93%

Scheme 6. General synthetic route of 4-hydraoxycarbazole derivatives.

The commercially available 12a and 13a (1.1 eq.) were reacted under the Suzuki-
Miyaura coupling conditions to afford 14a in 97% yield as a light-yellow solid.?® The 14a was
then subjected to cyclization using the Cadogan cyclization method to afford 15a in 89%
yield.?® Subsequently, the methoxy intermediate 15a was protected using an appropriate
methylated agent (step 111) to give 16a in 93% yield.*° Lastly, the methoxy deprotection of 16a
was carried out under HBr (47%) in AcOH at 120 °C to afford 17a as a white solid. '

2.2 Screening of Vanadium Catalyst for Homo-coupling

Various vanadium-based catalysts were screened for the homo-coupling reaction of
hydroxy carbazole 17a. The homocoupling of 17a with mononuclear vanadium(V) catalysts
(S)-4c and (Ra,S)-8b delivered up to 25 % yield and up to 25 % ee. The vanadium(V) complex
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(Ra,S,S) contains an axial chirality of the (R)-BINOL skeleton and two central chirality of (S)-
amino acids. The utilization of a diastereomeric catalyst (Sa,S,S)-10a gave 18a in 66% yield
with 51% ee, suggesting that the (Ra,S,S) catalyst 10a represents the matched pair and the
(Sa,S,S) catalyst 10a is the mismatched pair.

\
N O Chiral V cat.
O CHCl3, air, 20 °C
OH 24 h
17a

t-Bu

Br. N
N
o
o7 ©
O OH

Br

tB
(S)-4c¢ (10 mol%) (R,S)-8b (10 mol%) Y (5.,5,.9)-10a (5 mol%)
18a: 6%, 35% ee 18a: 25%, 56% ee 18a: 66%, 51% ee

Br
HO
HO
o_\\’/.O O~\/9~O
0 o
i-Pr
(Ra,S,S)-10b (5 mol%) BBU (R,,5,5)10c (5 mol%)  FBU (R,,S,5)-10d (5 mol%)
. 0, 0,
18a: 60%, 67% ee 18a: 65%, 90% ee 18a: 45%, 88% ee
t-Bu
o}
o}
o
OH
o o}
B t-Bu
(R.,S,S)-10e (5 mol%) (Ra.S.5)-10a (5 mol%)
18a: 48%, 89% ee 18a: 80%, 90% ee

Table 1: Screening of chiral vanadium(V) catalysts for enantioselective oxidative coupling of
17a

Neither the catalyst (Ra,S,S)-10b with an iso-propyl group instead of a tert-butyl group at
the amino acid moiety nor the catalysts (Ra,S,S)-10b, 10c, 10d with Bromine and lodine atom
at 6,6’-position could illustrate lower yields, respectively. A bulky substituent (Ph group)
introduced at the 6,6'-position of a BINOL skeleton®? showed a considerable improvement in

catalytic activity and enantioselectivity with 48% yield and 89% ee. (Table 1)
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These different catalytic activities between mono- and di-nuclear vanadium(\V) complexes
could be ascribed to intermolecular or intramolecular manner coupling through a dual
activation mechanism. In the dual activation mechanism, two substrates activate at the same
time with the dinuclear vanadium complex. This concept has been reported by the Sasai
group.® Finally, the screening of vanadium catalyst (Ra,S,S)-10a shows an overall good result
of 80% yield with 90% ee. Also, the consumption of (Ra,S,S)-10a (5 mol%), lower amount of
catalyst loading supports the mechanism of intramolecular coupling through a dual activation

mechanism.
2.3 Optimization of Homo-coupling Reaction Conditions

The optimization of suitable reaction conditions for homocoupling of hydroxycarbazole
was screened with vanadium(V) catalyst 10a under different solvents and temperatures as
shown in Table 2. The model substrate 17a was subjected to homocoupling to obtain product
leads to excellent yields as well enantioselectivity.

\ (Ro,S,5)-10a O OH |
oy O
Q solvent, air, temp OH O

17a o 18a \ t-Bu (R,,S,S)-10a
entry solvent temp.°C time (h) yield (%)* ee (%)
1 Toluene 30 20 53 88
2 O-Xylene 30 24 50 82
3 Chlorobenzene 30 24 55 85
4 CH,Cl, 30 24 48 76
5 (CICH,), 30 22 63 87
6 (CL,CH), 30 19 62 87
7 CHCI, 30 24 72 90
8 CHCl, 20 24 80 90
9 CHCl, 10 24 62 89

aDetermined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard

Table 2: Optimization of enantioselective oxidative coupling of 17a using catalyst 10a
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Initially, the reaction was performed at 30 °C under air®' in aromatic solvents such as
toluene, o-xylene, and chlorobenzene (Table 1, entries 1-3). It was observed that the desired
product 18a was obtained in moderate yields (50-55 %) with high enantioselectivities (82-88 %
ee). Subsequently, the halogenated solvents were explored (entries 4-7) and it was found that
chloroform works smoothly for this reaction. The product 18a was obtained in 72% yield with
90% ee (entry 7) due to less stability of 17a. Furthermore, when the reaction temperature was
lowered to 20 °C, the yield of 18a was slightly increased to 80% with 90% ee (entry 8).
However, the lower reaction temperature 10 °C led to a reduction in yield of 18a (62%) while
maintaining the high enantioselectivity of 89% ee (entry 9). Thus, were explored the substrate

scope and limitations using catalyst 10a, and chloroform as solvent at 20 °C.
2.4 Substrate Scope:

With the optimized reaction conditions in hand, we explored the substrate scope and
limitations (Table 3). A coupling of 1,2-dimethyl-NH substituted hydroxycarbazole 17b
quantitatively yielded the product 18b in 80% ee due to its electron-rich nature. Also, 1,2- and
N-trimethyl substituted hydroxycarbazole 17c led to 18c with good enantioselectivity (70% ee)
and high yield (90%). The 1,2,7-Trimethyl-NH-substituted hydroxycarbazole starting material
17d delivered 18d with 88% yield and 90% ee. Similarly, when substrates 17e-h possessing
aryl, benzyl groups on the nitrogen atom were applied to the oxidative coupling reaction, the
corresponding products 18e-h were obtained in good yields (68-94%), albeit with lower
enantioselectivities (56-76%). A massive group of nitrogen affected enantioselectivity due to
the steric hindrance. Allyl substitution nitrogen 17i delivered 18i with a good yield of 75% but
enantioselectivity dropped up to 46% might be n-n interaction affected.

The electron-withdrawing group on nitrogen 17j as result could not obtain any product
due to the less electron density on 4-hydroxycarbazole. The different verities of 2-
hydroxycarbazole 2d instead of 4- hydroxycarbazole 17 using optimized conditions have been
screened. As result, the oxidative coupled product delivered in good yield but could not achieve

good enantioselective due to its low racemization barrier.

25



R3 R?
N R (R,,S,S)-10a
O (5 mol %)
R4 Q CHCl3, air, 20 °C
OH 24 h

17

\

N
O

OH
N
Me
18a 80%, 90% ee 18b quant, 80% ee 18¢ 90%, 70% ee
& O Cove O O §) O O O
O b O O
Me
18d 88%, 90% ee 18e 92%, 76% ee 18f 68%, 71% ee
CI
189 85%, 56% ee 18h 94%, 67% ee 18i 75%, 46% ee

CI

i 2
Oy <
N
N
O 2-Hydroxycarbzole
() o T

17j No Reaction 2d 72 %, 16% ee

Table 3. Substrate Scope and Limitations

2.5 X-ray Crystallography of Coupling Product 18a:

The optically pure 18a was readily accessible by single recrystallization of the
enantioenriched product from DCM and hexane. The absolute configuration of 18a is

determined to be S based on the Flack parameter [0.04(7)] obtained via the X-ray
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crystallographic analysis depicts that the product adopts (S)-form under optimal reaction

conditions (Scheme 7).

Me, (R,,S,S)-10a

Me
N
O OH
N O (5 mol %) Q O
OH O
N
Me

CHClj, air, 20 °C, 24 h

(@]
&°
<
(@)

17a 18a t-Bu (R,,S,S)-10a

/“N\ Crystal data
/ Space group: P212121

. Z:4
Crystalisation
99% ee .
DCMHEX R: 0.0285
R :0.0768
GOF: 1.040
18a 90% ee Flack Parameter: 0.04(7)

Scheme 7. X-ray Crystallographic Analysis for Absolute Configuration of 18a

2.6 Axial Chiral Stability (DFT calculations)

The obtained single crystal data confirmed that atropisomerization occurs in 18a, and the
activation energies were quantified using density functional theory (B3LYP/D95*%*).
Atropisomers should interconvert at a given temperature with a half-life of at least 1000
seconds, corresponding to an activation barrier of 22 kcal/mol at 27 °C.*® The calculated
activation energies hurdles for the racemization of 18a at 27 °C are 69.0 and 29.2 kcal/mol,
(Figure S1), indicating the potential functionality of the biaryl frameworks 18 as C,-symmetric

chiral ligands for asymmetric catalysis.>*
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Figure. Sla The activation energy for the conversion from S-form to R-form.
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Figure. S1b Plots of the relative energy against the dihedral angle (C1-C2-C3-C4)

2.7 Proposed Reaction Mechanism:
Previously, our group has reported using dinuclear vanadium complex (Ra,,S,S)-10a to
catalyse the oxidative coupling of 2-naphthols to the corresponding (S)-BINOL derivatives in
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excellent yields with up to 97% ee through a dual activation mechanism.3® The chiral dinuclear
vanadium(V) complex (Ra,S,S)-10a with two identical metal centres in a 1,1’-bi-2-naphthol
(BINOL) backbone could simultaneously activate two substrates in a homolytic radical-radical
coupling reaction of hydroxycarbazole molecules, would do this increase the reaction rate as

well with high enantioselectivity.

-2H,0

SET

\ O, tBu
e
O o\v‘sN

o

<
N

o
o
o >
’ Oxidati o

c Xidation

/ O

H,0 0
B

\\
°
S
t-Bu

12 0,

Scheme 8. Enantioselective coupling of 4-hydroxycarbazoles via dual activation mechanism

First, each vanadium (V) atom of the complex (Ra,S,S)-10a binds to a molecule of 4-
hydroxycarbazole 17 to provide intermediate A (Scheme 8). The carbazole-containing hydroxy
group approaches the vanadium atom from the opposite side of the bulky t-butyl group, and
the methyl group on carbazole 17 positions itself far away from the t-butyl group due to the
steric repulsion, aligning two molecules of 18 in S conformation. The C-C bond formation
followed by a single electron transfer from carbazole to vanadium (V) results in radical
formation B and intermediate C. The coupling product 18 is released in S-form and the
vanadium complex is re-oxidated by the existence of molecular oxygen in the air to lead

intermediate A to proceed to the catalytic cycle.
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The formation of intermediate B to intermediate C is the enantio-determining step. Two
carbazole molecules hold by a vanadium catalyst at the same time resulted in C-C bond
formation with the preferred S configuration as shown in (Figure. S2). The steric effects
between the carbazole and vanadium complex play an important role in the stereochemical
output. The R configuration is unfavourable as two carbazole molecules coordinate with the

vanadium complex but get repelled due to carbonyl groups present on the catalyst.

Favourable from B to C unfavourable from B to C
"S"” form "R" form

Figure. S2 Configurational Alignment
In summary, | successfully developed the first protocol for the highly enantioselective
oxidative homo-coupling of 4-hydroxycarbazoles to synthesize axially chiral dimeric
hydroxycarbazoles. The chiral dinuclear vanadium(V) complex showed high catalytic activity

owing to its dual initiation of hydroxycarbazoles by dinuclear vanadium complex 10a

2.8 Experimental Section:

'H-, and ®C-NMR were recorded with JEOL JMN ECS400 FT NMR, or Bruker
AVANCE Il (*H-NMR 400 MHz, ¥C-NMR 100 MHz) 'H-NMR spectra are reported as
follows: a chemical shift in ppm downfield of tetramethylsilane (TMS) and referenced to
residual solvent peak (CDCls) at 7.26 ppm, or ((CD3).CO) at 2.05 ppm, integration,
multiplicities (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), and coupling
constants (Hz). *C-NMR spectra were reported in ppm relative to the central line of triplet for
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CDClz at 77.16 ppm, or the central line of septet for ((CD3)2CO) at 29.84 ppm. ESI-MS spectra
were obtained with JMS-T100LC (JEOL). Optical rotations were measured with a JASCO P-
1030 polarimeter. HPLC analyses were performed on a JASCO HPLC system (JASCO PU 980
pump and UV-975 UV/Vis detector) using a mixture of hexane and 2-propanol as eluents. FT-
IR spectra were recorded on a JASCO FT-IR system (FT/IR4100). Thin-layer chromatography
(TLC) analysis of reaction mixtures was performed using Merck silica gel 60 F254 TLC plates
and visualized under UV. Column chromatography on SiO> was performed with Kanto Silica
Gel 60 (63-210 um). Melting points were determined with a Melting Point Apparatus MP-S9
(Yanaco, Japan) and were uncorrected. Chiral vanadium(v) catalysts 10a-e were synthesized
and confirmed according to our previously reported method.3” Commercially available organic
and inorganic compounds were used without further purification.

Synthesis of Substrates:

2-Methoxy-4-methyl-2'-nitro-1,1'-biphenyl (14a)

In a dry round bottom flask, (2-methoxy-4-methyl phenyl) boronic acid 13a (1.1 equiv),
K2CO3 (3.0 equiv), and Pd(PPhs)s (6 mol%) were dissolved in DMF and H2O (DMF/H20 =
5/1, 0.25 M). Then, 1-Bromo-2-nitrobenzene 12a (1.0 equiv) was added portion-wise under
nitrogen, and the resulting mixture was heated up to 80 °C, overnight. The reaction was
quenched after completion and the product was extracted with EtOAc (3 times), dried over
Na>S0s, and concentrated under reduced pressure. The residue was purified by silica column
chromatography (n-Hexane/EtOAc = 5/1) to afford the desired product 2-methoxy-4-methyl-
2'-nitro-1,1'-biphenyl 14a in 97% yield as light-yellow solid.
1H NMR (400 MHz, CDCls): 6 7.91 (dd, J = 8.1, 1.0 Hz, 1H), 7.61 (ddd, J = 7.8, 7.3, 1.4 Hz,
1H), 7.44(ddd, J = 8.0, 7.6, 1.4 Hz, 1H), 7.40 (dd, J = 7.8, 1.4 Hz, 1H), 7.20 (d, J = 7.3 Hz,
1H), 6.90 (d, J = 6.9 Hz, 1H), 6.73 (s, 1H), 3.69 (s, 3H), 2.41 (s, 3H).
13C NMR (100 MHz, CDCls): ¢ 155.85, 149.92, 140.28, 133.26, 132.74, 132.61, 129.57,
127.90, 124.24, 123.99, 122.04, 111.77, 55.23, 21.86.

HRMS (ESI): calcd for C14H13NO3: m/z 244.0968 [M + H]*, found 244.0962.
IR (KBr): 2993, 2971, 2941, 1865, 1615, 1580, 1462, 1356, 819, 734 cm™.
mp: 80-82 °C.
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4-Methoxy-2-methyl-9H-carbazole (15a)

In a dry microwave reaction tube, 2-methoxy-4-methyl-2'-nitro-1,1'-biphenyl 14a was
dissolved in P(OEt)s (0.3 M) and stirred at 210 °C for 30 min in a microwave reactor. After the
elapsed time, the reaction mixture was concentrated under reduced pressure. The residue was
purified by silica column chromatography (n-Hexane/EtOAc = 7/1) to afford the desired
product 4-methoxy-2-methyl-9H-carbazole 15a in 89% yield as a brown solid.

'H NMR (400 MHz, CDCls): 68.31(d, J=7.8 Hz, 1H), 7.74 (s, 1H), 7.38 (dd, J = 8.3, 6.9 Hz,
1H), 7.24-7.31 (m, 2H), 6.74 (s, 1H), 6.53 (s, 1H), 4.07 (s, 3H), 2.53 (s, 3H).

13C NMR (100 MHz, CDCls): ¢ 155.99, 141.30, 138.79, 137.30, 124.50, 122.84, 122.69,
119.62, 110.49, 110.01, 103.82, 102.18, 55.45, 22.55.

HRMS (ESI): calcd for C14H14aNO: m/z 212.1070 [M + H]", found 212.1068.

IR (KBr): 3381, 3053, 2968, 2842, 1582, 1454, 1349, 1209, 809, 746 cm™.

mp: 105-107 °C.

4-Methoxy-2,9-dimethyl-9H-carbazole (16a)

\

o<

To a stirring solution of DMF (0.1 M) and NaH (2.5 equiv) was added a solution of 15a (1.0
equiv) at 0 °C. After stirring for 10 minutes at room temperature, iodomethane (1.3 equiv) was
added to the solution and the reaction mixture was allowed to stir at r.t for 24 h, then it was
cooled to 0 °C and water was added. The mixture was extracted with EtOAc (3 times). The
combined organic layers were washed with brine, dried over anhydrous Na>SOs, filtered, and
evaporated in vacuo. The crude product was purified by silica-gel column chromatography to
afford 16a as a white solid in a 93% yield.
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'H NMR (400 MHz, CDCl3): 6 8.37 (d, J = 7.3 Hz, 1H), 7.48 (ddd, J = 7.8, 7.3, 1.4 Hz, 1H),
7.38 (d, J = 8.2 Hz, 1H), 7.31 (ddd, J = 7.8, 7.3, 1.4 Hz, 1H), 6.87 (s, 1H), 6.57 (s, 1H), 4.11
(s, 3H), 3.80 (s, 3H), 2.63 (s, 3H).

13C NMR (100 MHz, CDCls): § 155.97, 142.80, 140.31, 137.04, 124.24, 122.62, 122.33,
119.05, 109.70, 107.83, 101.79, 101.73, 55.43, 29.20, 22.77.

HRMS (ESI): calcd for C1sH1sNO: m/z 248.1154 [M + Na]*, found 248.1145.

IR (KBr): 3068, 2943, 2844, 1628, 1600, 1469, 1414, 1326, 1227, 1107, 1046, 805, 745 cm™.
mp: 125-127 °C.

2,9-Dimethyl-9H-carbazol-4-ol (17a)

OH

In a dry round bottom flask, compound 16a was dissolved in AcOH (0.16 M) under an N>
atmosphere at room temperature. The reaction mixture was refluxed at 120 °C for 15 min, then
(HBr, 47%) (20 equiv) was added dropwise over 10 min. The reaction was refluxed for 4 h,
then diluted with water (30 ml) to quench the reaction after completion, and the desired product
was extracted with EtOAc (3 times). Organic layers were dried over Na>SOa, concentrated in
vacuo, and purified by column chromatography on silica gel (n-Hexane/EtOAc = 5/1) to afford
17a as a brown solid in 51% yield.

'H NMR (400 MHz, (CD3).CO)): 6 8.92 (s, 1H), 8.26 (d, J = 7.8 Hz, 1H), 7.41 (d, J = 8.2 Hz,
1H), 7.36 (t, J = 7.3 Hz, 1H), 7.16 (t, J = 7.3 Hz, 1H), 6.82 (s, 1H), 6.54 (s, 1H), 3.79 (s, 3H),
2.45 (s, 3H).

13C NMR (100 MHz, (CD3)2CO): 6 154.09, 144.22, 141.29, 137.60, 124.82, 123.31, 123.04,
119.45, 109.78, 108.75, 106.86, 101.47, 29.27, 22.32.

HRMS (ESI): calculated for C14H14NO: m/z 212.1070 [M + H]*, found 212.1067.

IR (KBr): 3491, 2921, 1639, 1604, 1470, 1327, 1268, 1130, 803, 744 cm™.

mp: 185-187 °C.

Enantioselective oxidative coupling of 4-hydroxycarbazoles (17) to synthesize products
(18)
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(R4,S,S)-10a (5 mol %)

CHCIj, air, 20 °C, 24-96 h

t-Bu (R,,S,S)-10a

A test tube was charged with 4-hydroxycarbazole 17 (1.0 equiv), dinuclear vanadium catalyst
(Ra,S,S)-10a (5 mol%), and CHCIz (0.1 M) under air at room temperature. The mixture was
stirred for 24 h, at 20°C. The reaction mixture was then filtered through a short pad of silica
gel and the solvent was evaporated. The crude product was purified by silica gel column
chromatography to afford homo-coupling product 18.
(5)-2,2',9,9'-Tetramethyl-9H,9'H-[3,3"-bicarbazole]-4,4'-diol (18a)

'H NMR (400 MHz, CDCls): 6 8.28 (d, J = 7.8 Hz, 2H), 7.47 (ddd, J = 7.8, 7.3, 0.9 Hz, 2H),
7.41 (d, J = 8.2 Hz, 2H), 7.26 (ddd, J = 7.6, 7.3, 1.1 Hz, 2H), 7.05 (s, 2H), 5.48 (s, 2H), 3.89
(s, 6H), 2.21 (s, 6H).

13C NMR (100 MHz, CDCls): 6 150.80, 143.29, 140.65, 137.45, 124.88, 122.88, 122.24,
119.57, 109.06, 109.04, 108.09, 102.70, 29.42, 20.98.

HRMS (ESI): calcd for C2sH2sN202: m/z 421.1911 [M + H]", found 421.1912.

IR (KBr): 3505, 2923, 2853, 1636, 1605, 1462, 1414, 1257, 814, 746 cm™.

mp: 260-262 °C.

Enantiomeric ratio: 95.1:4.9, determined by HPLC (Chiral Pak IbN-5, hexane/2-propanol =
99/1; flow rate 1.0 mL/min; 25 °C; 240 nm) first peak: tr = 55.2 min, second peak: tr = 68.9
min.

[a]%* 283.2 (¢ 0.11, CHCIs) for 95.1:4.9 er.
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(5)-1,1",2,2'-Tetramethyl-9H,9'"H-[3,3"-bicarbazole]-4,4'-diol (18b)

o,
OH

OH
{2

'H NMR (400 MHz, (CDCls): 6 8.17 (d, J = 7.6 Hz, 2H), 7.92 (brs, 2H), 7.39 (d, J = 7.6 Hz,
2H), 7.31 (t, J = 7.4 Hz, 2H), 7.16 (t, J = 7.4 Hz, 2H), 5.23 (brs, 2H), 2.40 (s, 6H), 2.01 (s,
6H).

13C NMR (100 MHz, (CDCls): 6 148.4, 141.0, 138.9, 134.6, 124.8, 123.2, 122.9, 119.9, 110.6,
110.4, 110.0, 109.2, 16.7, 13.6.

HRMS (ESI): calcd for CogH24N202: m/z 443.1730 [M + Na]+, found 443.1725.

IR (KBr): 3500, 3432, 3055, 2923, 1635, 1612, 1448, 1413, 1385, 1329, 1240, 1212, 1140,
1112, 1038, 750 cm™.

mp: 252-254 °C.

Enantiomeric ratio: 89.8:10.2, determined by HPLC (Chiralpak 1A, hexane/2-propanol = 4/1;
flow rate 1.0 mL/min; 25 °C; 335 nm) first peak: tr = 13.0 min, second peak: tr = 23.7 min.
[a]h +189.2 (¢ 2.93, CHClI3) for 89.8:10.2 er.
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Chapter 3

3. Enantioselective Hetero-Coupling of Hydroxycarbazole.

In contrast to homo coupling reactions, hetero-coupling occurs when two different
reaction substrates bind to each other. The development of a highly enantio- and regio-selective
hetero-coupling while avoiding the formation of by-products is a challenging task. This chapter
will be focused on the hetero-coupling of 3-hydroxycarbazole and 2-naphthol to obtain

convenient access to hetero-coupled products with high yield and optical purity.
3.1 Reaction Mechanism of Hetero-coupling of Hydroxycarbazoles

Pappo® hypothesized that the steric and/or electronic factors of the coupling partner, such
as the ability of the binding to the metal catalyst, oxidation potential, and nucleophilicity, are
crucial considerations for the requirement of a cross-selective coupling. The reaction involves
the coupling between an electrophilic radical and an anionic acceptor. This cross-coupling is
favoured when there is a sufficient difference in the redox potentials (E > 0.25 V) of the two

coupling partners to ensure selectivity in phenolic oxidative coupling cross-coupling reactions.

Accordingly, we measured oxidation potential by cyclic voltammetry (CV) method 3-hydroxy
carbazole (shown in red) and 2-naphthol (shown in blue) (Diagram A). As a result, cyclic
voltammetry as shown below and it was found the oxidation potential of 3-hydroxycarbazole
was Eox) = 0.71 eV, and that 2-naphthol was Eox) = 1.271 eV. From the above outcomes, it
was confirmed that 3-hydroxycarbazole has a lower oxidation potential than 2-naphthol. 3-
hydroxycarbazole is easily oxidized with vanadium metal and higher oxidation potential
suggests higher nucleophilicity of 2-naphthol. These results suggest cross-coupling, which is
the basic requirement to maintain reactivity between two substrates to develop a successful

hetero-coupling reaction.
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H HO
o N phenol A + phenol B
e
selective Eox =1.271 ev
O oxidation EouA < ],E‘”‘],g .
(E,x: oxidation potential)
Eox =0.71 ev
[phenoxyl A']
difference in
Na>Ng nucleophilicity Np>Na .
(N: nucleophilicity)
[phenoxyl A'] [phenoxyl A’]
+ +
phenoxyl A phenoxyl B
biphenoxyl A-A biphenoxyl A-B (hetero-coupling)

Diagram A. Development of efficient oxidative hetero couplings

3.2 Screening of Vanadium Catalyst and Optimization of Condition:

In the initial development, the difference in catalytic activity between the mononuclear
vanadium complex and the dinuclear vanadium complex in this reaction was verified (Table
4.1). The optimization of reaction conditions was carried out with 3-hydroxycarbazole (9a) and
2-naphthol (1a) as model substrates in a 1:1 ratio in the presence of air at 30 °C. The catalyst
loading was maintained with 5 mol% and 10 mol% of dinuclear vanadium complex (Ra,S,S)-
10a and mononuclear vanadium complex (Ra, S)-8b, respectively. The dinuclear vanadium
complex (Ra,S,S)-10a afforded the Major hetero-coupling product 20a in 73% yield and 42%
ee along with the Minor homo-coupling 2aa in 10% yield. On the other hand, the mononuclear
vanadium complex (Ra,S)-8b resulted in an increased yield (81%) of the hetero-coupling
product 20a by suppressing the homo-coupling product 2aa with less than 5% yield.

The rationale behind the increased formation of 2aa while using (Ra,S,S)-10a is
considered to be the reaction-promoting effect due to the dual activation mechanism of
(Ra,S,S)-10a. These results encouraged us to explore the mononuclear vanadium catalyst for

the development of hetero-coupling reactions with different substrates.
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hetero homo
N H l
N, N O O
e Q V cat. O O O HO
ga HO Q + HO +
) HO HO
CI,CHCHCI, (0.1 M)  HO
s ocana O s
(NMR vyield) H
1a (1 equiv) 20a ga 2aa
t-Bu
20a 11a 2aa
0]
Oﬂ dinuclear 73% yield 10% vyield
o —_— (]
V catalyst 42% ee
(Ra,S,S)-10a
(5 mol%)
t-Bu
5 “Genrh 81% yield - 5% yield
Yy 37% ee
(R4,S)-8b
(10 mol%)

Table 4.1 Initial screening of chiral vanadium catalyst for hetero coupling

As mononuclear vanadium catalyst showed good reactivity to generate hetero-coupled
product 20a, further optimization of reaction conditions using mono nuclear vanadium catalyst

(Ra,S)-8b was carried out.

(R,,S)-8b

(10 mol%)
9a + 1a (1 equiv) 20a
CI,CHCHCI, (0.1 M)

air, temp.

entry temp. (°C) time (h) NMR yield (%) ee (%)

1 10 48 53 40
2 20 48 69 40
3 30 48 81 37
4 40 48 91 32
5 50 24 90 21

Table 4.2 Temperature screening for hetero-coupling

Using a mononuclear vanadium complex (Ra,S)-8b, the reaction temperature (10~50 °C) was

screened (Table 4.2). It was observed that the lower reaction temperature (10 °C and 20 °C),
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afforded 20a with 40 % ee and lower yields along with longer reaction time (entries 1, 2). A
slight increase in the temperature (40 °C and 50 °C) was able to improve the yield but the
enantioselectivity was reduced (entries 4, 5). The reaction at 30 °C for 48 hours resulted in
acceptable yield and enantioselectivity for further exploration.

Subsequently, the structural modifications were investigated with mononuclear vanadium
catalyst to find the best suitable catalyst for the hetero-coupling reaction as shown in (Table
4.3). It was observed that the substitution at the 3’-position of (Ra,S)-8 is useful to improve the
yield and enantioselectivity of 20a. Instead of (Ra,S)-8b, the diastereomeric vanadium catalyst
(Sa,S)-8b resulted in 75% yield and 22% ee. The decreased enantioselectivity could arise due
to the mismatched pair in (Sa,S)-8b. The replacement of the t-butyl group on vanadium catalyst
by the iso-propyl group (Ra, S)-21 afforded 95% yield but low enantioselectivity of 30%.

Further substitution at the 3’-position, was carried out with bulky substrates to evaluate
the impact on the enantioselectivity. Substitution of the phenyl group at position 3’ (Ra,S)-22
showed a good yield but a low 47% ee; whereas the comparable (Ra,S)-23 gave 95% yield and
56% ee. Together with this small methyl group substitution at position 3’ (Ra,S)-24 achieved
49 % ee. With the halogen group installed at position 3’ (Ra,S)-25, the result showed an
acceptable yield but low ee 44%.

Upon replacing 3,5-bis(trifluoromethyl) benzene at position 3’ (RaS)-26, the
enantioselectivity dropped drastically by 9% owing to the electron-withdrawing nature of the
trifluoro group. A naphthalene bulky group at position 3’ to create steric hindrance (Ra,S)-27
82% vyield and 42% enantioselectivity were obtained with continued efforts, 3,5-dimethyl
phenyl at 3 position (Ra,S)-28 and 3,5-di-isopropyl phenyl (Ra,S)-29 showed reasonable yield
and moderate enantioselectivity of up to 45 %. Finally, the 2,6-dimethyl phenyl substitution on
phenyl (Ra,S)-30 showed a good vyield of 92% and good enantioselectivity of 63%.
Subsequently, the screening of the solvents was performed using (Ra,S)-30 mono nuclear

vanadium catalyst at 30 °C in the presence of air as shown in (Table 4.4).
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V cat.
(10 mol%)
9a +  1a(1equv) ——m 20a
Cl,CHCHCI, (0.1 M)
air, 30 °C, 24-48 h

(RaS)-8b (S..5)-8b (RaS)-21 (RaS)-22

t-Bu

(Ra,S)-23 (Ra,S)-24 (Ra,S)-25 CF3  (R,.S)-26
20a: >95%, 56% ee 20a: >95%, 49% ee 20a: 85%, 9% ee

(Ra,S)-27 (R,,S)-28 (RaS)-29 (R,,S)-30
20a: 84%, 42% ee 20a: 76%, 45% ee 20a: 66%, 39% ee 20a: 92%, 63% ee

Table 4.3 Screening of mono nuclear vanadium catalyst

It was found that the chlorine-based organic solvents (entries 1-7) are convenient to
afford 20a in high yield (92 %, > 95 %). On the contrary, the hydrocarbon-based solvents were
not suitable due to decreased yield and enantioselectivity (entries 8-12). Similarly, the cyclic
ethereal solvents were also found not suitable (entries 13-16) with low reaction rates and yields.
Extending the reaction time from 48 to 96 h using 1,4-dioxane as the solvent delivered the
highest enantioselectivity and improved yield of 20a in 74 % and 81 % ee (entry 17).
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9a (R,,S)-30
(10 mol%)
+ 20a
e RO
entry solvent time (h) NMR yield (%) ee (%)
1 CH,Cl, 24 92 61
2 CHCl3 24 69 60
3 CCly 24 57 56
4 CICH,CH,CI 24 78 61
5 CI,CHCHCI, 24 >95 63
6 Cl,C=CCl, 24 67 60
7 PhCI 24 81 59
8 toluene 24 79 57
9 o-xylene 24 77 58
10 m-xylene 24 72 58
11 p-xylene 24 79 61
12 mesitylene 24 79 59
13 THF 48 20 76
14 2-MeTHF 48 59 71
15 MTHP 48 59 70
16 1,4-dioxane 48 40 83
17 1,4-dioxane 96 74 81

Table 4.4 Solvent Screening

In 2017, Kozlowski et al. reported that the addition of acetic acid and lithium chloride
was effective in improving the product yield and enantioselectivity in oxidative homo-coupling
reactions of phenol and hydroxycarbazole using vanadium catalysts.'® Therefore, the additives
were examined (Table 4.5). Since the yield of 20a was slightly improved when 1.0 equivalent
of acetic acid was added (entry 2), the amount of acetic acid added was further increased
(entries 3-5). As a result, although the yield was improved, 20a was obtained with low
enantioselectivity (51% ee). The addition of 0.5 equivalents of lithium chloride improved the
yield of 20a and the enantioselectivity, providing 85% and 86% ee, respectively (entry 10).
Increased lithium chloride addition slightly improved the enantioselectivity of 20a but reduced
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the yield (entries 11-16). The reason for the decrease in the yield could be that the mixing
efficiency has deteriorated due to a large addition amount. Other additives were also considered,
but no significant effects were observed (entries 8, 9, 17, 18). From the above results, the
lithium chloride 3.0 equivalent, which gives good results in terms of yield and

enantioselectivity, was determined as the optimal condition (entry 14).

(R4,S)-30
(10 mol%)
9a + 1a (1 eq) 20a
additive
1,4-dioxane (0.1 M)
30 °C, 96 h, air
entry additive (equiv) NMR yield (%) ee (%) entry additive (equiv) NMR yield (%) ee (%)

1 none 74 81 10 LiCl (0.5) 85 86
2 AcOH (1.0) 77 81 1 LiCl (1.0) 84 85
3 AcOH (2.0) 70 73 12 LiCl (2.0) 84 86
4 AcOH (5.0) 74 62 13 LiCl (2.5) 83 86
5 AcOH (10.0) 83 51 14 LiCl (3.0) 85 88
6 PhCOOH (0.5) 85 80 15 LiCl (5.0) 84 88
7 TMSCI (0.5) 20 15 16 LiCl (10.0) 78 88
8 NH,4CI (3.0) 75 82 17 LiCIO4 (1.0) 77 74
9 LiBr (1.0) 82 81 18 Mg(ClOy,), (1.0) 63 75

Table 4.5 Screening of additives
The impact of the concentration of the reaction solvent on the reactivity of 3-
hydroxycarbazole (9a) was examined as shown in (Table 4.6). When the reaction was carried
out with 0.05 M concentration, a little change in the enantioselectivity was observed with a
reduced yield to 61 % (entry 1). The increase in the concentration improved the yield to 80 %
but the enantioselectivity was reduced to 73 % (entry 3). From the above results, 0.1 M, which
gives good results for yield and enantioselectivity, was determined as the optimal concentration

of the reaction solvent (entry 2).

(R4,S)-30
(10 mol%)
9a + 1a . 20a
(1 equiv)  1,4-dioxane (X M)
30 °C, air, 96 h

entry concentration (M) NMRyield (%) ee (%)

1 0.05 61 82
2 0.1 74 81
3 0.2 80 73

Table 4.6 Concentration effect
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3.3 Substrate Scope:

After successfully optimizing the reaction conditions for the hetero-coupling of 3-
hydroxycarbazole (9) with 2-naphthol (1), the substrate scope and limitations were investigated
as shown in (Scheme 9a).

T
R N R2 R
R! {
HO™ ™ (Ro,S)-30

(10 mol %) HO

(1.0 eq)
+ 1,4 dioxane, LiCl (3.0 eq) 1O s
HO X air, 30 °C, 96 h —R
iR4
=
1 20
(1.0 eq)
H H
r g8
N
HO HO
9499 4Ok
20a 20b
84%, 88% ee 63%, 78% ee
H H
98 g8
rantan®
ReS oS
OMe Bpin
20e 20f 4
88%, 74% ee 78%, 85% ee 72%, 73% ee 4 ccDC
1966275
/ H
Xy Ty Ty O
o e e D e
HO OO HO HO OO OMOM HO O o
98 _ SN
20h 20i 20j 20k
69%, 48% ee 85%, 84% ee 84%, 76% ee 89%, 70% ee

N
20m H 20n 200
o 42%, 90% ee 41%, 82% ee
64%, 42% ee (from 1:2 ratio) (from 1:2 ratio)

Scheme 9a. The substrate scope
The Bromo substituted carbazole 9b affords 20b in 63 % yield and 78 % ee. Especially,
this derivative could be interesting from the ligand development of view. Similarly, the
extended phenol ring on the carbazole moiety 9c also affords 20c in 70 % yield and 83 % ee.
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Subsequently, the substitution of 2-naphthols such as phenyl (1dd), methoxy group (1ee), and
(pinacolato)boron (1ff), showed good reactivity and afforded the corresponding products 20d-
20f (78-94 % yield) and (74-85 % ee). The axially chiral compound 20f can be used as a
precursor of the Suzuki-Miyaura coupling reaction.

The extended hydroxycarbazole, 7H-benzo[c]carbazol-10-ol (9g), produced the coupled
product 20g in 72% yield with 73% ee. The absolute configuration of 20g was determined to
be R by X-ray crystallographic analysis. After nitrogen encapsulation with a methyl group of
3-hydroxycarbazole (9h), 20h gave the corresponding product in 69 % yield and 48 % ee. The
2-position methyl substituent 3-hydroxycarbazole (9i) and 7-position substitution on 2-
naphthol 1jj and 1kk furnished the corresponding products 20j and 20k in 84-89 % vyield and
70-76 % ee, respectively. 4-Hydroxycarbazole (17b) and 3-hydroxycarbazole (9a) were also
found to be suitable substrates for the hetero-coupling with the 2-naphthol derivative (1nn),

affording C1-symmetric biaryl 20m, 20n, and 200, respectively, with up to 90% ee.

3.4 Control Experiment:

Control experiments were performed to obtain further insight into the reaction
mechanism. As a result of adding the radical scavenger TEMPO under optimal conditions, the
product yield was reduced to 20% (Scheme 10-A). The presence of radical intermediates has
been suggested. Further, 2-naphthol 1ee with methoxy group and 2-naphthol 1ii with Bromo
group were used simultaneously in the reaction to examine the ratio of the coupling product
(Scheme 10-B).

H
H (Ra,S)-30 (10 mol%) N
N HO TEMPO (0.2 equiv)
Xy - o
(A) LiCl (3.0 equiv)
HO ; 1,4-dioxane, air HO
9a 1a (1.0 equiv) "30 °C. 96 h OO

(NMR yield) 20a
H 20%
N HO HO [without TEMPO: 84%)]
® QYUse '
HO Q OMe Br
9a 1ee 1ii
(1.0 equiv) (1.0 equiv)
H
(Ra,S)-30 N
(10 mol%)
—> HO + HO
LiCl (3.0 equiv) HO HO
1,4- dloxane air OO OO
o o
(NMR yield) 20e 20i
56% 17%

Scheme 10. Control experiment
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Generally, when the reaction proceeds under radical-radical coupling, a homo-coupling
product having a low oxidation potential and being easily oxidized can be obtained in large
amounts. On the other hand, in the case of radical-anionic coupling lee having a higher
nucleophilicity value than 1ii, the radical cation of 9a preferentially attacks, and a large amount
of hetero-coupling product 20a should be obtained. As a result of the actual experiment, hetero-
coupling products were obtained at a rate of 20e:20i = 56%:17%, and homo-coupling products
were not observed. The above results suggest that this reaction undergoes a radical anionic

coupling reaction mechanism.
3.5 Proposed Reaction Mechanism:

A plausible catalytic cycle for the oxidative hetero-coupling of hydroxycarbazoles 9 with
2-naphthols 1 is illustrated in (Scheme 11). The condensation of the mononuclear vanadium(V)
complex (Ra,S)-30 with 9a generates intermediate A. Along with involving activation of the
vanadium complex by LiCl coordination of Li+ on the vanadium oxy group generates a more

Lewis acidic species and also avoids oligomerization of vanadium catalyst.*8°

t-Bu
HO
/S:o mononuclear
> V cat.
(0]

via 3
Single Electron Transfer Nucleophilic
Attack

7a
t-Bu

Oxidation

e TNy 5.

Scheme 11. Plausible reaction mechanism for the oxidative hetero-coupling of 3-

hydroxycarbazoles 9 with 2-naphthols 1
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Subsequently, intermediate A undergoes a single electron transfer (SET) from the carbazole
moiety to vanadium(V) to generate the conceivable electrophilic radical intermediate B, since
9a is more easily oxidized than 1a. (Diagram A) This is followed by an intermolecular radical—
anion coupling to afford intermediate B with the formation of a new carbon-carbon bond
through the nucleophilic attack of 2-naphthols. Re-oxidation of vanadium (V) to vanadium(V)
by molecular oxygen proceeds in the air to give intermediate A. After vanadium(V) complex
(Ra,S)-30. With a 1: 1 molar ratio of the two starting materials, this catalytic system successfully
and efficiently produced hetero-coupling products 20a with up to 98% yield and 90% ee. To
confirm the mechanism, further applications of hetero-coupling reaction switched the

nucleophile from 2-naphthol to B-ketoester will be discussed in Chapter 4.

The following Figure 4a shows the estimated expression mechanism of stereoselectivity
in the reaction. Once the hydroxycarbazole is electron-oxidized by vanadium, a nucleophilic
attack of the 2-naphthol substrate occurs to avoid steric repulsion with the 2,6-dimethyl phenyl
group at the 3’ positions on the binaphthyl backbone of the catalyst, resulting in preferential R-
form products. We have developed a highly enantioselective and catalytic oxidative hetero-
coupling of 3-hydroxycarbazoles 9 with 2-naphthols 1 using a newly developed mononuclear
vanadium(V) complex (Ra,S)-30. With a 1: 1 molar ratio of the two starting materials, this
catalytic system successfully and efficiently produced hetero-coupling products 20 with up to
98% yield and 90 % ee.

A) favored B) disfavored

Figure 4. Estimated expression mechanism of stereoselectivity
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3.6 V-NMR chart of the mononuclear vanadium catalyst
SlVanadium NMR experiment was carried out in 1,4-dioxane and detected two peaks in
the NMR chart as shown in (Figure 4b). It unequivocally supports the occurrence of the

mixture of monomer and dimer of vanadium catalyst in the catalytic reaction.
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Figure 4b. °V-NMR chart of V cat. (Ra,S)-30 in 1,4-dioxane at room temperature.

t-Bu
HRMS (ESI): calcd for C3gH34NNaOgV: HRMS (ESI): calcd for C7,HggNoNaO4,V):
mjz 650.1723 [M + NaJ*, found 650.1724. miz 1277.3549 [M + NaJ*, found 1277.3560.

Also, HRMS observed the mass of monomer and dimer species. The dimer species have low
asymmetric induction as well as a lower catalytic activity than that monomer. A mechanistic
study (Scheme 11 Intermediate A) supports the role of additive LiCl which is responsible for
enhancing the activity of catalyst as well as avoiding the formation of dimer species of

vanadium catalyst.
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3.7 Experimental section:

Preparation of mononuclear vanadium complexes

0]
|
OO 1) n-BuLi (0.9 equiv) H ArB(OH), (1.2 equiv)
o o Et,0, -78 °C, 20 min O oo Pd(OAc), (10 mol%)

80°C,2h

0O~ 2) DMF(5.0 equiv) 0._ 0O Ba(OH), (2.5 equiv)
rt,1h 1,4-dioxane/H,0 (3:1)
I |
S2

L-tert-leucine (1.1 equiv)
TFA (excess) VOSO4-H,0 (2.2equiv)

_—
CH2C|2
rt,2 h

MeOH, O,
reflux, overnight

The compound S3 was prepared according to the literature procedure.®® A suspension of S2
(250.0 mg, 0.47 mmol), (2,6-dimethyl phenyl) boronic acid (78.1 mg, 0.52 mmol), Pd(PPhs)4
(54.7 mg, 0.047 mmol) and Ba(OH)2 (202.7 mg, 1.18 mmol) in degassed water/1,4-dioxane
(1/3, 4.7 mL) was stirred for 3 h at 80 °C. After cooling, the reaction mixture was then filtered
through a short pad of silica gel and the solvent was evaporated. The crude product was purified
by silica column chromatography to give a coupling product. Subsequent deprotection of the
methoxymethyl group was performed. Trifluoroacetic acid (excess) was dded to a solution of
coupling product in CHCl, (4.7 mL) at room temperature. The mixture was stirred for 2 h.
After concentrated, the reaction mixture was purified by silica column chromatography to
afford (R)-3'-(2,6-dimethyl phenyl)-2,2'-dihydroxy-[1,1'-binaphthalene]-3-carbaldehyde (S3)
in 77% yield in 2 steps as a yellow solid.

'H NMR (400 MHz, CDCls): § 10.54 (s, 1H), 10.20 (s, 1H), 8.35 (s, 1H), 8.02-7.99 (m, 1H),
7.87 (d, J = 7.8 Hz, 1H), 7.74 (s, 1H), 7.47-7.17 (m, 10H), 4.41 (s, 1H), 2.18 (s, 6H).
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13C NMR (100 MHz, CDCls): § 196.6, 154.0, 149.0, 138.5, 137.9, 137.7, 137.4, 135.4, 133.3,
130.8, 130.0, 129.7, 129.2, 129.1, 128.3, 128.2, 127.8, 127.7, 126.5, 125.0, 124.5, 123.6, 122.1,
116.8, 113.9, 20.6.

HRMS (APCI): calcd for CagH230s: m/z 419.1647 [M + HJ*, found 419.1632.

[@]26 +50.93 (c 0.30, CHCl3).

Mononuclear vanadium complex (Ra,S)-30

A round-bottomed flask was charged with S3(152.2 mg, 0.36 mmol), L-tert-leucine (52.5 mg,
0.40 mmol), VOSO4exH20 (144.8 mg, 0.80 mmol), MS 3A (360 mg), MeOH (9.1 mL) under
O2 (balloon). The reaction mixture was refluxed, and the consumption of 14 was monitored by
TLC. The resulting solution was gradually cooled down to r.t. and filtered through Celite to
remove MS 3A. The filtrate was evaporated, and the resulting black solid was dissolved in
CH2Cl> and washed with H>O. The organic phase was dried over anhydrous Na>SO4 and
concentrated in a vacuum to give desired vanadium complex (Ra,S)-30 in 73% yield as a dark
green solid.

'H NMR (400 MHz, CD30D): 6 8.90 (s, 1H), 8.43 (s, 1H), 7.97 (s, 1H), 7.80-7.78 (m, 1H),
7.59-7.58 (m, 1H), 7.32-7.10 (m, 9H), 4.22 (s, 1H), 2.12 (s, 6H), 1.22 (s, 9H).

13C NMR (100 MHz, CD30D): 6 180.6, 169.2, 151.9, 140.2, 139.7, 139.3, 139.24, 139.18,
139.0, 136.0, 132.4, 131.7, 131.5, 131.4, 130.6, 129.8, 129.4, 129.2, 127.97, 127.95, 127.3,
127.0,126.1, 125.2, 118.9, 118.4, 85.0, 39.4, 29.1, 21.9.

HRMS (ESI): calcd for CzsHzsNNaOgV: m/z 650.1723 [M + OMe — OH + Na]*, found
650.1710.

Enantioselective oxidative hetero-coupling of 3-hydroxycarbazole and 2-naphthol
catalyzed by vanadium(V) Complex

A test tube was charged with 3-hydroxycarbazole (1.0 eq), 2-naphthol (1.0 eq), mononuclear
vanadium catalyst (10 mol%), lithium chloride (3.0 eq) and 1,4-dioxane (0.1 M) under air at

30 °C. The mixture was stirred for 96 h. The reaction mixture was then filtered through a short
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pad of silica gel and the solvent was evaporated. The crude product was purified by silica gel
column chromatography to afford the hetero-coupling product.
4-(2-hydroxynaphthalen-1-yl)-9H-carbazol-3-ol (20a)

A
g8
o ()
Nee

1H NMR (400 MHz, CDCls): 6 8.12 (s, 1H), 8.03 (d, J = 8.7 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H),
7.53 (d, J = 8.7 Hz, 1H), 7.44-7.25 (m, 7H), 6.77 (t, J = 7.3 Hz, 1H), 6.66 (d, J = 7.8 Hz, 1H),
5.26 (s, 1H), 4.72 (s, 1H).

13C NMR (100 MHz, CDCls): 6 152.3, 148.2, 140.4, 134.6, 132.8, 131.3, 129.4, 128.4, 127.5,
126.0, 124.1, 124.0, 122.6, 122.4, 121.4, 119.3, 117.8, 115.0, 112.6, 111.8, 110.7, 110.5.
HRMS (APCI): calcd for C22H1sNO2: m/z 326.1181 [M + H]*, found 326.1176.

IR (KBr): 3409, 3059, 2926, 1620, 1499, 1442, 1276, 1168, 1147, 898, 817, 748 cm™.

mp: 113-115 °C. White solid.

Enantiomeric excess: 88%, determined by HPLC (Chiralpak 1A, hexane/2-popanol = 4/1;
flow rate 1.0 mL/min; 25 °C; 220 nm) first peak: tr = 16.8 min, second peak: tr = 20.4 min.
[a]Z® —82.90 (c 0.18, CHClIs) for 88% ee.

4-(2-hydroxynaphthalen-1-yl)-7-methyl-9H-carbazol-3-ol (20i)

1H NMR (400 MHz, CDCl3): 6 8.02 (d, J = 9.2 Hz, 1H), 7.99 (s, 1H), 7.92 (d, J = 8.2 Hz, 1H),
7.49 (d, J = 8.7 Hz, 1H), 7.42 (d, J = 8.7 Hz, 1H), 7.39-7.23 (m, 4H), 7.17 (s, 1H), 6.59 (dd, J
=8.2,0.9 Hz, 1H), 6.52 (d, J = 8.2 Hz, 1H), 5.25 (s, 1H), 4.68 (s, 1H), 2.38 (s, 3H)

13C NMR (100 MHz, CDCls): 6 152.3, 148.2, 140.9, 136.3, 134.6, 132.8, 131.3, 129.4, 128.4,
127.5, 124.2, 124.0, 122.8, 121.0, 120.1, 117.8, 114.4, 112.5, 111.9, 110.6, 110.4, 21.9 (One
carbon overlapped.)

HRMS (APCI): calcd for C23H1sNO2: m/z 340.1338 [M + H]*, found 340.1327.

IR (KBr): 3503, 3408, 3060, 2923, 1621, 1496, 1442, 1171, 810, 751 cm™.

mp: 128-130 °C. White solid.
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Enantiomeric excess: 84%, determined by HPLC (Chiralpak 1A, hexane/2-popanol = 4/1;
flow rate 1.0 mL/min; 25 °C; 230 nm) first peak: tr = 19.2 min, second peak: tr = 26.1 min.
[a]Z® —41.54 (c 0.72, CHCIs) for 84% ee.

4-(2-hydroxy naphthalene-1-yl)-6-(4-hydroxyphenyl)-9H-carbazol-3-ol (20c)

1H NMR (400 MHz, (CD3)2CO): 6 10.19 (s, 1H), 8.20 (s, 1H), 8.02 (d, J = 9.2 Hz, 1H), 7.97
(d, 3 =8.7 Hz, 1H), 7.85 (s, 1H), 7.53 (d, J = 8.7 Hz, 1H), 7.45-7.43 (m, 3H), 7.37-7.30 (m,
3H), 7.25-7.20 (m, 2H), 6.96-6.93 (m, 2H), 6.77-6.73 (m, 2H), 6.70 (s, 1H).
13C NMR (100 MHz, (CD3)2CO): ¢ 156.4, 153.6, 149.5, 140.5, 135.7, 134.7, 133.9, 131.4,
130.1,129.6,128.4,127.8,126.6, 125.2,124,2,124.1,123.8, 123.3, 119.8, 119.1, 116.0, 115.9,
115.8,114.7,111.8, 111.0.
HRMS (APCI): calcd for C2sH20NO3: m/z 418.1443 [M + H]*, found 418.1439.
IR (KBr): 3408, 2925, 1704, 1469, 1269, 1237, 1269, 1172, 811 cm™.
mp: 165-167°C. White solid.
Enantiomeric excess: 83%, determined by HPLC (Chiralpak 1C-3, hexane/2-popanol = 4/1,
flow rate 1.0 mL/min; 25 °C; 230 nm) first peak: tr = 10.5 min, second peak: tr = 16.1 min.
[a]® —72.48 (c 0.63, EtOAC) for 83% ee.
11-(2-hydroxy naphthalene-1-yl)-7H-benzo[c]carbazol-10-ol (20g)

H

N
10 L g

Yy,
'H NMR (400 MHz, (CD3)2CO): 6 10.87 (s, 1H), 8.11 (d, J=9.2 Hz, 1H), 7.96 (d, J = 8.2 Hz,
1H), 7.87 (s, 1H), 7.78-7.70 (m, 4H), 7.44 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 8.7 Hz, 2H), 7.25
(ddd, J=8.4,6.9,1.4 Hz, 1H), 7.15 (ddd, J = 8.4, 6.9, 0.9 Hz, 1H), 7.08 (s, 1H), 7.05 (ddd, J
=8.2,6.9,0.9 Hz, 1H), 6.76 (d, J = 8.7 Hz, 1 H), 6.60 (ddd, J = 8.7, 6.9, 1.8 Hz, 1H).
13C NMR (100 MHz, (CD3).CO): 6 154.3, 150.0, 139.4, 135.8, 134.8, 130.4, 129.6, 129.5,
128.9, 128.4, 128.0, 126.71, 125.66, 125.7, 125.6, 125.5, 123.4,122.1, 119.14, 119.11, 116.6,
114.9, 113.8, 113.6, 112.8. (One carbon overlapped.)
HRMS (APCI): calcd for C26H1sNO2: m/z 376.1338 [M + H]", found 376.1334.
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IR (KBr): 3510, 3491, 3400, 3062, 1619, 1389, 1344, 1195, 1151, 816, 753, 505 cm™™.

mp: 268-270 °C. White solid.
Enantiomeric excess:73%, determined by HPLC (Chiralpak 1A, hexane/2-popanol = 7/1; flow

rate 1.0 mL/min; 25 °C; 230 nm) first peak: tr = 40.4 min, second peak: tr = 46.8 min.
[a]3* —9.48 (c 0.68, EtOAC) for 73% ee.
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Chapter 4

4.1 Iron Catalyzed Asymmetric Hetro-coupling of 2-Naphthols with p-Ketoesters.

Metal-catalyzed cross-dehydrogenative coupling (CDC) or hetero coupling reactions
have emerged as a powerful tool to synthesize new C-C bonds through the coupling of two CH
bonds under oxidizing conditions. The development of this chemistry is particularly important
as it offers a great probability to reduce the reliance of synthetic chemistry on classical cross-
coupling reactions that rely heavily on the pre-functionalization of the coupling partners and
noble metals.® This chapter will be exclusively focused on the iron-catalysed hetero-coupling
of 2-naphthol with B-Ketoesters.

In 2017 Pappo research group has reported the cross dehydrogenative coupling of 2-
naphthols with B-Ketoesters using chiral iron phosphate complex as shown in the (Scheme
12).40

Q - Q Fe(C|O4 (5 mol%) OO
(15 mol%) . 0. o
t-BuOOt- Bu (1.5 eq) OO O “OH

CaCOj3; (15 mol%)
L= Ligand

OH
PhCF4:HFIP (1:1)

50°C, 18h 89%, 88:12 dr
(1.5€eq) 32
1a

Scheme 12. Oxidative cross-coupling of 2-naphthol by chiral iron phosphate complex

The cross-coupling between 2-naphthol 1a with chiral B-ketoester(-Menthyl) 31b was
performed using Iron complex under the standard oxidative reaction conditions to afford 32 in
89% vyield with 88:12 dr and er. In this report, Pappo utilized chiral 31b, where the
diastereomeric ratio was mentioned for nonchiral compounds. The successful results on
oxidative hetero-coupling using chiral vanadium complex inspired us to explore further

applications for hetero coupling using 3-hydroxy carbazole 9a and j3-ketoester 31.

4.2 Optimization of Reaction Condition:

Initially, the standard optimized hetero-coupling reaction conditions discussed in Chapter
3 were applied as shown in (Scheme. 13). A rac product formation was obtained with 52%
yield using previously optimized conditions (entry 1). Further maintaining the same solvent, a

chiral vanadium catalyst (S,,S)-8b was used (entry 2); which showed a matched pair with 3-
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hydroxycarbazole 9p and B-ketoester 31c, resulting in 34 % yield and 28 % ee. Subsequently,
the vanadium catalyst (Sa,S)-8b was tried with chlorobenzene as the solvent provided the
product with 70 % yield and 82 % ee with a dr ratio of 10:1. The catalyst (Ra,S)-30 in
chlorobenzene as the solvent resulted into low yield with 84 % ee (entry 4). On the other hand,
the utilization of the additive (LiCl) along with (S,,S)-8b vanadium catalyst did not result in

satisfactory results.

o) CO,Me
1§
31c
HO . V-cat.
Solvent (0.1 M), air
O O E temp., time
HN O Sa,S)-8b
(Ra,S)-30
(1 .gpequiv) 33b
entry solvents temp.(°C)  V-cat.(10 mol%) time.(h) addtive yield(%)? ee dr
1 1,4-Dioxane 30 (Ra,S)-3 96 LiCl 52 rac
2 1,4-Dioxane 50 (Sa,S)-8b 24 - 34 28 10:1
3 PhCI 30 (Sa,S)-8b 24 - 70 82 10:3
4 PhCI 50 (Ra,S)-3 24 - 48 84
5 PhCI 50 (Sa,S)-8b 24 LiCl 20 62 10:1
6 PhCI 50 (Sa,S)-8b 24 - 78 80 <20:1

alsolated yields. ? 3.0 equiv. used additive.

Scheme. 13 Optimization of reaction conditions

Finally, a slight increase in the temperature to 50 °C successfully delivered the product
33b in 78% yield along with 80% ee and 20:1 dr as shown in entry 6.

4.3 Substrate Scope:

The optimized reaction conditions were explored for coupling of 3-hydroxycarbazoles 9
with B-ketoester 31c using vanadium(V) catalyst as shown in (Scheme 14). A series of
hydroxycarbazoles were converted into the cis-products 33a—d and 33i in moderate to good
yields with up to 88% ee and >20: 1 dr. The hetero-coupling products 33e’ and 33f’" were
obtained in the trans-form (>20: 1 dr) due to the steric hindrance generated by substituent at
the 5-position of substrate 9. Furthermore, the absolute configuration of 33i was determined as

(R, S) through X-ray crystallographic analysis.
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minor diastereomers

(1.0eq) V cat. (S.,S)-8b
31c (10 mol%)
+
HO. - ) chlorobenzene, air
\ T R 50°C,24 h
N 33 33
H
9
(1.5 eq)

33c 33d
50%, 84% ee, >20:1 dr

33a
85%, 86% ee, 2:1 dr

33e’ 33f
80%, 68% ee, >20:1 dr 48%, 88% ee, >20:1 dr 90%, 82% ee, 2:1 dr

CCDC 2025416

Scheme. 14 The substrate scope

4.4 Experimental section:

o] CO,Me
b minor diastereomers
(1.0 eq) V cat. (S.,S)-8b
31c (10 mol%)
+
HO ) chlorobenzene, air
\_7~g 50 °C, 24 h
N
H 33 33’
9
(1.5 eq)

Scheme 15. Oxidative hetero coupling general reaction
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General Procedures: -

To astirred solution of 3-hydroxycarbazole 9 (0.52 mmol) and vanadium catalyst (Sa,S)-8b (10
mol %) was taken in a chem-station vial then methyl 2-oxocyclopentanecarboxylate 31c (0.35
mmol) was dissolved in chlorobenzene (0.1 M) was added to the reaction mixture at the room
temperature. The reaction mixture was stirred at 50 °C for 24 h., under the air atmosphere.
After completion of the reaction mixture was passed through a silica bed. The dark green filtrate
was collected and evaporated under reduced pressure. Purification was done by column

chromatography in 20% ethyl acetate/ hexane as an eluent to afford a white solid.

Methyl 3a-hydroxy-1,2,3,3a-tetrahydrocyclopenta [4,5] furo[2,3-c] carbazole-11d(7H)-
carboxylate (33a)

(Major)

'H NMR (400 MHz, CDCl3) 6 8.06 (s, 1H), 7.80 (d, J = 7.3 Hz, 1H), 7.43-7.38 (m, 2H), 7.26
(d, J = 1.8 Hz, 1H), 7.20-7.16 (m, 1H), 6.97 (d, J = 8.7 Hz, 1H), 3.94 (s, 1H), 3.70 (s, 3H),
3.08-3.03 (m, 1H), 2.44-2.34 (m, 2H), 2.17-2.10 (m, 1H), 1.90-1.84 (m, 1H), 1.60-1.54 (m,
1H)

(Minor)

'H NMR (400 MHz, CDCls) 6 7.99-7.97 (m, 1H), 7.90 (s, 1H), 7.42 (s, 1H), 7.39-7.38 (m, 2H),
7.20-7.16 (m, 2H), 5.19 (s, 1H), 3.81 (s, 3H), 2.65-2.62 (m, 1H), 2.48-2.36 (m, 1H), 2.25-2.08
(m, 2H), 1.82-1.75 (m, 1H), 1.55-1.45 (m, 1H)

(Major)

13C-NMR (101 MHz, CDCls) 6 172.7, 153.0, 140.6, 135.4, 126.1, 122.3, 121.3, 120.8, 120.7,
119.5, 119.3, 111.0, 110.9, 108.1, 65.2, 53.1, 39.8, 34.8, 22.8.

(Minor)

13C-NMR (151 MHz, CDCls) 6 173.4,152.7, 140.4, 134.9, 128.3, 126.1, 124.6, 123.2, 120.5,
119.9, 119.3, 110.7, 106.2, 99.8, 63.0, 53.0, 40.4, 37.6, 22.0.

HRMS (ESI): calcd for C1gH17NOa4: m/z 323.12 [M + Na] *, found 346.1046.

(Major)

IR (KBr): 3413, 2953, 1720, 1496, 1442, 1321, 1277, 1101, 937 cm!
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(Minor)
IR (KBr): 3413, 2959, 1715, 1458, 1250, 1096, 860 cm™*
mp: 98-102 °C (White Solid) (Major)
196-200 °C (White Solid) (Minor)
Enantiomeric ratio: dr 2:1
(Major) 86% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 350 nm) first peak: tr = 16.65 min, second peak: tr = 19.3 min.
(Minor) 76% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 360 nm) first peak: tr = 28.48 min, second peak: tr = 48.94 min.
Major[a]?® +5.3 (c 0.32, CHCIs) for 86% ee. (Major)
[a]3’ +25.62 (¢ 0.32, CHClIs) for 76% ee. (Minor)

Methyl10-(4-fluorophenyl)-3a-hydroxy-1,2,3,3a-tetrahydrocyclopenta[4,5]furo[2,3-
c]carbazole-11d(7H)-carboxylate (33b)

'H NMR (400 MHz, CDCls) 6 8.08 (s, 1H), 8.02 (t, J = 0.9 Hz, 1H), 7.64-7.59 (m, 3H), 7.46
(d, J=8.2Hz, 1H), 7.29 (d, J = 8.7 Hz, 1H), 7.20-7.15 (m, 2H), 6.98 (d, J = 8.2 Hz, 1H), 4.01
(s, 1H), 3.71 (s, 3H), 3.13-3.06 (m, 1H), 2.45-2.38 (m, 2H), 2.16-2.10 (m, 1H), 1.90-1.84 (m,
1H), 1.60-1.54 (m, 1H)

13C-NMR (101 MHz, CDCls3) § 172.7, 162.15 (d, Jc-r = 246.33 Hz), 153.1, 139.9, 137.9, 135.9,
131.8, 128.5, 128.4, 125.4, 121.9, 120.9, 120.6 (d, Jcr = 30.67 Hz), 119.3, 115.82 (d, Jc-F =
22.04 Hz), 111.2,111.1, 108.4, 65.2, 53.1, 39.8, 34.8, 31.7, 22.8, 14.2.

F NMR (565 MHz, CDCls): 6 —120.02

HRMS (ESI): calcd for CosHo FNO4: m/z 417.14 [M + Na] ¥, found 440.126

IR (KBr): 3408, 2951, 1716, 1488, 1254, 1227, 1091, 944, 808 cm™

mp: 116-120 °C (White Solid)

Enantiomeric ratio: dr < 20:1

80% ee, determined by HPLC (Chiral Pak 1A, hexane/2-propanol = 7/1; flow rate 1.0 mL/min;
25 °C; 315 nm) first peak: tr = 17.62 min, second peak: tr = 26.71 min.

[a]Z® -10.5 (c 0.40, CHCI5) for 80% ee.
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Methyl3a-hydroxy-10-phenyl-1,2,3,3a-tetrahydrocyclopenta[4,5]furo[2,3-c]carbazole-
11d(7H)-carboxylate (33C)

1H NMR (400 MHz, CDCl3) ¢ 8.08 (d, J = 1.8 Hz, 2H), 7.68 (dd, J = 8.2, 1.4 Hz, 3H), 7.51-
7.43 (m, 3H), 7.36-7.32 (m, 1H), 7.25 (d, J = 1.4 Hz, 1H), 6.97 (d, J = 8.7 Hz, 1H), 4.07 (s,
1H), 3.72 (s, 3H), 3.13-3.05 (m, 1H), 2.44-2.38 (m, 2H), 2.21-2.13 (m, 1H), 1.89-1.83 (m, 1H),
1.60-1.51 (m, 1H)

13C-NMR (101 MHz, CDCls) § 172.7, 153.1, 141.8, 140.0, 135.9, 132.8, 129.0, 127.1, 126.6,
125.6, 121.9, 120.9, 120.8, 120.6, 119.4, 111.2, 111.1, 108.3, 65.2, 53.1, 39.8, 34.8, 22.8
HRMS (ESI): calcd for C2sH21NO4: m/z 399.15 [M + Na] ¥, found 422.135

IR (KBr): 3409, 3376, 2943, 1704, 1600, 1491, 1260, 1118, 937, 756 cm!

mp: 118-124 °C (White Solid)

Enantiomeric ratio: dr < 20:1

84% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0 mL/min;
25 °C; 315 nm) first peak: tr = 17.06 min, second peak: tr = 23.23 min.

[a]&® +0.6 (c 0.39, CHCIs) for 92:8 er.

Methyl 3a-hydroxy-9-methyl-1,2,3,3a-tetrahydrocyclopenta [4,5] furo[2,3-c] carbazole-
11d(7H)-carboxylate (33d)

(Major)

'H NMR (400 MHz, CDCls) 6 7.91 (s, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.23 (t, J = 8.9 Hz, 1H),
7.18 (s, 1H), 7.01-6.99 (m, 1H), 6.92 (d, J = 8.7 Hz, 1H), 3.94 (s, 1H), 3.69 (s, 3H), 3.07-3.02
(m, 1H), 2.50 (s, 3H), 2.42-2.32 (m, 2H), 2.18-2.16 (m, 1H), 1.89-1.82 (m, 1H), 1.59-1.53 (m,
1H)
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(Minor)
'H NMR (400 MHz, CDCl3) 6 7.85 (d, J = 8.2 Hz, 1H), 7.78 (s, 1H), 7.37 (s, 1H), 7.15 (d, J =
16.0 Hz, 2H), 7.01 (d, J = 7.8 Hz, 1H), 5.20 (s, 1H), 3.81 (s, 3H), 2.64 (td, J = 12.5, 6.6 Hz,
1H), 2.50 (s, 3H), 2.43-2.37 (m, 1H), 2.25-2.20 (m, 1H), 2.18-2.10 (m, 1H), 1.80-1.77 (m, 1H),
1.58-1.49 (m, 1H)
(Major)
13C-NMR (101 MHz, CDCl3) ¢ 172.8, 153.0, 141.1, 136.5, 135.4, 122.0, 121.1, 120.7, 120.4,
119.4,119.0, 110.9, 110.8, 107.4, 65.1, 53.1, 39.7, 34.8, 22.8, 22.1.
(Minor)
13C-NMR (151 MHz, CDCls) 6 173.5, 152.7, 140.9, 136.3, 134.9, 127.5, 124.7, 121.0, 120.9,
120.1, 119.9, 110.8, 106.0, 99.6, 62.9, 53.0, 40.4, 37.6, 22.2, 22.0
HRMS (ESI): calcd for C20H19NO4: m/z 337.13 [M + Na] ¥, found 360.120
(Major)
IR (KBr): 3485, 3392, 2948, 1726, 1616, 1436, 1260, 1123, 937, 805 cm'!
(Minor)
IR (KBr): 3402, 2945, 1711, 1444, 1254, 1091, 792 cm™
mp: 215-219 °C (White Solid) (Major)

178-182 °C (White Solid) (Minor)
Enantiomeric ratio: dr 4:1
(Major) 84% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 315 nm) first peak: tr = 18.46 min, second peak: tr = 23.60 min.
(Minor) 90:10 er, determined by HPLC (Chiral Pak 1A, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 300 nm) first peak: tr = 34.28 min, second peak: tr = 55.58 min.
[a]3’ +26.66 (¢ 0.33, CHCIs) for 84% ee. (Major)
[a]3® +59.39 (¢ 0.32, CHClIs) for 80 ee. (Minor)
Methyl3a-hydroxy-1,2,3,3a-tetrahydrobenzo[c]cyclopenta[4,5]furo[3,2-g]carbazole-
13e(7H)-carboxylate (33f”)

1H NMR (400 MHz, CDCls) 6 8.62 (d, J = 8.2 Hz, 1H), 8.29 (s, 1H), 7.97 (d, J = 8.2 Hz, 1H),
7.91 (s, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.68 (td, J = 7.7, 1.2 Hz, 1H), 7.58-7.55 (m, 1H), 7.48-
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7.44 (m, 1H), 7.29 (d, J = 4.1 Hz, 1H), 5.22 (s, 1H), 3.84 (s, 3H), 2.69-2.60 (m, 1H), 2.48-2.43
(m, 1H), 2.29-2.24 (m, 1H), 2.19-2.12 (m, 1H), 1.84-1.78 (m, 1H), 1.55-1.49 (m, 1H)
13C-NMR (151 MHz, CDCls) § 173.5, 153.4, 138.1, 134.0, 129.9, 129.3, 129.1, 127.7, 127.1,
127.0,124.9, 123.1, 123.0, 120.0, 115.3, 112.7, 106.6, 101.3, 63.0, 53.0, 40.4, 37.7, 22.1
HRMS (ESI): calcd for C23H19 NO4: m/z 373.13 [M + Na] ¥, found 396.120

IR (KBr): 3403, 2953, 1720, 1463, 1254, 1085, 937, 800 cm™*

mp: 146-150 °C (White Solid)

Enantiomeric ratio: dr < 20:1

88% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0 mL/min;
25 °C; 315 nm) first peak: tr = 17.41 min, second peak: tr = 29.60 min.

[a]&® +38.57 (c 0.35, CHCI5) for 88% ee.

Methyl10-bromo-3a-hydroxy-1,2,3,3a-tetrahydrocyclopenta[4,5]furo[2,3-c]carbazole-
11d(7H)-carboxylate (33i)

(Major)

'H NMR (400 MHz, CDCl3) 6 8.11 (s, 1H), 7.94 (d, J = 1.8 Hz, 1H), 7.47 (dd, J = 8.2, 1.8 Hz,
1H), 7.28 (d, J = 6.0 Hz, 1H), 7.25 (s, 1H), 6.98 (d, J = 8.7 Hz, 1H), 4.17 (s, 1H), 3.78 (s, 3H),
3.08-3.00 (m, 1H), 2.42-2.33 (m, 2H), 2.20-2.11 (m, 1H), 1.89-1.70 (m, 1H), 1.61-1.49 (m,
1H)

(Minor)

1H NMR (400 MHz, CDCl3) 6 8.08 (d, J = 2.3 Hz, 1H), 7.94 (s, 1H), 7.45 (dd, J = 8.7, 1.8 Hz,
1H), 7.35 (s, 1H), 7.25 (d, J = 6.9 Hz, 1H), 7.17 (d, J = 0.9 Hz, 1H), 5.15 (s, 1H), 3.81 (s, 3H),
2.69-2.63 (m, 1H), 2.50-2.38 (m, 1H), 2.24-2.08 (m, 2H), 1.83-1.76 (m, 1H), 1.56-1.48 (m,
1H)

(Major)

13C-NMR (101 MHz, CDCls) 6 172.8, 153.2, 139.1, 135.8, 128.8, 124.8, 122.9, 120.8, 118.2,
112.3,112.0, 111.4, 109.0, 65.0, 53.1, 39.8, 34.8, 22.8

(Minor)
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13C-NMR (151 MHz, CDCls) 6 173.3, 152.9, 138.9, 135.3, 129.3, 128.7, 125.0, 123.5, 123.1,
120.1, 112.2, 112.0, 106.5, 99.9, 63, 53.1, 40.3, 37.7, 22.1
HRMS (ESI): calcd for CigH16 BrNO4: m/z 401.03 [M + Na] *, found 424.015
(Major)
IR (KBr): 3408, 2951, 1721, 1493, 1439, 1281, 1096, 944, 797 cm™
(Minor)
IR (KBr): 3418, 2951, 1721, 1466, 1270, 1096, 949, 868, 802, 753 cm™
mp: 105-110 °C (White Solid) (Major)
220-225 °C (White Solid) (Minor)
Enantiomeric ratio: dr 2:1
(Major) 82% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 309 nm) first peak: tr = 14.96 min, second peak: tr = 20.07 min.
(Minor) 80% ee, determined by HPLC (Chiral Pak IA, hexane/2-propanol = 7/1; flow rate 1.0
mL/min; 25 °C; 315 nm) first peak: tr = 23.80 min, second peak: tr = 53.98 min.
[a]&® -2.25 (c 0.40, CHCIs) for 82% ee. (Major)
[a]Z® +39.5 (c 0.40, CHCIs) for 80% ee. (Minor)

4.5 References:
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5. Outlook of Ongoing Work

The recent advances in the chiral synthesis of biaryl moieties enabled the exploration of
electron-rich ligands for metal-catalysed coupling reactions. Despite many methodologies that
have been developed for chiral access to these compounds, new methods are widening the
scope for further exploration. Especially, the oxidative hetero coupling reactions of hydroxyl
naphthol and their derivatives are of great interest. However, the utilization of nitrogen-based
compounds such as 2-naphthlymine is challenging due to reactivity and oxidation potential
differences. Thus, it creates an opportunity for the exploration of hetero-coupled 2-naphthyl

amine derivatives, which is currently underway in our laboratory.

5.1 Introduction:
Reported oxidative coupling methods for preparing optically pure NOBINs

Biaryls with axial chirality, such as 1,1’-bi-2-naphthols (BINOLs) and 2-amino-2’-
hydroxy-1,1’-binaphthyl (NOBINSs), serve as building blocks, ligands, and catalysts in
asymmetric transformations.** Over the past three decades, many research groups have
significantly contributed to the synthesis of axially chiral BINOLSs, using vanadium, copper,
iron, and ruthenium catalysis. Synthesis of axially chiral NOBINs molecules using oxidative
direct coupling still has many challenges such as control of chemoselectivity, high
enantioselectivity, and thorough mechanistic understanding.

In this context, recently, Tian and Tu reported*? the first successful oxidative cross-
coupling reaction based on the Cu(l)/SPDO (SPDO = spirocyclic pyrrolidine oxazoline)
catalyst, which provides an access to enantioenriched 3,3’-disubstituted NOBINs up to 80%
yield 96 % ee as shown in the (Scheme 16A).

A] Tian and Tu 2021 SPDO ligand

= OH X NH; CuBr (10 mol%)
RT + R':_
N Pz

SPDO ligand 12 mol%
1 34 air

| Ar= (3,5 diCF3)CqHs

(S) -NOBINs

Up to 80%,
Up to 96% ee

Scheme 16A. The reported oxidative coupling of NOBINs
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Subsequently, Pappo has reported enantioselective oxidative coupling of 1 with 34 to
give NOBINSs using chiral iron disulfonate catalyst and strong oxidant as lauroyl peroxide.®” as
shown in (Scheme 16B). This strategy was based on the multi-coordinate Fe(lll) complex
(Figure 4) due to the multi-coordination of the site on the iron catalyst needing to be designed
by using appropriate substrates.

B] D. Pappo 2021

R R
o Tt OO
FeBr (2.5 mol%) OH SOzH

Py
2/ \\i

NHR SO3H
(R,)- BINSA N s OO
R4_| _
o -NHR3 Re
R':—/ 35 (R,)-BINSA
(R) -NOBINs
34 Up to 99%

Up to 92% ee

Scheme 16B. Chiral iron disulfonate catalyst for the enantioselective synthesis of NOBINs.

+
C|,,$||L\S_I Chiral ligand strategy X_l,,$"L\S_|
CIQ'.:evS [ > @ /I':e's
X — ' - I
* = (R,)-BINSA multi-coordinate Fe
Pappo strategy *

Figure 4 Multi coordinate Fe (111) Complex

Size of Rj affects to
1 Chemo- and stereoselectivity
t-Bu Improve OH
reactivity NHR3 —(Only 1° and 2° alkylamine)

Re
R% small offoct on The nature of R® large effect
on stereoselectivity

stereoselectivity

Figure 5 Limitations of substrate
Considering the high value of chiral NOBINs scaffolds in organic chemistry, there is an
emerging need for their preparation by efficient, general, and direct scalable methods. Thus,

we are currently exploring green chiral vanadium catalysts to develop hereto coupling reactions.
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5.2 Ongoing Work:
Chiral vanadium(V) complex-catalyzed hetero coupling of g-naphthylamines via
photoactivation

H

N 1)
T/ + O OH (R.,S)-8b 10 mol% O OH |
H |
N |
34a 36 DCM (0.1M), 340 nm j/ {
10eq 1.0eq 0,,24°C, 24 h 3
37 !

59%, 54% ee oL

Scheme 17. Oxidative coupling of 2- naphthylamine via photoactivation.

Another interesting insight into the hetero-coupling reaction between N-iso-propyl-2-
naphthylamine (34a) and 3-phenanthrol (36) using mono nuclear vanadium catalyst (Ra,S)-8b
via photoactivation is shown in (Scheme 17). In this reaction, the N-Isopropyl-2-
naphthylamine was activated by using 340 nm LED light to provide 37 with moderate yield
and enantioselectivity (59%, 54% ee) without any formation of byproducts. The hypothesized
reaction mechanism via single electron transfer with radical-radical coupling is shown in
Scheme 18. Further optimization is under progress through cooperative research with Ms Fan

Duona in our research laboratory.

LED Light
O 340 nm -
’O 'Bu Bu A H

Bu OO \N/g: OO \N/S: N
ol oo s 5 Cor
OO S/S:o 0|0 SET AN + “ ot :
o7\ O HO [¢] HO HO o Activation of amine
HO O OH Q . in presence of LED
BORN 0
A Q B Q

Oxidation
HO

12 0,

SN
/V\O
major product O OH ‘/
H
obtained l I N‘R

Scheme 18. Proposed hypothesis mechanism

(Ra,S)-8b
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5.4 Conclusion:

A highly enantioselective oxidative coupling of 4-hydroxycarbazoles to form axially
chiral dimeric hydroxycarbazoles was described in Chapter 1. The chiral vanadium(V)
dinuclear complex (Ra,S,S)-10a has proven to have high catalytic activity by activating
hydroxycarbazole derivatives on both sides. Moreover, the DFT calculations have confirmed
the axial chiral stability as well as the reactivity for 4-hydroxycarbazoles as shown in (Scheme
19).

RS R? R, S, S)-10a
N O R’ (5 mol %)
R4 O up to quant yield (@)
OH up to 90% ee
; +BU  dinuclear V cat.
4-Hydroxycarbazole homo-coupling (Ra,S, S)-10a

Scheme 19. First enantioselective homo-coupling of 4-hydroxycarbazole
A highly enantioselective and catalytic oxidative hetero-coupling of 3-hydroxycarbazoles

9 with 2-naphthols 1 using newly developed mononuclear vanadium(V) complex (Ra,S)-30 as

shown in the Scheme 20 was described in Chapter 2.
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X! N
R' Vcat (R,S)-30

\
1 (10 mol%)

—

X2

x3 +
HO " up to 98% yield
R up to 90% ee

2-hydroxycarbazoles (X' = OH, X2X® = H)
3-hydroxycarbazoles (X'X® = H, X2 = OH)
4-hydroxycarbazoles (X'X? = H, X3 = OH)

mononuclear V cat.
(R,S)-30

Scheme 20. First enantioselective hetero-coupling of hydroxycarbazole

This catalytic system successfully produced hetero-coupling products 20 with up to 98% yield
and 90% ee by using two starting materials in a 1: 1 molar ratio, which is described in Chapter
3. Further exploration with 4- and 3-hydroxycarbazoles and -ketoester 31c substrates was also
found to be appropriate for the chiral vanadium(V) catalysed oxidative hetero-couplings as
described in Chapter 4. Additional mechanistic studies and development on hetero-coupling
products via photoactivation and their potential applications as chiral catalysts are currently in

progress as described in Chapter 5.
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