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Abstract

This thesis describes, “Synthesis and Reactions of Troger Base Derivatives”. It
comprises of three chapters. 1) Introduction, 2) Results and Discussion and 3)

Experimental Section. The work described in this thesis is exploratory in nature.

The first chapter describes a brief review on the developement of Trdger base
chemistry. The second chapter deals with the results and discussion on the resolution
methods developed for tetrasubstituted Troger base derivatives and studies on their

reactions.

Chiral tetramethyl and dibromo-dimethyl substituted Troger base derivatives (1-3)
are readily prepared in enantiomerically pure forms using camphorsulfonic acid 4 (CSA)
as a resolving agent. The (S,S)-isomers of these derivatives were obtained with 95-99% ee
by precipitation using (1S)-(+)-10-camphorsulfonic acid and the partially resolved samples
present in the mother liquor were enriched by treatment with (1R)-(-)-10-camphorsulfonic
acid to obtain the (R,R)-isomers of tetrasubstituted Troger base derivatives with 96-99%
ee. In the case of 2,8-dibromo-4,10-dimethyl derivative, the (R,R)-isomer was obtained
with 96-97% ee from the filtrate fraction after the (S,S)-enantiomer precipitated out. The
dibromo derivative is readily functionalized to access a new chiral amine system
containing chiral phenylethylamine moiety. The configurations of nitrogen centers of (+)-
1 and (+)-2 were assigned as 5S,11S by single crystal X-ray analysis of the precipitated
diastereomeric salts and the configuration of (—)-3 was determined as 5S,11S by the single

crystal X-ray analysis of the product (—)-6 (Scheme 1).
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We have also prepared the racemic ortho-methoxy Trdger base 8 by lithiation of
the corresponding bromo compound followed by quenching with iodomethane. It was
readily resolved via the preparation of diastereomeric salts using chiral dibenzoyl-L-

tartaric acid 9 (Scheme 2).

Scheme 2

————————————— > (R,R)-(+)-8

\O 1. n-BulLi ( 9;; )ee
N Br toluene:THF -(-)- o O-DBTA °
\ 30 1
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Br N 3 12 h
o (S,S)-(+)-0,0"-DBTA

———>, (S,5)(-)-8
98% ee

We have observed that the methylene bridge of rac-Troger base derivatives
exchanges by reaction with formamide in the presence of POClIs. The reaction using chiral
(S,5)-N,N-bis(a-methylbenzyl)formamide as a carbonyl partner gave the corresponding
methano Troger base derivatives 13a-13d with the diastereomeric ratio of up to 77:23

(Scheme 3). The configurations of the stereogenic nitrogen centers were assigned as
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5R,11R by single crystal analysis. It was also observed that the Trdger base derivative with

ortho-methyl groups is configurationally more stable compared to compounds without

substitutents in the aromatic rings.

Scheme 3
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+
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Whereas the reaction of chiral para-substituted Troger base 10 with formamides

gives the corresponding methylene bridge substituted products as a racemic mixture,

reaction of ortho-substituted derivative 1 gives the product 12d with up to 96% ee

(Scheme 4). The results are discussed considering mechanisms involving ring inversion of

the corresponding cyclic intermediates.

Scheme 4
R
\
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We have developed a method for ring opening of Troger base 10 with concomitant

N-arylation in the presence of t-BuOK/DMSO reagent system. The regioisomers were

obtained in 1:1 ratio using para-substituted aryl halides 14. During the course of the
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reaction, the methylene bridge is cleaved by aryne intermediate formed in situ leading to

the N-arylated product 15 in up to 67% yield (Scheme 5).

Scheme 5
X H
N N
R £-BUOK R
.
. DMSO o
! N I 120 °C, 24 h ! N
Ry = CHg, OCH, H, Br 2
X =Br, | 7

10 14

\/\

R2

15
upto 67% y

Studies were undertaken on the hydroboration reaction of prochiral olefins using
chiral Troger base-borane complexes 16-19. The corresponding alcohols were obtained
with up to 5% ee under iodine activation (Figure 1). The results are discussed considering

different possible mechanisms.

oo, oo, L T

Figure 1

We have briefly studied the electron transfer reaction of Troger base derivatives
with chloranil. The nature of the charge transfer and electron transfer complexes formed

were investigated by UV-Visible and esr spectroscopic methods.

The experimental details are described in the third chapter. The physical constant
data (mp), IR, *H NMR, *C NMR, mass spectral data, HPLC data and elemental analysis

are presented.
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We have also briefly investigated the synthesis and reactions of N-methyl
polyaniline. Results of these studies are described in the Annexure Ill. A method for
estimation of oxidative doping level in poly(N-methylaniline) using NaBH4 in THF is

described. This method is also useful for the preparation of borane Lewis base complexes

(Scheme 6).
Scheme 6
PPh;
H. _CHs —22 » pphyBH,

N
23

(NH4 28203 NaBH4
or FeCI3 i > ( > ( ) THF
n

25°C,24h RsN

20 24
—— > R3N: BH3

25

Note: Scheme numbers and compound numbers given in this abstract are different from

those given in the chapters.



1. Introduction

Stereochemistry of organic molecules containing a hetero atom as a stereogenic
center is relatively less explored in organic chemistry compared to that with carbon
centers. Hetero atoms such as nitrogen, phosphorus and sulfur with three different
substituents are well-known stereogenic centers in modern organic chemistry. Due to the
pyramidal inversion of nitrogen, the acyclic amines 1, 3-6 with three different substituents
are not optically active at room temperature.® Such asymmetrically substituted acyclic
amine derivatives were studied only by dynamic nuclear magnetic resonance spectroscopy

or by acid/base complexation with a suitable host acid.?

Scheme 1

N = | T N—i-Pr —
Me™/ Nipr /O @
Et

1 2 1

@ @ Et
Me/ Me,,”\ /’_F’r
‘N
Et

Incorporation of an electronegative element on the nitrogen increases the
racemization barrier to some extent.® Also, nitrogen atom of the three or four member ring
systems 7-21 has higher racemization barrier because of the higher activation energy
required for the planner transition state (Scheme 1).* Whereas the angle strain is less for
the nitrogen atom of a five or six member ring leading to rapid inversion, systems with
other hetero atoms such as phosphorus and sulphur centers 26-29 are configurationally
more stable.> However, molecules with bridgehead nitrogen atoms are configurationally

stable because here racemization can take place only by breaking a bond in such cases.
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Representative examples of amines with stereogenic nitrogen center are shown in the

Figure 1.
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Troger base 32a° is one such molecule with bridgehead stereogenic nitrogen
atoms. This molecule with an empirical formula of C17H1sN2 was first isolated from the
condensation reaction of dimethoxymethane with p-toluidine in aqueous HCI solution by
Troger in 1887. The structure 30 was assigned by Troger but other structures were also
proposed without considering the empirical formula.” For instance, Eisner and Wagner®
suggested a tentative structure 31 for Troger base. However, the correct structure 32a was
assigned as 2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine by Spielman

only in 1935 (Figure 2).°

30 31 32a

Figure 2

Previously, para-substituted Troger base derivatives were synthesized and resolved
by using dibenzoyl-L-tartaric acid as a resolving agent from this laboratory.’® These
derivatives were used as chiral host in the chiral recognition studies of carboxylic acids
and also as ligand in dihydroxylation reactions of trans-stilbenes.!! Also, methods were
reported in recent years for resolution, synthesis and applications of Troger base
derivatives. Therefore, a brief review of reports on the Troger base chemistry would

facilitate further discussion.
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1.1 Synthesis of Troger base derivatives

A general approach for the synthesis of Troger base derivatives involves
condensation reaction of a suitable substituted aniline with a methylene equivalent
compound in the presence of Bronsted acids. Various methylene unit equivalent
compounds used are formaldehyde, paraformaldehyde, hexamethylenetetramine and
DMSO in AcOH/HCI media.!? Bronsted acids such as aqueous or alcoholic HCI
solution,® trifluoroacetic acid (TFA)* and methanesulfonic acid®® are generally used in
the Troger base synthesis (Scheme 2). Among all, TFA/paraformaldehyde combination
was used widely for the synthesis of derivatives with electron donating as well as
withdrawing substituents.'® Also, diglycolic acid in combination with polyphosphoric acid

was also reported as an acidic medium.’

Scheme 2
NH,
Methylene unit N R
equivalent /®®©/
Bronsted acid R N
R
33 32

A method using Lewis acid AICIlz was developed in this laboratory for the
synthesis of Troger base 32a with paraformaldehyde as methylene unit equivalent

(Scheme 3).102

Scheme 3

NH,

N
AICI5 \Dij/
+ (CH,0)n
CH,Cly, 25 °C, 12 h

N

33a 32a, 50-76% y
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1.2 Chirality of Troger base derivatives

The pyramidal inversion of trivalent nitrogen atoms was suggested to be a possible
reason for the racemization of tertiary amines with different substituents even at room
temperature.® Unlike stereogenic carbon atom, the nitrogen atom undergoes rapid
inversion at room temperature. Therefore, the separation of stereo isomers of molecule
with stereogenic nitrogen atom is a challenging task. It has been speculated for several
years that Troger base could be a chiral molecule because of the bridgehead N-atoms.
Prelog and Wieland were able to separate the enantiomers of Troger base for the first time
by chromatography on d-lactose column in 1944.1° They were able to isolate both isomers
in 5.5% vyield using 6 g of rac-Troger base and 270 g of d-lactose in a column. This chiral
resolution established that not only the carbon but also nitrogen atom can be a stereogenic
center in a molecule (Scheme 4). Prelog also reported, unsuccessful attempts to resolve
32a via the diastereomeric salt formation using (1R)-(—)-10-camphorsulfonic acid 34 or

(1R)-(endo,anti)-(+)-3-bromo-camphor-8-sulfonic acid 35.°

Scheme 4
N
w d lactose
chromatography
N
(¥)-32a )-32a -)-32a
5 5% 5 5%
HsC__CH,
(0]
N HO3S 34
or
Partially resolved samples
N HO,S CHg
Br 34
(+)-32a

Racemization
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However, Prelog observed racemization of partially resolved samples in dilute
acidic medium, and suggested that proton catalyzed formation of iminium ion 36 as an
intermediate in the racemization process. Due to this racemization, it was believed for
several years that the resolution of 32a via the diastereomeric salt formation would not be

practicable (Scheme 5).%°

Scheme 5
CH,
1
N . N ‘N
oo o @) CUEEN o 6j O X
N H N +H N
H
(-)-32a 36 (+)-32a

Later, investigation on the mechanism of acid promoted racemization by NMR
spectroscopy did not give evidence for the iminium ion intermediate 36.2° It was
speculated that the intermediate would be present in a very low concentration to be
detected by NMR spectroscopy studies.?’ The inversion observed for 32a in dilute acidic
medium indicated that proton exchange between two bridgehead nitrogen atoms is rapid
on the NMR time scale. However, the UV spectroscopy studies of 37 in concentrated acid
gave evidence for the formation of 38. The iminium ion 38 was also confirmed by *3C
NMR spectroscopy studies of 37 in concentrated acid (Scheme 6).%°

Scheme 6

TPo. = e

37 38
Trapp and Schurig?® reported that Troger base 32a racemizes under inert gas
helium at ambient temperature. A retro-hetero-Diels-Alder ring opening followed by

hetero-Diels-Alder ring closure was invoked for this racemization (Scheme 7).



TB derivatives... 7

Scheme 7

TOOL — T — O

(-)-32a 3 +)32a

The epimerization studies of bis-Troger base derivatives 40 and 41 in the gaseous
state using ion-mobility mass spectrometry were reported by Schroder and co-workers.??
These authors concluded that proton-catalyzed ring-opening sequence as a more probable
mechanism than the above discussed Diels-Alder type mechanism for the epimerization of

Troger base derivatives 40 and 41 (Figure 3).

soPoPoee
N N N

40 4

Dee

Figure 3
Dynamic enantioselective electrokinetic chromatography method was used to
study the stereointegrity of TB 32a and the monobenzyl derivative 42 using
hydroxypropyl-p-cyclodextrin as a chiral mobile additive.?® It was found that the presence
of positive charge in the monobenzylated derivative decreases the racemization barrier

significantly (Scheme 8).%

& _|R]_ 8
LT — | S| — L0

N
N\
L Br ]

Scheme 8

42 43 42
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Cvengros et al.?* reported that the diastereoselectivity was improved to 73:27 from
50:50 by stirring of the diastereomeric mixture 44 in hexafluoroisopropanol 45 (HFIP)
solvent (Scheme 9).

Scheme 9

EN B
o © FaC N o
O
)—OH
N—
F3C N
25°C
N N
44 dr 50:50 44 dr73:27

Troger base 46 was isomerized to its diastereomer 48 by heating at 100 °C in the
presence of pyridinium p-toluenesulfonate 47 in toluene. It was also reported that the
sulfur centers did not undergo isomerization in this experiment (Scheme 10).2°

Scheme 10
\Q < > TR \Qo
SO47H N@ /é@
E toluene
N

100 °C +

oS oS
L L
46 48

Chiral ethylene-bridged Troger base derivative 49 is configurationally stable in

acidic medium. The ethylene bridged Troger base does not racemize in acidic medium
because the acid promoted formation of iminium ion cannot take place as in the case of the
parent TB 32a (Scheme 11).26 This observation also supports the formation of iminium ion
proposed by Prelog.

Scheme 11

R N N
H .
R No racemization
N R
49
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Lenev et al.?’ reported that steric effect of ortho-methyl groups increases
racemization barrier as revealed by quantum-mechanical (DFT) calculations. The
racemization takes place by ring-opening followed by interconversion of the monocyclic
intermediate 51. The steric hindrance of ortho-methyl groups significantly increases the
energy of this intermediate 51 (Scheme 12). As a result, the racemization barrier of ortho-
methyl substituted Troger base 50 in acidic media is raised by 30 kJmol™ relative to that

of the parent compound 32a.

50 CHj
+H* “H+
He SO n H
CHs D/
N
¥

Scheme 12

1.2.1 Resolution of Trdger base derivatives

Due to the acid-promoted racemization, it was postulated that the chiral resolution
of 32a via the diastereoisomeric salts formation with chiral acids is not feasible. However,
the isolation of enantiomerically pure (>98% ee) 32a with the aid of (-)-1,1’-
binaphthalene-2,2’-dihydrogen phosphate 52 was reported by Wilen and co-workers.?
Only one isomer was isolated under the experimental conditions, and the (—)-isomer was
completely isomerised to (+)-isomer during this process (Scheme 13). Wilen assigned the
configuration of (+)-32a as 5S,11S. Indeed, this process is a crystallization-induced

asymmetric transformation (CIAT).
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Scheme 13

N
(-)-52
/@®©/ (58,118)-(+)-32a
N EtOH 98% ee, 93% y
()-32a

Crystallization of 1:1 mixture of 53 and 54 from diethyl ether was reported to give
the pure crystals of 53.2° For example, upon treatment of diastereomer 54 with aqueous
HCI in methanol gave the 53 with >99% de. This crystallization-induced asymmetric

transformation (CIAT) was driven by (S)-1-phenylethyl group (Figure 4).2°

CH3 p ;::
\ N \ -N
o) N o) O N & (6]
CHs >_<\/\|©|\/\>_< CHs CHs m CH,
o N N\ [¢] o N N\ 6]
CH3 CH3

53 54

Figure 4
Hamada et al.?® reported a method for the resolution of configurationally stable

ethylene bridged TB 49 using (-) and (+)-di-p-toluoyl-tartaric acid 55 as resolving agents.
The base and acid were dissolved in hot acetone and allowed to stand for crystallization
(Scheme 14). The configuration of nitrogen atoms was assigned by comparison of CD
spectra with chiral TB 32a.

Scheme 14

HO 0}
Yo = (RRM)49
O\/'\O)k©\ 100% ee, 36% y

o
07 oH

N
\©@ (-)-0,0-DTTA 55
acetone

= (S.9)-(+)49
80% ee, 54% y
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Later, Margitfalvi®® followed the above strategy for the resolution of naphthyl TB
derivative 56. It was reported that the use of dry acetone under argon atmosphere is crucial
for this resolution to obtain the enantiomers with 98 and 100% ee.*® The enantiomers of
TB 56 were also separated by manual separation of racemic conglomerate obtained from
routine crystallization using methanol solvent (Figure 5).3!

o L

‘OO

(+)-56
Figure 5

The acridinamine TB 57 was resolved by crystallization of the corresponding 2,3-
0,0 ’-dibenzoyltartrate salts to give the TB 57 in 80% ee as calculated by an NMR
spectroscopy technique. The formation of salt was believed to be with more basic N-atom
of the acridine ring in 57. Circular dichroism data were used to assign the configurations
of the stereogenic bridgehead nitrogen atoms (Scheme 15).%2
Scheme 15

HO\/O o

O\/:\o)k©
© o on
) (0,0")-(-)-DBTA 58
> (5S,118)-(+)-57
80% ee
(%)-57 NH,

The 1:1 diastereomeric mixture of 59 and 60 was readily separated by silica gel

column chromatography. The mixture of 59 and 60 was also separated by crystalization
from diethyl ether. Whereas (5S,11S)-59 was obtained as colourless crystals, the

diastereomer (5R,11R)-60 was isolated as yellow oil (Figure 6).3
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o o
59 60
Figure 6

Later, the enantiomers of amino-substituted TB derivative were separated by
preparation of 1:1 diastereomeric mixture using amino acid (L-phenylalanine or L-valine)
as a chiral auxiliary. The 1:1 mixture of 61 and 62 was separated by using column
chromatography separation method. It was pointed out that the configurations of nitrogen
atoms are not clear and tentatively assigned as 5S,11S for (+)-isomer. The ty» = 12 h was
found in 1.5 M HCI/EtOH for the racemization of amino-substituted derivative (Figure
7).3

NHBoc NHBoc

NHBoc NHB
R = PhCH,, iPr ¢

61 62
Figure 7

The resolution methods discussed so far are not applicable for ortho-disubstituted

derivatives. Hence, only HPLC resolution methods have been used widely to obtain the

chiral derivatives.®® The polymer Whelk O1 with covalently bound 3,4-disubstituted

1,2,3,4-tetrahydrophenanthrene 63 as a chiral stationary phase (CSP) has extensively been

used for the resolution of ortho-disubstituted TB derivatives in semi preparative quantities

(Figure 8).
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NO,

Figure 8
For example, the TB derivatives with ortho-methyl, ortho-bromo and thiourea
derivatives were resolved in semi preparative quantities (Chart 1).3 The chiral stationary
phase 63 is more compatible with high polar and chlorinated solvents, but the
polysaccharide coated CSP is found to leach off with the use of chlorinated solvents. Also,
the separation was a lengthy process. Representative examples of tetrasubstituted

derivatives resolved in this way are shown in the Chart 1.

Chart 1

O SO
Jéo?* O X

Br
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1.2.2 Diastereoselective synthesis of Troger base derivatives

Upon condensation of cis or trans tetrahydro-diphenyl[1,5]diazocine 79 or 77 with
formaldehyde, the diastereomerically pure Troger base derivatives are obtained depending
on the reaction conditions (Chart 2).%” Rearrangement of trans 78 and cis-endo 80 isomers

to cis-exo 81 isomer was also reported in the presence of NaH in DMF.

Chart 2
NH, O Ph Ph
N= N
pr BF3:OEt, Cl LiaH, __HCHO _ \ cl
. | .
xylene cl _ ether toluene cl
N reflux N
Cl Ph N
75 76,88% y 77,73% y 78,88%y
trans isomer
Ph
N §
QO@V JUCV oo OO
toluene
Cl
reflux $ N
Ph
79,38%y 80,74%y

cis-endo-isomer

Ph

H 37 % HCHO 2
N o :
b/m heou Nﬁij/m
B —
ol CH3NO, ol \
Ph

N
ph H

79 81,85%y
cis-exo-isomer

J@O@/ @Q@ QQ@V

78 81,85% vy 80

Maitra et al.®® reported the asymmetric synthesis of TB derivative with 40% ee
using deoxycholic acid as a chiral template, which was removed by reduction with LiAIH4
(Scheme 16). Later, the effect of spacer length on the diastereoselectivity was also

reported. The spacer length of m = 1 and n = 2 gave the better selectivity 70:30 dr.>® The
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diastereomeric mixture was separated only by slow crystallization process. Also, it was

found that the mixture could not be separated even by chiral HPLC methods.

Scheme 16

NH,

CeH12N4
83
TFA 70 °C

CH3(OCH3s),, MSOH
)n reflux

MeO 84 MeO

75% y, dr 70:30

reflux, 23 h

LAH,THF
Acy0, pyr

N OAc N‘,,,,— OAc
(+)-86 (-)-86
65% y,40% ee, m,n=1

1.3 Reactions of Troger base derivatives

Many structurally diverse Troger base derivatives were synthesized with synthetic
alterations on aromatic core as well as the saturated aliphatic core (Figure 9).*° Aromatic
electrophilic substitution reactions of Troger base derivatives could be compared to N, N -
dimethylaniline for their structural similarity of aromatic ring. A recent theoretical study
revealed that Troger base derivatives are relatively sluggish towards reaction with the
electrophiles compared to N, N-dimethylaniline but more reactive than benzene.*
Halogenation*? and cross-coupling reactions such as Suzuki-Miyaura,*® Corriu-Kumada,**

Sonogashira,* Stille*® and Negishi*® were reported for the functionalization of aromatic

rings. Ullmann*’ and Buchwald-Hartwig*® aminations were also reported for the carbon-
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heteroatom bond formation. Functionalization of aliphatic saturated core involves the

reactions of benzylic methylene unit, methylene bridge and nitrogen itself.

R4
Des Des Des
32 920
N— Ri R
A
87
Figure 9
In recent years, functionalization of methanodiazocine ring has attracted
considerable attention because it leads to molecular diversity. We briefly review here the

reports on the reactions of aliphatic saturated core as these are relevant to our current

research efforts.

1.3.1 Quaternary ammonium salts of Troger base derivatives

The quaternary ammonium salts of TB were synthesized by reaction with
appropriate halides or with dimethyl sulphate. Due to its V shape TB derivatives were
used as a host in molecular recognition studies. Formation of inclusion compound was
reported for host 92 and dioxane in 1:2 stoichiometry ratio.*® The inclusion compound of

(+)-94 with benzene was also reported (Chart 3).%°
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Chart 3
HaC MeSOy4 HsC . H4C MeSOy4
\ + v+ | \+
Dol Deaayetaon
H@Q*N H@QN HsC N
MeSO4™ CHj MeSO4 CH,
91 92 93
/[;[’\O@/C'h
\ HaC N
0 Br

H3C\ + | £+ Br’ + Br

SO oot oo™

N N

(+)-94 95 96

1.3.2 Functionalization of benzylic methylene unit of Troger base

The first benzylic functionalization of TB was reported by Harmata and co-
workers in 1996.°! The new derivatives 97 and 98 were synthesized by metalation using
BF3:OEt> and n-BuL.i followed by quenching with an electrophile (Scheme 17).

Scheme 17

R
BF3:Et,0 \Cff _ BF3EGO
n- BuL| n- BuLl
N
2a 97

R= PhCHz CH3 etc.

Very recently, a lactam derivative of TB 100 was synthesized by oxidation using 3
equiv. of KMnO4 and benzyltriethylammonium chloride 99 in CH:Cl, at reflux.>? The
compound 100 was transformed to bis-TB crown ether derivatives 104 and 105 via the

sequence of reactions involving Wittig reaction in a key step (Chart 4).5
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Chart 4
KMnO4
N/\
o)
I e
32a o
100, 28% y
HO
COzEt
o)
N Ph3P=CHCO,Et
/ T , (80 oo \CO@\
N neat, 150 °C L'A'H4
0
100 EtO,C 103
102, 77% y OH
73%y
/\/O\/\O
. )@k )@k
5 _\_ /\/
NaH 104
—_— +
N DEG ditosylate
% 30%y /\/O\/\O

°“ WCOQ COQ

_\_/\/

105
1.3.3 Reactions of methylene bridge of Troger base
The first methylene bridge substitution was achieved by Cooper and co-workers®
via multistep reactions. The TB 32a was first converted into the cyclic di-secondary amine
106 followed by condensation with an aromatic aldehyde (Scheme 18). Later, the same

approach was used for the synthesis of other TB derivatives.>®
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Scheme 18
NaNO, RCHO
CuCI/HCI benzene
AcOH or toluene ;
reflux
87,52-95% y
R = alkyl, aryl
Ej)k toluene
reflux
\ 109, 76% y

N
Kim et al.%® reported the synthesis of the unusual cyclic enaminone ester 111 from

TB 32a and conjugated esters 110 in the presence of ZnBrz under heating conditions in
CH3CN. Although these authors have reported the formation of bridge with three carbon

atoms, the structure of product was not established by X-ray diffraction method (Scheme

19).
Scheme 19
R
o N COOR
N CH3 R———CO,;Me N— CH3
ZnBr,
H3C H3C
* N CH4CN, A 3 N
32a 111, 90% y

Later, Lenev and co-workers®’ reported the same reaction in the presence of ZnBr
as well as BF3:OEt, to obtain the corresponding methylene bridged TB derivatives 113.
The structure was unambiguously confirmed by X-ray structural analysis. Thus, the
addition product of TB with activated acetylene was established as 113 and not 111
(Scheme 20).

Scheme 20

MSOQC

R N =——CO,Me R —N
! R BF3:0Et,, 110 °C ! R

113, 60% y
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A new class of TB derivatives 115 bearing spiro lactone as methylene bridge were
synthesized by the reaction of TB 32 with phthaloyl dichloride 114 in CH2Cl.. The
methoxy derivative was obtained in higher yield in this reaction (Scheme 21).®

Scheme 21

o, @i = o0,

32 115
R=Me 17%y
R=0Me 67%y

Hamada and co-workers? reported the reaction of TB 32a and ethylene bromide in
the presence of Li,COs that gives the ethylene bridge derivatives 49 with two seven
membered rings as aliphatic saturated bicyclic core (Scheme 22).

Scheme 22

C2H4Br2

N DMF, 105 °C

32 49
R=Me, 76 %y
Troger base derivatives with three and four atoms bridge were reported to result in
dramatic change of the shape of the molecules. Aromatic rings are flattened out in 118 and
dihedral angle was determined to be 134.7°, while the corresponding angle for 120 is

127.0°. These derivatives are not ‘V’ shaped like the parent TB 32 with dihedral angle of

90.0° (Scheme 23).%°

Scheme 23
R N C3HgBr2 R N
117 ((
Li,CO;3 R
N R DMF, 105 °C N
3d 118, 10% y

\©O©\ E;C LIZCO3 " R
DMF 105 °C
N
120, 40% y
R =Br
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Lacour and co-workers®® reported a method for the stereoselective synthesis of
ethylene bridged derivatives 123 in moderate yields with diastereoselectivity of up to 98:2
by using the [1,2]-Stevens rearrangement. A simple alkylation and rearrangement were
carried out separately in two steps (Scheme 24).

Scheme 24
' [0}
R
e (g @( o
)@\ benzene p\ CHCl3 \(:[ )@\R

reflux, 12 h 2h,25°C N
R =Me 51% vy, dr: 98:2
Later, a one-step rhodium(ll)-catalyzed asymmetric synthesis of configurationally
stable ethylene bridged derivatives 125 was also reported by Lacour and co-workers

(Scheme 25).%1

Scheme 25

N
R ( on Q Rhy(OAC), N
. .
\[HJ\OMG toluene, 100 °C Ph\LN R
N R N 6h
2 CO,Me

125
R =Me 50% vy, dr 98:2, 93% ee
R = OMe 89% vy, dr 16:1, 97%ee

Polonovski reaction of Troger base N-oxide 127 leads to the corresponding

32 124

hydrazine 128.5% It was also reported that the corresponding ortho-methyl substituted
derivative did not give the desired hydrazine product in this reaction (Scheme 26).5?
Scheme 26

\ +
acetone CHZCI2

25°C

2a 127, 100% y 128, 64% y
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1.3.4 Effect of diazocine bridgehead of Troger base on the torsion balance

Wilcox torsion balance is a useful tool to measure the edge-to-face aromatic
interactions.®® The molecular torsion balance study revealed that TB with methylene
bridge prefers ‘folded’ conformation 129, but TB with ethylene bridge prefers ‘out’
conformation 132. It was suggested that the steric repulsion dominates over an attractive

interaction in the case of ethylene bridged Tréger base (ETB) (Figure 10).54

129 130
'in' conformation ‘out' conformation
(0]
o
CHs H3C
o @ O
o
\ ~ \
HyC N H3CdN >
131 132
'in' conformation ‘out’ conformation
Figure 10

1.4 Applications of Troger base-transition metal complexes

The first synthesized transition metal complex of TB was the TB.2RhCl3z complex
134. The 1:2 complex formed is well characterized by NMR and elemental analysis. It is
air stable and used for the hydrosilylation of terminal alkynes.®® A dimeric palladium

complex 140 of pyrazole TB derivative was used as a catalyst in the Mizoro-Heck C-C
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coupling reaction.%® Recently, the TB phosphine derivative 145 along with Pd(OAc), was

used as a catalyst in C-C and C-N bond forming reactions (Chart 5).%7

Chart 5
RNCl
)@QN
RhCl3 .
R R SiRs R
R———H 134 ):( + — + >:<
HSIRs SiR3 R3Si
133 135 136 137
up to 95% y
c_ Cl_ cl
Ph _Pd___Pd
N-NT e TS
Bu SN—
DBy Z “N—Ph
XN N
N }
— Ph. N
X
t N N« N
Bu™ N~ ~Ph \
L ¢l _N
P d

© /i\ 145
O - o W,

143 144 KsPO4 146, 98% y

Br Weea BlNe

G -

Pd(OAc),

t
OMe NaO'Bu OMe

toluene, 15 h, 110 °C
147 148 149, 96% y

1.5 Applications of Troger base and its derivatives in asymmetric transformations
Troger base or its derivatives are still not well developed as ligands in asymmetric

transformations. However, a few transformations were reported with moderate

enantioselectivity. For example, enantioselective hydrogenation of ethyl pyruvate 150 and

1,4-addition of aryllithium were reported to give 65% and 57% ee.%® The selectivity of
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86% ee was observed in the Et,Zn addition to benzaldehyde 155 using 156 as a ligand.®®
The catalytic asymmetric aziridination of chalcone 158 using TB 32a and O-
mesitylhydroxylamine (MSH) 159 was reported by Shi and co-workers™® to obtain the
product 160 in 55% ee. Troger base 32a promoted aziridination of chalcone using
DppoNH2 161 was reported to give a product in 70% ee from this laboratory. Thiourea
derivative 164 as organo catalyst gave only racemic mixture in Michale addition
reaction®®® (Chart 6).

Chart 6

O

N

fo) 32a OH
)S(OV 5% PY/Al,O3 /H(O e
o AcOH, 10 bar H, at 25 °C o)
150 70% y, 65% ee

151

N
Br OMe /©®©/ OMe
N
. OMe 32a O OMe
=
CO,'Bu CO,'Bu
OMe 153
152

'BuLi, -78 °C
N )
W OMe
57% ee
OH 154
CHO Ph Ph OH
156 H
Et,Zn ©/\/
toluene, 48 h, 25 °C
155 79% y, 86% ee

157

NH)
N
Sha’
+
CsOH.H,0

CH3CN/CH,Cl,
158 159 160

N 75% y, 55% ee
7 /CQ NHS
0 N
+ N~ 2 X
Ph” L0 iPrOH/NaH

CHCl,
16 h, 25 °C 160

75% 'y, 70% ee
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H H

Ph” T
m
N S EtOOC._ _COOEt
Ph
. _NO 164 N/M\N’ NO,
2 H H
toluene, 24 h

162 163 (£)-165, 96% y

1.6 Synthesis of various tetrasubstituted Troger base derivatives
Regioselective nitration of TB 32a was reported using potassium nitrate in
sulphuric acid to introduce nitro groups to ortho-positions with respect to bridgehead

nitrogen atoms (Scheme 27).*

Scheme 27
NO,
HaC N HaC N
O@\ KNO; r
N CH;3 H2S0,4 N CH3
NO,
32a 166, 58% y

The C-O bond formation via a transition-metal-catalyzed reaction was reported in
the synthesis of para-methoxy derivative 167 by employing the Ullmann reaction

conditions (Scheme 28).%/

NaOCHj; [o) N
' N cucl - [i—;]::%:l\
[/ MeOH/DMF N o~
N |

72 167
98% y

Scheme 28

Buchwald-Hartwig amination of TB derivative 66 was reported using
benzophenone imine in the presence of [Pd2(dba)s], (¥)-2,2’-bis(diphenylphosphino)-1,1°-
binaphthalene (BINAP), and t-BuONa at 80 °C.*® The TB 172 derivative was obtained

from the corresponding amino derivative 170 (Scheme 29).48
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Scheme 29
CF4
OO PPh, CFs /@
PPhy NH CFs
. O‘ NH, NS
N N SCN CF3 N
/ 168 / 171 (
—_— - —_— >
Pda(db
) [Pds(doa)] g N
B Ph,C=NH, tBUONa i, S NH
. 169 toluene, 80 °C 170, 69% y ﬁ/ 172, 60% y
HCIH,O/THF CF3©/NH

CF3

Cvengros et al.” reported the synthesis of various new Troger base derivatives via
lithiation of bromo compounds. These ortho-substituted TB derivatives were used as

bidentate ligands to obtain the corresponding coordination complexes (Chart 7).

Chart 7
CHs CHs
N
Br n-BuLi, THF R N
.
Electrophile /
N Br -78°C N R
CHs CH
65 % 173,74-88%y
R = P(Ph),, P(p-tol),, P(c-hexyl),,
P(‘Bu),, S(Bu), S(Ph), Se(Ph)
Br R
HsC N HsC N
( n-BuLi, THF r
.V
N CHj Electrophile N CH3
Br 66 -r8ec R 174,2664%y
R = P(Ph),, P(p-tol),, P(c-hexyl)y,
P('Bu),, S(Bu), S(Ph), Se(Ph)
CloPd..
PPh, { TPPhy
N N
HsC r [PACI,(COD)] HaC /
e
N CH3 CH20|2 N CH3
PPh, PhoP..
173 “PdCl,
175
N 2Cl0,
Ag_
SePh i SePh
N N
HaC ( Ag>(CIO4); HaC r
_ TEAeE
N CHs dg-THF N cH,
SePh PhSe.._+
174 Ag 176
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Although, chiral amines were well developed as chiral ligands,”® amines with
stereogenic nitrogen atoms are not well explored as ligands in organic synthesis. Ortho-
substituted Troger base derivatives offer new opportunities as bidentate ligands. However,
these derivatives were synthesized only as a racemic mixture via lithiation reactions,
followed by quenching of organometallic intermediates using suitable electrophiles.
Therefore, developing new resolution procedures to access such derivatives in

enantiomerically pure form are expected to be useful in organic synthesis.
1.7 Previous methods for resolution of racemic mixtures developed in this laboratory

Several resolution procedures have been developed in this laboratory to access
important chiral amines,’ amino alcohols,” diacids’ and alcohols’’ using commercially
available resolving agents such as L-(+)-tartaric acid, chiral O,0’-dibenzoyltartaric acid
(DBTA) and L-proline. Methods have also been developed for the resolution of an axially

chiral bi-2-naphthol (Chart 8).7

Chart 8

z

O precipitate ———>  (15,25)-177 Ref. 74b
0, 0,
L-(-)-dibenzoyltartaric acid 58 70%. 28% ee

C[,D acetone, 12 h L
(£)-177 filtrate —— (1R,2R)-177

22%, 77% ee

—_—
precipitate —>  (2S5,35)-178 Ref. 74c & 74d
0,
(+)-Tartaric acid 179 ’7 99% ee

HN or

~— L-(-)-dibenzoyltartaric acid 58 L

()-178 fitrate =~ ———  (2R,3R)-178
Ar = Ph, 1-naphthyl 15% ee or 50% ee

OMe 25°C,12h

O precipiate (15,25)-180 Ref. 75a
9t s |

(+)-180 filtrate (1R,2R)-180

50%, 72% ee
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Chart 8 cont...

Introduction

‘ /3 precipitate —— > (S)-(+)-182
N 0, 0,
L-(+)-Tartaric acid 179 40%, 98% ee
OO OH CH2Cly, 6 h
filtrate —>  (R)«(-)-182
(¥)-182 55%, 75% ee
—— precipitate —> (25,35)-183
Ph Ph L-proline 184 24%, 68% ee
—_—
HO,C co,H CHaOH, 12h
(£)-183 — filtrate =~ ——>  (2R,3R)-183
64%, 17% ee
— precipitate —> (2R,3R)-185
Ph Ph L-proline 184, B(OH); 37%, 98% ee
HOHzc: ;CH20H benzene, reflux, 12 h
(+)-185 — filtrate E—— (25,35)-185
53%, 57% ee
OO precipitate —> S-(-)-181
OH L-proline 184 ’/ 43%, 65% ee

benzene, reflux, 12 h L

filtrate
()-181
H";<CH3 B(OH)3/CH3CN
Ph” “NH,
186 reflux, 12 h
precipitate filtrate
CH4CN THF
reflux, 6 h reflux, 6 h
S-(-)-181 S-(-)-181 R-(+)-181 R-(+)-181

35%, 99% ee 2%, 62% ee

L,
ses

(£)-181

* B(OH);

26%, 99% ee 15%, 10% ee

QLD
Cr”

182

CH3CN, 25°C,6 h L

filtrate

> R(+)-181
51%, 44% ee

S-(-)-181

precipitate —>
’7 30%, 90% ee

——=  R(+)181

60%, 43% ee

Ref. 75¢

Ref. 76

Ref. 77

Ref. 78

Ref. 75¢

We have undertaken efforts to readily access the chiral tetrasubstituted Troger base

derivatives. The results are discussed in the next section.
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2. Results and Discussion

2.1 Resolution of dimethyl Tréger base: (£)-2,4,8,10-tetramethyl-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocine 64

Previously, methods have been developed in this laboratory for the resolution of TB
32a and 32b using commercially available dibenzoyl-L-tartaric acid (DBTA) as a resolving
agent.'® Whereas TB 32a forms hydrogen bonded complex with dibenzoyl-L-tartaric acid, the
corresponding methoxy Troger base derivative 32b forms a salt. More recently, Jameson et
al.” reported a general method for the resolution of para-substituted TB derivatives via
crystallization-induced asymmetric transformation (CIAT) by heating TB derivatives with

DBTA in dichloroethane (Scheme 30).

Scheme 30
——— (R,R)-(-)-32
91-99% ee
N R
m/ (R.R)- (-)-0,0-DBTA 58
R acetone, 25°C,12h
N
(€3]
32aR = CHj (+)-0,0'-DBTA 58
32b R = OCHjs > (S,\S)(+)32 —— > (S,5)-(+)-32
30-41% ee 96-99% ee

(+)-0,0"-DBTA 58

(S,5)-(-)-32
CICH,CH,CI, 98-99% ce
NWR reflux
BOQ
(*)
32 (-)-0,0"-DBTA 58
R = CHg, OCHg, |, Br, CI, (R,R)-(+)-32
CICH,CH,CI,

reflux 98-99% ee

As outlined in the introductory section, most of the methods of resolution reported are
for the para-substituted Troger base derivatives. Although, HPLC resolution methods for
ortho-substituted derivatives were reported, it would be difficult to obtain the isomers in
larger quantities following the HPLC method. The enantiomers of TB 187 were separated by
manual separation of racemic conglomerate in 20 mg scale but such methods cannot be

generalized for other derivatives (Figure 11).%
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CHg3

&0,

(£)-187 CHs

Figure 11
The 2,4,8,10-tetramethyl substituted Troger base derivative (+)-64 is easily accessed
by the reaction of the corresponding aniline derivative with paraformaldehyde in the presence

of AICI; following a procedure reported previously (Scheme 31).8t

Scheme 31
NH,
AICI; N
+  (CH20), - = w
25°C,12h N
CH,Cl,
33f (£)-64

We examined the resolution of the Troger base compound (%)-64 using dibenzoyl-L-
tartaric acid as a resolving agent in acetone following a procedure previously reported for
Troger base and methoxy Troger base,® but we did not observe the formation of a salt.
Unlike the parent Troger base, compound 64 has a sterically hindered ortho-methyl group
with respect to the bridgehead nitrogen atoms. Previously, the resolution of a relatively
hindered racemic 2,3-diphenylpiperazine derivative was reported using camphorsulfonic acid
in CH2Cl, (Scheme 32).82 Therefore, it was thought that the use of a stronger acid such as

camphorsulfonic acid would facilitate the resolution.

Scheme 32
HaC__CH;
— (R,R)-(+)-178
Ar Ar
$ HO3S 34 0] 98% ee
HN NH CH,Cly, 24 h
— (S,8)-(-)-178

73% ee
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Accordingly, we have carried out the resolution in CH2Cl> and other solvents such as
acetone and THF. However, the expected diastereomeric salt could not be separated in this
run. Therefore, we turned our attention toward the use of less polar solvents. Fortunately, the
salt is formed which can be also fractionated in toluene (Scheme 33). The results are
summarized in Table 1. Optimum results were obtained using 2 equiv. of resolving agent in
toluene (Table 1, entry 3). The volume of the solvent plays a crucial role in this resolution
(Table 1, entries 1-3). The work-up of precipitate fraction using 2M ag Na.COs gave the
(S,S)-isomer with 99% ee and the (R,R)-isomer was obtained in 80% ee from the filtrate
fraction. This resolution method is also applicable on a 20 mmol scale and the Troger base
compound (S,S)-64 was obtained with 95% ee in this run (Table 1, entry 4). One
crystallization of this (S,S)-64 sample with 95% ee from hexane gave the sample of (S,S)-64
with >99% ee. The (R,R)-isomer sample with 80% ee was enriched to 99% ee using 2 equiv.

of (—)-camphorsulfonic acid in toluene at 25 °C (Table 1, entry 5).

Scheme 33
. 2M Na,CO3
precipitate (S,S)-(+)-64
H3C CH,3 > )
CH2Cl, 99% ee
CHs
N
CHs o)
H3C N toluene, 25 °C , 6 h H3C CH;
CH3
()-64
(0]
2M NayCO3 (-)-34 ~SO3H

————————> (RR)-()64 — » (RR)(-)-64

CH,Cl, 80% ee 99% ee

filtrate
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Table 1. Resolution of 2,4,8,10-tetramethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine (x)-64 using (+)-camphorsulfonic acid 34.

Troger base obtained from

precipitate filtrate

entry  (x)-64 acid toluene fraction fraction
mmol 34 (mL) %ee?/ yield® %ee  yield®
(%ee)  mmol conf (%) conf (%)
1 5 (00) 10 60 63 (S,S) 55 79 (R,R) 40
2 5 (00) 10 80 92(S,S) 49 85 (R,R) 48
3 5 (00) 10 100 99 (S,9) 45 80 (R,R) 49
4 20 (00) 40 400 95 (S,S) 46 81 (R,R) 48
5° 5 (80) 10 40 99 (R,R) 77 67 (R,R) 17

aEnantiomeric purities are based on the HPLC analysis by using Chiralcel-OJ-H column. ®Yields are of

isolated Troger base. ¢(—)-Camphorsulfonic acid was used as a resolving agent.

Single crystals suitable for X-ray analysis were obtained by recrystallization of the

precipitated diastereomeric salt 188[(+)-camphorsulfonic acids(+)-64] from toluene. The X-

ray structural analysis of salt 188 revealed that it was an 1:2 complex of the Troger base

compound 64 and (+)-camphorsulfonic acid. The asymmetric unit of the crystal structure

contains two molecules of Troger base, four molecules of camphorsulfonic acid and two

water molecules (Figure 13). Interestingly, only one molecule of the camphorsulfonic acid is

involved in the salt formation while the other camphorsulfonic acid is involved in the

hydrogen bonding with water molecules through OH and C=0O groups. Due to hydrogen

bonding interactions, Tréger base compound 64 and camphorsulfonic acid are packed as a

linear chain (Figure 14). The bond lengths between bridgehead nitrogens and the methylene

bridge of Troger base in the salt are Ns-C13 = 1.518 A and N11-C13 = 1.419 A, indicating that
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the proton transfer from (+)-camphorsulfonic acid to one of the Trdger base nitrogens and the
other nitrogen is not involved in the salt formation (Figure 12). The bond lengths for the SOz
and SOsH groups are S1-O1 = 1.457 A, S1-0, = 1.465 A, S1-O3 = 1.437 A, S5-012 = 1.427, Ss-
O13 = 1.418 and S3-O14 = 1.536 A (Table 2). The configurations of stereogenic nitrogen

centers of (+)-64 were determined as (5S,11S) by single crystal X-ray analysis (Figure 12).

Figure 12. ORTEP representation of 188 (Thermal ellipsoids are drawn at 50% probability).
Table 2. Selected Bond lengths [A] for 188.

N(5)-C(13) 1.518(5)
N(11)-C(13) 1.419(5)
S(1)-0(3) 1.437(4)
S(1)-0(1) 1.457(3)
S(1)-0(2) 1.465(3)
S(3)-0(13) 1.418(3)
S(3)-0(12) 1.427(3)
*S(3)-0(11) 1.536(3)

* S-OH bond length
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Figure 13. ORTEP representation of the asymmetric unit of the crystal structure of

diastereomeric salt 188 (Thermal ellipsoids are drawn at 50% probability.

Figure 14. Packing diagram of 188, indicates the hydrogen bonding interactions.
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Table 3. Crystal data and structure refinement for 188.

Identification code 188

Empirical formula C39 Hss N2Og Sz

Formula weight 760.98

Temperature 293(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group pl

Unit cell dimensions a=8.1082(5) A a= 82.616(6)°.
b =10.4833(8) A B=82.762(6)°.
¢ =23.0502(18) A v = 89.988(6)°.

Volume 1927.3(2) A3

z 2

Density (calculated) 1.311 Mg/m3

Absorption coefficient 1.719 mm-1

F(000) 816

Crystal size 0.36 x 0.24 x 0.12 mm3

Theta range for data collection 3.90 to 65.09°.

Index ranges -8<=h<=9, -12<=k<=12, -24<=1<=27

Reflections collected 11196

Independent reflections 7587 [R(int) = 0.0184]

Completeness to theta = 65.09° 98.2 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8203 and 0.5766

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7587 /31969

Goodness-of-fit on F2 1.032

Final R indices [I>2sigma(l)] R1=0.0412, wR2 =0.1093

R indices (all data) R1=0.0437, wR2 = 0.1120

Absolute structure parameter 0.019(13)

Largest diff. peak and hole 0.263 and -0.291 e.A-3
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2.2 Resolution of dibromo Troger base: (x)-2,8-dibromo-4,10-dimethyl-6H,12H-5,11-
methanodibenzol[b,f][1,5]diazocine 65

Lutzen and co-workers® reported attempts to resolve TB 72 and the corresponding
bromo derivative 65 under various conditions using DBTA, DTTA or CSA as a chiral
resolving agent but these attempts were not successful. However, they reported the
preparation of the diastereomeric mixture 191 and 192 by Ullmann cross-coupling and
separation of the diastereomers by a HPLC method (Scheme 34).

©Ao¢®?°f©

N | l cul 191
w OH CS,C03
+ +
| ?i;/ 1,10-phenanthroline 190 j)i)
toluene, 110 °C /@Q o]
72 189 “
©/LO ?@/

It was of interest to examine the efficacy of our method for the resolution of

structurally similar derivatives such as dibromo-dimethyl Troger base compound 65 since
such derivatives could be readily functionalized following reported methods. We selected the
bromo Trdger base compounds (+)-65 and (%)-66 for our studies since these Troger base
derivatives can be readily accessed by condensation of the corresponding substituted anilines

and paraformaldehyde in the presence of trifluoroacetic acid (Scheme 35).84

Scheme 35

NH,

R2
N
Ra TFA Ri
+ (CHO0)y, —— »
R N
R2

R4
R1 = Br, Ry = CH, 65

33 R; = CH3, R, = Br 66
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We observed that the racemic mixture (£)-65 could be resolved using 2 equiv. of (+)-
camphorsulfonic acid in toluene (Scheme 36). The results are summarized in Table 4.
Reaction of the isolated salt with aqueous Na,COs3 gave the (S,S)-isomer with 95% ee, and
the (R,R)-isomer was obtained with 96% ee from the filtrate fraction (Table 4, entry 1).
Similar treatment of the crystals of 193 [(+)-camphorsulfonic acide(+)-65] obtained from
CH:Cl> gave (S,5)-65 with 98% ee. Thus, both isomers were obtained in enantiomerically
pure form (Table 4). We also observed that the (R,R)-enantiomer was isolated in
enantiomerically pure form from the filtrate fraction in all experiments, and the (S,S)-isomer

was obtained in 82-95% ee from the precipitate fraction (Table 4, entry1-4).

Scheme 36
HsC__CH,
precipitate 2M Na,COs
. (S,5)-(+)-65
CHa N 2 95% ee
Br
(e}
Br N toluene, 25 °C, 6 h
(+)-65 CHs
filtrate 2M NayCO3
(R,R)-(-)-65
CHCl, 96% ee

Table 4. Resolution of 2,8-dibromo-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine (x)-65 using (+)-camphorsulfonic acid.

Troger base obtained from

precipitate filtrate

entry (£)-65  acid toluene fraction fraction

mmol 34 (mL) %ee?/  vyieldP %ee?/ yieldP
(Y%oee) mmol conf (%) conf (%)
1 5 (00) 10 100 95 (S,S) 48 96 (R,R) 49
2 5 (00) 10 80 92(S,S) 49 96 (R,R) 48
3 5 (00) 10 60 92(S,S) 45 97 (R,R) 49
4 5 (00) 10 40 82 (S,S) 52 97 (R,R) 42

aEnantiomeric purities are based on the HPLC analysis by using Chiralcel-OJ-H column. Yields are of isolated
Troger base.
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The 'H NMR spectra and single crystal X-ray structural analysis of the salt 193
revealed that it was a 1:2 complex. Bond length differences (Ns-C13 = 1.519 A, and N1;-C13 =
1.435 A) were also observed between bridgehead nitrogens and methylene bridge in the salt
193 as in the case of 188. Also, SOs™ and SOsH groups are present in the crystal structure
(Table 5, Figure 16, 17). The configurations at the stereogenic nitrogen centers were assigned

as (5S,115S) for the (+)-isomer by single crystal X-ray analysis (Figure 15).

&C19 ' 7‘\3
C1 Br2

NeQ)es

+\

H CHs
CHs

038
CH3

(0]
193

Figure 15. ORTEP representation of 193 (Thermal ellipsoids are drawn at 50% probability).
Table 5. Selected Bond lengths [A] for 193.

N(5)-C(13) 1.519(5)
N(11)-C(13) 1.435(5)
S(1)-0(1) 1.478(3)
S(1)-0(2) 1.472(3)
S(1)-0(3) 1.447(3)
S(3)-0(15) 1.431(3)
S(3)-0(13) 1.439(3)
*S(3)-0(14) 1.530(3)

*S-OH bond length
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Figure 16. ORTEP representation of the asymmetric unit of the crystal structure of
diastereomeric salt 193 (Thermal ellipsoids are drawn at 50% probability).

Figure 17. Packing diagram of 193, indicates the hydrogen bonding interactions
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Table 6. Crystal data and structure refinement for 193.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 71.62°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

193
C74HogBrsN4O18S4
1779.44

100(2) K
0.71073 A
Triclinic

P1

a=7.9994(3) A
b =10.3222(5) A
¢ =23.2240(9) A
1884.47(14) A3
1

1.568 Mg/m3

2.319 mm-1
918

0.30 x 0.24 x 0.20 mm3
2.50 to 30.36°.

-11<=h<=11, -14<=k<=14, -32<=1<=32

37013

19243 [R(int) = 0.0513]

99.9 %

Semi-empirical from equivalents
0.6541 and 0.5429

Full-matrix least-squares on F2
19243 /6 /955
1.048

R1 =0.0521, wR2 = 0.1038
R1 =0.0611, wR2 = 0.1097
0.001(5)

1.300 and -0.636 e.A-3

o= 82.673(4)°.
B=82.277(3)".
v = 89.954(4)°.
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2.3 Resolution of 4,10-dibromo Troger base: (x)-4,10-dibromo-2,8-dimethyl-6H,12H-
5,11-methanodibenzo[b,f][1,5]diazocine 66

Previously, the chiral 2,8-dimethyl-4,10-dibromo derivative 66 was synthesized by a
multi-step process involving bromination of disulfoxide 195 using PhLi and 1,2-dibromo-

1,1,2,2-tetrafluoroethane 197 in dry THF in a crucial step (Scheme 37).%

Scheme 37

We carried out the resolution of (£)-66 under the experimental conditions followed
for the resolution of the Troger base derivatives (+)-64 and (x)-65 (Scheme 38). In these runs,
only the camphorsulfonic acid precipitated out along with trace amounts of Trdger base.
Fortunately, use of 1 equiv. of (+)-camphorsulfonic acid in toluene fractionated the salts
formed. The results are summarized in Table 7. The (S,S)-isomer could be isolated in 99% ee
from the precipitate fraction and the (R,R)-isomer was obtained with 41% ee from the filtrate
fraction (Table 7, entry 2). The (R,R)-isomer sample of 41% ee was enriched to 96% ee using
1 equiv of (—)-camphorsulfonic acid in toluene. The 1:1 composition of the complex 198 [(+)-
camphorsulfonic acide(—)-66] was confirmed by NMR analysis. The crystals suitable for X-

ray analysis could not be obtained for this salt by recrystallization using various solvents.
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However, we obtained the crystals of enantiomerically pure (-)-66 by crystallization of the

salt 198 using EtOH as solvent (Figure 18).

Br

Scheme 38 m s
HaC N

H Br
HsC; ECH3
A (6]
055" g8
HsC__CHs
precipitate 2M Na,CO
———» 198 —————— = (5,5)(-)}66
Br CHACl 99% ee
N o}
CH
\W 3 HO3S (+)-34
HsC N toluene, 25 °C, 12 h
Br
(+)-66 filtrate 2M Na,CO3 (-)-34
(R,R)-(+)-66 ———— (R,R)-(+)-66
CHCl 41% ee 96% ee

Table 7.Resolution of 4,10-dibromo-2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine (x)-66 using (+)-camphorsulfonic acid.

Troger base obtained from

precipitate filtrate
entry (x)-66 acid  toluene fraction fraction
mmol 34 (mL) Yee?d/ yield® %ee?/  yieldP

(%oee)  mmol conf (%) conf (%)
1 5 (00) 5 20 99 (S,S) 21 24 (R,R) 78
2 5 (00) 5 15 99(S,9) 29 41 (R,R) 68
3 5(00) 5 15 95(S,S) 28 38 (R,R) 70
4 10 (00) 10 50 96 (S,S) 26 31 (R,R) 73
5d 5 (41) 5 15 9% (RR) 25 10 (R,R) 71

3Enantiomeric purities are based on the HPLC analysis by using chiralcel-OJ-H column. ®Yields are of
isolated Troger base. “Resolution was carried out for 6 h. ¢(-)-Camphorsulfonic acid was used as a resolving
agent.
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The presence of bromo groups in (—)-66 is useful for further functionalization. Thus,
we converted the bromo group to an aldehyde via a lithiation reaction. The resulting aldehyde
was condensed with chiral amine 186 under sonication in the presence of silica gel to obtain
the imine derivative, which upon reduction with sodium borohydride gave chiral amine 200
in 91% yield (Scheme 39). Recrystallization of the amine 200 from acetone gave crystals
suitable for single crystal X-ray structural analysis. The configurations of nitrogen centers of

(-)-66 were determined as (5S,11S) by single crystal X-ray analysis (Figure 19).

Scheme 39
9“3 “
CH
* n-BULIDMF 3 ( )186
Slllca gel
toluene THF Sonication HsC
30:1 2. NaBHg4

65% y

(-)-199 W
91%y
(-)-200

The R-(+)-a-methylbenzylamine was also used in the condensation reaction to obtain

the corresponding chiral derivative 201 in 87% yield (Scheme 40).

Scheme 40

C=:H3 HSC//,,,K©
N N
CHs (+)-186 CHs

HsC N Silica gel HsC N
Sonication

0™ H 2. NaBH, HN

(-)-199
“CHs

87%y
(-)-201
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Figure 19. ORTEP representation of (—)-200 (Thermal ellipsoids are drawn at 50% probability).
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Table 8. Crystal data and structure refinement for 66

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 71.40°
Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

66
C17 His Bra N2

408.14

293(2) K

1.54184 A

Monoclinic

P21

a=7.7330(2) A o= 90°.
b=8.4737(3) A
c=12.1573(3) A y=90°.
792.32(4) A3

2

1.711 Mg/m3

6.433 mm-1
404

0.36 x 0.24 x 0.12 mm3

3.66 to 71.40°.

-4<=h<=9, -8<=k<=10, -14<=I<=14
2819

2120 [R(int) = 0.0287]

98.0 %

1.00000 and 0.37637

Full-matrix least-squares on F2
2120/1/193

1.080

R1=0.0447, wR2 =0.1176
R1 =0.0449, wR2 =0.1180
0.01(3)

0.066(3)

0.547 and -0.685 e.A-3

B= 95.968(2)°.

45
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Table 9. Crystal data and structure refinement for 200.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 71.57°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

200
Css Hao N4

516.71

298(2) K

1.54184 A

Monoclinic

C2

a=18.660(4) A o= 90°.
b =5.3434(4) A
c = 16.5853(19) A v =90°.
1445.9(4) A3

2

1.187 Mg/m3

0.535 mm-1
556

0.22 x 0.20 x 0.18 mm3

3.05t0 71.57°.

-20<=h<=22, -6<=k<=2, -20<=I<=15
2656

1702 [R(int) = 0.0160]

96.5 %

Full-matrix least-squares on F2
1702/1/179

1.043

R1 = 0.0459, wR2 = 0.1280
R1 = 0.0499, wR2 = 0.1320
-0.2(9)

0.258 and -0.220 e.A-3

B=119.033(10)°.
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2.4 Resolution of dimethoxy Troger base: (z)-4,10-dimethoxy-2,8-dimethyl-6H,12H-
5,11-methanodibenzol[b,f][1,5]diazocine 204.

We envisaged that Troger base 203 is structurally similar to other ortho-substituted
derivatives (Scheme 36) resolvable using camphorsulfonic acid. Accordingly, we have

prepared the compound 203 by following a reported procedure (Scheme 41).8°

o
N
B
O~ TFA r
+  (CH0)n —_—
25°C, 48 h Br N
O\
203

202

Scheme 41

We carried out the resolution of compound 203 under the standard condition using

CSA or DBTA. However, the expected salt was not formed in all these runs (Scheme 42).

Scheme 42
o
N Br
CSA 34 or DBTA 58
no resolution occurred
toluene or
Br N acetone
(0]
203 ~

To understand further, we prepared the ortho-methoxy derivative 204 via a lithiation
reaction followed by quenching with iodomethane. The Troger base derivatives 204 and 205

were obtained in 53 and 14% yield respectively (Scheme 43).

Scheme 43
o , o e
/@Q Br 1. n-BuLi N N Br
W toluene:THF, 30:1 w + W;/
B 2. CHsl
' N o -78°C,1h N o N o)
~ ~ ~
(£)-203 (+)-204 (£)-205

53%y 14% y

Initially, we carried out the resolution of Troger base 204 using CSA as a chiral acid
in toluene. Treatment of the isolated precipitate with ag Na2COz gave only a racemic mixture

in this run.



48 Results and discussion

Scheme 44
. 2M Na,CO
precipitate 2 3, (R,R)-(+)-204
~o CHaClp 99% ee
N
w (-)-0,0"-DBTA 58
N acetone, 25 °C, 12 h
()204 O~
2M Na,CO3 (+)-0,0"-DBTA 58
filtrate —————> (S,S)-(-)-204 (S,S)-(-)-204
CH,Cl 52% ee 98% ee

Previously, it was reported that the para-methoxy derivative forms a salt with
dibenzoyl-L-tartaric acid, while the parent Troger base forms only hydrogen bonded
aggregates.’® Troger base compound 204 is expected to be a strong base compared to other
ortho-substituted derivatives resolved using CSA as a chiral resolving agent. Therefore, it
was thought that a weak acid such as DBTA 58 could also be used as a chiral resolving agent
(Scheme 44). Accordingly, we carried out the resolution studies in acetone. The results are
summarized in Table 10. Treatment of the salts obtained using 1:1 ratio of base and chiral
acid with ag Na.COz gave the (R,R)-isomer with 92% ee. The (S,S)-isomer was obtained with
59% ee from the filtrate fraction (Table 10, entry 1). Optimum results were obtained using
the base and chiral acid in 1:2 ratio (Table 10, entry 2). In this case, the (R,R)-isomer was
obtained with 99% ee from precipitate fraction and the (S,S)-isomer with 52% ee was
obtained from the filtrate fraction. Further, resolution using 3 equiv. of resolving agent also
gave similar results (Table 10, entry 3). The (S,S)-isomer with 52% ee was readily enriched
to obtain samples with 98% ee by repeating the resolution procedure using (+)-DBTA.

The *H NMR analysis of diastereomeric salt revealed that it is an 1:1 complex of
Troger base 204 and (-)-DBTA 58. Crystallization of diastereomeric salt 206[(-)-DBTA«(+)-
204] from ethyl acetate gave crystals suitable for the X-ray diffraction analysis. The crystal
structure analysis confirmed that the salt is a 1:1 complex and the asymmetric unit contains

one molecule of ortho-methoxy Trdger base 204 and dibenzoyl-L-tartaric acid 58. The
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ORTEP diagram is shown in Figure 20. It clearly shows proton transfer from (-)-DBTA to
Troger base 204. The configurations of the stereogenic nitrogen centers of (+)-204 were
determined as 5R,11R by single crystal X-ray analysis (Figure 20).

Table 10. Resolution of Troger base (£)-204 using O,0 -dibenzoyl-L-tartaric acid

Troger base obtained from

precipitate filtrate

entry  (x)-204 acid acetone fraction fraction
mmol 58 (mL) Yoee?/ yield® %ee?  yield®
(% ee) mmol config (%) config (%)
1 2 (00) 2 15 92 R,R) 34 59 (S,S) 63
2 2 (00) 4 25 99 (R,R) 32 52 (S,S) 66
3 2 (00) 6 25 95 (R,R) 36 56 (S,S) 59
4° 2 (52) 4 25 98 (S,S) 34 22 (R,R) 62

3Enantiomeric purities are based on the HPLC analysis by using Chiral-OJ-H column. *Yields are of isolated
Troger base. ¢(+)- Dibenzoyl-L-tartaric acid was used as resolving agent.

Table 11. Selected Bond lengths [A] for 206.

N(5)-C(13) 1.400(6)
N(11)-C(13) 1.504(6)
0(1)-C(30) 1.215(6)
0(2)-C(30) 1.284(6)
0(3)-C(32) 1.215(5)
*0(4)-C(32) 1.284(5)

*C-OH bond length
The selected bond lengths are given in Table 11. The diastereomeric salt 206
formation resulted in the bond lengths difference (Ns-Ci3 = 1.406 and N11-Ci3 = 1.504 A)
between bridgehead nitrogens and methylene bridge of Troger base compound 204. The bond
lengths of carboxylic acid and carboxylate groups are also given in Table 11. Troger base and
dibenzoyl-L-tartaric acid were packed as a linear chain (Figure 21) because of the strong O-

H---O and N-H---O hydrogen bonding interactions (N-H---O, 2.564 A, 146°; O-H---0, 2.534
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A, 167°). It is of interest to note that whereas the ortho-substituted derivative and chiral acid
are packed as a linear chain in the diastereomeric salt, the para-substituted derivative and

DBTA were packed as a helix in the diastereomeric salt (Figure 21).2°

PhOCO

C20

H

Figure 21. Packing diagram of 206, indicates the hydrogen bonding interactions
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Table 12. Crystal data and structure refinement for 206.

Identification code 206

Empirical formula Cs7Hss N2 O10

Formula weight 668.68

Temperature 293(2) K

Wavelength 1.54184 A

Crystal system Orthorhombic

Space group P21212

Unit cell dimensions a=23.8296(9) A a=90°,
b =21.2588(9) A B=90°.
c=7.8763(3) A y=90°.

Volume 3990.0(3) A3

Z 4

Density (calculated) 1.113 Mg/m3

Absorption coefficient 0.675 mm-1

F(000) 1408

Crystal size 0.36 x 0.24 x 0.12 mm3

Theta range for data collection 2.791t0 71.74°,

Index ranges -29<=h<=28, -26<=k<=24, -9<=|<=7

Reflections collected 9407

Independent reflections 6283 [R(int) = 0.0788]

Completeness to theta = 71.74° 97.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6283 /0 /446

Goodness-of-fit on F2 0.919

Final R indices [I>2sigma(l)] R1=0.0703, wR2 = 0.1696

R indices (all data) R1 =0.1002, wR2 = 0.1938

Absolute structure parameter -0.1(3)

Largest diff. peak and hole 0.209 and -0.201 e.A-3
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2.5 Synthesis of 5,11-substituted Troger base derivatives
2.5.1 Exchange of the methylene bridge of Troger base with dimethylformamide (DMF)

Previously, it was reported that the racemic Troger base 32a reacts with TiCls and
carbonyl compounds to give the corresponding 5,11-substituted derivatives (Scheme 45).8
Whereas use of BF3:OEt; and ZnBr in the place of TiCls were not effective in the reaction
with aromatic aldehydes, using POCIs the 5,11-substituted Troger base derivative was

obtained in moderate yields (55-68%).

Scheme 45

CICH,CH,CI,
reflux

N RCHO/RCOR N
/®®©/ TiCly /@(/k
N R¥N
32a 87

It is of interest to develop a method for the asymmetric synthesis of Trdger base
derivatives by using chiral carbonyl compounds in the methylene bridge exchange reactions.
However, we have observed that the reactions were not effective with camphor and menthone
using TiCls or POCIs. In these cases, only the starting Troger base was recovered. As

reported previously from this laboratory, we have obtained only diastereomeric mixture of

products in the reaction of chiral (S)-2-butanal 207 with Troger base 32a in the presence of

TiCls (Scheme 46).8
Scheme 46
OO - o~ = 0
p\ CICHQCHZCI 5@\ )@\
2a 207

209
It was also reported that the dimethyformamide (DMF) can be used as a carbonyl

partner in the reaction with POCI3 to obtain the corresponding 5,11-substituted product 210a

in a 63% yield (Scheme 47).8!
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Scheme 47
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We have also examined the reaction of TB with DMF in various solvents and reaction
conditions. Optimum results were obtained using CH2ClI> as solvent (Scheme 48). In addition
to the 5,11-substituted derivative 210a, the ring opened product 211 was also obtained in

small amounts (Table 13, Entry 2-9, Figure 22).

Scheme 48

H
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32a 210a 211

Table 13. Reaction of Troger base with DMF in the presence of POCIs?

Entry POCl; Solvent Yield (%)°¢ Yield (%)°¢

(equiv) 210a 211

1 1.75 DMF 63¢ 0

2 1.75 DCM 93 Trace®

3 2.0 DCM 89 Trace®

3 15 DCM 91 5

4 1.25 DCM 74 12

5 15 DCM 70 19

6 1.75 CHCI3 56 7

7 1.75 DCE 42 9

8 1.75 Toluene 52 9

9 1.75 Acetonitrile 35 11

10 1.75 MeOH of of

4Unless otherwise mentioned, all the reactions were carried out using racemic Troger base (2 mmol),
and DMF (2.1 mmol) in solvent (15 mL) at 25 °C for 1 h. PYields are for isolated products. Products
were characterized by spectral data (IR, 'H-NMR, *C-NMR). %Reaction was carried out using
Troger base (5 mmol) and POCI3 (8.75 mmol) in 5 mL of DMF (5mL) at 0 °C and then heated at 80
°C 3 h. ®Identified by *H NMR. "No reaction.
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Figure 22. ORTEP representation of the crystal structure of compound 211. (Thermal
ellipsoids are drawn at 40% probability.
We have also examined the POCIs promoted reaction of other Troger base derivatives

with DMF. The results are summarized in Table 14. The reaction of methoxy Troger base
32b and DMF with POCIs gave the corresponding 5,11-substituted derivative 210b in a 84 %
yield (Table 14, entry 2). In order to further examine the scope of this reaction, we prepared
other Troger base derivatives without any substitution at the ortho and para positions with
respect to the nitrogens (Table 14, entry 3 and 4, Figure 23). The steric effect of the ortho
substitution by a methyl group seems to decrease the yield of the product significantly (Table
14, entry 5). A tentative mechanism can be considered to rationalize this transformation

involving Vilsmeier iminium ion intermediates 212 (Scheme 49).

210d

Figure 23. ORTEP representation of crystal structure of compound 210d. (Thermal ellipsoids
are drawn at 40% probability
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Table 14. Vilsmeier-Haack type reaction of Troger base derivatives with DMF?2

Entry Substrate Product Yield (%)°¢
N N
T o ,
e
N - N O\\
. OO SR y
32b ——N\
N N
3 @&Q@ @%b 88
O 9ol
SR & o .
32d /N\
210d
o o
5 LI L "
64 ——N\

210e

aAll reactions were carried out using racemic Troger base derivatives (2 mmol), DMF (2.1 mmol) and
POCI; (3.5 mmol) in dry CH,Cl, (15 mL). ®Yields are for isolated products. “Products were characterized

by spectral data (IR, *H-NMR, **C-NMR).

Scheme 49
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Table 15. Crystal data and structure refinement for 211

Identification code 211

Empirical formula Ci7HisN2 O

Formula weight 266.33

Temperature 298(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=8.026(4) A o= 90°.
b =13.107(6) A B=90°.
c=13.859(7) A y =90°,

Volume 1457.9(12) A3

Z 4

Density (calculated) 1.213 Mg/m3

Absorption coefficient 0.076 mm-1

F(000) 568

Crystal size 0.40 x 0.30 x 0.20 mm3

Theta range for data collection 2.14 t0 26.54°,

Index ranges -10<=h<=10, -16<=k<=16, -17<=I<=17

Reflections collected 12556

Independent reflections 2965 [R(int) = 0.1326]

Completeness to theta = 26.54° 97.7 %

Max. and min. transmission 0.9849 and 0.9701

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2965/0/187

Goodness-of-fit on F2 1.011

Final R indices [I>2sigma(l)] R1=0.0788, wR2 = 0.1512

R indices (all data) R1 =0.1345, wR2 = 0.1878

Absolute structure parameter 0(4)

Largest diff. peak and hole 0.189 and -0.191 e.A-3
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Table 16. Crystal data and structure refinement for 210d.

Identification code 210d

Empirical formula Ca1 Ha7 N3

Formula weight 321.46

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=16.088(4) A a=90°.
b=9.615(3) A B=107.906(4)°.
c=24.443(6) A v =90°.

Volume 3597.8(16) A3

Z 8

Density (calculated) 1.187 Mg/m3

Absorption coefficient 0.071 mm-1

F(000) 1392

Crystal size 0.22 x 0.20 x 0.18 mm3

Theta range for data collection 1.75to 25.97°.

Index ranges -19<=h<=19, -11<=k<=11, -29<=1<=30

Reflections collected 17958

Independent reflections 3531 [R(int) = 0.0314]

Completeness to theta = 25.97° 99.8 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3531/0/217

Goodness-of-fit on F2 1.375

Final R indices [1>2sigma(l)] R1 =0.0885, wR2 = 0.2999

R indices (all data) R1 =0.0954, wR2 = 0.3133

Largest diff. peak and hole 0.425 and -0.284 e.A-3
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2.5.2 Diastereoselective synthesis of Troger base derivatives

We have envisaged the possibility of diastereoselective synthesis of Troger base

derivatives using the chiral formamide 213 instead of dimethyl formamide.

Scheme 50
N Ph ';h
Qo A = 00g. - el
CHyCly, 12 h
N H/go 2Cl,

aPh "(Ph

32a 213 214a 214b
major minor

Table 17 Reaction of Troger base with (S,S)-N,N-bis(a-methylbenzyl)formamide
213 in the presence of POCI3?

Entry Solvent Temperature (°C) Yield(%)P¢ dr (%)°

1 DCM 25 75 75:25
2 CHCls 25 40 75:25
3 Toluene 25 38 75:25
4 DCE 25 47 75:25
5 CH3CN 25 23 75:25
6 DCM 0 32 75:25
7 DCM -10 trace® -

2All reactions were carried out using racemic Troger base 32a (2 mmol) and (S,S)-N,N-bis(a-
methylbenzyl)foramide 213 (2.1 mmol) and POClI; (3.5 mmol) in 15 mL DCM for 12 h. ®Yields are
of isolated products. ‘Products were characterized by spectral data (IR, *H NMR, 3C NMR).
dDiastereomeric ratios were estimated from *H NMR (400 MHz) data. Diastereomeric ratios 77:23
were also estimated by HPLC using chiral cell phenomenex cellulose-1 column. édr not estimated.

Thus, we have examined the reaction of rac-32a and (S,S)-N,N-bis(a-methylbenzyl)
formamide 213 as formyl partner in the presence of POCI3 at 25 °C. In this reaction, the
corresponding 5,11-substituted Troger base derivative was obtained in 75% yield (Scheme
50). The *H NMR spectrum of the product showed that the product was a diastereomeric
mixture in the ratio 75:25. The reaction was carried out using various solvents. Optimum
results were obtained in dichloromethane solvent (Table 17, entry 1). Lowering the

temperature to 0 °C did not improve the selectivity of the Troger base formed (Table 17,
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entry 6). Further, lowering of the temperature to -10 °C gave only a trace amount of the
desired product (Table 17, entry 7). However, the diastereomers obtained could not be
separated by chromatography or crystallization.

Table 18. Diastereoselective synthesis of various 5, 11-substituted methano bridged Troger
base derivatives®

Entry Substrate Products Yield dr
(%) (%)’

N
———{ Ph

1 mvij Cgig C(j\% 75 7525

Ph Ph
214a 214b

2 \om,\j NA% o~ §©\0/
32b JN -

N 66 75:25
N
g —/ 4<Ph
Ph Ph
215a 215b
N N N
. oo oo oo
o J;%Ph 4,N4ph 68 75:25
Ph Ph
216a 216b
N N N
4 K
N N N~~“\ 52  58:42
32d N N
—/ -/
P Ph : Ph
Ph Ph
217a 217b

N
: )é@
Q;j/ No reaction - - -

64

aAll reactions were carried out using racemic Troger base derivatives (2 mmol) and (S,S)-N,N-bis(a-
methylbenzyl)foramide 213 (2.1 mmol) and POCl; (3.5 mmol) in 15 mL DCM at 25 °C for 12 h. Yields are of
isolated products. Products were characterized by spectral data (IR, *H NMR, 3C NMR). YDiastereomeric ratios
were estimated from *H NMR (400 MHz) data. Diastereomeric ratios were also estimated for 214 (77:23), 215
(77:23), and 217 (60:40) by HPLC using chiralcel phenomenex cellulose-1 column.

We have also examined the POCIz promoted reaction of other Trdger base derivatives
with (S,S)-N,N-bis(a-methylbenzyl)formamide. The results are summarized in Table 18. The

reaction of Troger base derivative 32c and (S,S)-N,N-bis(a-methylbenzyl)formamide 213
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with POCIz gave the corresponding 5,11-substituted derivative 216 in 68% vyield with a
diastereomeric ratio of 75:25 (Table 18, entry 3). In this case, the diastereomeric mixture
could not be isolated in pure form by column chromatography. However, crystallization of
the product mixture 216 from acetone solvent gave the major diastereomer 216a in pure form
with a 51% yield. The Troger base derivative 32d gave the corresponding 5,11-substituted
product 217 in a 52% vyield with a diastereomeric ratio of 58:42 (Table 18, entry 4). In this
case, the major diastereomer 217a was also isolated in pure form with a 50% chemical yield

by crystallization of product mixture 217 from acetone solvent.

X-ray structural analysis of a single crystal 216a and 217a revealed that the product
was 5,11-substituted derivative with (R,R) configuration at the newly formed stereogenic
nitrogen centers. The ORTEP diagrams for the major products are given in Figure 24 and
Figure 25. The reaction of Troger base derivative 64 with (S,S)-N,N-bis(a-
methylbenzyl)formamide did not give the desired 5,11-substituted product (Table 18, entry 5)
and the starting materials were recovered under the reaction conditions. Presumably, the

ortho and meta methyl substituents greatly hinder this reaction.

216a

Figure 24. ORTEP representation of the crystal structure of compound 216a (Thermal
ellipsoids are drawn at 35% probability and all the hydrogen atoms are removed for clarity).
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Table 19. Crystal data and structure refinement for 216a.

61

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.99°
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

216a

Cs1 Hat N3

445,59

293(2) K

0.71073 A

Monoclinic

P21

a=11.5992(8) A a=90°.
b =8.7862(5) A
c=12.5573(9) A y=90°.
1237.43(14) A3

2

1.196 Mg/m3

0.070 mm-1
476

0.22 x 0.20 x 0.18 mm3
2.77 t0 28.99°.

B=104.776(7)°.

-12<=h<=15, -10<=k<=10, -12<=I<=16

5455

4489 [R(int) = 0.0160]

84.9 %

Full-matrix least-squares on F2
4489 /1 /309

1.034

R1=0.0451, wR2 = 0.0990
R1 = 0.0560, wR2 = 0.1075
-4(2)

0.131 and -0.198 e.A-3
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Figure 25. ORTEP representation of the crystal structure of compound 217a (Thermal
ellipsoids are drawn at 35% probability and all the hydrogen atoms are removed for clarity).

Asymmetric induction in the formation of the major product in the diastereoselective
synthesis of Troger base derivatives can be rationalized as outlined in Scheme 51. The
reaction of racemic Troger base 32a with (S,S)-N,N-bis(a-methylbenzyl)formamide in the
presence of POCIs would lead to iminium ion intermediates, which are expected to be in
equilibrium (Scheme 51). Invariant of the diastereomeric ratio (75:25) for unhindered

substrates 32a, 32b and 31c) would suggest thermodynamic control of the reaction.

Scheme 51
Cl__Cl
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Table 20. Crystal data and structure refinement for 217a.

Identification code 217a

Empirical formula Cs5 H3a N3

Formula weight 501.69

Temperature 273(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=9.3077(10) A a= 90°.
b = 14.8229(16) A B=90°.
c =20.866(2) A y = 90°.

Volume 2878.9(5) A3

Z 4

Density (calculated) 1.158 Mg/m3

Absorption coefficient 0.067 mm-1

F(000) 1080

Crystal size 0.22 x 0.20 x 0.18 mm3

Theta range for data collection 1.69 to 25.00°.

Index ranges -11<=h<=11, -17<=k<=17, -24<=|<=24

Reflections collected 27239

Independent reflections 5069 [R(int) = 0.0700]

Completeness to theta = 25.00° 100.0 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5069/0/349

Goodness-of-fit on F2 1.360

Final R indices [I>2sigma(l)] R1=0.1079, wR2 =0.2121

R indices (all data) R1=0.1172, wR2 = 0.2166

Absolute structure parameter -1(6)

Largest diff. peak and hole 0.306 and -0.199 e.A-3
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During the preparation of a manuscript of this work, reports have appeared describing
POCI; promoted exchange reaction of the methano bridge using achiral amides.®® However,
the methods described in our paper and here are generally applicable for aldehydes, ketones
and amides. In addition, we have also devised a method for the diastereoselective synthesis of
Troger base derivatives using (S,S)-N,N-bis(a-methylbenzyl)formamide as carbonyl group

partner.

Later, Cvengros et al.>* reported a diastereoselective double aza-Michael conjugate
addition of the cyclic secondary amine 106 to system containing chiral oxazolidinone as a
chiral auxiliary to obtain a product 44 with up to 73:27 selectivity (Scheme 52). The

diastereoselectivity observed in this reaction is similar to that realized in our methods (75:25).

% o

o
/&o

Scheme 52

o) N
e —
\\( 0
N N-°
\f? HFIP N
+ 0 _— >
25°C,24h
NH N
106 218 44
dr 73:27

2.5.3 Epimerization of Troger base derivatives

During the characterization of compounds by *H NMR, it was observed that the
epimerization of 216a takes place in the solution. Initially, we used the CDCIs purchased

from the commercial sources for our studies. Later, we also used the pre-dried CDCls by
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passing through a column containing anhydrous K>COs. However, the epimerization was

observed in all these cases (Figure 26).
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Figure 26. 'H NMR spectra of 216a using solvent CDCls at different time intervals (a)

immediately (b) 1 day

To understand further, we recorded the *H NMR of compound 216a using CeDs as a
solvent at different time intervals. The results are presented in Figure 27. The H NMR of
compound 216a after 24 h indicated decrease in the diastereomeric ratio to 78:22. *H NMR
analysis after 48 h revealed decrease in ratio to 73:27. Further, experiments after three, four
and five days did not show noticeable change in the diastereomeric ratios (Figure 27).

Presumably, the chiral bis(a-methylbenzyl) moiety has influence over the epimerization.
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Figure 27. 'H NMR spectra of 216a using solvent CsDs at different time intervals (a)
immediately (b) 1 day (c) 2 day (d) 3 day.
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Similarly, we recorded the *H NMR spectra of compound 217a using CeDs to
understand the epimerization. The results are presented in Figure 28. In this case, we did not

observe the epimerization up to ten days. However, we observed that the diastereomeric ratio
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decreased to 87:13 after twenty days. The slow epimerization observed could be attributed to

steric hindrance to ring opening (Scheme 51) by the additional methyl groups in the aromatic

rings.
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Figure 28. 'H NMR spectra of 217a using solvent CsDs at different time intervals (a)
immediately (b) 10 day (c) 20 day

To understand the effect of solvent, we recorded the *H NMR spectrum of compound
217a in CDClI3 (Figure 29). In this case, we observed the epimerization as the dr ratio was
decreased to 87:13. Also it should be pointed out that the epimerization is faster in CDCls

compare to CeDe.
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Figure 29 *H NMR spectra of 217a using solvent CDCls at different time intervals (a)
immediately (b) 1 day

The epimerization was also observed in the solid state at higher temperature (Scheme
53). Upon heating of a 75:25 mixture of compound 216 to 100 °C, the diastereomeric ratio
increased to 87:13. In the case of the diastereomeric mixture of 217 with ratio 58:42, heating

to 100 °C for 24 h gave a sample of 217 with 75:25 ratio.

Scheme 53
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oo Xy = oo o

Ph
217 217

dr 58:42 dr 75:25

Since TB derivatives 216 and 217 undergo epimerization in solution as well as in the
solid state, the epimerization could be rationalized by considering a retro-hetero-Diels-Alder

ring opening followed by hetero-Diels-Alder ring closure mechanism (Scheme 54).

g — oy —

Scheme 54

|
L) T
P ) Ph
217a 219 217b

However, a recent report on epimerization of larger Troger base derivatives revealed
that the proton catalyzed iminium ion formation as a probable mechanism.?? Very recently, it
was also reported that stirring of the diastereomeric mixture 44 in chloroform in the presence
of TFA resulted in opposite selectivity. In this case, the iminium ion 220 was reported as
intermediate (Scheme 55).24

Scheme 55
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2.5.4 Stereoselective exchange of methylene bridge of Troger base with formamides
We have also examined the stereochemical integrity of various chiral Troger base
derivatives. Accordingly, we have carried out the exchange reaction of chiral Troger base 32a
with DMF in the presence of POCl3z and observed the formation of racemic mixture in 70%
yield (Scheme 56, Table 21). Similar results were obtained using the chiral methoxy
derivative 32b.
Scheme 56
/R'
OO, W e O
N Ry O)\H CHyCl,25°C,1h N R1
32

The formation of racemic mixtures could be rationalized by considering the ring

inversion mechanism as outlined in Scheme 57.

Scheme 57
P020|2
N
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Previously, we have observed that Troger base derivatives with ortho methyl
substitutions greatly hinder the reaction (Table 14). It was also reported that the racemization
barrier of bis-ortho methyl Troger base derivative is higher (30 kJ mol?) in acidic media

compared to the para-substituted derivative.
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Table 21 Reaction of chiral Troger base with DMF in the presence of POCI3?

entry substrate product® yield®

N —N/

1 \E:@@\ —N 70

N

(-)-32a N
(£)-210a

/
/O N —N
2 \@m ~ /O\QYDQ\ 68
N (6]
N o~

(-)-32b

(+)-210b
N \‘ /T
N
(-)-32a N

(£)-210f

/O N \_N/_N

4 ( _O V% 61

N o~ Uij\

(-)-32b N o~
(+)-210g

aAll reactions were carried out using chiral Trdger base derivative (2 mmol), DMF (2.1 mmol) and

POCI; (2.0. mmol) in dry CH,Cl; (15 mL) at 25 °C for 1 h. ®Products were characterized by spectral data
(IR, *H-NMR, ¥ C-NMR). ¢Yields are of isolated products

Accordingly, it is of interest to utilize a chiral TB derivative with ortho methyl groups
to examine the possibility of retention of configuration (Scheme 58). Accordingly, we have
carried out the reaction of Troger base derivative (+)-64 with DMF (1 equiv) and POCls (1
equiv) in CHCl; at 25 °C for 1 h. We have observed that Troger base derivative (+)-210e is
formed in 83% ee and 55% yield. In a reaction using 0.8 equiv POCIs gave (+)-210e in 93%
ee and 42% vyield (Table 22, entry 1). However, it was obtained with 96% ee and 25% yield
in 0.5 h (Table 22, entry 2). Hence, Troger base derivative (+)-210e obtained with 96% ee
using (+)-64 as a starting material indicates the retention of configuration in the bridge
exchange reaction. Therefore, the configurations of stereogenic nitrogen centers were
assigned tentatively as 5S,11S for (+)-isomer. The reaction of (-)-64 with DMF also gave the

product (-)-210e in 94% ee (Table 22, entry 3).
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Scheme 58
\
N N— T
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Table 22. Reaction of chiral ortho-Troger base with DMF in the presence of POCl3?

entry substrate Time (h) product” ee (%)  vyield (%)

\

1 mp/ 1 /éﬂ?ﬁ:?( 03 42

N
2 /@ 0.5 96 25
)
64
N:
3 V 05 94 27
X
64
o
4 0.5 76 22
)
64
; 2

e f\é@? > 0.5
Br N

210i

N Br Nﬁ\N——
N
ssN Br 210} Br
o o N
7 m 0.5 mﬁ 10 12
204N o< 210’:‘( o~

aAll reactions were carried out using chiral Troger base derivatives (2 mmol), DMF (2.1 mmol) and POCI; (1.6
mmol) in dry CH,Cl, (15 mL) at 25 °C for 0.5 h. Yields are of isolated products. ‘ee values calculated by HPLC
analysis. Isolated yield. ®ee value was not determined.

We have also carried out the reaction of chiral 64 with diethylformamide (DEF). In
this run, the product 210h was obtained in 76% ee (Table 22, entry 4). Crystallization of the

product gave only the crystals of racemic mixture. The ORTEP diagram is shown in Figure
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30. However, the compound obtained from the mother liquor was found to be 99% ee. The
bromine substitution in TB greatly retards this reaction as the products were obtained only in
2% and 5% vyield, respectively (Table 22, entry 5 and 6). Further, the reaction of DMF with
Troger base derivative 204 gave the product with 10% ee under the experimental condition

(Table 22, entry 7).

; <
SR T

\\\\'
N, S D
@r"ﬁu?"“-—_“% v ,\
(£)-210h ‘;\%,_—-@ﬂy-——;é_}-—té < au
a=
i3 N
& L
}s‘.’mé
y;
< J

Figure 30. ORTEP representation of the crystal structure of compound (z)-210h (Thermal
ellipsoids are drawn at 30% probability and all the hydrogen atoms are removed for clarity).

The formation of product with retention of configuration could be rationalized by
considering the mechanism as outlined in Scheme 59. The nucleophilic addition of Trdger
base (+)-64 to chloroiminium ion, followed by cyclization of iminium intermediate and
dequaternarization would give the chiral Troger base derivative (+)-210e. In this case, the

ring inversion does not take place because of the steric hindrance of ortho-methyl group.

Scheme 59
Glel
_ -
PoC . N ( 0" 0
WL % e
/@Q )l\ W/ /&N— N
H” cl
Vo ~ YJ@W Y@
N ('é N N
(+)-64 f+ N\ (+)-210e
o\\P/O

cl’'y
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Table 23. Crystal data and structure refinement for 210h.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 71.98°

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

210h

Ca23 Ha1 N3

349.51

293(2) K

1.54184 A

Monoclinic

P21/c

a = 14.9406(6) A a=90°.
b =8.0349(3) A
c=17.3126(7) A y=90°.

2028.81(14) A3
4

1.144 Mg/m3

0.514 mm-1
760

0.22 x 0.20 x 0.18 mm3

3.03to 71.98°.

-18<=h<=12, -9<=k<=8, -20<=I<=21
7447

3898 [R(int) = 0.0159]

98.1 %

Full-matrix least-squares on F2

3898 /0/241

1.055

R1=0.0537, wR2 = 0.1589
R1=0.0630, wR2 = 0.1690

0.206 and -0.208 e.A-3

B=102.530(4)°.
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It is of interest to note that recently, Cu(ll) or Rh(ll) catalyzed nitrene insertion into
C-N bond of Troger base derivative was reported to give the product 222 with 99% ee and

24% yield (Scheme 60).87

Scheme 60

PhINSO,Ar 221

N _
( Cu(ll) or Rh(Il) catalysis /’ N
20 °C ArQSN === N
N
222

64 24%y, 99% ee

2.6 Reaction of Troger base with aryne intermediates

The N-arylation reactions are widely used for the synthesis of target molecules of
pharmaceuticals, agrochemicals and organic functional materials.2 The N-arylation of
amines can readily be achieved by Ullmann-type®, Buchwald-Hartwig®® and Chan-Lam®
type coupling reactions. In recent years, C-N bond formation via C-H amination using
transition metal catalysis or transition metal free C-N bond forming reactions were reported.®?
Triarylamines are unique family of molecules widely used in optoelectronic devices.
Synthesis of Troger base derived triarylamines 226 by using Pd(OAc)./P(t-Bu)sHBF4 catalyst
system was reported (Scheme 61).9%4

Scheme 61

CS,CO0g, toluene, 48 h

H
|
Notioaor--—-musNsO)oh®
Br N " P(t-Bu);HBF, 225 N N
65 223 @ 226
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N-Arylation of bromo-substituted Troger base derivative using NH-heterocycles as
amine partner was reported using Pd(OAc)./P(t-Bu)sHBF4/NaO'Bu or CuO/8-
hydroxyquinoline/K,COj3 reagent system (Chart 9).%4%

Chart9

NaO'Bu, toluene, 110 °C72 h

Pd(OAc), 224 /(:Oij/&
/@ ” P(t-Bu)sHBF, 225
227

N/ //\N

N
Br N OH 30 N
L)
Br N CuO, KoCO3, MeCN, 100 °C, 3 d

N

32e 229
Over the years, several N-arylation methods were reported from this laboratory. For
example, a straightforward method was developed in this laboratory for the N-phenylation of
amines using sodium metal in THF under reflux condition to obtain the products in 65-86%

yield (Scheme 62).%

Scheme 62
R\
Br NH
Na metal/THF
R—NH; + ©
25 °C-80 °C/24-36 h
%2 147a 65-86% y

233

Cul/diimine catalyzed N-arylation of indole was reported to give the N-arylated

indoles in 78-95% vyiled (Scheme 63). %’
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Scheme 63
N N
N\ //
Ar' 235 Ar
10 mol% Cul
10 mol% diimine
N K3POy/toluene or DMF N
234 H reflux/24 h M
147 X = Br, |
78-95% y
236

N-Arylation of imidazole and diphenylamine under Fe,Os3 catalytic system gave the

corresponding C-N bond formed products in good yields (Scheme 64).%

Scheme 64
N Fe,03 (10 mol %) N
Ly - we - {3
N t-BUOK/DMSO/120 °C/24 h N
H )
229 147 Ar
37-90% y
237
Br //R
Fe,03 (10 mol %
Ph\NH N 203 ( o) Ph\N N /
| " | t+BUOK/DMSO/130 °C/36 h bh
=
Ph R/
223 147 238

Diamines were N-arylated in the presence of CuBr/rac-BINOL catalytic system under

heating condition using KsPO4 as a base in DMF (Scheme 65).%°

Scheme 65
,?‘r Ar
Br |
NH; NH NH
CuBr (10 mol %)/rac-BINOL (20 mol %)
* + * + *
K3PO4/DMF/120 °C/36 h
NH
NH, R | INH
Ar CHO

239
147 36-78% y 5%y
NH; NH,
. O/ NH, 240 241
"INH, NH,
NH,
239a

239b
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We have observed that N-arylation of the cyclic diamine 106 using Fe>Os/t-BuOK or
CuBr/rac-BINOL system gives the corresponding N-arylated products in 54 and 15% yield

respectively (Scheme 66).

Scheme 66

! \
HN N
FeZO3
+
N t-BuOK, 120 °C, 36 h
H
139a DMSO
106

54% y
242a

HN N
CuBr (10 mol %)/rac-BINOL (20 mol %)
+
t-BuOK/toluene/120 °C/36 h

N

H
_©O
106 139¢

O\
15% y
244a

The diamine 106 was prepared by opening of the Troger base (Scheme 18). We have
observed that the reaction of Troger base using iodobenzene and t-BuOK in the presence of
Fe>O3 in DMSO gave the N-arylated product 242a in 63% vyield (Scheme 67). Since the
transformation could also follow benzyne mechanism,® we carried out the reaction without
Fe20s. Indeed, the N-phenyl product 242a was obtained. The results are summarized in the
Table 24. The structure of 242a was confirmed by single crystal X-ray analysis. The ORTEP
diagram of 242a is shown in Figure 31.

Scheme 67
I \
N N
m/ @ t-BuOK Xj/
/@N 120 °C, 24 h
DMSO
32a 139a @

63% y
242a
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Table 24. Optimization of reaction of Troger base with benzyne intermediate?

Entry Base Solvent Time(h) Temp(°C) Yield(%)>¢
1 t-BuOK DMSO 48 25 17
2 t-BuOK DMSO 48 60 41
3 t-BuOK DMSO 48 80 48
4 t-BuOK DMSO 48 100 65
5 t-BuOK DMSO 24 120 67

Al the reactions were carried out using t-BuOK (3 mmol), lodobenzene (3 mmol) in DMSO (2 mL). Product
was identified by IR, *H-NMR, *C-NMR and mass spectral data. ®Isolated yield.

The results may be explained by considering the mechanism as outlined in Scheme
68. The reaction of iodobenzene with t-BuOK would result in the formation of reactive
benzyne intermediate, which upon reaction with Troger base 32a would give the methylene
bridge cleaved iminium ion intermediate and water work up would finally give the product

242a.

Scheme 68

.7 g I J< \\N+ I
N KI N HO

N t-BuO™ K*
32a
) O
(l K
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We have observed that the reaction with 4-substituted aryl iodides gave the mixture of
regioisomers, suggesting the involvement of aryne intermediate in the N-arylation of Troger
base (Table 25, Entry 2-4).

Table 25. Reactions of Troger base with aryne intermediates?
Entry Aryl halide Product® Yield®

L fs@ s ’
. 5

242a

: @ oo o .
O

: @ Je@ededes -

OCH,3 OCH; QOCHS

244a 244b
139c¢

s | N oYY 44
o o sty

245a 245b

3All the reactions were carried out using t-BuOK (3 mmol), aryl iodide (3 mmol) in DMSO (2 mL). ®Product
was identified by IR, *H-NMR, *C-NMR and mass spectral data.cIsolated yield.

139d

Figure 31. ORTEP representation of the crystal structure of compound 242a. (Thermal
ellipsoids are drawn at 50% probability.
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Table 26. Crystal data and structure refinement for 242a

81

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

242a
C2 H22 N2
314.41

295(2) K
0.71073 A
Monoclinic

Cc
a=15.260(4) A
b=17.280(4) A
c =7.2800(15) A
1787.2(7) A3

4

1.169 Mg/m3

0.068 mm-1
672

0.28 x 0.22 x 0.18 mm3
2.357 to 27.537°.

a=90°.
B=111.410(7)".
v =90°.

-19<=h<=19, -22<=k<=22, -9<=I<=9

13455

3785 [R(int) = 0.0292]

98.8 %

Full-matrix least-squares on F2
3785/2/221

0.632

R1=0.0427, wR2 =0.1173
R1 =0.0566, wR2 = 0.1339
-0.3(9)

n/a

0.129 and -0.108 e.A-3
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The reaction of iodobenzene with other Troger base derivatives also gave the

corresponding N-arylated products with 24-67% yield (Table 27).

Table 27. Reactions of Troger base derivatives with benzyne intermediate?
Entry Troger base Product? Yield®

H
\

1 )@@D@V QC?Q?( 67

242a

242b

N
32¢ @

32e

242e

Al the reactions were carried out using t-BuOK (3 mmol), aryl iodide (3 mmol) in DMSO (2 mL). PProduct
was identified by IR, *H-NMR, 3C-NMR and mass spectral data.cIsolated yield.

Interestingly, the N-arylation of ortho-methyl Troger base derivative 64 using

iodobenzene as aryne precursor gave different N-arylated product 246 in 35% yield (Scheme
69). The structure of compound 246 was confirmed by X-ray structural analysis. The ORTEP

diagram is shown in Figure 32.
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Scheme 69

N\\ © t-BuOK N
+
120°C, 24 h
N DMSO N
64 139a @

Figure 32. ORTEP representation of the crystal structure of compound 246. (Thermal
ellipsoids are drawn at 40% probability.

The formation of product 246 can be explained by considering diversion of
mechanism leading to formation of benzylic carbanion and ring closure to give the product
246 (Scheme 70).

Scheme 70

tl
A—\H’/_\bk
K - . |© +  tBUOH + Kl

2 — SR
(0 J
o,

g

246
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Table 28. Crystal data and structure refinement for 246.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

246

CsoHs2N4

708.95

296(2) K

0.71073 A
Triclinic

P-1
a=12.7573(10) A
b=13.2113(11) A
c=13.9413(12) A
1995.1(3) A3

2

1.180 Mg/m3

0.069 mm-1
760

0.22 x 0.24 x 0.26 mm3
2.702 to 27.556°.

-16<=h<=16, -17<=k<=17, -18<=I<=18

93973

9191 [R(int) = 0.0460]

99.7 %

Full-matrix least-squares on F2
9191/0/ 488

1.049
R1 =0.0603, WR2 = 0.1672
R1 =0.0834, wR2 = 0.1822
0.030(4)

0.355 and -0.276 e.A-3

o= 100.265(3)°.
B=112.727(2)°.
v = 104.576(3)°.



Applications of TB derivatives 85

Finally, we have observed that use of bromobenzene as aryl halide partner, the

corresponding N-arylated product 242a was obtained in 62% yield (Scheme 71).

Scheme 71

H
Br \

oY -0 —= e Y

N DMSO N

32a 147a @

242a,62% y

2.7 Hydroboration of prochiral olefins using chiral Troger base-borane complexes
2.7.1 Asymmetric hydroboration using chiral amine borane complexes
Three types of mechanism were proposed for the hydroboration of olefins (Scheme

72).101

Scheme 72

Sn1 type mechanism

BH;:LB ~— ~———= BH;

BH,
R-CH,CH,BH, -~ ; |
SN2 type mechanism

u B L8
|
J + BHy:LB ———» JH Ty " RCHiCH:BH,

Sn2-type mechanism with T complex intermediate

J +  BH3:LB —y J _____ BH,

R R
LB l

T
R-CHchzBHz - —-H
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Previous efforts from this laboratory indicated that the Sn2 type mechanism cannot be
ruled out as hydroboration of prochiral olefins by various borane chiral amine complexes lead
to the corresponding alcohols with 3-20% ee after H,O-/NaOH oxidation (Chart 10).2%? Poor
enantioselectivity may be due to operation of a spectrum of mechanisms (Scheme 72).10%
Also, selectivity of the initial hydroboration by the amine-BHs complex and selectivity of

further hydroboration by initially formed alkyl boranes (RBH. and R2BH) may be different.

Chart 10

5 _LOH
{ >—<:|-|3 - -
H,0,/NaOH

248 3% ee, 68% y
252 249 4% ee, 70% y

( \5 . / <
o) H,0,/NaOH

O
247 14% ee, 72% y
248 12% ee, 69% y
249 19% ee, 76% y
250 20% ee, 75% y
251 6%ee, 70%y

JJ\ HsC
_—
Ph™ “CHs  H,0,/NaOH Ph)m o

256 247 4%ee, 65%y 257
250 10% ee, 72% y
251 15% ee, 72% y

253

254

2.7.2. lodine activation of chiral amine borane complexes

The hydroboration by iodine activation of strong amine-BH3 complexes offers new
opportunities for the asymmetric hydroboration as the BHz2l moiety is expected to be bonded
with amines during the course of reaction with iodide behaving like a leaving group.®
Vedejs et al.!® reported a hydroboration reaction of B-methylstyrene 258 under iodine

activation of pyridine borane complex 259 at 25 °C (Scheme 73).
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Scheme 73

BHs
N
| AN
1) @ /l2 (50 mol%)/ 25° C oH oH
P X 259 Ph)\/ + Ph\)\

2) Hy0,/NaOH/MeOH
258 260 261

92%y, 260 : 261 = 15:1

Chiral primary amine borane complexes such as a-methylbenzylamine 262 and (R)-
BINAM 263 were found to give the product 257 in 13% and 11% ee respectively, under
iodine activation (Chart 11).1% Also, the hydroboration reaction of trans-stilbene 141 using
a-methylbenzylamine-borane complex 262 with catalytic amount of iodine was reported to

give the alcohol 264 in 5% yield and 8% ee (Chart 11).1%

Chart 11
v, GO
Ph/k O g:i

(S)-262 (R)-263
Ph
1. 262/ |, (50 mol%), 25 °C, 12 h
[ > M )\/OH
e
Ph 2. NaOH/ H,0,/ MeOH (S)-257
>: | 87% y, 13% ee
Me Ph
1. 263/ I, (50 mol%), -20 °C, 4 h )\/OH
256 Me
2. NaOH/ H,0,/ MeOH (S)-257
54% vy, 11% ee
OH
Pho 1.262 /1, (10 mol%), 25 °C, 12 h )\/
141 2. NaOH/ H,0, (S)-264

5%y, 8% ee
The hydroboration of a-methylstyrene 256 using the secondary amine 265 and tertiary
amine 266 borane complexes was reported to give only racemic alcohols under iodine
activation. Further, the hydroboration reaction of a-methylstyrene with the Troger base

borane 267 also resulted only in the formation of racemic mixture (Chart 12).104 8!
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Chart 12
BH;
BH3 Ph N
N
H Ph N’)@\
BH;
(S)-265 (S)-266 267

1.265/ I, (50 mol%), 25 °C, 12 h
> )\/OH
Me

2. NaOH/ H,0,/ MeOH
()-257
23%y
bh Ph
1. 266/ |, (50 mol%), 25 °C, 12 h )\/OH
>: > Me
Me 2. NaOH/ H,0,/ MeOH (£)-257
10% y
256
Ph
1.267 /1, (10 mol%), 25 °C, 12 h )\/OH
> Me
2. NaOH/ H,0,/MeOH (%)-257
85% y

However, the hydroboration of different olefins using the chiral Troger base-borane
complex 267 with catalytic amount of iodine (10 mol%) gave the corresponding alcohols in

0-7% ee (Chart 13).8

Chart 13
BH;
ae(H ok
N
BH
® OH
Ph 1. (R)-267
\/\Ph Ph)\/Ph
2. 13 (10 mol%), 25 °C, 12 h
141 2 -264
3. NaOH/ Hy0,/MeOH (5)-26

85% vy, 7% ee

Br
_ 1. (R)-267 O OH  Br
Br O 2.1, (10 mol%), 25 °C, 12 h O
Br

3. NaOH/ H,0,/MeOH
268 2-2 269

70% vy, 5% ee
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\/;/Ph 1. (R)-267 Ph
2.1, (10 mol%), 25 °C, 12 h Kj"”/OH

270 3. NaOH/ H,0,/MeOH 271
83% Yy, 4% ee

i Ph 1. (R)-267 i Ph

2.1 (10 mol%), 25 °C, 12 h

272 3. NaOH/ H,0,/MeOH OH
(+)-273

80% y

Since various chiral TB derivatives can be easily accessed via methods reported in
previous sections, we became interested to examine the asymmetric hydroboration of

prochiral olefins using various chiral TB-borane complexes.

2.7.3 Hydroboration of prochiral olefins using chiral ortho-substituted Troger base

borane complexes

We have prepared the borane complexes by passing the BoHg gas generated from the

reaction of NaBH4 with 1, in diglyme (Scheme 74).1%

Scheme 74
B
NaBH, + I, ———= TB:BH,
BH3 BH; o~ BHj BH3
v

N N N © N

BH; _O  BH, BH3 BH;
274 275 276 267

The corresponding borane complex 274 showed a characteristic boron signal at -8.10
ppm. We carried out the hydroboration of prochiral olefins 141, 256 and 277 using this
borane complex at 25 °C. The corresponding alcohols isolated after oxidation were found to

be racemic mixtures (Scheme 75, Table 29).
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BH BH3; 07
Scheme 75 /@j@/ \Q()@\

O BH
275

1.274 or 275 o

e - Ph)\/Ph
25°C, 10 h )
141 2. NaOH/ H,0, 89%y
264

Table 29. Hydroboration of prochiral olefins using chiral ortho-substituted Troger base
borane complexes?

Entry Substrate Borane complex Product Yield®¢
BH;
! 141 m/ OH
N 264
BHs
274
/—\ BHs Ph 94
PH Ph N Ph
2 277 /@@i;/ l?\
N 264
BHs
274
JJ\ BHs /‘\/ 91
N OH
3 Ph /@O Ph
256 \ 257
BH3
274
e
. th/\Ph EHS o Phﬁ/\Ph 82
141 m OH
N 264
0 'éHs
275
/=N BHs o~ Ph
PH ___Ph N N Pn 91
S 277 Oij\ OH
N 264
0 'éHs

6 PhJL 55\ PhJ\/ OH %
256 \@q 257

O BHs
275

3All the reactions were carried out in 1 mmol scale at 25 °C for 10 h. "products were isolated after oxidation
NaOH/H,0,. ¢ HPLC analyses were carried out on chiral column OB-H; n-Hexane:'prOH-97:3, 0.3 mL/min. and
OD-H using n-Hexane:'prOH-90:10, 0.5 mL/min.

The Troger base-borane complex 274 is expected to be weak borane complex due to

the steric hindrance of the ortho-methyl group (Scheme 75 and Table 29). Since,

hydroboration takes place at room temperature this may follow Sn1 type mechanism (Scheme
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77), in which the chiral amine ligand would depart while olefins approach the BH3z. We
thought that the derivative 204 with ortho-methoxy substituents would form a stronger
borane complex. Accordingly, we have prepared the borane complex 275 in toluene and
carried out the hydroboration of olefins at 25 °C. The borane complex used in this reaction
showed a characteristic boron peak at -8.9 ppm. However, in this case also the alcohols
obtained were only racemic mixtures (Table 29, entries 4-6).

2.7.4 Hydroboration of prochiral olefins using chiral para-substituted Trdger base

borane complexes under iodine activation

The borane complex 267 was prepared by passing the BzHs gas. It showed a
characteristic 1'B signal at -8.98. It was used for the hydroboration of trans-stiloene under
iodine activation. The iodine activation was monitored by !B NMR. A new peak at -13.69
ppm was observed. After the H,O>/NaOH oxidation the corresponding alcohol was obtained

only in 5% ee (Scheme 76, Table 30).

Scheme 76

BHs BH3
267 276
1.267 or 276 I
Ph . or N /k/
~ pn - o Ph
141 2.1 (50 mol%), 25 °C, 10 h
3. NaOH/ H,0, 75% y, 5% ee

264
However, hydroboration of cis-stilbenes and a-methylstyrene resulted only in the

formation of racemic alcohols (Table 30, entry 3 and 4). We have also carried out the
hydroboration of trans-stilbene under iodine activation of borane complex 276. Again, the

corresponding alcohol was isolated only in 4% ee after H,O>/NaOH oxidation.
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Table 30. Hydroboration of prochiral olefins using chiral para-substituted
Troger base borane complexes under iodine activation®
Entry  Substrate Borane complex Product %ee Yield®®

Ph. A~ BH; OH
Ph N
Ph
1 141 \m ph/'\/ 75
N 264
BH,
267
Ph_ = BH; OH
~Fpn N
° Ph
2 141 g m P Ph/'\/ 86
N © 264
BH;
276
/=\ Ph
PH __ Ph \ﬁph
3 277 267 Or 276 OH 74
264
4 Phk 267 Or 276 Ph)\/OH 92
256 257
Al the reactions were carried out in 1 mmol scale at 25 °C for 10 h. °Products were isolated
after oxidation NaOH/H;0,. ‘HPLC analyses were carried out on chiral column OB-H; n-
Hexane:'prOH-97:3, 0.3 mL/min. and OD-H using n-Hexane:'prOH-90:10, 0.5 mL/min.
Scheme 77
/Z/Ph Ph
==/
PhC,U P | I
BH3 BHZI H-B YL
B B,
BH3 1’2 He BH2I BH,l BH,l
267 278

e F@( gt el
" oo
N 2\
"

| Y

F’h)_\OH Phﬂ/Ph - \@qm

264 o
+)-257
) up to 5% ee BHa
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The results obtained in hydroboration by borane complexes of chiral Troger base

derivatives can be rationalized by considering the mechanism as outlined in Scheme 77. The

reaction of iodine with TB-BHsz complexes would give the TB-BH2l complex 278 and

hydrogen. In the reaction of olefin with TB-BHq:l, if the iodide leaves, the chiral TB would be

attached to the boron in the transition state leading to the optically active product. However,

if chiral TB acts as a leaving group, the hydroboration reaction would lead to racemic

mixtures. Unfortunately, studies undertaken to remove the iodide by using the AgBFs to

prepare [Troger base BH2]* did not improve the results (Table 31).

Table 31. Hydroboration of prochiral olefins using chiral para-substituted Tréger base borane
complexes under iodine activation in the presence of additive?

Entry  Substrate IBH> Additive Temperature  Product % Yield®®
complex O *
B OH
1 P, mj@ AgBF4 25 LA P 3 82
141 o 264
2 Ph A~y CﬁN OH
o Jg\ AgBF4 0 Ph/'\/Ph 4 54
278 264
3 e (U0 AgBR 20 : .
141 BHyl
SR Lo
4 P > @ﬁ)@ AgBF4 25 P> 0 62
5 TN T AgsRe -20 i S

256

N
BH,!
278

Al the reactions were carried out in 1 mmol scale for 12 h. "Products were isolated after oxidation NaOH/H20.
°HPLC analyses were carried out on chiral column OD-H using n-Hexane:prOH-90:10, 0.5 mL/min. and OB-H; n-
Hexane:'prOH-97:3, 0.3 mL/min.
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Very recently, Vedejs et al.}%® reported that the asymmetric hydroboration of a-
methylstyrene 256 using Cs-symmetric chiral phosphine-borane complex under trityl cation
activation gave the corresponding alcohol in 190% vyield and 25% ee. In another
transformation using an amine-borane chiral system 283, the alcohol product 260 was
obtained in 14% ee (Scheme 78). Clearly, in these cases the Lewis base moiety is present in

the hydroboration transition state (Scheme 72, Sn2 Type Mechanism) to more extent.

Scheme 78
O - . B(CeF
o B(CeFs)s —‘ CoFos e
' Ph o A Ph&

K \L H\ /H H\ /H H Me

: - 280 g B 256 )VOH
/\/P/BH3 E P/B\H/ \p Ph

Ph * o~ . toluene, 25° C, 20 h 257
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Therefore, studies on hydroboration of prochiral olefins using Troger base-borane

complexes under trityl cation activation may give fruitful results.

2.8 Charge transfer complexes of Troger base derivatives

The Mulliken charge transfer (CT) complexes [D, A] are formed by diffusive
interactions of electron donor (D) with electron acceptor (A).1%7 In these complexes, two
molecules, D and A, are weakly held together by nonbonding forces such as van der Waals
forces, the molecules D and A remain unaltered, but new properties arise such as new
absorption bands for the compound DA. The formation of ionic state (D", A~) was not

108

considered by Mulliken in those early days. Later, Bijl and co-workers=*® reported that the
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molecules with greater difference of electron affinity would have the ionic state as most
populated at the room temperature. It was suggested that the ionic state D™, A= would be of
biradical nature due to the presence of odd number of electron in the both donor and acceptor
(Scheme 79).108

Scheme 79

D + A . [D,A] —_— [E;A_] —— D + A
Taube developed two separate mechanistic pathways, outer-sphere (OS) and inner-
sphere (IS) mechanisms, for explaining the electron transfer in octahedral metal
complexes.’® Later, Marcus developed the intermolecular electron transfer in which
activation energy was calculated by applying non-adiabatic or weakly adiabatic limitation
between the encounter complexes (Scheme 80).1°

Scheme 80

The outer-sphere complexes are expected to have loosely bound precursor and
successor complexes. They show characteristic weak electronic absorption for electron-
transfer processes.!! In the classical inner-sphere mechanism, electronic couplings between
donor/acceptor moieties are enhanced.*?

In 2008, reports on electron-transfer reactions of organic electron donors and
acceptors were reviewed by J. K. Kochi.!®® The outer-sphere/inner-sphere mechanism was

extended to organic electron-transfer reactions, wherein donors and acceptors are not
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considered as coordination spheres. Kochi et al.1** proposed an alternative model based on
distance dependence which is based on the van der Waals radii of electron donors and
acceptors. The molecular interactions in outer-sphere processes are viewed as between donor
and acceptor separated beyond their van der Waals radii. Whereas in inner-sphere complexes
the distance between donor and acceptor is likely to be less than their van der Waals radii and
hence in these complexes the donor/acceptor are packed closely with enhanced
interactions.!*® Therefore, sterically hindered donor/acceptor complexes are expected to form
outer-sphere complexes, while less sterically hindered donor and acceptor complexes would
prefer to form inner-sphere complexes.'*®

In 1969, Nagakura et al.''” reported that the reaction of chloranil 284 with aniline 285
gives the charge transfer (CT) complex 286 (Scheme 81). Subsequently, the ionic

diamagnetic intermediate 287 is formed before formation of the aminoquinone product 288.

Scheme 81
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In 1971, Yamaoka et al.!*® suggested that the reaction of n-butylamine 289 with
chloranil 284 gives the corresponding electron transfer complex 290, which subsequently

leads to the intermediate 291 before giving the substitution product 292 (Scheme 82).

Scheme 82
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As early as in 1965, formation of stable radical cation of 1,4-diazabicyclo[2.2.2]
octane (DABCO) 293 was reported.!® It is stable due to the through-space interaction of
nitrogen orbitals.??® In 1977, the charge transfer (CT) complex 294 was reported in the
reaction of DABCO with chloranil 284.12! Also, the CT complex was considered to be in
equilibrium with the electron transfer (ET) complex and diradicals radical cation (296)-anion
(297) pair (Scheme 83). The intensity of the esr signals were stronger in a more polar solvent

such as THF compared to benzene.

Scheme 83
cl cl cl cl (1 cl cl / cl cl
N + L N N N *
T cl cl T cl c | = NJ cl al = ['1‘\7 o o
o] o _0 -0
293 284 294 295 296 297

Troger base and its derivatives are molecules with bridgehead nitrogens similar to
DABCO. We have envisaged the preparation of molecular complex of Troger base with
acceptors. We have observed that mixing Troger base 32a with the electron acceptor
chloranil 284 in solvents such as dichloromethane (DCM) and propylene carbonate (PC)
leads to formation of paramagnetic intermediates 299 as detected by ESR spectroscopy with

g value 2.00578 and 2.00605 (Scheme 84).

Scheme 84

o o " o - o
e eieg SR sgecateq g
N Cl Cl N Cl Cl N cl cl N cl Cl
0 0 3 0
3 284 8 299 300 207

2a 29

In general, the electron transfer complexes 299 prepared in this way are stable up to
24 h, but some decrease of intensity of esr signals was noticed with time (Table 32). We

made attempts to crystallize the charge transfer complex using solvents such as CH2Cl,, PC,
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dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), but crystals suitable for X-
ray structural analysis could not be isolated. In the case of CH2Cly, only chloranil crystals
were isolated.

Table 32. ESR spectra of Troger base with chloranil?

Entry Donor Acceptor  Solvent Time ESR spectra
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aAll the experiments were carried out in the ESR tube by mixing Troger base 32a (0.02 mmol) with chloranil
284 (0.02 mmol) in solvent (10 mg).

The electron transfer complex 299 showed a one line esr spectra. In this case, the hyperfine

coupling was not observed.
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In 1957, the line broadening of esr spectra of naphthalenide ion was observed by
adding excess naphthalene.'?? The reported rate constants for electron transfer between

naphthalene negative ion and naphthalene are in the range 107-10° liter mole*sec.™

Such line broadening was also reported in the case of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) radical anion with DDQ with fast exchange rate constant 2.5 x 10° M

S and activation energy of 1.6 kcal mol™ at 23 °C.113

Similar line-broadening of esr spectra observed for the TB-chloranil can be explained
by considering the electron exchange phenomenon. It is obvious from Table 32 that the esr
signal intensity is higher in PC solvent compare to CH2Cl,. Presumably, the ion pair
dissociates to more extent in more polar PC solvent, leading to more intense esr signals.?
Further, we have observed that the reaction of Troger base with weak acceptors such as

benzoquinone or naphthoquinone did not give electron transfer complex even in PC solvent.

Sersen et al'?' reported that the reaction of p-chloranil with 1,4-
diazabicyclo[2.2.2]octane gives 1:1 charge transfer complex. These authors confirmed the
formation of the charge transfer complex by UV-Visible spectroscopy and assigned the
absorption band of 450 nm of DABCO-chloranil system to chloranil anion radical. We have
also examined the formation of charge transfer complex in the reaction of Troger base with
chloranil by UV-Visible spectroscopy. We mixed the 1:1 solution of Tréger base (10% M)
and p-chloranil (10* M). The color change was not observed for this diluted solution.
However, the characteristic absorbance band for chloranil anion radical was observed at 448
nm. The new absorbance band observed beyond 500 nm can be assigned to the absorption of
the charge transfer (CT) complex 299, because neither chloranil nor TB absorbance absorbed

in this region. The UV-Visible spectra are shown in Figure 33.
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Figure 33. a) UV-vis spectra of a mixture of TB 32a (1 x 10* mol L) and chloranil 284 (1 x
10* mol L) in PC at 25 °C. (b) Expanded UV-Visible spectra.

Previously, it was reported that the reaction of more nucleophilic methoxy Troger
base 32b with dibenzoyl-L-tartaric acid resulted in the formation of salt while TB gives only
hydrogen bonded aggregates.!® We became interested to study the effect of substituents on
the electron transfer (CT) complex formation. Therefore, we monitored the mixture of
methoxy Troger base 32b with chloranil by esr spectroscopy in CH2Cl> and PC solvent. The
results are presented in Table 33. Surprisingly, the paramagnetic intermediates formed from

the reaction of methoxy Troger base 32b with chloranil gave relatively weak esr signals with

g value 2.00585 and 2.00598.
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Table 33. ESR spectra of methoxy Troger base 32b with chloranil?
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aAll the experiments were carried out in the ESR tube by mixing methoxy Tréger base 32b (0.02 mmol, 5.6 mg)
with chloranil 284 (0.02 mmol, 4.9 mg) in solvent (10 mg).

We recorded the UV-Vis spectra of 1:1 mixture of methoxy Tréger base (10* M) with
chloranil (10* M) at different time intervals. The results are presented in Figure 34. The
absorbance band at 448 nm was assigned to chloranil anion radical. The absorbance band

observed beyond 500 nm can be assigned to charge transfer (CT) complexes 301 as in the

case of Troger base 32a.
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Figure 34. a) UV-vis spectra of a mixture of TB 32b (1 x 10 mol L) and chloranil 284 (1 x
10“4 mol LY in PC at 25 °C. (b) Expanded UV-Visible spectra.

To understand further, we recorded the ESR spectra of 1:1 mixture of unsubstituted
Troger base 32¢ and chloranil 284 in CH2Cl2 and PC solvents. The results are presented in
Table 34. In this case, we observed somewhat more intense esr signals compared to the

methoxy Troger base 32b (g value 2.00591 and 2.00599).

|
800
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Table 34. ESR spectra of Troger base 32c with chloranil?

Entry Donor Acceptor  Solvent Time ESR spectra

(h)

04 4
0 02
N cl cl 2
LR
(N CHCl, 5 I A R
" c C' min e
32¢ *
(0]
04 -
284
- T T T T 1
3350 3400 3450 3500 3550
Magnetic Field / G
04
0 02
=
N cl cl <
:. 0.0 4
2 CIL CHCl, 1 i
N cl cl = 2
32¢
0
04 o
284
T T T T
3350 3400 3450 3500 3550
Magnetic Field/ G
04+
o 02
N cl cl 3
_\" 004
3 CI CHCl, 2
N cl cl C
32c
0
284 044
T T T T
3350 3400 3450 3500 3550
Magnetic Field / G
04
024
o .
N cl cl §.uo_
s X CHClL 12 1§
N = o024
cl c
32c
(o] 04
284 : ; : ;
3350 3400 3450 3500 3550
Magnetic Field / G
20 =
1.5 =
10
0
: :T:“t : cl cl
N - {
CI: :E: :c
32¢ min.
(o] 15
284 20

T T T
3350 3400 3450 3500 3550
Magnetic Field / G



106

N

N
32¢

N

N
32¢

N

N
32¢

N

o CUD

N
32¢

Cl

o}
o%z%:o
o] [e]

284

Cl

Cl

O:iz%o
o o

284

Cl

Cl

O:iz%o
o o

284

Cl

Cl

o%z%:o
o] [e]

284

PC

PC

PC

PC

12

Intensity / A.U.

Intensity / A.U.

Intensity / A.U.

Intensity / A.U.

Results and discussion

|

—

T T T
3400 3450 3500
Magnetic Field / G

T
3550

3350

2.0 -

15+

1.0+

0.5 -

T T T
3400 3450 3500

Magnetic Field / G

38560

-1.0

3350

T T T
3400 3450 3500

Magnetic Field / G

T
3550

3350

T T
3400 3450 3500
Magnetic Field/ G

T
3550

aAll the experiments were carried out in the ESR tube by mixing Troger base 32¢ (0.02 mmol, 4.4 mg) with

chloroanil 284 (0.02 mmol, 4.9 mg) in solvent (10 mg).

Similarly, we recorded the UV-Vis spectra of 1:1 mixture of Troger base 32¢ (10 M)

with chloranil 284 (10* M) at different time intervals. The results are presented in Figure 35.

The absorbance band at 448 nm was assigned to chloranil anion radical. The absorbance band

observed beyond 500 nm was assigned to charge transfer (CT) complexes 302 as in the case

of Troger base 32a.
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Figure 35. a) UV-vis spectra of a mixture of TB 32¢ (1 x 10 mol L) and chloranil 284 (1 x
10* mol L) in PC at 25 °C. (b) Expanded UV-Visible spectra.

In the case of tetramethyl Troger base derivative 32d, the formation of paramagnetic
intermediate was not observed up to 12 h in CH2Cl, solvent. But, after 24 h formation of
paramagnetic intermediates were observed with g value 2.00588 (Table 35, Entry 2). In this

case, only very weak esr signals were observed with g value 2.00595 in PC solvent compared

to other TB derivatives (Table 35, Entry 3-8).

Table 35. ESR spectra of Troger base 32d with chloranil?

Entry Donor Acceptor  Solvent Time ESR spectra
(h)
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2All the experiments were carried out in the ESR tube by mixing Trdger base 32d (0.02 mmol, 5.5 mg) with
chloranil 284 (0.02 mmol, 4.9 mg) in solvent (10 mg).

We have also recorded the UV-Vis spectra of 1:1 mixture of Troger base 32d (10 M)

with chloranil 284 (10 M) at different time intervals. The results are presented in Figure 36.

The absorbance bands correspond to chloranil anion radical and charge transfer (CT)

complexes 303 (Figure 36).
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Figure 36. a) UV-vis spectra of a mixture of TB 32d (1 x 10 mol L) and chloranil 284 (1 x
10“ mol L) in PC at 25 °C. (b) Expanded UV-Visible spectra.
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Troger base 64 with tetramethyl groups gave similar results as observed in the case of
TB 32a. Also, in this case esr signals are somewhat intense compared with TB 32d.
Presumably, the methyl substitution in 32d helps in stabilizes CT-complex formed. In the
case of 64, we observed esr signals in both CH-Clz and PC solvents with g value 2.00587 and
2.00601 respectively (Table 36). The signals are somewhat weak compared to that observed

for TB 32a (Table 32). Presumably, the ortho-methyl substitution slows down the complex

formation due to steric hindrance.

Table 36. ESR spectra of Troger base 64 with chloranil?

Results and discussion

Entry Donor Acceptor  Solvent Time ESR spectra
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aAll the experiments were carried out in the ESR tube by mixing Trdger base 64 (0.02 mmol, 5.5 mg) with
chloranil 284 (0.02 mmol, 4.9 mg) in solvent (10 mg).

We have recorded the UV-Vis spectra of 1:1 mixture of Troger base 64 (10* M) with

chloranil 284 (10 M) at different time intervals. The results are presented in Figure 37. The

absorbance band corresponds to chloranil anion radical and charge transfer (CT) complexes

304 were observed as observed in the other cases (Figure 37).
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Figure 37. a) UV-vis spectra of a mixture of TB 64 (1 x 10 mol L) and chloranil 284 (1 x
104 mol L) in PC at 25 °C. (b) Expanded UV-Visible spectra.

Previously, it was observed in this laboratory that the reaction of chloranil 284 with

secondary amine 305 in DCM or PC solvent gives an esr signal. The intensity of signal

decreases with time and disappears within 24 h and leads to the formation of aminoquinone

307 product (Scheme 85).1%

Scheme 85
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It was also observed in this laboratory that the tertiary amines 308 and 309 form
charge transfer complexes with chloranil 284 in PC solvent. The reaction of amine 309 with

chloranil gave very strong esr signals and intensity of esr signal decreased with time (Scheme

86).123
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The Troger base derivative 210a has an alkylamine group in addition to bridgehead
nitrogen atoms. It was of interest to us to examine whether the bridgehead nitrogen or the
nitrogen of N,N-dimethyl group of 5,11-disubstituted derivative 210a involves in the
electron-transfer reaction. We recorded the esr spectra of 1:1 mixture of 5,11-substituted
derivatives with chloranil in CH2Cl2 and PC. The results are presented in the Table 37. In this
case, we observed more intense esr signals (g value 2.00606 and 2.00600) compared to the
parent Troger base compound 32a. This observation clearly suggests that derivative 210a is a
stronger donor (Scheme 87, Table 37). Again, decrease in intensity of esr signals were

observed with time (Scheme 87).

Scheme 87
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Table 37. ESR spectra of Troger base 210a with chloranil?

Entry Donor Acceptor Solvent Time ESR spectra
(h)

1 )@[}jj ) CHoCl, 5 min.

—N
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o%j:o
o o]
Intensity / A.U.
& o =)
1 L L
O

—N
N\

210a 284 e

T T T T
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/N\ c
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O%j: o
Q e}
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L b o 9w~
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Q Q
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aAll the experiments were carried out in the ESR tube by mixing Troéger base 210a (0.02 mmol, 5.8 mg) with
chloranil 284 (0.02 mmol, 4.9 mg) in solvent (10 mg).
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Figure 38. a) UV-vis spectra of a mixture of TB 210a (1 x 10 mol L) and chloranil 284 (1

x 104 mol L) in PC at 25 °C. (b) Expanded UV-Visible spectra.
The UV-Vis study of 1:1 solution of Trdger base 210a (10* M) with p-chloranil 284

(10 M) was also performed. The chloranil anion radical absorption was observed at 448 nm.
The new absorbance band observed beyond 500 nm corresponds to charge transfer (CT)

complex 316. The UV-Visible spectra are shown in Figure 38.

The nature of the complex, paramagnetic species and the reason for the reduction of
esr signal intensity with time are not clearly understood. One possibity is slow formation of a
diamagnetic 1,4 addition product 322 (Scheme 88) as the reactivity of the tertiary amines and

secondary amines is expected to be similar (See scheme 89).

Scheme 88

O (0] o O

cl Cl Ker cl cl «+ Cl cl cl cl
R3N * D R3N == | R3N . o

Cl Cl cl Cl Cl Cl RN Cl

o} o} 0 %0

319 284 320 321 322

charge transfer complex electron transfer complex

Very recently, Mayr and co-workers!?#1%° reported that the reaction of secondary

amine 323 with chloranil 284 gives the corresponding product 325 via the diamagnetic ionic
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intermediate 324 (Scheme 89). It was also suggested that the reaction of amine with quinones
is several orders of magnitude faster than that expected for single electron transfer (SET)
process.?* However, these authors did not report any esr spectrum of the intermediate
formed.

Scheme 89
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Although, Mayr and co-workers did not report reactions of tertiary amines with
chloranil, these derivatives may also give addition products similar to that of secondary
amines (Scheme 88). As discussed earlier, it was observed in this laboratory that mixing
secondary amines with chloranil in different solvents gives intense esr signals which
disappear in 24 h and the corresponding aminoquinone products are isolated.'?
Unfortunately, the ionic intermediates expected to be formed (Scheme 88) could not be
isolated in pure form.

The charge-transfer complex 327 of N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPD) 326 with chloranil 284 was reported.'?® It was proposed that such complexes
interchanged reversibly (Scheme 79).12” The TMPD-chloranil system was also reported to
give ionic diamagnetic complexes (Scheme 90).18 However, the structure of such ionic
diamagnetic complex was not reported in those early days.

Scheme 90
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Very recently, Sakamaki et al.1?® reported that the C-N bond length of biradical 330A
is shorter (1.383 A) than the usual C-N single bond (1.441 A). The multiple-bond (1.5 bond
order) character of the two C-N bonds was established by *H and *C signals of the tert-butyl
groups. Huckel MO calculation for an isodistant azomethine ylide gave three MOs as shown
in Scheme 91. The bonding orbital is doubly occupied, thus leading to a bond order of 1.5
(multiple-bond character) for the two C-N bonds. More interestingly, the orbital patterns of
the HOMO and the LUMO of 330A, calculated at RB3LYP/6-31G(d) level, clearly possess
the nonbonding and antibonding character around the central nitrogen atom. The molecular
design proposed here could provide novel closed-shell p-conjugated compounds with unusual

bond character. The diradical system 330A gave only a very weak esr signal.

Scheme 91

OMe OMe OMe OMe

S L
3@@ R A St e

B 330 ¢
closed shell 330B 330C

%Q\x ——— Antibonding
N 8/N\8 # Nonbonding /N\

8/8\8 * Bonding bond order = 1.5

A possibility in the reaction of Troger base with chloranil is formation of different
types of electron transfer complexes like outer-sphere and inner-sphere complexes (Scheme
92). The decrease of esr signal intensity could be explained by considering the closed shell

structure 333.
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Scheme 92
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Unfortunately, such complexes could not be crystallized under the present reaction
conditions. Although, the nature of the electron transfer complexes is not clearly understood,
such complexes readily accessible as illustrated here. However, a difficulty is that the RsN**
intermediate formed is still in the complexed form with the chloranil radical anion. Therefore,
methods of preparation of such intermediates by other means like using metal ions like Cu?*
or Ce** or by anodic oxidation may be appropriate for further synthetic applications.™° It may
be of interest to note that the reaction of N,N-dialkylarylamine with metal salts (Ti** or Cu?*
or Ce*) leads to the formation of benzidine derivatives via the formation of the

corresponding radical cations.!

It is well known that oxidation of N-methylaniline 334 by anodic or oxidation by

S208% or Fe** leads to polymerization (Scheme 93).1%

Scheme 93
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We have briefly studied the reactions of such systems. The results are discussed in
Annexure-I11. Similar oxidation of TB is expected to give the corresponding radical cation

free of other organic species like chloranil radical anion.

It is of interest to note that the electrochemical oxidation of 2-naphthol on a TEMPO-
modified graphite felt electrode in the presence of (-)-sparteine gave the bi-2-naphthol in 92%
yield with 98% ee (Scheme 94).1%

Scheme 94
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Most probably, the reaction would involve the intermediacy of sparteine radical cation

(Scheme 94). Such studies using chiral TB to investigate the reactivity of TB* would give

fruitful results.
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2.9 Conclusions

A convenient resolution procedure was developed to access the enantiomers of
tetramethyl Troger base derivative in optically pure form using camphorsulfonic acid (CSA)
as a resolving agent. The method was successfully employed for the resolution of dibromo-
dimethyl substituted Troger base derivatives to obtain enantiomerically pure samples with up
to 95-99% ece. Whereas the ortho-methyl substituted Troger base derivatives 64 and 65
gavel:2 complexes with CSA, but ortho-bromo derivative 66 formed only a 1:1 complex.
The (S,5)-64 and (S,5)-65 isomers are dextrorotatory, while the (S,5)-66 isomer is
levorotatory. The configurations at the stereogenic nitrogen centers of (+)-64 and (+)-65 were
assigned as 5S,11S by single crystal analysis of the corresponding diastereomeric salts. The
ortho-dibromo derivative 66 was readily functionalized to access new chiral amine systems
containing chiral phenylethylamine moiety. The configuration of stereogenic nitrogen centers

of (-)-66 was determined as (S,S) by single crystal analysis of 200.

A convenient method was also developed for the resolution of ortho-methoxy-
substituted Troger base derivative using dibenzoyl-L-tartaric acid as a resolving agent. The
nitrogen centers were assigned as (R,R) for (+)-204 from the X-ray diffraction analysis of the

diastereomeric salt 206.

The 5,11-substituted Troger base derivatives were prepared by POCI; promoted one-
pot reaction with amide. A method was also devised for the diastereoselective synthesis of
Troger base derivatives using (S,S)-N,N-bis(a-methylbenzyl)formamide as a carbonyl group
partner. The configuration of newly formed nitrogen centers were assigned by crystal
structure analysis of 216a and 217a. It was also observed that these chiral Troger base

derivatives undergo epimerization in solution as well as in solid state. The reaction of chiral
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ortho-methyl derivative with DMF gave the corresponding 5,11-substituted product with
retention of configuration. However, the chiral para-methyl derivative gave racemic mixture

in the exchange reaction using DMF as amide partner.

The reaction of Troger base with the benzyne intermediate formed using iodobenzene
and t-BuOk as a base gave the bridge cleaved mono-N-arylated product in moderate to good

yields.

Efforts were undertaken towards the hydroboration of prochiral olefins using chiral
Troger base borane complexes. It was found that the borane complexes of para-substituted

derivatives hydroborate olefins to give alcohols with only up to 5% ee.

The reaction of Troger base derivatives with chloranil gave the corresponding charge
transfer complexes and paramagnetic intermediates. The 5,11-substituted derivative with
alkyl amine group gave strong esr signals compared to parent compounds as in this case the
electron donor is the alkyl amine moiety which is expected to be stronger base compared to

bridgehead nitrogens that are aniline moieties.
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3. Experimental Section

3.1 General informations

Melting points were determined by superfit capillary point apparatus and reported
melting points are uncorrected in this thesis. IR (KBr) and IR (neat) spectra were recorded on
JASCO FT-IR spectrophotometer model-5300. The NMR spectra [*H (400 MHz) and *3C
(100 MHz)] were recorded on Bruker-Avance-400 spectrometers chloroform-d as solvent.
Chemical shifts are expressed in & downfield with respect to the signal of internal standard
tetramethylsilane (6 = 0 ppm). Coupling constants J are in Hz. Liquid chromatography (LC)
and mass analysis (LC-MS) were performed using SHIMADZU-LCMS-2010A or HRMS by
El technique. HPLC analyses were performed on an SCL-10ATVP SHIMADZU instrument.
Perkin-Elmer elemental analyzer-240C and Thermo finnigan analyzer Flash EA 1112 were
used for the elemental analysis. Rudolph Analytical AUTOPOL-IV (readability + 0.001°)
automatic polarimeter was used for checking optical rotations. The condition of the

polarimeter was checked by measuring the optical rotation of a standard solution of (S)-(-)-a-

methylbenzylamine [ ]2 =-29.6 (¢ 0.74, EtOH) supplied by Aldrich.

Thin layer chromatography tests were carried out on pre-coated glass plates using
silica gel-GF2s4 containing 13% calcium sulfate as binder. The spots were visualized by UV
light or exposure to iodine. Gravity column chromatography was used for the separation of
compounds using silica gel (100-200 mesh) as stationary phase. All the glasswares were pre-

dried at 100-120 °C in an air-oven for 4 h, assembled in hot condition and cooled under a
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stream of dry nitrogen. Unless otherwise mentioned, all the operations and transfer of reagent
were carried out using standard syringe-septum technique recommended for handling air

sensitive reagents and organometallic compounds.

In all experiments, a round bottom flask of appropriate size with a side arm, a side
septum, a magnetic stirring bar, a condenser and a connecting tube attached to a mercury
bubbler was used. The outlet of the mercury bubbler was connected to the atmosphere by a
long tube. All dry solvents and reagents used were distilled from appropriate drying agents.
As a routine practice, all organic extracts were washed using saturated NaCl solution (brine)
and dried over Na,SO4 or K,CO3 and concentrated on Heidolph-EL-rotary evaporator. All the

yields reported are of isolated materials characterized by IR and NMR.

AICIz and trifluoroacetic acid supplied by E-Merck (India) was used as received. 2,4-
dimethylaniline, 2-bromo-4-methylaniline, 4-bromo-2-methylaniline, 4-bromo-2-
methoxyaniline were purchased from commercial sources were used as received. Camphor
sulfonic acid, dibenzoyl-L-tartaric acid (DBTA) and (S)-a-methylbenzylamine were
purchased from Sigma Aldrich and used as received. Toluene and acetone purchased from E-
Merck (India) was used as received for resolution experiments. 1.6 M n-BuL.i purchased from
commercial source was used as received. NaBHs was supplied by E-Merck (India) was used

as received. lodine was supplied by Spectrochem, India.

The (S,S)-N,N-bis(a-methylbenzyl)formamide was prepared following a reported
procedure.® POCIls, DMF and DEF were supplied by commercial sources used as received.

Dichloromethane was distilled using calcium hydride under nitrogen. The THF solvent
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supplied by commercial sources, India were kept over sodium-benzophenone ketyl then
freshly distilled before use. Toluene and diglyme were also kept over sodium-benzophenone
ketyl, distilled and stored over sodium wire. Chiral 1,1-bi-2-napthol was supplied by
Gerchem Labs (P) Ltd. t-BuOK supplied by Hychem, India was used as received. DMF and
DMSO were purchased from E-Merck, India and used as received in N-arylation reactions.

CuBr was supplied by Sigma Aldrich.

X-ray reflections were collected using Oxford CCD X-ray diffractometer (Yarnton,
Oxford, UK) equipped with Mo-Ka radiation (A = 0.71073 A) and Cu- Ka radiation (A =
1.54184 A) sources. CrysAlisPro 171.33.55 software was for data reduction. Crystal
structures were solved and refined using Olex2-1.0. Hydrogen atoms were experimentally
located by the Fourier difference electron density method in all crystal structures. All O-H,
and C—H were geometrically fixed by HFIX command in SHELX-TL programme of Bruker-
AXS. Bruker SMART-APEX CCD diffractometer (Bruker-AXS, Germany, Karlsruhe) was
used for the X-ray reflections. X-ray reflections were collected using Mo-Ka X-radiation (1 =
0.71073 A) on the single crystal at 298K. Data reduction was performed using the Bruker
SAINT software. Intensities for absorption were corrected by using SADABS and the
Siemens detector absorption correction program (Bruker-AXS). All the crystal structures
were solved and refined using SHELX-97 with anisotropic displacement for non-hydrogen
atoms. Hydrogen atoms on oxygen experimentally located in difference electron density

maps.



128 Experimental section

3.2 Synthesis of racemic Troger base derivatives

3.2.1 General procedure for the synthesis of tetramethylsubstituted Troger base

derivatives

To a solution of substituted aniline (50 mmol) and paraformaldehyde (3.0 g, 100
mmol) in CH2Cl> (150 mL) was added AICIz (6.65 g, 50 mmol) under N2 atmosphere. The
reaction mixture was allowed to stir for 12 h at 25 °C and the reaction was quenched with
cold water. The reaction mixture was extracted using CH.Cl, and the combined organic
extracts were successively washed with water, brine solution and dried over anhydrous
Na>SO4. After removal of the solvent, the residue was subjected to chromatography on silica
gel column using 2-5% ethyl acetate in hexane to elute the desired Troger base derivatives.

2,4,8,10-Tetramethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 64

Yield : 4.10 g (59%); White solid -
] N CHa
mp : 110-112 °C (1it.** mp 114-115 °C) ﬁ@/
H3C N
IR (KBr) : 2947, 1430, 1215, 1031, 923 cm™! 84 CHs
'H NMR : (400 MHz, CDCls): 6 6.91 (s, 2H), 6.62 (s, 2H), 4.58 (d, J = 16.0 Hz,

2H), 4.36 (s, 2H), 3.98 (d, J = 16.0 Hz, 2H), 2.42 (s, 6H), 2.24 (s, 6H)
BC NMR : (100 MHz, CDCl3): 6 143.5, 133.1, 132.6, 129.8, 127.8, 124.8, 67.8,
55.1, 20.8, 17.0
1,3,7,9-Tetramethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 32d
Yield : 1.4 g (20%); White solid

. HsC N
mp ; 198-201 °C; (lit.** mp 202-203 °C) @@@\
CH3

IR (KBr) : 2914, 1710, 1439, 1263, 954 cm™! CHs 324
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IHNMR (400 MHz, CDCls): 8 6.81 (s, 2H), 6.63 (s, 2H), 4.48 (d, J = 16.0 Hz,
2H), 4.22 (s, 2H), 3.99 (d, J = 16.0 Hz, 2H), 2.22 (s, 6H), 2.04 (s, 6H)

BCNMR (100 MHz, CDCls): & 148.5, 136.4, 135.6, 126.6, 123.4, 66.2, 55.1,
20.9, 17.9

3.2.2 General procedure for the preparation of bromo-substituted and unsubstituted
Troger base derivatives

To a solution of substituted aniline (10 mmol) in trifluoroacetic acid (10 mL) was
added paraformaldehyde (0.600 g, 20 mmol) under N. atmosphere at 0 “C. The reaction
mixture was allowed to stir for 48 h at 25 °C and the reaction was quenched by ag. NaOH.
The reaction mixture was extracted using CH2Cl. and the combined organic extracts were
successively washed with water, brine solution and dried over anhydrous Na;SOa. After
removal of the solvent, the residue was subjected to column chromatography on silica gel
using ethyl acetate in hexane to elute the desired Troger base derivatives.

2,8-Dibromo-4,10-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 65

Yield ; 2.0 g (98%); White solid

mp : 192-194 °C (Iit.3* mp 195.5-196.5 °C) Qb

IR (KBr) : 2917, 1461, 1282, 923 cm!

IH NMR : (400 MHz, CDCl3):  7.19 (s, 2H), 6.91 (s, 2H), 4.52 (d, J = 16.0 Hz,

2H), 4.32 (s, 2H), 3.90 (d, J = 16.0 Hz, 2H), 2.37 (s, 6H)
BCNMR (100 MHz, CDCls): & 144.8, 135.3, 131.8, 129.9, 127.1, 116.8, 67.2,

54.6, 16.8
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4,10-Dibromo-2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 66

Yield : 1.98 g (97%); White solid Br
N CHs
mp : 190-192 °C (lit.%% mp 188-189 °C) . m@/
Hs N
. 1 66 Br
IR (KBr) : 2946, 1427, 1230, 923 cm
'HNMR : (400 MHz, CDCls): 6 7.27 (s, 2H), 6.74 (s, 2H), 4.54 (d, J = 16.0 Hz,

2H), 4.35 (s, 2H), 4.28 (d, J = 16.0 Hz, 2H), 2.21 (s, 6H)
BCNMR (100 MHz, CDCls): & 142.0, 135.4, 131.9, 130.3, 126.7, 119.5, 67.8,
55.4, 20.5

2,8-Dibromo-4,10-dimethoxy-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 203

Yield : 1.4 g (64%); Yellow solid QCHs
Br
mp : 229-231 °C (lit.¥ mp 233-234 °C) | \N
203 OCH3
IR (KBr) : 2967, 1567, 1468, 1248, 822 cm’!
'H NMR : (400 MHz, CDCls): 6 6.82 (s, 2H), 6.70 (s, 2H), 4.47 (d, J = 20.0 Hz,

2H), 4.26 (s, 2H), 4.16 (d, J = 20.0 Hz, 2H), 3.89 (s, 6H)
BCNMR (100 MHz, CDCls): & 153.5, 134.3, 130.8, 121.7, 117.2, 112.4, 67.6,
55.9, 53.8

6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 32c

Yield ; 0.832 g (75%); White solid ‘ @@@
N

mp : 128-130 °C (Iit.13 mp 127-128 °C) o
IR (KBr) 2946, 1427, 1230, 923 cm!
IHNMR (400 MHz, CDCls): & 6.82-6.70 (m, 8H), 4.46 (d, J = 16.0 Hz, 2H),

4.24 (s, 2H), 4.14 (d, J = 16.0 Hz, 2H)
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13C NMR

131

(100 MHz, CDCls): 6 144.5, 134.3, 130.8, 121.7, 117.2, 112.4, 67.6,

55.9

3.2.3 Typical procedure for the synthesis of ortho-methoxy Trdger base derivatives

To a solution of Troger base derivative (1 mmol, 0.440 g) in toluene: THF (30:1) was

added 1.6 M n-BuLi (2.1 mmol, 1.4 mL) at -78 °C under N, atmosphere. The resulting

mixture was allowed to stir for 10 min. followed by iodomethane was added at -78 °C. This

mixture was allowed to stir for 1 h at -78 *C and quenched by ice cold water. The aqueous

layer was extracted with ethyl acetate (2 x 15 mL) and the combined organic extracts were

successively washed with water, brine and dried over anhydrous Na;SOs. After removal of

the solvent, the residue was subjected to column chromatography on silica gel using ethyl

acetate in hexane to elute the desired Troger base derivative.

2,8-Dimethyl-4,10-dimethoxy-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 204

Yield
mp
IR (KBr)

'H NMR

13C NMR

HRMS (ESI)

0.165 g (53%); Yellow solid HiCsg
N CHs
165-167 °C w
H3C N
2936, 1578, 1482, 1315, 922 cm’! 204 Osgy,

(400 MHz, CDCls): 8 6.52 (s, 2H), 6.37 (s, 2H), 4.49 (d, J = 16.0 Hz,
2H), 4.31 (s, 2H), 4.17 (d, J = 16.0 Hz, 2H), 3.90 (s, 6H), 2.23 (s, 6H)
(100 MHz, CDCls): & 152.6, 133.8, 132.9, 129.0, 119.1, 109.5, 68.0,
55.4, 54.3, 21.4

m/z [M+H]" calcd for C19H22N202: 311.1760; found 311.1759
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2-Bromo-4,10-dimethoxy-8-methyl 6H,12H-5,11-methanodibenzo[b,f][1,5] diazocine 205

Yield : 0.54 g (14%); Yellow solid HaCs
N CHs
mp . 137-140°C w
Br N
IR (KBr) : 2921, 1570, 1473, 1134, 929 cm™! 205 Ogyy,
'HNMR : (400 MHz, CDCls): 6 6.81 (s, 1H), 6.71 (s, 1H), 6.53 (s, 2H), 6.37 (s,

2H), 4.48 (dd, J = 4.0 Hz, 2H), 4.28 (d, J = 4.0 Hz, 2H), 4.16 (m, 2H),
3.90 (s, 6H), 2.24 (s, 6H)
BBC NMR : (100 MHz, CDCls): 6 153.6, 152.6, 134.8, 134.2, 132.3, 131.2, 128.6,
121.8, 119.0, 116.9, 112.2, 109.7, 67.8, 55.8, 55.5, 54.2, 54.0, 21.4
HRMS (ESI) : m/z [M+H]" calcd for C1gH19BrN2O,: 375.0709; found 375.0705

3.3 Resolution of tetrasubstituted Troger base derivatives
3.3.1 Resolution of (%)-2,4,8,10-tetra-methyl-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 64

The (1S)-(+)-10-camphorsulfonic acid (2.32 g, 10.0 mmol) and rac-Troger base 64

(1.39 g, 5.0 mmol) were taken in toluene (100 mL), and the contents were stirred at 25 °C for
6 h and filtered. The precipitate was suspended in a mixture of CH»Cl, and aq. Na2COs (2 M)
and stirred until dissolution occurred. The organic extracts were washed with brine, dried
over anhydrous Na>SQO4, and evaporated to obtain the (S,S)-64 enantiomer in 99% ee. The
filtrate was treated as outlined above with aq. Na.COz to obtain the (R,R)-64 enantiomer

(80% ee, 49% vyield).

After decomposition

From precipitate W

HsC N
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Yield 0.630 g (45%)
lo]Z +28.6 (¢ 0.22, CHCl5)

From filtrate

Yield 0.684 g (49%)
o]y ~22.6 (¢ 0.50, CHCl)

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using hexane:i-

PrOH/90:10; flow rate 0.5 mL/min.

3.3.2 Enrichment of enantiomeric purity of nonracemic (-)-64 wusing (-)-
camphorsulfonic acid

The nonracemic Troger base (R,R)-64 (1.39 g, 5.0 mmol) and (1R)-(-)-10-
camphorsulfonic acid (2.32 g, 10 mmol) were taken in toluene (40 mL), and the contents
were stirred at 25 °C for 6 h and filtered. The precipitate was suspended in a mixture of
CHCI, and ag. Na2COs (2 M) and stirred until dissolution occurred. The organic extracts
were washed with brine, dried over Na,SOa, and evaporated to dryness to obtain the (R,R)-64
isomer (99% ee, 77% vyield). The filtrate was concentrated, and the residue was treated as
outlined above with ag. Na,COs to obtain 64 enriched in the (R,R)-enantiomer (67% ee, 17%

yield).

After decomposition

CHjs
From precipitate HsC ?i;/

(-yea CMs
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Yield 1.072 g (77%)

al? ~28.8 (¢ 0.50, CHCl5)

From filtrate

Yield 0.237 g (17%)

Lal? ~18.6 (¢ 0.32, CHCly)

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using hexane:i-

PrOH/90:10; flow rate 0.5 mL/min.

188[(+)-CSA«(+)-64]

mp

IR (KBr)

'H NMR

BC NMR

H3C

128-131 °C (White solid) o o iCCHSCH

2958, 1738, 1482, 1415, 1155, 4& 'i\(
A (6]

1037, 857, 764 cm™! 05 g™ ©

(400 MHz, CDCls): 5 7.18 (brs, 3H), 6.98 (s, 2H), 6.69 (s, 2H), 4.99
(m, 4H), 4.12 (d, J = 16.4 Hz, 2H), 3.41 (d, J = 14.8 Hz, 2H), 2.97 (d, J
= 14.8 Hz, 2H), 2.48 (s, 6H), 2.44-2.35 (m, 3H), 2.22 (s, 6H), 2.09 (t, J
= 4.4 Hz, 2H), 2.03-2.00 (m, 2H), 1.95 (s, 1H), 1.91 (s,1H), 1.85-1.78
(m, 2H), 1.43-1.37 (m, 2H), 1.06 (s, 6H), 0.87 (s, 6H)

(100 MHz, CDCls): § 217.8, 137.6, 135.3, 132.5, 131.8, 125.4, 124.1,
69.3, 58.5, 54.5, 48.3, 47.9, 42.8, 42.7, 26.9, 25.2, 20.8, 19.8, 19.7,

16.9
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HRMS (ESI) : m/z [M+Na]" calcd for C3oHs4N2S40s: 765.3219; found 765.3221

3.3.3 Resolution of (%)-2,8-dibromo-4,10-dimethyl-6H,12H-5,11-methanodibenzol[b,f]
[1,5] diazocine 65
The (1S)-(+)-10-camphorsulfonic acid (2.32 g, 10.0 mmol) and rac-dibromo-Troger

base 65 (2.04 g, 5.0 mmol) were taken in toluene (100 mL), and the contents were stirred at
25 °C for 6 h and filtered. The precipitate was suspended in a mixture of CH>Cl, and aqg.
Na>CO3 (2 M) and stirred until dissolution occurred. The organic extracts were washed with
brine, dried over anhydrous Na>SOs, and evaporated to obtain the (S,S) enantiomer in 95%
ee. The filtrate was treated as outlined above with ag. Na,COs to obtain (—)-65 enriched in the
(R,R)-enantiomer (96% ee, 49% yield).

After decomposition
From precipitate

CH3
Yield 0.980 g (48%) @Q Br
Br W

Lal? +160.6 (c 0.60, CHCl3) (+y65 CHo

From filtrate

Yield 1.007 g (49%) o

Br

Br N

[aly ~159.0 (¢ 0.40, CHCls) (65 CHo

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using hexane:i-

PrOH/90:10; flow rate 0.5 mL/min.
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CHs
193[(+)-CSA+(+)-65] /ﬁ:@ e

Br N

] ) "H CHs

mp : 148-150 °C (White solid) MO s e CHy
IR (KBFr) : 2957, 1736, 1471, 1414, 1374, 1136, 857, é& 4&

~ (o]

08" e HO4S 0

748 cm™!

IH NMR : (400 MHz, CDCl3): 6 8.95 (brs, 3H), 7.33 (s, 1H), 7.09 (s, 1H),

5.09-5.05 (m, 4H), 4.14 (d, J = 20 Hz, 2H), 3.38 (d, J = 16 Hz, 2H),
2.95 (d, J = 16 Hz, 2H), 2.42-2.33 (m, 4H), 2.09-2.07 (m, 2H), 2.04-
1.97 (m, 2H), 1.93 (s, 1H), 1.88 (s, 1H), 1.79-1.72 (m, 2H), 1.43-1.36
(m, 2H), 1.04 (s, 6H), 0.85 (s, 6H)
BBC NMR : (100 MHz, CDCls): 6 217.9, 136.7, 135.3, 133.9, 127.8, 126.3, 121.3,
68.9, 58.4, 54.0, 48.3, 48.1, 42.8, 42.6, 26.8, 25.3, 19.7, 19.6, 16.8
HRMS (ESI) : m/z [M+H]" calcd for Cs7H4sBraN20gS»: 871.1298; found 871.1233

3.3.4 Resolution of (%)-4,10-dibromo-2,8-dimethyl-6H,12H-5,11-methanodibenzolb,f]
[1,5] diazocine 66
The (1S)-(+)-10-camphorsulfonic acid (1.16 g, 5.0 mmol) and rac-dibromo-Troger

base 66 (2.04 g, 5.0 mmol) were taken in toluene (15 mL), and the contents were stirred at 25
°C for 12 h and filtered. The precipitate was suspended in a mixture of CH.Cl; and agq.
Na>,COs (2 M) and stirred until dissolution occurred. The organic extracts were washed with
brine, dried over anhydrous Na>SOs, and evaporated to obtain the (S,S)-(—)-66 enantiomer in
99% ee with 27% vyield. The filtrate was treated as outlined above with ag. NaxCOs to obtain

the (R,R)-(+)-66 in 41% ee with 69% yield.
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After decomposition
From precipitate

Yield 0.560 g (27%)
[aly ~180.6 (c 0.32, CHCls)

From filtrate

Yield 1.42 g (69%)

Lal? +72.0 (c 0.35, CHCly)

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using hexane:i-

PrOH/90:10; flow rate 0.5 mL/min.

3.3.5 Enrichment of enantiomeric purity of nonracemic (+)-66 using (-)-

camphorsulfonic acid

The nonracemic Troger base (R,R)-66 (2.04 g, 5.0 mmol) and (1R)-(-)-10-
Camphorsulfonic acid (1.16 g, 5 mmol) were taken in toluene (15 mL), and the contents were
stirred at 25 °C for 12 h and filtered. The precipitate was suspended in a mixture of CH.Cl;
and ag. Na,COz (2 M) and stirred until dissolution occurred. The organic extracts were

washed with brine, dried over Na;SOs4, and evaporated to dryness to obtain the (R,R)-66

isomer (96% ee, 25% vyield).

After decomposition

From precipitate

Br

) /@mm

(-)-66 Br

137
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Yield 0.560 g (25%)

Br
HsC N
(+)-66 Br

al? +178.0 (c 0.77, CHCl3)

From filtrate
Yield 1.43 g (70%)
Lal? +18.0 (¢ 0.35, CHCls)

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using hexane:i-

PrOH/90:10; flow rate 0.5 mL/min.

198[(+)-CSA+(-)-66] Br
mp ; 94-96 °C (White solid) HsC ?;?/
HsC '-(|3H3 r
IR (KBr) : 2964, 1753, 1473, 1156, 1035, 854, 6\&
058 198 ©
789 cm™!
IH NMR : (400 MHz, CDCl3): & 9.02 (brs, 2H), 7.36 (s, 2H), 6.85 (s, 2H), 5.01-

4.95 (M, 4H), 4.42 (d, J = 16 Hz, 2H), 3.36 (d, J = 16 Hz, 1H), 2.88 (d,
J =16 Hz, 1H), 2.64-2.58 (m, 1H), 2.24 (s, 6H), 2.01-1.94 (m, 2H),

1.84 (d, J = 16 Hz, 1H), 1.75-1.68 (m, 1H), 1.07 (s, 3H), 0.82 (s, 3H)

13C NMR ) (100 MHz, CDCls): 6 216.9, 139.3, 135.3, 133.6, 127.3, 127.1, 118.6,

69.6, 58.5, 54.7, 47.9, 47.5, 42.9, 42.7, 27.0, 24.8, 20.7, 19.9, 19.8

HRMS (ESI) : m/z [M+Na]" calcd for C27H32N2Br.04S: 661.0347; found 661.0347
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3.3.6 Typical procedure for the preparation of 2,8-dimethyl-6H,12H-5,11-methano-
dibenzo[b,f][1,5]diazocine-4,10-dicarbaldehyde
To a solution of Troger base derivative (-)-66 (0.408 g, 1 mmol) in toluene:THF

(30:1) was added 1.6 M n-BuLi (1.4 mL, 2.1 mmol) at 0 °C under N> atmosphere. The
resulting mixture was allowed to stir for 10 min. followed by dimethyl formamide was added
at 0 °C. This mixture was allowed to stir for 1 h at 0 °C and quenched by ice cold water. The
aqueous layer was extracted with ethyl acetate (2 x 15 mL) and the combined organic extracts
were successively washed with water, brine and dried over anhydrous Na>SOs. After removal
of the solvent, the residue was subjected to chromatography on silica gel column using ethyl

acetate in hexane to elute the desired Troger base derivative.

2,8-Dimethyl-6H,12H-5,11-methano-dibenzo[b,f][1,5]diazocine-4,10-dicarbaldehyde 199

Yield ; 0.200 g (65%); Yellow solid H#°
N CHy
mp : 214-216 °C (lit.®> mp 219-221 °C) e %/lj
3 N
IR (KBr) : 2917, 1677, 1461, 1282, 923 cm’! (-)-199 07 °H
'H NMR : (400 MHz, CDClIs): 6 10.51 (s, 2H), 7.52 (s, 2H), 6.95 (s, 2H), 4.84 (d,

J=16.0 Hz, 2H), 4.40 (s, 2H), 4.08 (d, J = 16.0 Hz, 2H), 2.26 (s, 6H)

BC NMR : (100 MHz, CDCl3): 6 191.1, 148.0, 134.0, 133.5, 129.5, 129.0, 128.3,
66.6, 59.4, 20.6

o]y : -923.7.0 (¢ 0.27, CHCI3) {lit.® [ ]2 = -874.6 (0.39, CHCIs)

ee : 99% (Estimated by HPLC analysis on chiralcel OJ-H

column, EtOH, flow rate 0.5 mL/min.
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3.3.7 General procedure for the preparation of 2,8-dimethyl-6H,12H-5,11-methano-

dibenzo[b,f][1,5]diazocine-4,10-bis(methylene)bis(1-phenylethanamine)

To a solution of Troger base derivative 199 (0.306 g, 1 mmol) in ethanol (15 mL) was

added silica gel (0.5 g) and (S)-a-methylbenzylamine (0.242 g, 0.25 mL, 2 mmol). The

resulting content was subjected to sonication at 65 °C for 0.5 h, followed by the mixture was

filtered. To this filtrate NaBH4 was added at 0 °C and allowed to stir for 3 h at 25 °C. After

removal of the solvent, the residue was quenched by water and extracted using ethyl acetate.

The ethyl acetate was removed by rotary evaporator and subjected to chromatography on

silica gel using ethyl acetate in hexane to elute the desired Troger base derivative.

2,8-Dimethyl-6H,12H-5,11-methano-dibenzo[b,f][1,5]diazocine-4,10-bis(methylene)

bis(1-phenylethanamine) 200 @
Yield : 0.470 g (91%): White solid '

mp
IR (KBr)

o]y

13C NMR

NH

N CHy
144-146 °C /(EO
H3C N

3304, 3030, 2964, 1468, 1221, 816 cm! HN

-139.2 (C 026, CHC|3) (_).2(;\0 ©

(400 MHz, CDCls): § 7.44-7.39 (m, 8H), 7.31-7.29 (m, 2H), 6.92 (s,

2H), 6.60 (s, 2H), 4.44 (d, J = 16.0 Hz, 2H), 4.27 (5, 2 H), 4.04 (d, J =
16.0 Hz, 2H), 3.97 (d, J = 12.0 Hz, 2H), 3.84 (q, J = 4.0 Hz, 2 H), 3.57
(d, J = 12.0 Hz, 2H), 2.31(brs, 2H), 2.23 (s, 6H), 1.44 (d, J = 4.0 Hz,
6H)

(100 MHz, CDCls): § 145.9, 143.4, 134.7, 133.4, 129.0, 128.5, 128.1,

126.9, 126.8, 126.1, 67.2, 57.7,55.9, 47.9, 24.5, 20.9
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HRMS (ESI) : m/z [M+H]" calcd for CssHaoN4: 517.3332; found 517.3336

2,8-Dimethyl-6H,12H-5,11-methano-dibenzo[b,f][1,5]diazocine-4,10-bis(methylene)

bis(1-phenylethanamine) 201 HaC, p

Yield : 0.450 g (87%) N -
IR (Neat) ) 3304, 3030, 2964, 1468, 1221, 816 cm’! mc@??/
laly : ~49.7 (c 0.34, CHCls) ©)~,,,CH3

'HNMR : (400 MHz, CDCly): 6 7.46-7.44 (m, 4H), (-)-201

7.41-7.37 (m, 4H) 7.31-7.26 (m, 2H), 7.03 (s, 2H), 6.58 (s, 2H), 4.37
(d, J = 16.0 Hz, 2H), 4.17 (s, 2 H), 3.99 (s, 2H), 3.95-3.88 (m, 4H),
3.55 (d, J = 16.0 Hz, 2H), 2.22 (s, 6H), 1.97 (brs, 2H), 1.44 (d, J = 4.0
Hz, 6H)

BCNMR (100 MHz, CDCls): § 145.9, 143.3, 134.8, 133.4, 128.7, 128.5, 127.9,
127.0, 126.8, 126.1, 67.3, 58.6, 55.9, 47.4, 24.6, 21.0

HRMS (ESI) : m/z [M+H]" calcd for CssHaoN4: 517.3332; found 517.3329

3.3.8 Resolution of (%)-2,8-dimethyl-4,10-dimethoxy-6H,12H-5,11-methanodibenzo
[b,f][1,5]diazocine 204
The (—)-dibenzoyl-L-tartaric acid (1.43 g, 4.0 mmol) and rac-Trdger base 204 (0.620

g, 2.0 mmol) were taken in acetone (25 mL), and the contents were stirred at 25 °C for 12 h
and filtered. The precipitate was suspended in a mixture of CH2Cl and aq. Na,CO3 (2 M) and
stirred until dissolution occurred. The organic extracts were washed with brine, dried over

anhydrous Na>SOa, and evaporated to obtain the (R,R)-(+)-204 enantiomer in 99% ee and
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32% vyield. [odz,f: +98 (c 0.25, CHCIs). The filtrate was treated as outlined above to obtain
the (S,S)-(—)-204 in 52% ee and 69% yield.

After decomposition

From precipitate

Yield 0.200 g (32%) Mo

Lal? +98.0 (c 0.25, CHCly) HsC ?@

O\
(+)-204 ~“CH,

From filtrate

Yield 0.396 g (64%)
[al? —56.2 (¢ 0.62, CHCl5)

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using EtOH; flow rate

0.5 mL/min.
3.3.9 Enrichment of enantiomeric purity of nonracemic (-)-204 using (+)-DBTA.

The nonracemic Troger base (S,S)-204 (0.620 g, 2.0 mmol) and (+)-DBTA (1.43 g,
4.0 mmol) were taken in acetone (25 mL), and the contents were stirred at 25 °C for 12 h and
filtered. The precipitate was suspended in a mixture of CH>Cl; and ag. Na,COsz (2 M) and
stirred until dissolution occurred. The organic extracts were washed with brine, dried over

Na>S0s, and evaporated to dryness to obtain the (S,S)-(-)-204 isomer (99% ee, 34% yield)
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After decomposition
From precipitate

Yield 0.210 g (34%)
o]y ~102.3 (¢ 0.78, CHCl5)

From filtrate

Yield 0.385 g (62%)

Lal? +19.0 (c 0.38, CHCls)

143

The samples were also analyzed by HPLC on Chiralcel-OJ-H column using EtOH; flow rate

0.5 mL/min.

206[(—)-DBTAs(+)-204]

mp : 157-159 °C (White solid) 0 R s
PhCOO OCOPh
IR (KBr) 1721, 1491, 1265, 1109, 1070, 834 cm™! "
IH NMR : (400 MHz, CDCl3): & 8.04 (d, J = 8.0 Hz, 4H), 7.51-7.33 (m, 8H), 6.52

(s, 2H), 6.29 (s, 2H), 5.93 (s, 2H), 4.58 (d, J = 16 Hz, 2H), 4.10 (d, J =

16 Hz, 2H), 3.82 (s, 6H), 2.20 (s, 6H)

BC NMR : (100 MHz, CDCl3): 6 169.4, 165.4, 152.4, 136.6, 133.3, 130.1, 129.2,

128.3,128.2, 127.2, 119.1, 110.6, 71.5, 67.6, 55.7, 53.5, 21.4
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HRMS (ESI) : m/z [M+H]" calcd for Ca7H3sN2010: 669.2449; found 669.2449

3.4 Synthesis of 5,11-substituted Troger base derivatives
3.4.1 Typical procedure for diastereoselective synthesis of Trdger base derivative
To a solution of rac-Troger base 32a (1.25 g, 5 mmol) and (S)-2-methyl butanal

(0.439 g, 5 mmol) in 1,2-dichloroethane (15 mL) was added TiCls (1.9 g, 1.1 mL, 10 mmol)
at 25 °C under N2 atmosphere. The reaction mixture was allowed to stir for 14 h at 83 °C. It
was then cooled to 0 °C and quenched with 10% aq. K2COgz solution. The aqueous layer was
extracted with CH2Cl> (2 x 15 mL) and the combined organic extracts were successively
washed with water, brine and dried over anhydrous Na>SOs. After removal of the solvent, the
residue was subjected to chromatography on silica gel column using 5% ethyl acetate in

hexane to elute the desired Troger base derivative.

2,8-dimethyl-13-(2-butyl)-6H,12H-5,11-methanodibenzol[b,f][1,5]diazocine
The diastereomeric ratio was calculated on the basis of *H NMR analysis of -CHs
proton of (S)-2-methyl-1-butyl moiety [For major1.08 (d, J = 6.4 Hz, 3H), and for minor 1.17

(d, J = 6.4 Hz, 2H]

Yield : 0.120 g (40%) \@(N C@@\
o200
208 £>—

IR (Neat) : 2992, 2858, 1486, 838 cm!

IHNMR (400 MHz, CDCls): § 7.08-6.99 (m, 7.2H), 6.76 (s, 1.5H), 6.73 (s, 2H),
4.68 (d, J = 4.0 Hz, 0.7H), 4.64 (d, J = 4.4 Hz, 1H), 452 (d, J = 6.4
Hz, 0.7H), 4.48 (d, J = 6.4 Hz, 1H), 4.23 (d, J = 3.6 Hz, 1H), 4.19 (d, J

= 3.6 Hz, 0.8 H), 4.06 (s, 1H), 4.02 (s, 0.8H), 3.67 (m, 1.8H), 2.27 (s,
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11H), 2.04-1.89(m, 1H), 1.89-1.83 (m, 0.7H), 1.68-1.62 (m, 1.7H),
1.34-1.27 (m, 2H),1.17 (d, J = 6.4 Hz, 2H), 1.08 (d, J = 6.4 Hz, 3H),

1.00 (t, J = 7.2 Hz, 3H), 0.92 (t, J = 7.2 Hz, 2H)

13C NMR : (100 MHz, CDCl3): 6 148.5, 148.4, 143.6, 132.8, 132.6, 132.5, 128.3,
128.2, 128.0, 127.9, 127.7, 127.1, 126.7, 125.8, 125.7, 125.0, 77.7,

77.6, 60.9, 52.4, 52.1, 34.2, 33.7, 25.6, 25.2, 20.8, 20.7, 15.6, 15.2,

11.1, 10.6
LCMS : (El, m/z): 303.25 (M+1)
Analysis : Anal. Calcd for C21H26N2: C 82.31, H 8.55, N 9.14;

found: C 82.76, H 7.91, N 9.32

3.4.2 General procedure for the preparation of 5,11-substituted derivatives using POClI3

To a solution of Troger base derivative (2 mmol) and DMF (2.1 mmol, 0.153 g, 0.16
mL) in CH2Cl> (15 mL) was added POCIz (0.535 g, 0.32 mL, 3.5 mmol) at 25 °C under N
atmosphere. The reaction mixture was allowed to stir for 1 h at 25 °C. It was then cooled to 0
°C and quenched with 10% ag. NaOH solution. The aqueous layer was extracted with CH2Cl»
(2 x 15 mL) and the combined organic extracts were successively washed with water, brine
and dried over anhydrous Na>SOs. After removal of the solvent, the residue was subjected to
chromatography on silica gel column using 5-10% ethyl acetate in hexane to elute the desired

Troger base derivative 210.

145
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2,8-Dimethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine

210a
Yield

mp
IR (KBr)

'H NMR

1BC NMR

LCMS

Analysis

0.546 g (93%); White solid

102-104 °C

oo

2991, 1494, 1421, 1205, 835 cm™™ 210a

(400 MHz, CDCls): & 7.04-6.92 (m, 4H), 6.73 (s, 1H), 6.69 (s, 1H),
4.62 (d, J = 8.8 Hz, 1H), 4.58 (d, J = 8.8 Hz, 1H), 4.18 (d, J = 16.4 Hz,
1H), 3.85 (m, 2H), 2.42 (s, 6H), 2.23 (s, 3H), 2.20 (s, 3H)

(100 MHz, CDCls): 6 146.4, 142.1, 133.2, 133.0, 128.2, 128.0, 127.8,
127.0, 126.9, 125.4, 125.2, 90.4, 59.5, 51.6, 41.6, 21.0, 20.9

(El, m/z): 294.25 (M+1)

Calculated for C19H23N3: C, 77.78%; H, 7.90%; N, 14.32%;

found: C, 77.65%, H, 7.93%, N, 14.21%

2,8-Dimethoxy-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine 210b
Yield

mp
IR (KBr)

'H NMR

0.545 g (84%); White solid

111-113°C —N

—N
AN

2999, 1494, 1458, 1240, 835 cm™ 210b

NS Nsa

(400 MHz, CDCls): & 7.05 (d, J = 8.8 Hz, 1H), 6.99 (d, J = 8.8 Hz,
1H), 6.76-6.69 (M, 2H), 6.42 (d, J = 10.4 Hz, 2H), 4.61 (d, J = 9.6 Hz,
1H), 4.56 (d, J = 9.2 Hz, 1H), 4.14 (d, J = 16.8 Hz, 1H), 3.84-3.80 (m,

2H), 3.71 (s, 3H), 3.69 (s, 3H), 2.41 (s, 6H)
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13C NMR

LCMS

Analysis

147

(100 MHz, CDCl3): 6 156.0, 155.8, 141.9, 137.7, 129.3, 129.1, 126.5,
126.3, 113.9, 113.7, 110.7, 110.4, 90.5, 59.6, 55.4, 55.3, 51.9, 41.5

(El, m/z): 326 (M+1)

Calculated for C19H23N302: C, 70.13%, H, 7.12%, N, 12.91%;

found: C, 70.35%, H, 7.16%, N, 12.81%

13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 210c

Yield
mp
IR (KBr)

'H NMR

13C NMR

LCMS

Analysis

0.464 g (88%); White solid : Nﬁ‘ :
141-143 °C /éN

—N
N

3063, 2945, 1481, 1448, 1275, 833 cm! 210¢

(400 MHz, CDCls): § 7.17-7.07 (m, 4H), 6.97-6.86 (m, 4H), 4.68 (d, J
= 9.2 Hz, 1H), 4.64 (d, J = 9.2 Hz, 1H), 4.25 (d, J = 16.4 Hz, 1H), 3.93
(d, J = 16.4 Hz, 1H), 3.88 (s, 1H), 2.43 (s, 6H)

(100 MHz, CDCl3): 6 149.0, 144.8, 128.7, 128.4, 127.2, 127.0, 126.6,
126.5, 125.7, 125.4, 123.8, 123.7, 90.1, 59.5, 51.6, 41.6

(El, m/z): 266.2 (M+1)

Calculated for C17H19Ns: C, 76.95%, H, 7.22%, N, 15.84%;

found: C, 77.23%, H, 6.48%, N, 15.76%

1,3,7,9-Tetramethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine 210d

Yield
mp

IR (KBr)

N
0.551 g (86%); White solid h
N
—N

227-229 °C
\

210d

2995, 2914, 1435, 1280, 852 cm™™
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IHNMR (400 MHz, CDCls): 8 6.83 (s, 1H), 6.77 (s, 1H), 6.64 (s, 1H), 6.62 (s,
1H), 4.46 (d, J = 16.4 Hz, 1H), 4.39 (d, J = 16.4 Hz, 1H), 4.15 (d, J =
16.4 Hz, 1H), 3.87 (d, J = 16.4 Hz, 1H), 3.79 (s, 1H), 2.41 (s, 6H), 2.26
(s, 3H), 2.24 (s, 3H), 2.07 (s, 6H)

BCNMR (100 MHz, CDCls): § 149.3, 144.8, 136.5, 136.0, 135.0, 134.4, 126.4,

126.3, 124.0, 123.9, 123.8, 123.7, 89.8, 58.3, 50.3, 41.7, 21.1, 21.0,

18.1,17.9
LCMS : (El, m/z): 322.35 (M+1)
Analysis : Calculated for C21H27Nz3: C, 78.46%, H, 8.47%, N, 13.07%;

found: C, 78.51%, H, 8.52%, N, 12.95%

2,4,8,10-Tetramethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 210e

Yield . 0.418 g (65%); White solid )@N
mp : 100-102 °C /Q}i;/

—

\
IR (KBr) : 2943, 1475, 1271, 815 cm™? 210e

IH NMR : (400 MHz, CDCla3): 6 6.88 (s, 1H), 6.84 (s, 1H), 6.60 (s, 1H), 6.55 (s,
1H), 4.49 (d, J = 16.8 Hz, 1H), 4.43 (d, J = 16.8 Hz, 1H), 3.97 (d, J =
16.8 Hz, 1H), 3.84 (s, 1H), 3.63 (d, J = 16.8 Hz, 1H), 2.40 (s, 6H), 2.36
(s, 6H), 2.20 (s, 3H), 2.18 (s, 3H)

1B3C NMR : (100 MHz, CDCls): 6 144.3, 139.8, 133.2, 132.9, 132.7, 129.6, 129.5,
128.3,124.5,124.4,91.0, 56.0, 48.4, 41.6, 21.0, 20.9, 17.0, 16.9

LCMS X (El, m/z): 322.35 (M+1)

Analysis X Calculated for C21H27Ns: C, 78.46%, H, 8.47%, N, 13.07%.
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found: C, 78.31%, H, 8.41%, N, 13.16%

2, 8-Dimethyl-11,12-dihydro-6H-dibenzo[b,f] [1,5] diazocine-5-carbaldehyde 211

Yield ; 0.102 g (19%); White solid O#H

mp . 150-162°C @QU
IR(KBr) : 3346, 2966, 2932, 2887, 1655, 1502 cm': o

'HNMR  : (400 MHz, CDCls): & 8.42 (s, 1H), 7.07-7.02 (m, 3H), 6.94 (d, J = 7.6

Hz, 1H), 6.86 (d, J = 7.6 Hz, 1H), 6.52 (d, J = 8.0 Hz, 1H), 4.83 (s,
2H), 4.28 (s, 2H), 3.96 (brs, 1H), 2.32 (s, 3H), 2.22 (s, 3H)

BC NMR X (100 MHz, CDCl3): 6 162.7, 146.2, 138.5, 137.5, 134.7, 133.3, 130.9,
129.8, 129.5, 129.1, 125.4, 123.3, 119.3, 50.9, 50.2, 20.9, 20.4

LCMS ; (El, m/z): 267.20 (M+1)

Analysis : Calculated for C17H1sN20: C, 76.66%, H, 6.81%,
N, 10.52%, O, 6.01%; found: C, 76.51%, H, 6.75%, N, 10.45%

3.4.3 Procedure for the preparation of chiral (S,S)-N,N-bis(a-methylbenzyl) formamide
213
To a solution of (S,S)-N,N-bis(a-methylbenzylamine) (1.125 g, 5 mmol) in CH2Cl»

was added acetic formic anhydride (0.880 g, 10 mmol) at 0 °C. The reaction mixture was
allowed to stir for 2 h at 25 °C. It was then cooled to 0 °C and quenched with aq. NaHCOs3
solution. The aqueous layer was extracted with CH2Cl> (2 x 15 mL) and the combined
organic extracts were successively washed with water, brine and dried over anhydrous
Na>S0s. After removal of the solvent, the residue was subjected to chromatography on silica

gel column using 7% ethyl acetate in hexane to elute the desired chiral amide derivative.
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Yield : 1.240 g (98%); White solid

mp ; 79-81 °C(lit.*** mp 82 °C)

IR (KBr) ) 2975, 1644, 1245, 699 cm!

IHNMR (400 MHz, CDCl3): & 8.30 (s, 1H), 7.26-6.79 (m, 10H), 5.71 (g, J = 8.0

Hz, 1H), 4.49 (q, J = 8.0 Hz, 1H), 1.72-1.67 (m, 6H)
BCNMR (100 MHz, CDCls): § 162.6, 141.1, 139.9, 128.4, 128.3, 127.7, 127.4,

126.7,52.9,50.7, 22.4,17.1

lo]? : -226 (c 0.30, CHCI3) {lit.13* [ ]2 = —214.1 (1.02, CHCly)

3.4.4 General procedure for the diastereoselective synthesis of Trdger base derivatives
To a solution of Troger base derivatives (2 mmol) and (S,S)-N,N-bis(a-
methylbenzyl)foramide (0.531 g, 2.1 mmol) in CH2Cl> (15 mL) was added POCIs (0.535 g,
0.32 mL, 3.5 mmol) at 25 °C under N2 atmosphere. The reaction mixture was allowed to stir
for 12 h at 25 °C. It was then cooled to 0 °C and quenched with 10% aqg. NaOH solution. The
aqueous layer was extracted with CH2Cl> (2 x 15 mL) and the combined organic extracts
were successively washed with water, brine and dried over anhydrous Na>SOa. After removal
of the solvent, the residue was subjected to chromatography on silica gel column using 3-

10% ethy acetate in hexane to elute the desired Troger base derivative.

2,8-Dimethyl-13-bis(1-phenylethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 214

The diastereomeric ratio was calculated on the basis of *H NMR analysis of -CH3

proton of (S,S)-N,N-bis(a-methylbenzyl) moiety [For major 1.51 (d, J = 8.0 Hz, 6H), and for
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minor 1.63 (d, J = 8.0 Hz, 2H)]. Further, dr = 77:23 was estimated by chiral HPLC analysis

on Chiral cell phenomenex cellulose-1 column, hexane/2-propanol = 99.5:0.5, flow rate 1

mL/min.
Yield

mp

IR (KBr)

IH NMR

1B3C NMR

s
LCMS

Analysis

0.712 g (75%); White solid \C(*Q \C( )@

° 2 a
81'83 C Ph Ph
214a 214b
major minor

2924, 1493, 1450, 1209, 833 cm™

(400 MHz, CDCla): & 7.16-6.93 (m, 14H), 6.78-6.51 (m, 7H), 6.12 (d,
J = 8.0 Hz, 0.3H), 5.05 (d, J = 16.0 Hz, 0.3H), 4.76 (m, 1H), 4.60 (m,
2.5H), 4.35 (d, J = 16.0 Hz, 1H), 4.10-3.94 (m, 1.7H), 3.73 (d, J = 16.0
Hz, 1H), 3.39 (d, J = 16.0 Hz, 1H), 2.24-218 (m, 8H), 1.63 (d, J = 8.0

Hz, 2H), 1.51 (d, J = 8.0 Hz, 6H)

(100 MHz, CDCly): 6 146.9, 146.7, 144.3, 142.7, 142.2, 133.1, 132.7,
129.2, 128.9, 128.0, 127.7, 127.6, 127.4, 127.2, 126.9, 126.5, 126.2,
125.8, 125.6, 125.4, 125.0, 83.5, 82.8, 59.9, 59.8, 52.5, 51.1, 51.0,

21.0,20.9,16.1

-97.6 (¢ 0.38, CHCls)

(El, m/z): 474.35 (M+1)

Calculated for C33sHssN3: C, 83.68%, H, 7.45,% N, 8.87%:;
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found: C, 83.49%, H, 7.51%, N, 8.95%

2,8-Dimethyoxy-13-bis(1-phenylethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 215

The diastereomeric ratio was calculated on the basis of *H NMR analysis of -CH3
proton of (S,S)-N,N-bis(a- methylbenzyl) moiety [For major 1.56 (d, J = 8.0 Hz, 6H), and for
minor 1.67 (d, J = 8.0 Hz, 2H)]. Further, dr = 77:23 was estimated by chiral HPLC analysis

on Chiral cell phenomenex cellulose-1 column, hexane/2-propanol = 99.5:0.5, flow rate 1

mL/min;
Yield : 0.665 g (66%) m@ m
mp : 90-92 °C "r,,h "’,,h
215a 215b
major minor
IR (KBr) 2932, 1493, 1450, 1209, 835 cm’*
IHNMR (400 MHz, CDCls): § 7.21-7.06 (m, 11.5H), 6.82-6.75 (m, 6H), 6.48-
6.44 (m, 1.6H), 6.35-6.34 (m, 1.3H), 6.18 (d, J = 8.0 Hz, 0.4H), 5.30
(s, 1H), 5.09 (d, J =16.0 Hz, 0.4H), 4.83-4.78 (m, 1.3H), 4.66-4.62 (m,
2.8H), 4.46 (d, J = 16.0 Hz, 1H), 4.14-3.96 (m, 1.7H), 3.75-3.73 (m,
8.5H), 3.38 (d, J = 16.0 Hz, 1H), 1.67 (d, J = 8.0 Hz, 2H), 1.56 (d, J =
8.0 Hz, 6H)
BCNMR (100 MHz, CDCl3): & 155.9, 155.7, 155.1, 144.4, 142.4, 142.2, 138.3,

137.7, 130.5, 129.8, 129.7, 128.8, 128.4, 128.2, 127.9, 127.4, 126.7,
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126.6, 126.5, 126.1, 125.8, 113.7, 113.3, 110.5, 110.4, 109.6, 83.7,

83.0, 60.0, 55.4, 52.5, 51.3, 16.0, 15.8

(a3 : - 92 (c 0.88, CHCl5)
LCMS : (El, m/z): 506.45 (M+1)
Analysis X Calculated for C33H3sN3z02: C, 78.38%, H, 6.98%, N, 8.31%,

0O, 6.33%; found: C, 78.51%, H, 6.91%, N 8.25%

13-Bis(1-phenylethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine 216

The diastereomeric ratio was calculated on the basis of *H NMR analysis of -CHs
proton of (S,S)-N,N-bis(a-methylbenzyl) moiety [For major 1.57 (d, J = 7.2 Hz, 6H), and for
minor 1.69 (d, J = 7.2 Hz, 2H)]. The diastereomeric mixture was crystallized from acetone to

obtain compound 216a in pure form.

N
Yield : 0.605 g (68%); White solid, CQQ

N

N
—/ Ph
mp : 161-163 °C; Ph
216a
IR (KBr) : 3024, 2928, 1496, 1449, 1212, 852 cm™*
'H NMR : (400 MHz, CDCls): 6 7.22-7.15 (m, 10H), 7.05-7.01 (m, 2H), 6.96-94

(m, 1H), 6.82-6.79 (m, 5H), 4.88 (s, 1H), 4.64 (d, J = 8.0 Hz, 2H), 4.50
(d, J = 16.8 Hz, 1H), 4.22 (d, J = 16.4 Hz, 1H), 3.79 (d, J = 16.4 Hz,

1H), 3.49 (d, J = 16.8 Hz, 1H), 1.57 (d, J = 7.2 Hz, 6H)
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13C NMR : (100 MHz, CDCls): 6 149.6, 144.9, 144.3, 129.8, 129.2, 128.8, 127.5,
126.9, 126.8, 126.6, 126.3, 126.1, 125.8, 125.7, 123.7, 123.6, 82.6,

59.8,52.6, 51.2, 15.9

lo]? ; -189.4 (c 0.32, CHCls)
LCMS : (El, m/z) 446.35 (M+1)
Analysis X Calculated for C31H31Nz3: C, 83.56%, H, 7.01%, N, 9.43%.

found: C, 83.65%, H, 7.12%, N, 9.36%

1,3,7,9-Tetramethyl-13-bis(1-phenylethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 217

The diastereomeric ratio was calculated on the basis of *H NMR analysis of -CHs
proton of (S,S)-N,N-bis(a-methylbenzyl) moiety [For major 1.57 (d, J = 7.2 Hz, 6H), and for
minor 1.69 (d, J = 7.2 Hz, 4.4H)]. Further, dr = 60:40 was estimated by chiral HPLC analysis
on Chiral cell phenomenex cellulose-1 column, hexane/2-propanol = 99.5:0.5, flow rate 0.6

mL/min; The diastereomeric mixture was crystallized from acetone to obtain compound 217a

in pure form.
Yield ; 0.525 g (52%); White solid /ﬁ:{“

ieg
mp . 221223°C /"

Ph

217a
IR (KBr) 3026, 2926, 1494, 1448, 1211, 850 cm
IH NMR ; (400 MHz, CDCls): & 7.17-7.16 (m, 6H), 6.82-6.65 (m, 8H), 4.80 (s,

1H), 4.58 (d, J = 8.0 Hz, 2H), 4.32 (d, J = 16.0 Hz, 1H), 4.13 (d, J =
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1BC NMR

lo)?
LCMS

Analysis
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16.0 Hz, 1H), 3.29 (g, J = 16.0 Hz, 2H), 2.29 (s, 3H), 2.26 (s, 3H), 2.07

(s, 3H), 1.85 (s, 3H), 1.52 (d, J = 8.0 Hz, 6H)

(100 MHz, CDCls): & 149.8, 144.6, 144.5, 136.2, 135.6, 134.9, 134.0,
128.8, 127.2, 126.0, 125.8, 125.1, 124.5, 123.8, 123.7, 81.8, 58.3, 52.3,

49.9,21.0, 20.9, 17.9, 17.5, 15.4

- 264 (¢ 0.10, CHCls)

(El, m/z): 502.45 (M+1)

Calculated for C3sH3gNs: C, 83.79%, H, 7.84%, N, 8.38%;

found: C, 83.65%, H, 7.78%, N, 8.26%

3.4.5 General procedure for the exchange of methylene bridge of chiral para-substituted

Troger base derivatives with formamides

To a stirred solution of chiral Troger base derivative (2 mmol) and formamide (2.0

mmol) in CH2Cl> (15 mL) was added POCIs (0.306 g, 0.18 mL, 2.0. mmol) at 25 °C under N2

atmosphere. The reaction mixture was allowed to stir for 1 h at 25 °C. It was then cooled to 0

°C and quenched with 10% ag. NaOH solution. The aqueous layer was extracted with CH2Cl>

(2 x 15 mL) and the combined organic extracts were successively washed with water, brine

and dried over anhydrous Na>SO4. After removal of the solvent, the residue was subjected to

chromatography on silica gel column using ethyl acetate in hexane to elute the desired Tréger

base derivative



156 Experimental section

2,8-Dimethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methano-dibenzo[b,f][1,5]diazocine
210a

N
Yield : 0.412 g (70%); White solid. /C(/Q?ij/
,—N\

mp : 102-104 °C

210a

2,8-Dimethoxy-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 210b

Yield : 0.444 g (68%); White solid \OQ#?@
—N
N\

mp : 111-113°C

210b

2,8-dimethyl-13-(N,N-diethylamino)-6H,12H-5,11-methanodibenzol[b,f][1,5]diazocine
210f

N
Yield : 0.402 g (63%); White solid /CE/QQQ/
NN

IR (Neat)  : 2964, 2926, 1495, 1210, 832 cm'. st
IHNMR (400 MHz, CDCls): & 7.07-6.95 (m, 4H), 6.75 (s, 1H), 6.69 (s, 1H),

4.65 (g, J = 8.0 Hz, 2H), 4.40 (s, 1H), 4.20 (d, J = 16 Hz, 1H), 3.85 (d,
J =16 Hz, 1H), 3.06 (sex, J = 8.0 Hz, 2H), 2.79 (sex, J = 8.0 Hz, 2H),
2.25 (d, J = 8 Hz, 6H), 1.03 (t, J = 8.0 Hz, 6H)

BCNMR (100 MHz, CDCls): 5 146.8, 142.8, 133.2, 132.8, 128.8, 128.5, 128.1,
127.9, 127.1, 126.9, 125.6, 125.3, 85.8, 59.9, 51.7, 40.7, 21.1, 21.0,
11.1

HRMS (ESI) : m/z [M+H]" calcd for C21H27N3: 322.2284; found 322.2284.
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2,8-dimethoxy-13-(N,N-diethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine

210g

Yield
mp
IR (KBr)

'H NMR

13C NMR

HRMS (ESI) :

0.428 g (61%); White solid

N oL
WS,
\/N\/

114-116 °C 210g

2958, 2827, 1495, 1320, 1243, 838 cm™1

(400 MHz, CDCls): § 7.06-7.00 (m, 2H), 6.75-6.68 (m, 2H), 6.44-6.39
(m, 2H), 4.59 (t, J = 16.0 Hz, 2H), 4.34 (s, 1H), 4.14 (d, J = 16.0 Hz,
1H), 3.77 (d, J = 16.0 Hz, 1H), 3.70 (d, J = 4 Hz, 6H), 3.00 (sex, J =
8.0 Hz, 2H), 2.74 (sex, J = 8.0 Hz, 2H), 0.98 (t, J = 8.0 Hz, 6H)

(100 MHz, CDCls): § 155.8, 155.5, 142.0, 138.1, 129.7, 129.3, 126.5,
126.2, 113.7, 113.4, 110.5, 110.4, 85.7, 59.8, 55.4, 55.2, 51.7, 40.4,
10.8

m/z [M+H]" calcd for C21H27N302: 354.2182; found 354.2183

3.4.6 General procedure for the exchange of methylene bridge of chiral ortho-

substituted Troger base derivatives with formamides

To a stirred solution of chiral ortho-substituted Trdger base derivative (2 mmol) and

formamide (2.0 mmol) in CH2Cl> (15 mL) was added POCIz (0.245 g, 0.15 mL, 1.6. mmol) at

25 °C under N2 atmosphere. The reaction mixture was allowed to stir for 30 min. at 25 °C. It

was then cooled to 0 °C and quenched with 10% aq. NaOH solution. The aqueous layer was

extracted with CHxCl> (2 x 15 mL) and the combined organic extracts were successively

washed with water, brine and dried over anhydrous Na>SO4. After removal of the solvent, the

residue was subjected to chromatography on silica gel column using 3% ethyl acetate in

hexane to elute the desired Troger base derivative in 96% ee.
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2,4,8,10-Tetramethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine 210e

Yield : 0.165 g (25%); White solid,; N@/
1%

mp : 100-102 °C; —N_
(+)-210e
Lal? : +33.6 (¢ 0.21, CHCly).
ee : 96% (Estimated by HPLC analysis on chiralcel phenomenex

cellulose-1 column, hexane/2-propanol= 99.5:0.5, flow

rate 0.3 mL/min.

2,4,8,10-Tetramethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]

diazocine 210e

Yield : 0.161 g (23%); White solid
N
mp : 100-102 °C /
[
25 . /N\
ol : -32.2 (c 0.28, CHCIy) (-)-210e
ee ; 94% (Estimated by HPLC analysis on chiralcel phenomenex

cellulose-1 column, hexane/2-propanol= 99.5:0.5, flow

rate 0.3 mL/min
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2,4,8,10-Tetramethyl-13-(N,N-diethylamino)-6H,12H-5,11-methanodibenzo[b,f][1,5]
diazocine 210h

N
Yield : 0.168 g (22%) @@/
~—N
N

IR (neat) - 2958, 1473, 1216, 1073, 854 cm! -

(+)-210h

IHNMR (400 MHz, CDCls): § 6.88 (s, 1H), 6.83 (s, 1H), 6.59 (s, 1H), 6.53 (5,

1H), 4.50 (d, J = 16.0 Hz, 1H), 4.43 (d, J = 16.0 Hz, 1H), 4.37 (s, 1H),
3.96 (d, J = 16.0 Hz, 1H), 3.59 (d, J = 16.0 Hz, 1H), 2.98 (sex, J = 8.0
Hz, 2H), 2.74 (sex, J = 8.0 Hz, 2H), 2.36 (s, 6H), 2.19 (d, J = 8.0 Hz,

6H), 0.98 (t, J = 8.0 Hz, 6H)

13C NMR ) (100 MHz, CDClzs): 6 144.4, 140.3, 133.3, 132.8, 132.6, 132.3, 129.5,

129.3, 128.8, 128.6, 124.4, 124.3, 86.1, 56.2, 48.3, 40.6, 21.0, 20.8,

17.0,16.9, 10.8
HRMS (ESI) m/z [M+H]" calcd for C23H31N3: 350.2597; found 350.2597
Lal? : +30.6 ( 0.21, CHCl5)
ee : 99% (Estimated by HPLC analysis on chiralcel phenomenex

cellulose-1 column, hexane/2-propanol=99.9:0.1, flow

rate 0.8 mL/min.
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2,8-dibromo-4,10-dimethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo

[b,f][1,5] diazocine 210i

Yield

mp

IR (KBr)

IH NMR

1BC NMR

HRMS (ESI) :

N Br
0.010 g (2%); White solid i ﬁ:{%}?
r ~—N
—N
AN

132-135 °C 210i

2942, 2805, 1578, 1468, 1210, 904, 843 cm™!

(400 MHz, CDCla): § 7.22 (s, 1H), 7.19 (s, 1H), 6.95 (s, 1H), 6.90 (s,
1H), 4.53-4.44 (m, 2H), 3.97 (d, J = 16.0 Hz, 1H), 3.84 (s, 1H), 3.63

(d, J = 16.0 Hz, 1H), 2.40 (s, 6H), 2.38 (s, 6H)

(100 MHz, CDCls): 6 145.4, 141.2, 135.9, 135.4, 131.7, 131.5, 130.7,

130.4, 126.8, 126.7, 116.9, 116.7, 90.3, 55.4, 48.0, 41.3, 16.8, 16.6

m/z [M+H]" calcd for C19H21BraNs: 450.0181; found 450.0186

4,10-dibromo-2,8-dimethyl-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo
[b,f][1,5] diazocine 210j

Yield

mp
IR (KBr)

'H NMR

0.052 g (5%); White solid N
R

119-121 °C

210j

2942, 2810, 1457, 1353, 926 cm™!

(400 MHz, CDCls): 8 7.28 (s, 1H), 7.24 (s, 1H), 6.75 (s, 1H), 6.70 (s,
1H), 4.49 (d, J = 16.0 Hz, 1H), 4.42 (d, J = 16.0 Hz, 1H), 4.26 (d, J =
16.0 Hz, 1H), 3.94 (d, J = 16.0 Hz, 1H), 3.86 (s, 1H), 2.41 (s, 6H), 2.22

(s, 3H), 2.19 (s, 3H)
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13C NMR

HRMS (ESI) :

ee

161

(100 MHz, CDClz): 6 142.8, 138.8, 135.2, 135.0, 131.8, 131.4, 131.3,

130.9, 126.3, 120.4, 120.1, 90.6, 56.2, 48.9, 41.3, 20.6, 20.5

m/z [M+H]" calcd for C19H21Br2Ns: 450.0181; found 450.0186

10% (Estimated by HPLC analysis on chiralcel phenomenex

cellulose-1 column, hexane/2-propanol= 99.8:0.2, flow

rate 1 mL/min.

2,8-dimethyl-4,10-dimethoxy-13-(N,N-dimethylamino)-6H,12H-5,11-methanodibenzo

[b,f][1,5] diazocine 210k ~

Yield

IR (Neat)

'H NMR

13C NMR

HRMS (ESI) :

ee

0.165 g (19%) /@%X;{

2991, 1578, 1479, 1315, 936 cm™! 210k

(400 MHz, CDCls): 8 6.53-6.52 (m, 2H), 6.41 (s, 1H), 6.37 (s, 1H),
4.48 (d, J = 16 Hz, 1H), 4.42 (d, J = 16 Hz, 1H), 4.20 (d, J = 16 Hz,

1H), 3.91-3.87 (m, 8H), 2.44 (s, 6H), 2.23 (d, J = 8Hz, 6H)

(100 MHz, CDClzs): 6 153.1, 152.9, 134.1, 133.5, 133.2, 130.0, 129.4,
129.3, 119.1, 119.0, 110.3, 109.8, 90.9, 55.7, 55.6, 55.3, 47.5, 41.6,

21.4,21.3

m/z [M+H]" calcd for C21H27N302: 354.2182; found 354.2181

10% (Estimated by HPLC analysis on chiralcel AD-H

column, hexane/2-propanol=99.5:0.5, flow rate 1 mL/min.
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3.5 N-Arylation of Troger base derivatives

3.5.1 Typical procedure for the N-arylation of cyclic secondary diamine under copper
catalyst

In a 10 mL reaction flask equipped with air condenser protected by a mercury trap,
CuBr (0.014 g, 10 mol %), BINOL (0.057 g, 20 mol %), t-BuOK (0.336 g, 3 mmol) and
toluene (5 mL) were placed under nitrogen. The contents were stirred for 30 min at 25 °C. To
this, cyclic secondary diamine (0.238 g, 1 mmol) and 4-iodoanisole (0.702g, 3 mmol) were
added and stirring was continued for 36 h at 120 °C. The reaction mixture was brought to 25
°C, diluted with ethyl acetate and water. The organic layer was separated and the aqueous
layer was extracted with ethyl acetate (2 x 15 mL) and the combined organic extracts were
successively washed with water, brine and dried over anhydrous Na;SOs. After removal of
the solvent, the residue was subjected to chromatography on silica gel column using ethyl
acetate in hexane to elute the desired N-arylated product.

5-(4-methoxyphenyl)-2,8-dimethyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 244a

Yield ; (0.05 g) 15% m

mp 95-98 °C Q
IR (KBr) 3386, 2920, 1501, 1276, 1243, 1161, 810 cm'™ e
IHNMR (400 MHz, CDCls): 5 7.29-7.06 (m, 4H), 6.86 (d, J = 8 Hz, 1H), 6.75

(s, 4H), 6.55 (d, J = 8Hz, 1H), 4.79 (s, 2H), 4.27 (s, 2H), 3.75 (s, 3H),

3.62 (brs, 1H), 2.37 (s, 3H), 2.29 (s, 3H)
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13C NMR ) (100 MHz, CDCl3): 6 151.9, 146.4, 144.4, 142.1, 136.0, 134.0, 132.7,
130.7, 129.0, 128.8, 128.6, 127.7, 125.4, 119.3, 116.5, 114.3, 55.6,

54.5,51.4, 20.9, 20.5
HRMS ; m/z [M+H]" calcd for C23H24N20: 345.1968; found 345.1968
3.5.2 Typical procedure for the Fe2Os catalyzed N-arylation of cyclic secondary diamine

In a 10 mL reaction flask equipped with air condenser, Fe.O3 (0.016 g, 10 mol %), t-
BuOK (0.336 g, 3 mmol), cyclic secondary diamine (0.238 g, 1 mmol), iodobenzene (0.612g,
3 mmol) and DMSO (2 mL) were placed in open atmosphere. The contents were allowed to
stir for 24 h at 120 °C. The reaction mixture was brought to 25 °C, diluted with ethyl acetate
and water. The organic layer was separated and the aqueous layer was extracted with ethyl
acetate (2 x 15 mL) and the combined organic extracts were successively washed with water,
brine and dried over anhydrous Na>SOs. After removal of the solvent, the residue was
subjected to chromatography on silica gel column using ethyl acetate in hexane to elute the
desired N-arylated product.

2,8-dimethyl-5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242a

H

Yield : 0.210 g (67%) w
N
mp : 155-159 °C @

IR (KBr) 3342, 2893, 2843, 1600, 1495, 1265, 827 cm’! 2422
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IHNMR (400 MHz, CDCls): & 7.21-7.14 (m, 6H), 6.93 (d, J = 8 Hz, 1H), 6.84-
6.76 (m, 3H), 6.59 (d, J = 8 Hz, 1H), 4.85 (s, 2 H), 4.27 (s, 2H), 3.96

(brs, 1H), 2.45 (s, 3H), 2.37 (s, 3H)

1BC NMR ) (100 MHz, CDCls): 6 147.7, 146.7, 143.4, 136.9, 135.1, 132.7, 130.5,
129.2, 128.8, 128.5, 128.3, 125.6, 119.7, 116.9, 114.0, 54.3, 51.3, 20.9,

20.4
HRMS ; m/z [M+H]" calcd for C22H22N2: 315.1862; found 315.1858
3.5.3 General procedure for the N-arylation of Troger base derivatives

In a 10 mL reaction flask equipped with air condenser, t-BuOK (0.336 g, 3 mmol),
Troger base (0.250 g, 1 mmol), iodobenzene (0.612g, 3 mmol) and DMSO (2 mL) were
placed in open atmosphere. The contents were allowed to stir for 24 h at 120 °C. The reaction
mixture was brought to 25 °C, diluted with ethyl acetate and water. The organic layer was
separated and the aqueous layer was extracted with ethyl acetate (2 x 15 mL) and the
combined organic extracts were successively washed with water, brine and dried over
anhydrous Na;SOs4. After removal of the solvent, the residue was subjected to
chromatography on silica gel column using ethyl acetate in hexane to elute the desired N-
arylated product.

2,8-dimethyl-5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242a

H
\

N
Yield . 0.204 g (65%) m

N

mp : 155-159 °C @

242a
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IR (KBr) : 3342, 2893, 2843, 1600, 1495, 1265, 827 cm™

2,8-dimethyl-5-(p-tolyl) and 5-(m-tolyl)-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine

243 H
N
Yield : 0.164 (50%) regeoisomeric ratio was calculated based /®Q©/
)
on *H-NMR analysis of CHs protons 2.43 and 2.35. <<
HsC
243

All spectral details are for a mixture of regioisomers in 1:1 ratio.

mp : 105-109 °C
IR (KBr) 3369, 3008, 2909, 2860, 1600, 1501, 1265, 810 cm’
IHNMR (400 MHz, CDCls): § 7.26-7.24 (m, 2H), 7.20-7.13 (m, 6H), 7.04 (d, J

= 8 Hz, 2H), 6.92 (d, J = 8 Hz, 2H), 6.77 (d, J = 8 Hz, 2H), 6.67-6.59
(m, 4H), 4.85 (d, J = 2.8 Hz, 4H), 4.25 (d, J = 8 Hz, 4H), 2.44 (s, 6H),

2.37 (s, 6H), 2.32 (d, J = 8 Hz, 6H)

13C NMR ) (100 MHz, CDCls): 6 146.8, 145.7, 144.0, 143.7, 138.4, 137.1, 136.8,
135.3, 134.8, 132.9, 132.8, 130.7, 129.4, 129.3, 129.2, 129.0, 128.9,
128.8, 128.7, 128.6, 128.5, 128.4, 126.3, 126.0, 125.8, 119.9, 119.7,
118.2,115.0, 114.6, 111.4, 54.6, 54.4,51.6, 51.5, 21.9, 21.1, 21.0,

20.6, 20.4

HRMS : m/z [M+H]" calcd for C23H24N2: 329.2018; found 329.2017
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5-(4-methoxyphenyl) and 5-(3-methoxyphenyl)-2,8-dimethyl-5,6,11,12-

tetrahydrodibenzo[b,f][1,5]diazocine 244 H

Yield

mp

IR (KBr)

'H NMR

1B3C NMR

HRMS

\

N
0.200 g (60%) regeoisomeric ratio was calculated /@O@/

N
Z
based on *H-NMR analysis of CHs protons </s )

H3CO
244

2.42-2.41 and 2.35-2.33. All spectral details are for a mixture of

regioisomers in 1:1 ratio.

95-98 °C

3386, 2920, 1501, 1276, 1243, 1161, 810 cm™

(400 MHz, CDCls): 8 7.24 (d, J = 8 Hz, 1H), 7.19-7.09 (m, 8H), 6.92-
6.89 (M, 2H), 6.80 (s, 4H), 6.57 (t, J = 8 Hz, 2H), 6.41-6.32 (M, 2H),
4.83 (d, J = 8 Hz, 4H), 4.29 (s, 2H), 4.21 (s, 2H), 3.84 (brs, 1.5H), 3.78

(s, 6H), 2.41 (d, J = 4 Hz, 6H), 2.34 (d, J = 8 Hz, 6H)

(100 MHz, CDClz): 6 160.3, 152.0, 149.3, 146.8, 146.4, 144.4, 143 .4,
142.1, 137.1, 136.0, 135.5, 134.0, 132.8, 132.6, 130.7, 130.6, 129.5,
129.3, 129.0, 128.9, 128.8, 128.7, 128.6, 127.7, 126.0, 125.5, 120.0,
119.3, 116.4, 116.1, 114.8, 114.3, 107.1, 102.2, 100.4, 55.6, 55.0, 54.7,

54.5,51.5,51.4,21.0,20.9, 20.5

m/z [M+H]" calcd for C23H24N20: 345.1968; found 345.1968
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5-(4-bromophenyl) and 5-(3-bromophenyl)-2,8-dimethyl-5,6,11,12-tetrahydrodibenzo
[b,f][1,5]diazocine 245

Yield : 0.175 (44%) regeoisomeric ratio was calculated /E:O@/

based on *H-NMR analysis of CHs protons /\/‘ \
Br245
2.37 and 2.29. All spectral details are for a mixture of
regioisomers in 1:1 ratio.
mp : 120-124 °C
IR (KBr) : 3391, 2915, 2854, 1583, 1501, 1271, 805 cm™*
'HNMR : (400 MHz, CDCl3): 6 7.15-7.04 (m, 10H), 6.95-6.77 (m, 5H), 6.63-

6.47 (M, 5H), 4.74-4.73 (m, 4H), 4.20-4.18 (4H), 3.98 (brs, 1.5 H),

2.37 (s, 6H), 2.30 (s, 6H)

13C NMR ) 143.1, 142.8, 137.2, 137.0, 136.8, 135.9, 135.5, 132.9, 132.8, 131.3,
130.8, 130.7, 129.9, 129.3, 129.2, 129.1, 129.0, 128.9, 128.3, 128.2,
125.1, 124.9, 122.9, 119.9, 119.8, 119.7, 117.0, 116.6, 116.0, 112.6,

109.1, 54.6, 54.3, 51.3, 21.1, 20.6
HRMS : m/z [M+H]" calcd for C22H21N2Br: 393.0967; found 393.0966

2,8-dimethoxy-5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242b

H
\

Yield ; 0.172 g (50%) mows
HsCO

N

mp . 160-163°C @

242b
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IR (KBr) : 3364, 2997, 2926, 2827, 1589, 1490, 1249, 1205, 800 cm™,

IHNMR (400 MHz, CDCly): § 7.18-7.16 (m, 3H), 6.91 (s, 1H), 6.85-6.81 (m,
2H), 6.70-6.66 (M, 5H), 4.75 (s, 2H), 4.13 (s, 2H), 3.84 (s, 3H), 3.80

(s, 3H)

3C NMR : (100 MHz, CDClz3): 6 157.6, 154.1, 148.2, 142.8, 139.6, 138.9, 130.2,
129.0, 128.8, 121.9, 117.9, 116.9, 114.9, 113.5, 113.5, 112.9, 55.6,

55.4,54.9,52.5
HRMS : m/z [M+H]" calcd for C22H22N20,: 347.1760; found 347.1760.

5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242c

Yield : 0.168 g (59%) "
mp X 134-137 °C : LN :
IR (KBr) 3397, 3057, 2865, 1589, 1495, 1435, 756 cm’! @
242c
IHNMR (400 MHz, CDCla):  7.33-7.07 (m, 8H), 6.86-6062 (m, 5H), 4.89 (s,

2H), 4.34 (s, 2H), 4.04 (brs, 1H)

13C NMR : (100 MHz, CDClzs): 6 148.8, 147.4, 146.1, 136.3, 132.5, 130.2, 128.7,
128.3,128.2, 128.1, 125.2, 124.8, 119.8, 119.2, 117.6, 114.8, 54.0,

50.9

HRMS : m/z [M+H]" calcd for C20H1sN2: 287.1549; found 287.1552
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1,3,7,9-tetramethyl-5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242d

N
Yield : 0.188 g (55%) \(;Oé\
mp : 192-195 °C t

242d

IR (KBr) : 3375, 2964, 2909, 2860, 1589, 1490, 1342, 1216, 832, 745 cm™

IHNMR (400 MHz, CDCls): § 7.28-7.22 (m, 2H), 6.87-6.79 (m, 5H), 4.7 (s,
2H), 4.22 (s, 2H), 3.86 (brs, 1H), 2.31-2.28 (m, 6H), 2.23 (s, 3H), 2.15

(s, 3H)

1BC NMR ) (100 MHz, CDClz): 6 149.3, 148.9, 145.1, 138.4, 137.6, 137.2, 136.8,
130.3,129.1, 128.9, 127.4, 122.8, 119.4, 117.1, 117.0, 113.2, 50.23,

46.0,21.1,21.0,19.4,19.1
HRMS : m/z [M+H]" calcd for C24H25N2: 343.2175; found 343.2180

2,8-dibromo-5-phenyl-5,6,11,12-tetrahydrodibenzo[b,f][1,5]diazocine 242¢

H
\

Yield . 01049 (24%) m&
Br N
mp : 198-202 °C @

242e

IR (KBr) ) 3413, 3030, 2964, 1605, 1479, 1364, 1210, 871, 821, 745 cm™*

IHNMR (400 MHz, CDCls): 5 7.38-7.33 (m, 3H), 7.16-7.10 (m, 4H), 6.76-6.74
(m, 3H), 6.46 (d, J = 8 Hz, 1H), 4.79 (s, 2H), 4.27 (s, 2H), 3.99 (brs,

1H)
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(100 MHz, CDCls): 6 147.2, 146.5, 145.2, 137.4, 1345, 132.9, 131.1,
130.9, 129.6, 129.2, 128.8, 126.2, 120.6, 118.7, 117.3, 115.8, 111.7,

53.1, 50.2

m/z [M+H]" calcd for C20H16N2Br2: 442.9759; found 442.9744

2,4,8,10-tetramethyl-11-phenyl-11,12-dihydro-6H-5,12-methanodibenzo[b,f][1,5]

diazocine 246

Yield

mp

IR (KBr)

'H NMR

13C NMR

HRMS

135-138 °C

0.125 g (35%) ﬁ:@};j
N

246

2915, 2849, 1589, 1484, 1353, 1265, 1243, 849 cm

(400 MHz, CDCls): § 7.19 (brs, 3H), 6.89 (s, 1H), 6.79-6.74 (m, 2H),
6.68 (s, 1H), 6.61 (s, 1H), 6.11 (brs, 1H), 5.29 (d, J = 4 Hz, 1H), 4.33
(d, J = 16 Hz, 1H), 4.18 (d, J = 12 Hz, 1H), 3.67 (dd, J = 12 Hz, 1H),
3.41 (d, J = 12 Hz, 1H), 2.22 (s, 3H), 2.16 (d, J = 4 Hz, 6H), 1.98 (s,

3H)

(100 MHz, CDCls): 6 150.4, 146.7, 137.6, 137.5, 137.0, 136.5, 135.1,
134.2,131.1, 130.3, 129.3, 128.2, 127.6, 121.9, 117.8, 65.5, 62.2, 59.4,

21.1,20.7,18.8, 16.9

m/z [M+H]" calcd for C2sH26N2: 355.2175; found 355.2256
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3.6 Hydroboration of olefins
3.6.1 Preparation of Troger base-borane complexes

To a two neck reaction flask containing NaBH4 in diglyme (5 mL) was added a
solution of I, in diglyme (15 mL) dropwise through addition funnel. The diborane gas
generated in this way was bubbled through a side arm using bubbler into another reaction
flask containing chiral Troger base derivatives (5 mmol) in dry toluene (40 mL) at 0 °C.
When the bubbling of the gas had ceased, the bubbler was removed and replaced by a glass

stopper under nitrogen atmosphere. The concentration of this stock solution is approximately

0.12 M.
1B NMR (128.3 MHz, toluene, 5 ppm) -8.98 BHa
1o (3
{6 =0, BF3:Et,0 (external reference)} N[D\
BHs
1B NMR (128.3 MHz, toluene, 5 ppm) -9.02 /o\@(rﬁ
pow
{6 =0, BF3:Et,0 (external reference)} -EH °
276

1B NMR (128.3 MHz, toluene, & ppm) -8.10

{6 =0, BF3:Et,O (external reference)}
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BHs o
1B NMR (128.3 MHz, toluene, & ppm) -8.9 O@\
\(;g
{6 =0, BF3:Et20 (external reference)} O BH,
275

3.6.2 Typical procedure for the estimation of the no. of coordinated ‘N’ atoms of the
chiral Troger base derivatives

To a reaction flask containing PPhz (4 mmol, 1.048 g) was added borane complex
stock solution (1 mmol, 8 mL) under N> atmosphere at 25 °C. The reaction mixture was
allowed to stir for 3 h at 25 °C. The solvent was evaporated and the residue was subjected to
chromatography on silica gel column using hexane/ethyl acetate (96:4) as eluent to obtain

triphenylphosphene-borane complex.

Yield : 44-47% (1.76-1.88 mmol)

3P NMR ; (162 MHz, toluene, & ppm) 20.75 { § = 0, H3POa (external reference)}

3.6.3 General procedure for the hydroboration of olefins using chiral ortho-substituted

Troger base borane complexes

The reaction flask cooled under N2, containing the corresponding borane complex (1
mmol, 8 mL in toluene), was added olefin (1 mmol) at 25 °C. This content was allowed to stir
for 10 h at 25 °C. The reaction mixture was quenched with methanol (2 mL) and then
oxidation was carried out for 4 h by adding 3 N NaOH (4 mL) and H20 (30%, 4 mL). The
organic layer was separated and the aqueous layer was extracted using ethyl acetate (2 x 10

mL). The combined organic layer was successively washed with water, brine and dried over
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Na2SO4. The solvent was evaporated and the crude product was purified by chromatography

on silica gel column using hexane/ethyl acetate (90:10) as eluent to isolate the product.

1,2-Diphenylethanol 264

Ph
Yield : 79-98% PR

OH
264
mp : 66-68 "°C
IR (KBr) ; 3315, 3024, 2920, 2854, 1030, 701 cm™
'H NMR ; (400 MHz, CDClgz): 6 7.32-7.22 (m, 10 H), 4.94-4.90 (m, 1H),
3.00-3.09 (m, 2H), 2.14 (s, 1H)
1BC NMR ; (100 MHz, CDClz): 6 143.8, 138.1, 129.5, 128.5, 128.4, 127.6,

126.6, 125.9, 75.3, 46.1

2-Phenylpropanol 257

Ph

Yield : 91-94%
257
IR (neat) 3336, 3030, 2958, 1600, 1495, 1035, 756 cm":
IHNMR (400 MHz, CDCla): § 7.38-7.26 (m, 5H), 3.72 (d, J = 8.0 Hz, 2H),

2.97 (d, J = 8.0 Hz, 1H), 1.48 (s, 1H), 1.31 (d, J = 8.0 Hz, 3H)

1B3C NMR ) (100 MHz, CDCls): 6 143.7, 128.7, 127.5, 126.7, 68.7, 42.5, 17.6
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3.6.4 General procedure for the hydroboration of olefins using chiral para-substituted
Troger base borane complexes activated by iodine

The reaction flask cooled under N2, containing the corresponding borane complex (1
mmol, 8 mL in toluene), was added iodine (0.5 mmol, 0.125 g) in toluene (5 mL) at 0 °C.
Then, olefin (1 mmol) was added at 0 °C. The resulting content was allowed to stir for 10 h at
25 °C. The reaction mixture was quenched with methanol (2 mL) and then oxidation was
carried out for 4 h by adding 3 N NaOH (4 mL) and H202 (30%, 4 mL). The organic layer
was separated and the aqueous layer was extracted using ethyl acetate (2 x 10 mL). The
combined organic layer was successively washed with water, brine and dried over Na SOa.
The solvent was evaporated and the crude product was purified by chromatography on silica

gel column using hexane/ethyl acetate (90:10) as eluent to isolate the product.

1,2-Diphenylethanol 264

Ph
Ph/\‘/

Yield : 74-92% OH
264
IR (KBr) 3315, 3024, 2920, 2854, 1030, 701 cm’*
al? : +3.6 (c, 0.5, EtOH), {lit.13 for 100% ee, [o]2 = +52.8

(c, 1.40, EtOH(5% ee, confirmed by HPLC using chiral column,

chiralcel OD-H, hexane/2-propanol= 90:10, flow rate: 0.5 mL/min.)

The spectral data of the corresponding products were showed 1:1 correspondence with the

data obtained in the earlier experiments.
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2-Phenylpropanol 257

)\/OH
Ph

Yield ) 92% 257

IR (neat) ) 3336, 3030, 2958, 1600, 1495, 1035, 756 cm™

The spectral data of the corresponding products were showed 1:1 correspondence with the

data obtained in the earlier experiments.

3.6.8 General procedure for the hydroboration of olefins using chiral Troger base 32a

borane complex activated by iodine in the presence of an additive.

The reaction flask cooled under N2, containing the corresponding borane complex (1
mmol, 8 mL in toluene), was added iodine (0.5 mmol, 0.125 g) in toluene (5 mL). Then,
olefin (1 mmol) and 1 mmol of additive were added immediately at O “C. The resulting
content was allowed to stir for 12 h. The reaction mixture was quenched with methanol (2
mL) and then oxidation was carried out for 4 h by adding 3 N NaOH (4 mL) and H20> (30%,
4 mL). The organic layer was separated and the aqueous layer was extracted using ethyl
acetate (2 x 10 mL). The combined organic layer was successively washed with water, brine
and dried over Na>SQO4. The solvent was evaporated and the crude product was purified by
chromatography on silica gel column using hexane/ethyl acetate (90:10) as eluent to isolate

the product.

1,2-Diphenylethanol 264

Ph
Ph/Y

Yield : 74-92% OH
264

IR (KBr) : 3315, 3024, 2920, 2854, 1030, 701 cm*
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o]y : +3.2 (c, 0.72, EtOH), {lit."3" for 100% ee, [o.]5 = +52.8

(c, 1.40, EtOH(5% ee, confirmed by HPLC using chiral column,

chiralcel OD-H, hexane/2-propanol= 90:10, flow rate: 0.5 mL/min.)

The spectral data of the corresponding products were showed 1:1 correspondence with the

data obtained in the earlier experiments.

2-Phenylpropanol 257

Ph

Yield : 91% 257

IR (neat) : 3336, 3030, 2958, 1600, 1495, 1035, 756 cm™

The spectral data of the corresponding products were showed 1:1 correspondence with the

data obtained in the earlier experiments.
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Representative Spectra

Spectrum No. 1 (Chapter 3, Section 3.3.2), *H NMR Spectrum (400 MHz, CDCly;)
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Spectrum No. 3 (Chapter 3, Section 3.3.3), *H NMR Spectrum (400 MHz, CDCly;)
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Representative Spectra

Spectrum No. 5 (Chapter 3, Section 3.3.5), *H NMR Spectrum (400 MHz, CDCly;)
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Spectrum No. 7 (Chapter 3, Section 3.3.6), *H NMR Spectrum (400 MHz, CDCly;)
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Spectrum No. 9 (Chapter 3, Section 3.3.7), *H NMR Spectrum (400 MHz, CDCl,)
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Representative Spectra

Spectrum No. 11 (Chapter 3, Section 3.3.7), *H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 13 (Chapter 3, Section 3.2.3), IH NMR Spectrum (400 MHz, CDCly)

~ o O ™M 0 O~ o w
oo AR B Q 3
© @ ST Ton N s
| N/ | |
o
HaC ?i;/
206 O~
Jr yd
T T T T T T T T 1
8 7 6 5 4 3 1 0 ppm
g sekls :
oo oo 1o o
N ailailei] o ©
ppm

Spectrum No. 14 (Chapter 3, Section 3.2.3), 3C NMR Spectrum (100 MHz, CDCl,)

152.631
_~133.814
T~132.945
—129.015
—119.148

/
o

CHs

%

HsC

N
°
&
o
/

l

—109.478

77.445
77.127
76.808
—68.046

_—55.430
T~54.307

ya
N

21.412

T T T T T
160 150 140 130 120

T
110

T
100

T T T T T
90 80 70 60 50

ppm

40

30

20 10 ppm




198

Appendix |

Representative Spectra

Spectrum No. 15 (Chapter 3, Section 3.2.3), 'H NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 17 (Chapter 3, Section 3.3.9), IH NMR Spectrum (400 MHz, CDCI,)
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Representative Spectra

Spectrum No. 19 (Chapter 3, Section 3.4.1), IH NMR Spectrum (400 MHz, CDCI,)
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Representative Spectra

Spectrum No. 21 (Chapter 3, Section 3.4.2), IH NMR Spectrum (400 MHz, CDCI,)
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Representative Spectra

Spectrum No. 23 (Chapter 3, Section 3.4.2), THNMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 25 (Chapter 3, Section 3.4.6), IH NMR Spectrum (400 MHz, CDCl,)

Representative Spectra
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Representative Spectra

Spectrum No. 27 (Chapter 3, Section 3.4.3), IH NMR Spectrum (400 MHz, CDCI,)
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Representative Spectra

Spectrum No. 29 (Chapter 3, Section 3.4.4), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 30 (Chapter 3, Section 3.4.4), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra

Spectrum No. 31 (Chapter 3, Section 3.4.4), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 32 (Chapter 3, Section 3.4.4), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra

Spectrum No. 33 (Chapter 3, Section 3.4.4), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 34 (Chapter 3, Section 3.4.4), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra

Spectrum No. 35 (Chapter 3, Section 3.4.4), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 36 (Chapter 3, Section 3.4.4), 3C NMR Spectrum (100 MHz, CDCl,)
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Appendix |
Spectrum No. 37 (Chapter 3, Section 3.5.3), IH NMR Spectrum (400 MHz, CDCI,)
TT=\\lemm—m— | ] \/ |
ey
O
242a
S . o
JUL_ I
5 8 7 6 5 2 3 2 1 0 ppm
ppm
Spectrum No. 38 (Chapter 3, Section 3.5.3), $3C NMR Spectrum (100 MHz, CDCl,)
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Spectrum No. 39 (Chapter 3, Section 3.5.1), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 40 (Chapter 3, Section 3.5.1), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra

Spectrum No. 41 (Chapter 3, Section 3.5.3), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 42 (Chapter 3, Section 3.5.3), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra
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Spectrum No. 43 (Chapter 3, Section 3.5.3), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 44 (Chapter 3, Section 3.5.3), $3C NMR Spectrum (100 MHz, CDCl,)
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Spectrum No. 45 (Chapter 3, Section 3.5.3), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 46 (Chapter 3, Section 3.5.3), $3C NMR Spectrum (100 MHz, CDCl,)
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Spectrum No. 47 (Chapter 3, Section 3.6.1), 1B NMR Spectrum (128.3 MHz, Toluene)
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Spectrum No. 48 (Chapter 3, Section 3.6.1), 1B NMR Spectrum (128.3 MHz, Toluene)
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Spectrum No. 49 (Chapter 3, Section 3.6.4), 1B NMR Spectrum (128.3 MHz, Toluene)
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Spectrum No. 50 (Chapter 3, Section 3.6.4), 11B NMR Spectrum (128.3 MHz, Toluene)
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Representative Spectra

Spectrum No. 51 (Chapter 3, Section 3.6.3), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 52 (Chapter 3, Section 3.6.3), $3C NMR Spectrum (100 MHz, CDCl,)
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Spectrum No. 53 (Chapter 3, Section 3.6.3), IH NMR Spectrum (400 MHz, CDCI,)
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Spectrum No. 54 (Chapter 3, Section 3.6.3), 3C NMR Spectrum (100 MHz, CDCl,)
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HPLC Profile of (£)-64: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
0 ) N
7 Retention Time “ \\ ! 0@/
2 f || ‘ N
s 207 | I (+)-64 20
0 > 4 6 s 1 12 14 1 1 20
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 8.150 1088652 51.033 41271 56.637
2 9.900 1044571 48.967 31598 43.363
Total
2133223 100.000 72869 100.000

HPLC Profile of (+)-64: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
1509 ;antion Time ‘ /ﬁ:ﬂ e
o 100 + “‘ “‘\ Qi;/ 100
s [ (+)-64
50| n ) 50
I =
0] g‘_ﬁf%,;\L ‘ 0
0 2 4 6 s 1 1 1
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 8.017 3266195 99.426 163738 99.534
2 9.783 18849 0.574 767 0.466

Total
3285044 100.000 164505 100.000

Volts

Volts
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HPLC Profile of (-)-64: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min

100

_ ,
2P 10| 3\ N
Retention Time I A
I g
|| =
|
| ‘N 50

100+

Volts

§ 507 ||
o | (-)-64
3 [\
s sl
0 N o
0 2 4‘1 6 é ‘ 1‘0 ‘ 1‘2. ‘ 1‘4 1‘6 ‘ 1‘8 ‘ 2‘0 ‘ 2‘2 ‘ 2‘4
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 8.058 7502 0.265 460 0.489
2 9.792 2825169 99.735 93561 99.511
Total
2832671 100.000 94021 100.000

HPLC Profile of (+)-65: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
300: o i N + 300
1 Retention Time ‘ 0 Br L
2004 “‘ \ ‘(‘ \\ m F 200
oL N :
1001 \ “‘ \ ()65 - 100
B ‘8. \ ,“g \\
0 \/‘H‘L N%‘i‘r S~ 0
0.0 2‘.5 510 715 l(;.O 12‘.5 15‘0 17‘.5 26.0 22‘.5 25‘.0 27‘.5 30.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 12.133 11261776 50.125 315948 54.858
2 13.908 11205716 49.875 259993 45.142
Total
22467492 100.000 575941 100.000

Volts
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HPLC Profile of (+)-65: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5
mL/min

400

400 +

. )

Retention Time “ | N Br [
‘ \ B Qi;/ k200
r N

200 [
\

Volts

Volts

g | \\ (+)-65
SN
0 /s 0
0.0 2‘.5 510 7‘.5 1(;.0 12‘.5 15‘.0 17‘.5 2(;.0 22‘.5 25‘.0 27‘.5 30.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 12.467 191014 1.037 5175 1.360
2 14.167 18235747 98.963 375320 98.640
Total
18426761 100.000 380495 100.000

HPLC Profile of (-)-65: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
200 Retention Time ““ /@Q Br L 400
1 | 5// b .
: 200 - | \‘\ ~ Br ‘N 200 s
| 8 (-)-65 ]
0 7@. \ ‘ - 0
0 2 1‘1 6 8 1‘0 ‘ 1‘2 ‘ 14 ‘ 1‘6 ‘ 1‘8 2‘0 ‘ 2‘2 ‘ 2‘4
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 11.983 18841935 98.505 509802 98.461
2 13.867 286002 1.495 7970 1.539
Total
19127937 100.000 517772 100.000
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HPLC Profile of (+)-66: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min

150
Retention Time

100

Volts

f\
|1
I
I
|
|
|

c’m\
[
I
|

oo rg

150

100

Volts

50

%0 Voo (x)-66  Br
; g MEN L :
0 é 1‘1 (‘5 1‘0 ‘ 1‘2‘ ‘ 1‘4 ‘ 1‘6 ‘ 1‘8 2‘0 ‘ 22 24
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 13.017 6219603 50.368 156993 54.808
2 14.850 6128745 49.632 129450 45.192
Total
12348348 100.000 286443 100.000

HPLC Profile of (-)-66: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
T N Br
100]  Retention Time “w‘ \ N | oo
> 50 | o) N %0 i
\“o E (-)-66 Br
0 ﬁi& 0
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 13.150 5454207 99.824 130247 99.816
2 15.133 9622 0.176 240 0.184
Total
5463829 100.000 130487 100.000
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HPLC Profile of (+)-66: chiral column Chiralcel OJ-H, hexanes:i-PrOH/90:10; flow rate 0.5

mL/min
o ‘/A‘\ Br
100  Retention Time / \ /@Q L 100
2 \“ \\ E’f, 2
g . \ (+)-66 Br
0 :\‘ / g ‘ 0
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 13.267 123159 1.849 3442 2.614
2 15.100 6538133 98.151 128240 97.386
Total
6661292 100.000 131682 100.000

HPLC Profile of (+)-199: chiral column Chiralcel OJ-H, EtOH; flow rate 1.0 mL/min

30
] f

r30

o | H.__O
Retention Time “‘ \\‘ §_ N
20 I 9 F20
5 | \ Qg
10 l \ F10
E (‘m \ / \ (#H199 o2~
(;.O 215 5.‘0 7‘.5 10‘.0 12‘.5 15‘0 17‘.5 20‘.0 22‘.5 25‘.0 27‘.5 307.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 10.275 966477 49.280 28889 63.116
2 15.933 994716 50.720 16882 36.884
Total
1961193 100.000 45771 100.000
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HPLC Profile of (-)-199: chiral column Chiralcel OJ-H, EtOH; flow rate 0.5 mL/min

Volts

Volts

- Il H O
. . A
1004 Retention Time | \‘ N L 100
[
N
‘ N I 50

50 \
5 oy | CH199 5Py
0+ ‘c’ I JS:‘L — 0
0.0 25 5‘.0 7i5 l(;.O 12‘.5 1510 17‘.5 26.0 22‘.5 25‘.0 27‘.5 30.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 9.625 26027 0.470 1019 0.789
2 14.192 5514625 99.530 128090 99.211
Total

5540652 100.000 129109 100.000

HPLC Profile of (+)-204: chiral column Chiralcel OJ-H, EtOH; flow rate 0.5 mL/min

- A o HsC..
501  Retention Time /A 3 ] 50
/‘ \\ ﬁ m CHj
s 25 “ \\ / HsC N L o5 s
}“ 3 \ / ()-208 O~gyy,
0 I : ; ‘ 0
0 5 1‘0 1‘5 v 2‘0 2‘5 3‘0 35
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 12.000 4828779 50.003 57869 63.297
2 20.442 4828171 49.997 33555 36.703

Total

9656950 100.000 91424 100.000
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HPLC Profile of (+)-204:

chiral column Chiralcel OJ-H, EtOH; flow rate 0.5 mL/min

407 Retention Time

Volts

204

(+)-204 O\CH3

F 40

20

g /g
0 f\—‘———r‘ — G Fo
0 5 10 5 20 25 30 3
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 11.525 28894 0.517 485 1.062
2 19.692 5557610 99.483 45165 98.938
Total

5586504 100.000 45650 100.000

HPLC Profile of (-)-204: chiral column Chiralcel OJ-H, EtOH; flow rate 0.5 mL/min

100 - i
Retention Time [

Volts

501 ‘\ |

%
I
Q

100

50

Volts

225

Volts

o g o oH
0 > “ ‘ N ‘ 0
= \
0.0 2.‘5 5.‘0 7‘.5 16.0 12‘.5 15‘.0 17‘.5 2(;.0 22‘.5 25‘».0 27‘.5 30.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 11.417 4060149 99.160 108718 99.548
2 19.800 34399 0.840 494 0.452
Total

4094548 100.000 109212 100.000
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HPLC Profile of 214: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 1.0 mL/min

- i

75 . )
Retention Time il

o

50 ‘ N - 50
3 ‘ .8 N 3
i = — Ph ]
25+ - Ph F25
g 4 \ 214
07%—/—’—’T‘$* — Lo
0 ‘ 2 ‘ 4 6 ‘ 8 o 12 1
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 4.250 991832 77.074 81032 79.699
2 5.050 295018 22.926 20641 20.301
Total 1286850 100.000 101673 100.000

HPLC Profile of 215: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 1.0 mL/min

150

150

Retention Time
100

r 100

50

|1 N
2 | 2 N
* sl I S —/ Ph
| - Ph
N \\ a\ 215
o - SANEAAN
0 ‘2 1‘1 é é .1‘0 ‘ £2 ‘ 1‘4 1‘6 1‘8 20
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 7.942 3655141 76.709 134944 80.893
2 10.833 1109806 23.291 31873 19.107
Total 4764947 100.000 166817 100.000

Volts
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HPLC Profile of 217: chiral column, Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 0.6 mL/min

o f\ 3
E I v} L
300 Retention Time ‘\‘ \ ® 300
E [ ~ L
N 4

200+ ‘\ “ [ \ 200
\ \

Volts
Volts

r 100

100 |\
0 2 s 6 Mmesé 10 12 14
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 6.683 8150753 59.879 331414 63.951
2 7.683 5461242 40.121 186821 36.049
Total 13611995 100.000 518235 100.000

HPLC Profile of 217a: chiral column, Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 0.6 mL/min

— I\

I ’
3007 Retention Time “‘ w‘ m@/ F 300

o 200 [ 0
S |\ S
100i “m \\“ % Ph 7100
01 ‘% _ ;wﬁ\_p 217a o

0 ‘ ‘2 ‘ 4 ‘ 6 ‘ ) é ‘ 10 ‘ 12 ‘ 14
Detector A (254nm)
Pk# Retention Time Area Area % Height Height %
1 7.025 9649699 99.542 357014 99.312
2 8.233 44447 0.458 2473 0.688

Total 9694146 100.000 359487 100.000
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HPLC Profile of (x)-210a: chiral column Chiral cell OD-H, hexanes:i-PrOH/99.5:0.5; flow

rate 0.8 mL/min

- g ./

2501 Retention Time n ‘\‘”‘\‘ \N —N N 250
T AL ADidS -
5 N s

-250 (*)-2102 I -250

-500 ’E r-500

Detector A (214nm)
Pk # Retention Time Area Area % Height Height %
1 5.475 3005344 50.070 188510 35.387
2 7.075 2996998 49.930 344193 64.613
Total
6002342 100.000 532703 100.000

HPLC Profile of (x)-210b: chiral column Chiral cell OD-H, hexanes:i-PrOH/90:10; flow
rate 0.7 mL/min

9.233

20

204  Retention Ti w \N/
etention Time I n o ~—N
| A -
] “ \ ““ \ \E:[Uij\ 7
\ [ -
“ [ N o 10
[\
] [\
/o

Volts

Volts

104 [
\

‘ \\\g ()-210b |

o] R .

0 2 s e K o 1
Detector A (214nm)
Pk # Retention Time Area Area % Height Height %
1 6.558 501812 51.329 23127 57.133
2 9.233 475821 48.671 17352 42.867
Total

977633 100.000 40479 100.000
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HPLC Profile of (£)-210e: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 0.3 mL/min

F10

10

Retention Time

o
I

Volts

s 155}

Volts

(£)-210e [ \ [\

0 ‘ ‘2 ‘ 4‘1 ‘ é ‘ é ‘ vl‘O ‘ 1‘2 ‘ 1‘4 ‘ 1‘6 ‘ 1‘8 ‘ 20

Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 13.292 395629 50.663 8658 55.358
2 14.942 385273 49.337 6982 44.642
Total

780902 100.000 15640 100.000

HPLC Profile of (+)-210e: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.5:0.5; flow rate 0.3 mL/min

200

r 200

Volts

r 100

on Ti \
B Retention Time
N— N I
\( |
N )
I

(+)-210e =\ E
0 ‘/{F *\QT’*\J\ Fo
0 2 4 6 s 10 1w u 1 18 20 2
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 13.017 10514135 98.021 238563 97.966
2 14.625 212297 1.979 4952 2.034
Total

10726432 100.000 243515 100.000
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TB derivatives

HPLC Profile of (—)-210e: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-
PrOH/99.5:0.5; flow rate 0.3 mL/min
100—: Retention Time /@@ “ \‘\\ 100
o | 2
S 50 N o | \\ %0 :
] (-)-210e & \
| o] | % \
01 ~1 ) j o
0.0 2.5 5.0 7.5 10.0 12.5 ) 151.0 17‘.5 2(;.0 22‘.5 25‘.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 13.200 222250 3.167 6677 4.952
2 14.858 6795584 96.833 128165 95.048
Total
7017834 100.000 134842 100.000

HPLC Profile of (x)-210h: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.9:0.1; flow rate 1.2 mL/min

300

300
— 0
3 race 0.1 per |
Retention Time ‘\

200 [

200

r 100

Volts

Volts
5.025

o
| 1 1
JHIT —

1004

‘\\ / (+)-210h F

W\ﬁLﬁ Fo

0 2 A‘l ‘ é ‘ 8 ‘ 1‘0 ‘ 12 ‘ 14 ‘ 16 ‘ 18 ‘ 20
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 3.617 4086581 51.506 274704 80.629
2 5.025 3847551 48.494 65998 19.371
Total

7934132 100.000 340702 100.000
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HPLC Profile of (+)-210h: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.9:0.1; flow rate 1.2 mL/min

200{ ) - 200
| ; I
Retention Time \H\ N:\N J
% 100% ‘ “\ m r 100
- | N
] \ 3 (+)-210h
| 3
0 > 4 8 10 12 14 16 18
Minutes
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 3.492 3082453 99.635 189631 99.845
2 5.050 11286 0.365 294 0.155
Total
3093739 100.000 189925 100.000

HPLC Profile of (+)-210g: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/98:2; flow rate 1.2 mL/min

— ) N\
Retention Time I I N— N‘/
50 H “ \(D/O\ 50
‘ [
g ‘\ “ | \\ \OQN
25+ “ \\ ‘j “ (+)-210g L25
N p% m““
ol c‘: E\\\; 0
0 2‘ ‘ 4‘1 é ‘ é vl‘O ‘ 1‘2 1‘4 ‘ 1‘6 1‘8 ‘ 20
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 4.492 910303 51.042 59596 54.313
2 5.575 873144 48.958 50131 45.687
Total
1783447 100.000 109727 100.000
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TB derivatives

HPLC Profile of (+)-210j: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.8:0.2; flow rate 1.0 mL/min

754 f
il
Retention Time I Br

50 M

1\
25 ‘ \ f

> 8.842
z;/i

75

r 50

25

| \\ (+)-210j Br
S\
0 (‘2* " ‘ r0
o 2 4 & &8 0 12 14 1 8 2 2 2
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 7.092 1837338 50.287 76026 67.434
2 8.842 1816368 49.713 36715 32.566
Total
3653706 100.000 112741 100.000

HPLC Profile of 210j: chiral column Chiral cell phenomenex cellulose-1, hexanes:i-

PrOH/99.8:0.2; flow rate 1.0 mL/min

] \ \
10 Retention Time “ | Br

Volts

j%

10

Volts

R 210p  Br
0 ——r“% d( ””&L Lo
0 ‘ ‘2 ‘ 4‘1 ‘ é ‘ é ‘ ,1‘0 ‘ 1‘2 ‘ 1‘4 1‘6 1‘8 20
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 6.417 223873 54.918 11003 67.120
2 7.433 183775 45.082 5390 32.880
Total
407648 100.000 16393 100.000

Volts
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HPLC Profile of 210k: chiral column Chiralcel AD-H, hexanes:i-PrOH/99.5:0.5; flow rate

0.8 mL/min

Retention Time

50

\ N
J Exg 210k O~
o+————— 16 ba 0
0.0 215 5.‘0 7.‘5 1[;.0 12‘.5 15‘0 17‘.5 26.0 22‘.5 25‘.0 27‘.5 30.0
Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 6.892 4819146 50.908 64144 58.149
2 11.742 4647204 49.092 46165 41.851
Total
9466350 100.000 110309 100.000

HPLC Profile of 210k: chiral column Chiralcel AD-H hexanes:i-PrOH/99.5:0.5; flow rate

0.8 mL/min

N

40
Retention Time I\

204 |

Volts

[ 40

T T T
0.0 2.5 5.0 7.5

T T
10.0 125

T T
15.0 17.5

Minutes

T T
20.0 225

T T
25.0 27.5

Detector A (254nm)
Pk # Retention Time Area Area % Height Height %
1 6.400 1677063 55.170 40317 85.922
2 10.375 1362728 44.830 6606 14.078
Total
3039791 100.000 46923 100.000

Volts



Appendix 1

(X-Ray Crystallographic Data)



Appendix Il 235

Table 1. Atomic coordinates ( x 10%4) and equivalent isotropic displacement parameters (A2x
103) for 188. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

atom X y z U(eq)
S(3) 4265(1) 4654(1) 6648(1) 48(1)
S(2) 5150(1) 993(1) 4837(1) 44(1)
S(1) 513(1) 6830(1) 1848(1) 44(1)
S(4) 1207(1) 1477(1) 10100(1) 51(1)
o(7) 3715(4) 338(3) 4678(1) 55(1)
0O(15) 538(4) 1182(3) 9592(2) 64(1)
0(12) 4905(4) 4095(3) 7170(2) 59(1)
0(2) 769(5) 7305(4) 1216(1) 66(1)
N(4) 1649(4) 8870(3) 5514(1) 35(1)
N(3) -1162(4) 9207(3) 5941(1) 41(1)
0O(1) 1948(4) 6095(3) 2010(2) 53(1)
0O(11) 5499(4) 4503(4) 6099(2) 69(1)
N(5) 3981(4) 5099(3) 1154(1) 35(1)
0O(14) -186(4) 2219(3) 6365(1) 57(1)
N(11) 6813(4) 5637(3) 753(1) 40(1)
0O(13) 3833(5) 5970(3) 6607(2) 71(2)
0(9) 4877(5) 1108(3) 5466(1) 69(1)
O(17) 1633(5) 2787(3) 10121(2) 77(1)
O(4) 379(5) 10541(3) 2698(2) 66(1)
0O(16) 0(5) 1024(4) 10655(2) 76(1)
0(8) 6721(5) 436(4) 4655(2) 76(1)
0(18) 5674(4) -1116(3) 10383(1) 58(1)
C(34) 1174(4) 7583(3) 5387(1) 34(1)
0(10) 6552(5) 2304(4) 6108(2) 77(1)
Cc@a7) 4414(4) 3733(3) 1296(1) 32(1)
C(36) -678(4) 8930(3) 6522(2) 36(1)
C(12) 7446(5) 4386(4) 1000(2) 43(1)
C(33) -483(4) 7205(4) 5489(2) 39(1)
C(15) 6404(4) 5674(3) 167(2) 36(1)
0O(6) 5201(5) 5174(3) 3983(2) 67(1)
C(62) 1237(4) 3260(3) 7055(2) 35(1)
C(30) 2425(5) 6796(3) 5161(2) 39(1)
C(53) 7511(5) 2786(4) 3596(2) 51(1)
C(72) 4211(4) 275(3) 9694(2) 36(1)
C@3) 3614(5) 1574(4) 1663(2) 42(1)
C(61) 2522(5) 3720(4) 6534(2) 44(1)
C(31) 2352(4) 8837(4) 6092(2) 38(1)
C(57) 5384(5) 4367(3) 3656(2) 43(1)

C(14) 4751(4) 5592(3) 66(2) 34(1)
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C(42)
C(35)
C(16)
0@3)

C(6)

C(58)
C(27)
C(29)
C(8)

C(10)
C(48)
C(13)
C(80)
C(66)
C(68)
C(32)
C(23)
C(2)

C(24)
C(19)
C(4)

C(78)
C(9)

C(40)
c(7)

C(65)
C(26)
C(28)
C(38)
C(51)
C(52)
C(46)
C(74)
C(63)
C(25)
C(22)
C(67)
C(71)
C(56)
C(45)
C(41)
c(1)

C(47)
C(73)

-40(5)
980(4)
6080(4)

-1054(4)

3339(4)
4748(5)
-902(5)
1922(5)
5586(5)
7670(5)

860(5)
5462(5)
4180(6)

-1633(5)

235(5)
169(5)
256(5)
5255(5)

-1390(5)

1348(5)
3155(4)
5194(5)
7226(5)
4226(5)
4365(5)
-891(5)

-1819(5)

266(6)

-3724(5)

5108(5)
5650(5)

-1955(6)

5639(5)
1790(5)

-1919(5)

1447(5)
-203(5)
2968(5)
5404(6)
-150(6)

511(5)
6470(5)

-1889(5)

3535(5)

8200(3)
8785(3)
3403(4)
6166(4)
5391(3)
2375(3)
6003(4)
5606(4)
5840(4)
5822(4)
7368(3)
5986(4)
2305(5)
2479(4)
4205(4)
9781(4)
8554(3)
1189(4)
8669(4)
3188(4)
2841(3)
1388(4)
5899(4)
7169(4)
5686(3)
3121(4)
8091(4)
5193(4)
8991(5)
2615(3)
2937(3)
7725(5)
-514(3)
2219(4)
8859(4)
8607(3)
2599(3)

494(4)
4602(4)
7956(4)
8251(3)
2119(4)
7917(4)
-535(4)

2852(2)
6603(2)
1211(1)
2027(2)
563(2)
3359(2)
5355(2)
5037(2)
-988(2)
-316(2)
3329(2)
1153(2)
8896(2)
7330(2)
7430(2)
5527(2)
7658(2)
1585(2)
7575(2)
1629(2)
1521(1)
9283(2)
-876(2)
5046(2)
-512(2)
7797(2)
5715(2)
5127(2)
6949(2)
4487(2)
3826(2)
3759(2)
9899(2)
7533(2)
7013(2)
7167(2)
6840(2)
10223(2)
2989(2)
3847(2)
2198(2)
1356(2)
3075(2)
9248(2)

36(1)
34(1)
38(1)
72(1)
36(1)
43(1)
45(1)
44(1)
41(1)
42(1)
42(1)
42(1)
63(1)
49(1)
43(1)
42(1)
41(1)
44(1)
43(1)
50(1)
37(1)
43(1)
42(1)
51(1)
39(1)
48(1)
45(1)
46(1)
60(1)
44(1)
36(1)
58(1)
42(1)
50(1)
41(1)
38(1)
43(1)
44(1)
52(1)
49(1)
44(1)
44(1)
52(1)
50(1)

Appendix Il
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C(79) 6227(6) 2197(4) 9617(2) 58(1)
C(54) 7553(6) 2976(5) 2919(2) 60(1)
C(43) 211(5) 9545(3) 3031(2) 42(1)
C(64) 366(6) 2163(5) 8047(2) 60(1)
C(37) 780(6) 8376(5) 8273(2) 56(1)
C(44) 182(6) 9394(4) 3694(2) 50(1)
C(76) 6232(5) 450(4) 8919(2) 50(1)
C(49) 569(7) 5921(4) 3379(2) 61(1)
C(20) 5169(6) 5931(5) -1615(2) 58(1)
C(55) 5732(6) 3255(4) 2833(2) 49(1)
C(69) 1247(6) 4893(5) 7820(2) 64(1)
C(75) 4902(6) -353(5) 8711(2) 65(1)
C(77) 7022(5) -419(4) 9392(2) 51(1)
C(60) 5050(7) 949(4) 3300(2) 62(1)
C(70) -697(6) 5211(4) 7061(2) 59(1)
C(50) 2720(6) 7637(5) 3254(2) 60(1)
C(39) -191(8) 3891(5) 4976(2) 70(2)
C(59) 2868(6) 2598(5) 3435(2) 62(1)
C(18) 5681(7) -210(4) 1749(2) 64(1)
C(21) 9481(5) 5909(5) -217(2) 61(1)
0(5) 8933(5) 8838(4) 629(2) 90(1)

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for 193. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

atom X y z U(eq
C(28) 3451(5) 4886(4) -190(2) 12(2)
C(29) 3338(5) 6995(4) 728(2) 12(1)
C(36) 5291(5) 5269(4) -297(2) 17(2)
C(32) 2152(5) 5705(4) 33(2) 10(1)
C(47) 6151(5) 776(4) 9136(2) 12(2)
C(49) 6348(5) 2555(4) 8302(2) 11(1)
C(48) 6652(5) 1102(4) 8476(2) 8(1)
C(54) 5737(6) 487(4) 8023(2) 13(1)
0(12) 6158(4) 3366(3) 8634(1) 18(1)
C(53) 8567(5) 962(4) 8232(2) 16(1)
C(50) 6315(6) 2753(4) 7645(2) 15(2)
C(52) 8561(6) 1140(5) 7558(2) 20(1)
C(51) 6685(6) 1388(4) 7490(2) 16(1)
C(56) 3821(6) 675(4) 8116(2) 20(1)
C(55) 6103(6) -962(4) 7972(2) 19(1)
Br(1) 6263(1) 4018(1) 2942(1) 20(1)
Br(3) 1811(1) 6555(1) 3032(2) 19(2)

Br(2) 6889(1) -2451(1) 6462(1) 18(1)
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Br(4)
S(3)
S(2)
C(59)
C(8)
0O(16)
C(7)
C(21)
0O(14)
C(34)
N(1)
0O(15)
C(10)
O(6)
C(72)
0(8)
0(5)
0(13)
C(75)
N(11)
C(68)
C(76)
C(14)
N(2)
C(71)
C(20)
C(22)
N(5)
O(7)
C(16)
C(2)
C(6)
C(19)
C(26)
C(64)
C(57)
C(31)
C(69)
C(3)
C(18)
C(58)
C(30)
C(15)
C(23)

653(1)
5323(1)
2183(1)
6695(6)
6721(5)

823(4)
5426(5)
1165(5)
6598(4)
1940(5)
2648(4)
5942(4)
8795(5)
2618(4)
1386(6)
6722(4)

941(4)
4846(4)
2258(6)
7852(4)
2267(5)

303(5)
5799(5)
-207(4)

88(5)
2409(5)
-531(6)
4951(4)
1553(4)
7121(5)
6294(6)
4344(5)

10615(5)
1261(5)
6218(6)
3983(5)

479(6)

791(5)
4600(6)
2297(5)
5226(5)
1151(5)
7461(5)

-1009(5)

1649(1)
2836(1)
9655(1)
7624(5)
3959(4)
278(3)
3809(4)
6740(4)
2604(3)
6959(4)
7019(3)
2374(3)
3984(4)
10985(3)
419(5)
7009(3)
9160(3)
4185(3)
3178(5)
3821(3)
1420(4)
3409(4)
3731(4)
7366(3)
1352(5)
6777(4)
6826(4)
3247(3)
9415(3)
1540(4)
-677(4)
3535(4)
4064(5)
3305(4)
9553(5)
8662(5)
5323(4)
704(4)
-352(4)
1262(4)
8419(4)
7935(4)
3849(4)
6997(4)

-413(1)
1264(1)
4790(1)
4556(2)
3725(2)
1056(1)
4183(2)
2270(2)

736(1)
1231(2)

150(2)
1803(1)
4390(2)
4834(2)
2726(2)
5037(2)
5330(2)
1187(2)
2429(2)
5448(2)
1713(2)
1677(2)
4757(2)

577(2)
2462(2)
1795(2)
2200(2)
5841(2)
4262(2)
5893(2)
6250(2)
5243(2)
4490(2)
-218(2)
3949(2)
4902(2)

134(2)
1524(2)
6343(2)
6295(2)
4363(2)

160(2)
4859(2)
1641(2)

18(1)
14(1)
19(1)
16(1)
12(1)
18(1)
12(1)
12(1)
19(1)
10(1)
12(1)
18(1)
14(1)
27(1)
21(1)
21(1)
26(1)
22(1)
21(1)
11(1)
12(1)
17(1)
12(1)
11(1)
17(1)
12(1)
14(1)
11(1)
24(1)
12(1)
12(1)
11(1)
17(1)
11(1)
18(1)
16(1)
13(1)
16(1)
15(1)
17(1)
13(1)
14(1)
12(1)
12(1)
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C(67) 3571(5) 1831(4) 1179(2) 13(1)
C(9) 8389(5) 4033(4) 3824(2) 14(1)
C(12) 8503(5) 2563(4) 5688(2) 14(1)
C(60) 8077(6) 7743(5) 4042(2) 19(1)
C(17) 5410(5) 1865(4) 5980(2) 11(1)
C(33) 247(5) 7083(4) 1157(2) 12(1)
C(24) -914(5) 6233(5) 352(2) 16(1)
C(70) -655(5) 637(4) 2014(2) 16(1)
C(61) 7269(6) 8613(5) 3578(2) 19(1)
C(65) 7263(6)  10397(5) 4268(2) 22(1)
C(63) 4534(5) 7585(5) 3932(2) 17(1)
c(27) 2942(6) 3670(4) -315(2) 14(1)
C(73) 2836(5) 404(5) 2204(2) 17(1)
C(13) 6434(5) 4163(4) 5844(2) 13(1)
C(74) 1242(5) 2420(4) 2067(2) 13(1)
C(4) 4132(5) 935(4) 6196(2) 13(1)
c(1) 7552(5) 229(4) 6034(2) 13(1)
C(66) 5151(6)  10455(5) 3568(2) 24(1)
C(35) -2862(5) 7098(5) 1577(2) 19(1)
C(62) 5918(6) 7768(5) 3383(2) 23(1)
C(25) 12(5) 4100(4) 7(2) 12(1)
S(1) 1398(1) 4977(1) 6527(1) 13(1)
0(4) 1446(4) 8728(3) 7371(1) 17(1)
o) 1704(4) 5450(3) 5893(1) 18(1)
0@3) -240(4) 4352(3) 6710(2) 23(1)
0(2) 2820(4) 4162(3) 6684(1) 18(1)
C(39) 1268(5) 7718(4) 7700(2) 13(1)
C(37) 1488(6) 6414(4) 6869(2) 14(1)
C(40) 1277(6) 7544(4) 8367(2) 16(1)
C(46) 3778(6) 5728(5) 7897(2) 19(1)
C(43) -942(5) 6086(5) 7775(2) 16(1)
C(38) 973(5) 6359(4) 7527(2) 11(1)
C(45) 1524(6) 4015(4) 8045(2) 18(1)
C(42) -962(5) 5887(5) 8452(2) 16(1)
C(41) 908(6) 6085(5) 8524(2) 16(1)
C(44) 1871(5) 5496(4) 7993(2) 14(1)
S(4) 6263(1) -849(1) 9490(1) 12(1)
0(9) 7901(4) -1376(3) 9309(2) 23(1)
0(11) 5976(4) -720(3)  10122(1) 18(1)
0(10) 4839(4) -1576(3) 9336(1) 18(1)
0(17) 7556(4) 347(3) 830(2) 19(1)

0(18) 9991(5) 6950(3) 5232(2) 24(1)
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Table 3. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for 66. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

atom X y z U(eq)
Br(1) 4393(1) 5630(1) 5373(1) 58(1)
Br(2) -156(1) 11363(1) 9697(1) 63(1)
C(5) 1902(6) 7445(6) 6420(3) 34(1)
C(13) 3992(7) 9174(6) 8389(4) 40(1)
C4) 2296(5) 5949(6) 6011(3) 37(1)
C(8) 2370(6) 9892(6) 8459(4) 37(1)
N(2) 3049(5) 8743(6) 6382(3) 39(1)
C@1) -822(6) 6320(7) 6860(4) 38(1)
C(11) 4695(9) 9317(8) 10375(4) 54(1)
N(1) 1228(5) 10264(5) 7515(3) 38(1)
C(6) 272(6) 7601(6) 6854(3) 34(1)
C(15) 2164(6) 10245(7) 6511(4) 42(1)
C(9) 1973(6) 10283(6) 9527(4) 42(1)
C(12) 5135(8) 8934(8) 9333(5) 49(1)
C(16) -1573(8) 3423(7) 6566(5) 55(1)
C(2) -403(6) 4832(6) 6502(4) 40(1)
C(14) 4528(6) 8675(8) 7274(4) 43(1)
C(3) 1209(7) 4690(7) 6052(4) 44(1)
C(7) -220(6) 9177(6) 7317(4) 39(1)
C(10) 3084(8) 9984(7) 10453(4) 52(1)
Cc(@17) 5964(12) 9051(14) 11390(5) 83(3)

Table 4. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for 200. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

atom X y z U(eq)
N(1) -4750(1) -7169(5) -7617(1) 52(1)
N(2) -4845(1) -2288(4) -9199(1) 48(1)
C(6) -3868(1) -5450(5) -8184(1) 46(1)
C4) -3937(1) -4572(5) -9645(2) 43(1)
C(5) -4219(1) -4130(4) -9013(2) 43(1)
C@3) -3300(1) -6250(5) -9426(2) 49(1)
C(2) -2937(1) -7560(5) -8602(2) 50(1)
C(9) -4163(1) -5218(6) -7486(2) 51(1)
C@) -3235(1) -7144(6) -7997(2) 51(1)
C(10) -5005(1) -7259(6) -6911(2) 51(1)
C(12) -4302(1) -7373(6) -5924(2) 50(1)

C(18) -2270(2) -9459(8) -8386(2) 67(1)
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C(16) -3089(2) -9379(7) -4738(2) 72(2)
C(17) -3721(2) -9264(7) -5636(2) 65(1)
C(15) -3035(2) -7588(8) -4110(2) 70(1)
C(13) -4220(2) -5562(7) -5290(2) 61(1)
C(14) -3591(2) -5688(8) -4388(2) 73(1)
C(11) -5605(2) -9395(7) -7128(2) 66(1)
c(7) -5642(1) -3379(5) -9408(2) 50(1)
C(8) -5000 -761(7)  -10000 54(1)

Table 5. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for 206. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

atom X y z U(eq)
c(13) 5789(2) 9437(2) 6829(6) 60(1)
o(7) 7621(1) -321(1) 9815(4) 58(1)
0(6) 7898(1) 937(1) 9048(4) 56(1)
N(5) 5317(1) 9044(2) 6688(5) 58(1)
o(1) 6836(1) 138(2) 6745(4) 73(1)
C(15) 5999(2) 8166(2) 6672(6) 57(1)
C(4) 4542(2) 8820(2) 4721(6) 57(1)
0(10) 7219(1) 8800(2) 4509(5) 81(1)
0(9) 4265(1) 8620(2) 6118(4) 73(1)
N(11) 6236(2) 9231(2) 5603(4) 57(1)
C(16) 5106(2) 9020(2) 4986(5) 50(1)
0(2) 7682(2) 487(2) 5963(4) 75(1)
0(4) 7596(2) 125(2)  12907(4) 78(1)
C(10) 6890(2) 8356(2) 5283(6) 64(1)
C(30) 7282(2) 411(2) 6968(6) 58(1)
c(1) 5189(2) 9228(2) 1996(6) 61(1)
c(17) 5425(2) 9202(2) 3616(6) 53(1)
cR) 4631(2) 9067(2) 1730(6) 64(1)
c(12) 6029(2) 9385(2) 3847(6) 58(1)
c@) 4317(2) 8849(2) 3107(6) 62(1)
C(14) 6369(2) 8564(2) 5851(6) 59(1)
0(3) 6998(2) 898(2)  12281(4) 83(1)
C(29) 7344(2) 688(2) 8789(5) 51(1)
C(32) 7271(2) 435(2)  11913(6) 59(1)
0(5) 7604(2) 1850(2) 7914(5) 88(1)
C(6) 5453(2) 8412(2) 7367(6) 67(1)
C(28) 7983(2) 1533(2) 8472(6) 64(1)
0(8) 6931(2)  -1027(2)  10072(6) 100(1)
c(31) 7245(2) 188(2)  10103(5) 55(1)

C(19) 3701(2) 8385(3) 5903(7) 79(2)



242

C(9)

C(8)

C(33)
c(27)
C(22)
C(34)
C(21)
C(35)
c(7)

C(18)
C(39)
C(23)
C(36)
C(26)
C(24)
C(38)
C(37)
C(20)
C(25)

7025(2)
6653(3)
7418(2)
8568(2)
8703(2)
7849(3)
7783(2)
7734(3)
6142(2)
4355(2)
8381(3)
9248(3)
8130(4)
8992(2)
9657(4)
8788(3)
8654(4)
6798(3)
9541(3)

7725(3)
7320(3)
-909(2)
1730(3)
2347(3)

-1366(2)

8625(3)

-2001(2)

7546(2)
9109(3)

-1189(3)

2551(4)

-2441(3)

1324(3)
2151(5)

-1628(4)
-2259(4)

6622(3)
1519(4)

5507(6)
6314(7)
9806(6)
8622(7)
8286(7)
9357(7)
4104(8)
9318(8)
6839(6)
39(6)
8940(12)
8366(10)
8908(10)
9173(14)
8845(16)
8475(16)
8533(14)
6495(9)
9351(17)

79(2)
82(2)
66(1)
77(2)
86(2)
75(1)
100(2)
101(2)
75(1)
94(2)
132(3)
112(2)
121(3)
146(4)
173(5)
179(5)
153(4)
120(3)
186(5)
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Table 6. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x

103) for 211. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

atom X y z U(eq)
N(2) 10854(4) 5704(3) 2595(2) 49(1)
C(5) 7476(5) 7134(3) 2738(3) 51(1)
C(7) 8069(4) 4956(3) 2670(3) 44(1)
C(12) 9647(4) 5079(3) 3063(3) 43(1)
C(8) 6956(5) 4341(3) 3131(3) 52(1)
C(11) 10036(5) 4551(3) 3897(3) 53(1)
C@1) 9626(5) 7869(3) 3707(3) 57(1)
C(2) 8529(6) 8389(4) 4280(4) 68(1)
C(14) 9177(5) 7236(3) 2945(3) 48(1)
N(1) 6895(5) 6546(3) 1967(3) 63(1)
C(9) 7341(5) 3819(3) 3971(3) 53(1)
C4) 6362(5) 7658(4) 3317(4) 70(2)
C(10) 8902(6) 3939(3) 4340(3) 56(1)
C(3) 6859(6) 8266(4) 4059(4) 70(1)
C(13) 10507(5) 6766(4) 2346(3) 56(1)
C(6) 7588(5) 5525(4) 1776(3) 60(1)
C(16) 6105(6) 3103(4) 4436(4) 84(2)
0O(1) 13418(3) 5783(3) 1933(3) 84(1)
Cc@n 12329(5) 5322(4) 2344(3) 61(1)
C(15) 9095(8) 9077(5) 5075(4) 101(2)
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Table 7. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for 210d. U(eq) is defined as one third of the trace of the orthogonalized UlJ tensor.

atom X y z U(eq)
N(1) 3107(2) 2337(2) 1775(1) 35(1)
N(2) 4177(1) 820(2) 1582(1) 34(1)
N(3) 3212(1) -27(2) 2071(2) 40(1)
C(11) 2519(1) 2065(2) 1210(1) 33(1)
C(10) 2722(2) 1112(2) 842(1) 34(1)
C(5) 4661(1) 2009(2) 1496(1) 33(1)
C(6) 4427(2) 3363(2) 1595(1) 35(1)
C(9) 3572(2) 304(2) 1038(1) 38(1)
C(12) 1725(2) 2744(3) 1048(1) 40(1)
C(8) 3693(1) 1178(2) 1981(1) 34(1)
C4) 5388(2) 1778(3) 1314(1) 39(1)
C@) 4939(2) 4467(3) 1515(1) 42(1)
C(@3) 5892(2) 2860(3) 1229(1) 43(1)
C(15) 2119(2) 863(3) 306(1) 42(1)
C(7) 3640(2) 3592(3) 1802(1) 40(1)
C(13) 1111(2) 2488(3) 519(1) 47(1)
C(2) 5660(2) 4203(3) 1334(1) 48(1)
C(14) 1320(2) 1557(3) 154(1) 49(1)
C(019) 2647(2) 297(4) 2420(1) 54(1)
C(16) 2317(2) -123(3) -118(1) 61(1)
C(20) 3798(2) -1158(3) 2333(2) 59(1)
C(18) 6691(2) 2601(4) 1048(1) 60(1)
C(19) 4717(2) 5947(3) 1617(2) 66(1)
Cc@a7) 219(2) 3147(4) 362(2) 76(1)

Table 8. Atomic coordinates ( x 10%4) and equivalent isotropic displacement parameters (A2x
103) for 216a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

atom X y z U(eq)
N(1) 8721(1) 1000(2) 7534(1) 34(1)
N(2) 6703(1) 1879(2) 6769(1) 35(1)
C(3) 7487(2) 973(2) 7640(2) 32(1)
N(4) 7420(1) 1534(2) 8710(1) 34(1)
C(5) 6188(2) 1584(2) 8881(2) 38(1)
C(6) 8165(2) -553(2) 10106(2) 36(1)
C() 9212(2) 2556(2) 7706(2) 39(1)

C(8) 8565(2) 2272(3)  10570(2) 48(1)
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C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)

5711(2)
8350(2)
7572(2)
8365(2)
7714(2)
6545(2)
8742(2)
7793(2)
6363(2)
7153(2)
8717(2)
5285(2)
7718(2)
7790(2)
8339(2)
6744(3)
3552(2)
5289(2)
9820(2)
4402(2)
8851(3)
8107(2)
4449(3)
7924(3)
9875(3)
3573(3)

3228(3)
3758(2)

-2257(3)

1032(2)
366(2)
993(3)
419(2)

-798(3)

4501(3)

3389(2)

5240(3)
419(3)

-3493(3)

-290(3)

-1820(3)

5975(3)
-227(4)

-1060(3)

-116(3)
810(3)
-822(4)

-3273(3)
-2116(3)

6345(3)
-736(4)

-1690(4)

8764(2)
7129(2)
11388(2)
9686(2)
5592(2)
5740(2)
6461(2)
11069(2)
6160(2)
6680(2)
7032(2)
8231(2)
10761(2)
4598(2)
9500(2)
6073(2)
6760(2)
8609(2)
6311(2)
7291(2)
4456(2)
9816(2)
8070(3)
6504(2)
5314(2)
7149(3)

53(1)
39(1)
49(1)
36(1)
40(1)
43(1)
39(1)
42(1)
53(1)
36(1)
51(1)
41(1)
57(1)
56(1)
45(1)
67(1)
65(1)
56(1)
54(1)
50(1)
72(1)
57(1)
74(1)
67(1)
73(1)
75(1)

Appendix Il

Table 9. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x

103) for 217a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

atom X y z U(eq)
N(2) 4615(4) -604(2) 1466(2) 36(1)
N(3) 3323(4) 436(2) 2105(2) 35(1)
N(1) 2036(4) -700(2) 1511(2) 35(1)
C@1) 3339(5) -475(3) 1868(2) 37(1)
C(2) 1798(4) 1781(3) 2219(2) 36(1)
C(@3) 4657(5) -1517(3) 1227(2) 37(1)
C(4) 5741(5) 1147(3) 2235(2) 38(1)
C(5) 3452(5) -2056(3) 1224(2) 38(1)
C(6) 1957(5) -201(3) 926(2) 40(1)
C(7) 4492(5) 684(3) 2569(2) 38(1)
C(8) 5947(6) -1851(3) 1001(2) 46(1)
C(9) 2015(5) -1679(3) 1441(2) 44(1)
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C(10) 1898(5) 757(3) 2309(2) 43(1)
C(11) 5678(5) 2048(3) 2110(3) 50(1)
C(12) 3548(6) -2952(3) 1019(2) 45(1)
C(13) 3154(6) 180(3) 641(2) 41(1)
C(14) 4606(5) 50(3) 935(2) 40(1)
C(15) 609(6) -59(4) 674(3) 54(2)
C(16) 6054(6) -2725(3) 764(2) 45(1)
C(17) 1412(6) 423(4) 2967(3) 59(2)
C(18) 4847(6) -3255(3) 785(2) 49(1)
C(19) 2016(5) 2114(4) 1612(3) 51(1)
C(20) 1427(6) 2375(3) 2691(3) 51(1)
C(21) 8101(5) 1158(5) 1774(3) 73(2)
C(22) 1587(9) 853(4) -135(3) 77(2)
C(23) 6987(5) 709(4) 2061(3) 53(1)
C(24) 2954(7) 708(4) 102(3) 62(2)
C(25) 7451(6) -3074(4) 498(3) 67(2)
C(26) 7997(6) 2064(5) 1654(3) 69(2)
C(27) 1892(6) 3009(4) 1481(3) 63(2)
C(28) 6773(6) 2507(4) 1813(3) 62(2)
C(29) 1305(7) 3277(4) 2562(3) 68(2)
C(30) 1534(6) 3599(4) 1957(4) 68(2)
C(31) 2254(7) -3555(4) 1027(3) 68(2)
C(32) 393(8) 486(4) 150(3) 67(2)
C(33) 4248(9) 1141(6) -218(4) 106(3)
C(34) -1101(9) 701(6) -93(4) 105(3)
C(35) 4966(6) -88(3) 3004(2) 52(1)

Table 10. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for 210h. U(eq) is defined as one third of the trace of the orthogonalized U]
tensor.

atom X y z U(eq)
N(2) 8162(1) 2780(2) 1851(1) 49(1)
N(1) 7119(2) 2599(2) 573(1) 51(1)
C@3) 7539(1) 1811(2) 2196(1) 46(1)
C4) 8508(1) 861(2) 828(1) 51(1)
C(5) 7212(1) 388(2) 3321(1) 58(1)
C(6) 7810(1) 1328(2) 2993(1) 52(1)
C(7) 6088(1) 472(2) 2119(2) 54(1)
C(8) 7333(2) 427(2) -365(1) 52(1)
N(3) 7137(2) 5025(2) 1358(1) 59(1)
C(10) 6671(1) 1395(2) 1760(1) 47(1)

C(11) 7658(1) 1283(2) 348(1) 49(1)
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C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)

9025(1)
6363(1)
7694(1)
7864(1)
8711(1)
6346(1)
8862(1)
8722(1)
6428(1)
7536(2)
9251(2)
6819(2)
5930(2)
5708(2)
8459(2)

-403(2)
1954(2)
3707(2)
-842(2)

-1286(2)

-60(2)
1747(2)
1875(3)

877(3)
5920(3)

-2718(3)

6147(3)
6942(3)

-1089(3)

6759(4)

588(1)

911(1)
1152(1)
-569(1)
-105(1)
2898(1)
1605(1)
3492(1)
-901(1)
2091(1)
-331(1)

678(1)

672(2)
3268(2)
2129(2)

56(1)
53(1)
52(1)
58(1)
58(1)
59(1)
55(1)
68(1)
66(1)
71(2)
77(2)
78(1)
95(1)
88(1)
108(1)
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Table 11. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for 242a. U(eq) is defined as one third of the trace of the orthogonalized Uil

tensor.

atom X y z U(eq)
N(1) 4399(2) 2966(1) 4896(3) 50(1)
N(2) 5636(2) 4474(1) 4856(4) 53(1)
C(6) 6159(2) 4138(2) 6713(4) 48(1)
C4) 6258(2) 3350(2) 9493(4) 53(1)
Cc(17) 4643(2) 2192(2) 4885(4) 47(1)
C(13) 4292(2) 3832(2) 2191(4) 49(1)
C(5) 5728(2) 3627(2) 7618(4) 47(1)
C(7) 4690(2) 3428(2) 6692(4) 50(1)
C(18) 5116(2) 1787(2) 6623(5) 56(1)
C(8) 3843(2) 3335(2) 3076(4) 49(1)
C(22) 4423(2) 1787(2) 3105(5) 57(1)
C(19) 5334(3) 1013(2) 6569(6) 68(1)
C(12) 3753(2) 4167(2) 384(4) 58(1)
C@3) 7194(2) 3561(2) 10511(5) 59(1)
C(2) 7596(2) 4070(2) 9571(5) 62(1)
C(20) 5088(3) 616(2) 4811(6) 72(1)
C(14) 5335(2) 3962(2) 3105(4) 52(1)
C@1) 7091(2) 4353(2) 7714(5) 60(1)
C(9) 2892(2) 3187(2) 2206(5) 60(1)
C(11) 2798(3) 4006(2) -536(5) 63(1)
C(15) 7742(3) 3258(3) 12546(6) 86(1)
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C(21) 4638(3) 1008(2) 3100(6) 67(1)
C(10) 2378(2) 3517(2) 396(5) 65(1)
C(16) 2248(3) 4354(3) -2528(6) 97(2)

Table 12. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for 246. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

atom X y z U(eq)
N(2) 2346(1) 3127(2) 8068(1) 39(1)
N(4) 6692(1) 2374(1) 2362(1) 42(1)
N(1) 1369(2) 3245(1) 9740(1) 44(1)
N(3) 3925(2) 1440(2) 1363(2) 53(1)
C(20) 3339(2) 2784(2) 8192(1) 36(1)
C(12) 1404(2) 4378(2) 8630(2) 37(1)
C@) 990(2) 5027(2) 8014(2) 40(1)
C(13) 739(2) 3833(2) 9093(1) 38(1)
C(15) 480(2) 1781(2) 7905(2) 40(1)
C(45) 7360(2) 1833(2) 2017(2) 39(1)
C(43) 5488(2) 1490(2) 3213(2) 42(1)
C(44) 6551(2) 2233(2) 3312(2) 39(1)
C(14) 1146(2) 2313(2) 7430(2) 38(1)
C4) -397(2) 3877(2) 8903(2) 44(1)
C(25) 3155(2) 1696(2) 7687(2) 49(1)
C(21) 4536(2) 3502(2) 8796(2) 47(1)
C(10) 2541(2) 4090(2) 8932(2) 39(1)
C®3) -790(2) 4544(2) 8284(2) 47(1)
C(2) -120(2) 5131(2) 7850(2) 45(1)
C(42) 4136(2) 2534(2) 1968(2) 49(1)
C(23) 5292(2) 2082(2) 8359(2) 47(1)
C(34) 7497(2) 2873(2) 4342(2) 44(1)
C(41) 5195(2) 3288(2) 2096(2) 46(1)
C(9) 667(2) 2031(2) 6291(2) 45(1)
C(6) -652(2) 968(2) 7223(2) 46(1)
C(22) 5494(2) 3150(2) 8880(2) 51(1)
C(35) 5766(2) 2668(2) 1549(2) 46(1)
C(11) 2643(2) 3795(2) 9965(2) 46(1)
C(31) 5423(2) 1394(2) 4165(2) 49(1)
C(32) 6362(2) 1978(2) 5192(2) 50(1)
C(46) 7337(2) 1747(2) 994(2) 52(1)
C(8) -443(2) 1183(2) 5656(2) 53(1)
C(7) -1121(2) 639(2) 6098(2) 50(1)

C(50) 8097(2) 1373(2) 2694(2) 50(1)



248

C(5)

C(30)
C(26)
C(33)
C(24)
C(40)
C(47)
C(36)
C(17)
C(49)
C(48)
C(18)
C(29)
c(27)
C(16)
C(28)
C(39)
C(19)
C(38)
C(37)

915(2)
4386(2)
5577(2)
7398(2)
4120(2)
8608(2)
8028(2)
4647(2)

-1150(2)

8792(2)
8761(2)
1333(2)
3426(2)
4890(2)
-576(2)
3840(2)
6271(3)

-2336(2)

2273(3)
5290(3)

2059(2)

819(2)
4379(2)
2715(2)
1362(2)
3740(2)
1230(2)
1655(2)
3240(2)

880(2)

798(2)
2642(2)
2844(2)
4727(2)
5891(2)
3952(2)
1833(2)
-258(2)
2024(3)
5917(2)

9133(2)
2122(2)
2674(2)
5264(2)
7772(2)
4469(2)

685(2)

760(2)
9346(2)
2376(2)
1369(2)
5766(2)
2422(2)
3146(2)
7240(2)
3005(2)
6210(2)
5379(2)
2281(3)
3796(3)

48(1)
53(1)
54(1)
51(1)
53(1)
63(1)
60(1)
57(1)
62(1)
58(1)
61(1)
63(1)
60(1)
62(1)
66(1)
67(1)
74(2)
75(1)
92(1)
94(1)

Appendix Il
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I11. 1 Introduction

There has been continued interest on the development of boron chemistry in this
laboratory. Previously, the NaBHa/l2, n-BusNBH4/l2 and n-BusNBH4/PhCH2Cl reagent
systems were developed for the generation of diborane gas (Chart 1).1'*3 Thus, the generated

gas was complexed with Lewis bases such as THF, S(CHz). and N(Et)Ph for further

applications.
Chart 1
Diglyme
2NaBH, + I —_ > B,Hs + 2Nal + H,
25 °C
1 2 3
Toluene
2n-BuyNBH,4 + 2 e B,yHg + 2n-BuyNI
25 °C
4 2 3 5
Toluene
2n-BugNBH,;  + PhCHCIl @ ———> B2oHe + 2n-BugNCl
25 °C
4 6 3 7

Recently, new synthetic methods were developed based on the carbon materials and
borohydride reagent system for the preparation of Lewis base borane complexes and

oxidative coupling of 2-naphthol to bi-2-naphthol (Scheme 1).14

Scheme 1
NaBH,
1
PhsP:BH
PPh, e
8 93% yield
1,200 °C / vacuum AC NaBH,
Activated Carbon > oxvaen doped »  R3N:BH3
AC) 2. dry air, 25 °C, 1h ygen dop RsN 11
10 15-59% yi€|d
OH
oalivel

13

We have briefly investigated the use of polyaniline derivatives for such applications.
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I11. 2 Results and Discussion

I11. 2.1 Synthesis of polyaniline derivatives

Over the last several decades, polyaniline has attracted continued research efforts due
to its ease of preparation, environmental stability, conductivity and optical properties.’® The
existance of this polymer in various oxidation states such as completely reduced
leucoemeraldine base (LEB), completely oxidized pernigraniline base (PNB) and partially
oxidized emeraldine base (EB) prompted us to synthesize derivatives of polyaniline for

application in oxidation-reduction reactions (Figure 1).

OO0

b H H H ]
ot ot
X X

_ N ]

-0 OO

Figure 1(a) leucoemeraldine base (b) emeraldine base (c) pernigraniline base

Generally, polyaniline derivatives are prepared from the corresponding monomer by
either electrochemical polymerization or oxidative chemical polymerization.'’ We have
decided to synthesis by oxidative chemical polymerization using (NH4)2S20s as an oxidant

(Scheme 2).%
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Scheme 2

H R

~h -

N

H2SO,4 R R R R
4+ (NHg)28208 ——— N N N N
ot ot
H,0

0°C, 24 h HSO, HSO,
14 15 n
16:R=H

17 : R = CHj
18 : R = CH,CH3

Accordingly, we have carried out the polymerization of 0.5 M aniline in 0.25 M
solution of H2SO4 using 0.5 M solution of (NH4)2S20g for 24 h at 0 °C (Scheme 1). Thus,
polyaniline (PANI) obtained in this way shows characteristic IR absorption at 1563 and 1486
cm* that were attributed to the quinoid and benzenoid rings respectively. The absorption at
1296 and 1241 cm™ are assigned to m-electron delocalization and C-N* stretching. Further,
absorption at 1106 and 796 cm™ are assigned to —~NH*= and C-H out of plane deformation of
1,4-disubstituted benzene rings, have also been observed.'® Similarly, poly(N-methylaniline)
(PNMA) and poly(N-ethylaniline) (PNEA) have also been synthesized using 0.5 M solution
of (NH4)2S20s as oxidant for 24 h at 0-25 °C. The FT-IR spectra of PANI, PNMA and PNEA

are presented in Figure 2.

The IR spectrum of PNMA also shows characteristic absorption for quinoid and
benzenoid rings at 1576 and 1499 cm™ respectively. The FT-IR spectrum of PNMA has very
close resemblance to that of the polyaniline. Poly(N-ethylaniline) showed better resolved
peaks at 1311 and 1242 cm™, which are assigned to m-electron delocalization and C-N*
stretching in the case of polyaniline. We have also observed that these polymers exhibit one

line esr signal with g value 2.00281, 2.00294 and 2.00286 respectively (Figure 3).%°

251
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1576 /131
1499 1545 4 4109
1160

819

% Transmittance

a
1563
1486 1296 b 796
1241 1106.6

! I ! I ! I ' I ' I ! I
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm’1)

Figure 2. FT-IR Spectra of (a) polyaniline 16 (b) poly(N-methylaniline) 17 (c) poly(N-
ethylaniline) 18 prepared using (NH4)2S20s,

o601

Fofororo]

FOFO-OEO

| ! I I
3350 3400 3450 3500 3550 3600

Figure 3. ESR spectra of radical cations of (a) polyaniline 16 (b) poly(N-methylaniline) 17
(c) poly(N-ethylaniline) 18 prepared using (NHa4)2S20s.

We have also prepared PNMA using FeCls as oxidant (Scheme 3).2°

Scheme 3

H_ _CH
N 3

CH3 CH3 CH3 CH3
+  FeCl 4< >* ‘< >* 4< >*
5 T o2s5°C.2an

14 19
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I11. 2.2 Preparation of Lewis base borane complexes using the PNMA/NaBH4 system.

Although, in earlier reports only the structure 17 was proposed with the structure 20
as repeating unit, presence of other structures like 17a and 17b can not be ruled out (Figure
4). The structure 20 can be considered as a repeating unit of polymer to estimate the number
of cation radical sites in the PNMA polymer. This would imply that 1 g of 17 would contain

approximately 4.06 mmol of the repeating unit 20.
Oy GHs O =\ O OHy =\ Qo /= GHo =\ s
FOEOTOEO} OO0
o+ o+ o+
Ccr cr Ccr
17 n 17a n
OHs oy G GHy —  CHy GHs /—\  OHy
EOROEOH 2O
o+
cr
17b n 20

Figure 4
It was of interest to develop a method to estimate the number of radical cationic sites
20 in the poly(N-methylaniline) sample. Accordingly, we have carried out the reaction of
NaBHs; with PNMA in the presence of PPhs in THF and isolated the PPhz:BHs complex. A
tentative mechanism for the formation of PPh3:BH3 complexes can be considered involving
the reduction of cation radical site by NaBH4 by single electron transfer (SET) process to
give PPh3:BH3s and neutral polymer (Scheme 4).

Scheme 4
A A N OHy
SO OO
R
Cl

Hs
‘> 8
H 17

| |
N@—N@NON + PhsP:BHs

9

n

When the reaction was carried out using PNMA (1 g, approximately 4.06 mmol of the

cation radical 20), NaBH4 (5 mmol) and PPhs (5 mmol), PPhs:BH3 (0.317 g, 1.15 mmol) was
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isolated indicating the presence of only about 28% (1.15/4.06 x 100) of radical cation sites

present in 1 g of the PNMA (Scheme 5).

Scheme 5

oH3 CH3 CH3 CH3 NaBH4/PPhs
— "> PPhyBH;
THF

25°C, 24 h 9

We have also carried out the reaction using PNMA (2 g, 2.30 mmol cation radical
sites) to obtain PPh3:BHs in 93% yield (Table 1, entry 1). Further, reactions using 3 and 4 g

of PNMA gave PPh3:BH3s with 87 and 72% yield respectively (Table 1, entry 2 and 3).

Table 1. Preparation of triphenyl phosphine-borane complex?

Entry PNMA (9) PPhz (mmol)  NaBH4 (mmol) PPhs:BH3
(mmol radical cation Yield®®
sites)
1 2 (2.30) 5 5 93
2 3(3.45) 5 5 87
3 4(4.60) 5 5 72

aAll reactions were carried out using poly(N-methylaniline) (2 to 4 g), PPhs (1.31 g, 5 mmol) and
NaBH, (0.189g, 5 mmol) in dry THF (20 mL). *Yields are of isolated products based on radical cation
available for reaction with NaBH, . “Products were characterized by spectral data (IR, *H-NMR, and
B3C-NMR).

As discussed earlier that the I,/NaBH4 system in THF hydroborates olefins. It was of
interest to examine whether the PNMA/NaBH; system would hydroborate olefins. In order to
examine this possibility, we carried out an experiment using a-methyl styrene as an olefin.
Surprisingly, the corresponding alcohol was not isolated after H.O»/NaOH oxidation,

indicating the expected PNMA-BH3 complex does not hydroborates olefin (Scheme 6).

Scheme 6

c:H3 CH3 CH3 CH3 1. NaBH4 OH
( ) ( ) ( ) THF, 25°C, 12 h
2. H,0,/NaOH 22

not formed
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However, the reaction of PNMA with NaBHs in the presence of amines gave the
corresponding stable amine:borane complexes in 17-35% yield. The reaction is useful for the
preparation of amine borane complexes from amines like triethylamine, DABCO, pyridine

and aliphatic secondary amines. The results are presented in Table 2.

Table 2. Preparation of amine borane complex?

Entry PNMA (g) Amine NaBHs (mmol) Amine:Borane Yield®®
(mmol radical (mmol)
cation sites)

1 5 (5.75) SN 5 BH; 34
P SN
2 P
24
2 5 (5.75) [&] 5 .NE%Hs 18
N
: &
26
3 5 (5.75) | AN 5 | X 23
— —
N N
27 BH;
28
4 5 (5.75) O 5 O 35
N HBH3
29 30
5 5 (5.75) 5 30
3
31 32

aAll reactions were carried out using poly(N-methylaniline) (5 g), amine (5 mmol) and NaBH, (5 mmol) in dry
THF (20 mL). ®Yields are of isolated products. °Products were characterized by spectral data (IR, *H-NMR, and
BC-NMR).
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I11. 3 Conclusions

We have developed a simple method for the synthesis of Lewis base:borane
complexes using the PNMA/NaBH4 system. The borane complexes were obtained in
moderate to good vyields (72-93%). Although, the PNMA/NaBH; system does not
hydroborate olefins in THF, it is useful for the preparation of amine boranes in 17-35% yield.
It is of interest to note that the triethyl amine borane is useful for hydroboration of olefins at

>70 °C.
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I11. 4 Experimental Section

I11. 4. 1 General informations

Most of the information given in the experimental section of the chapter 1 is also
applicable to the experiments described in this chapter. Aniline, N-methyl aniline and N-ethyl
aniline were purchased from commercial sources and distilled prior to experiments. The
NaBHa, Na>S,0g and FeCls reagents were purchased from commercial sources and were used

as received. The THF was dried on sodium benzophenone-ketyl.

I11. 4. 2 General procedure for the synthesis of polymer

To solution of aniline derivatives (150 mmol) in distilled water (250 mL) was added
Na2S20s (35.7 g, 150 mmol) or FeCls (24.30 g, 150 mmol) dissolved in 150 mL water under
open air. The reaction mixture was allowed to stir for 24 h at 25 °C and filtered. The collected

polymer was washed several times using distilled water to remove the oxidant.

IR (KBr) : 1563, 1486, 1296, 1241, | .y ) .y }
| | | |
N—< >—N—<: :)—N—(i >—N

{ X:Jr 16 X-Jr

1106, 796 cm

IR (KBr) ; 1576, 1499, 1310, 1249, *FHS : CHs CH3 CHs :

1160, 1109, 819 cm™®

CHs CHs CHs CHs
IR(KBr) :  1572,1498,1372, 1311, 1242, | [ - - -
N N N N
{ @;&QSOF

1156, 1111, 817, 616 cm™*
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I11. 4. 3. General procedure for the synthesis of Lewis base-borane complexes

To a two neck reaction flask containing poly(N-methylaniline) and NaBH4 in THF
(20 mL) was added a Lewis base at 25 °C under N2 atmosphere. The reaction mixture was
allowed to stir for 24 h and filtered by using crucible. After removal of the solvent, the
residue was subjected to chromatography on silica gel using 2-5% ethyl acetate in hexane to
elute the corresponding borane complex.

Triphenylphosphine borane complex (9)

Yield : 0.590 g (66%); White solid
9

IHNMR (400 MHz, CDCls): § 6.85-6.79 (m, 6H), 6.75-6.65 (m, 9H)
BCNMR (100 MHz, CDCls): § 132.5, 132.4, 130.5, 128.7, 128.1, 127.9
3p : (162 MHz, CDCls): § 19.8

1B : (128.3 MHz, CDCls): & -38.5

Triethylamine borane complex (24)

i : BH,
Yield : 0.230 g (34%) NN
IR (Neat) : 2953, 2389, 2334, 2268, 1391, 1161, 800 cm ! 24K
IH NMR ; (400 MHz, CDCls): 6 2.79 (q, J = 8 Hz, 6H), 1.19 (t, J = 8 Hz, 9H)
BC NMR : (100 MHz, CDClz3): 6 52.3, 8.6
1B : (128.3 MHz, CDCl3): 6 -13.8
DABCO borane complex (26)

BH,
Yield ; 0.135 g (18%); White solid [N]
IR (KBr) : 2950, 2381, 2333, 2262, 1393, 1164, 807 cm™! N

26
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IHNMR (400 MHz, CDCla): § 2.21-2.18 (m, 12 H)
BCNMR (100 MHz, CDCls): § 50.9, 45.5
1B : (128.3 MHz, CDCls): § -12.2

Pyridine borane complex (28)

Yield : 0.125 g (23%)

IR (Neat) 2964, 2389, 2334, 2268, 1391, 1161, 800 cm

IHNMR (400 MHz, CDCls): 8.52 (s, 2H), 7.91 (s, 2H), 7.52 (s, 1H)
BCNMR (100 MHz, CDCla): § 147.3, 134.3, 125.4

up : (128.3 MHz, CDCly): § -12.0

Piperidine borane complex (30)

Yield ; 0.204 g (35%); White solid
IR (Neat) : 3189, 2936, 2383, 2339, 2317, 2257, 1452, 1172, (Hj
876 cm! ;B'ng,
IH NMR : (400 MHz, CDCls): & 3.80 (brs, 1H), 3.23 (d, J = 8 Hz, 2H), 2.53-2.47

(m, 2H), 1.78- 1.48 (m, 6H)
BC NMR : (100 MHz, CDCls): 6 53.3, 25.3, 22.5
up : (128.3 MHz, CDCls): 5 -15.0.
Pyrrolidine borane complex (32)
Yield : 0.144 g (30%) H
BH;

IR (Neat)  : 3227, 2931, 2854, 2389, 2356, 2279, 1452, 32
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1358, 1331, 1276, 1161, 1134, 1106 cm™

IHNMR (400 MHz, CDCls): § 3.28-3.25 (m, 2H), 2.79-2.74 (m, 2H),
2.03-1.91 (m, 2H), 1.85-1.79 (m, 2H)

BCNMR (100 MHz, CDCly): & 54.2, 24.6

1B ) (128.3 MHz, CDCl3): 6 -15.1
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Spectrum No. 1 (Appendix-Ill, Section Ill. 4. 3), *H NMR Spectrum (400 MHz, CDCl,)
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Representative Spectra
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Spectrum No. 3 (Appendix-Ill, Section Ill. 4. 3), 1B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 4 (Appendix-Ill, Section Ill. 4. 3), 3'P NMR Spectrum (162 MHz, CDCly)
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Representative Spectra Appendix |

Spectrum No. 5 (Appendix-IIl, Section Ill. 4. 3), *H NMR Spectrum (400 MHz, CDCl,)
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s
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Spectrum No. 6 (Appendix-IIl, Section Ill. 4. 3), 3C NMR Spectrum (100 MHz, CDCl,)
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Representative Spectra Appendix |

Spectrum No. 7 (Appendix-Ill, Section Ill. 4. 3), 1B NMR Spectrum (128.3 MHz, CDCI,)
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Spectrum No. 8 (Appendix-lll, Section IlI. 4. 3), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 9 (Appendix-IIl, Section Ill. 4. 3), 3C NMR Spectrum (100 MHz, CDCl,)

0 0 © © o~
T N O © o
©omo o =
© w © o
~ o~ I

%)

L d j” sl
T T T T
90 70 60 50

80
ppm

150 140 130 120 110 100 ppm

Spectrum No. 10 (Appendix-Ill, Section Ill. 4. 3), 1B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 11 (Appendix-lll, Section Ill. 4. 3), 11B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 13 (Appendix-lll, Section llI. 4. 3), 13C NMR Spectrum (100 MHz, CDCly)
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Spectrum No. 14 (Appendix-Ill, Section Ill. 4. 3), 1B NMR Spectrum (128.3 MHz, CDCl,)
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