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Et ethyl

h hour(s)
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HPLC high performance liquid chromatography
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J coupling constant (in NMR spectroscopy)
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LDA lithium diisopropylamide
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mp melting point
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Pr propyl
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ref reference number

rt room temperature

S singlet (in spectroscopy)
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Sec secondary

T temperature

t tertiary
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TBDMS tertiary-butyldimethylsilyl
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TFA trifluoroacetic acid
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Ts toluenesulfonyl

uv ultraviolet



Abstract

This thesis describes studies on the “Synthesis and Applications of Chiral
Amines Containing trans-1,2-Diaminocyclohexane and 2,3-Diphenylpiperazine
Moieties”. It comprises of four chapters. Each chapter is subdivided into four parts
namely, Introduction, Results and Discussion, Conclusions and Experimental
Section aong with References. The work described in this thesis is exploratory in
nature.

The first chapter describes a convenient method for the synthesis of C,-
symmetric chiral diamines (4a-4i) containing (R,R)-trans-1,2-diaminocyclohexane
moiety through diastereoselective reductive N-akylation of (RR)-trans-1,2-
diaminocyclohexane 1 with prochiral ketones 2 using the Ti(O'Pr)s/NaBH,4 reagent

system via the intermediate 3 in asingle pot operation (Scheme 1).

Scheme 1
Ar R RW‘\\AI'
. OTi(O'Pr
O,NHZ o  Ti(OPr), O,N\H (OPns NaBH, O/NH
+ EEEm——— —_—
“/NH, Ar)]\R THF et i EtOH “/NH
OTi(O'Pr),
(R,R)-l 2 Ar R R Ar
R =Me - 3 - (1R,2R,1'R,1"R)-4
a: Ar = Ph d: RCOAr = tetralone g: Ar = 2-pyridyl oh i
. /6 I
b: Ar=4-NO,-CgHy e: Ar = 2-thiophenyl  h: Ar = 4-Me-CgH, Eg Eg gg.lo.lylderd
c: Ar=4-Cl-CgH,  f: Ar = 2-naphthyl i- Ar = 4-MeO-CgH, o

The absolute configuration at the newly formed stereogenic centres of the maor

diastereomer 4c was confirmed to be (1R,2R,1'R,1"R) by single crystal X-ray anaysis.



viii

The second chapter describes details of investigations on the use of the readily
accessible chirad C,-symmetric diamines 4a and 4d containing trans-1,2-
diaminocyclohexyl moiety as chira solvating agents (CSAs) for determination of the
enantiomeric excess of mandelic acid 5, 2,3-diphenylsuccinic acid 6 and N-Ts
phenylglycine 7 (Figure 1). The enantiomeric composition of different carboxylic acids
estimated herein by the '"H NMR method, based on the integration of the corresponding
methine proton (C"H) signals are in excellent correlation with that determined using
HPLC method. The data are in accordance with the formation of multimolecular
diastereomeric complexes in solution, which render good splitting of NMR signals for
the enantiomers of representative carboxylic acids.

" Ph _ Ph NHTs
©)\COOH HOOC>_<COOH Ph™ ~CO,H
5 6 7
Figure 1. Structure of the carboxylic acids
Studies undertaken on the hydroboration reaction of olefins using chiral amine

borane complexes 8-11 (Figure 2) and aminoborane complex 12a are described in

Chapter 3.
BHs BHy| )P\hH Ph Ph, Ph
NHR NHR , 1
PN N
O O’ HsC™ N~ "CHg HC™ N~ "CHs
’I}I—R "’,}l_R BH, BH,l
8 H 9 H 10a 11a

Figure 2. Chiral amine-BH3 and BH2I complexes



Hydroboration oxidation of a-methylstyrene, cis and trans-stilbene using these
complexes (Figure 3) gave the corresponding alcohols in up to 75% yields with only 5%
ee. Mechanistic implications of these results are briefly discussed.

A convenient one pot method for the synthesis of aminoboranes 12 with up to
100% conversion by the reaction of the corresponding secondary amine-BH,l

complexes 11 with NaH at 25 °C was developed (Scheme 2).

Scheme 2
H I, (0.5 equiv.) H NaH (2 equiv.) R\ _R?
RA~, _R? > R~ _R? > N
o0 - o 'Y ) BH
By, CHeClz -78°C,2h B, CH,Cl, )
78 t0 25 °C
10 11 12

up to 100%

ol _p2_ 100% conversion
a: R~ =R = (S)-Ph(Me)C*H conversion

b: R*=R?=Pr
c: R = 'Pr, R? = (S)-Ph(Me)C*H

Hydroboration of a-methylstyrene takes place only at 120 °C, using the chiral
(§9)-bis-(1-phenyl-ethyl)-aminoborane 12a, giving only the racemic product 2-
phenylpropanol in 43% yield after H,O,/OH" oxidation.

Studies on the applications of (R,R)-2,3-diphenylpiperazine derivatives toward
enantiosel ective synthesis of chiral alenes are described in Chapter 4. A convenient one
pot method has been developed for the enantioselective synthesis of chiral allenes 16
using the readily accessible terminal alkynes 13, arylaldehydes 14 and chira (R,R)-2,3-
diphenylpiperazine derivatives 15 and 18 in the presence of zinc iodide. The reaction
using the (R,R)-2,3-diphenylpiperazine 15 as chiral auxiliary, gave the (R)-alene 16a in

76% ee and 55% yield aong with the bicyclic product 17 (Scheme 3).



Scheme 3
Ph

\Ph Ph

' znl > «Ph
=—CgHy7 + PhCHO + [ l — =2 > = :< CeHa7 l

toluene A
13a C8H17
(R,R) 15 (R)-16a (RR)-17
55% vyield, 76 % ee 39% yield

Fortunately, the use of (R R)-1-benzyl-2,3-diphenylpiperazine 18 gave the (R)-

allene 16 in up to 77% yield and >99% ee (Scheme 4).

Scheme 4
Ph
\\Ph Zn|2 Ar// H
=——R + ArCHO + [ l . . <
toluene, A 4
13 (R)-16
(R,R) 18 (13 examples)

up to 77% yield
up to >99% ee

Several experiments were performed to understand the intermediates and
mechanisms involved in this transformation. The results are discussed comparing the

reports on similar transformationsin the literature.

Note: Scheme numbers and compound numbers given in this abstract are different from
those given in the chapters. Also different set of numbers for Schemes, Tables,

compounds, Figures and references etc. are given in different chapters.



Chapter 1
Studies on reductive N-alkylation of (R,R)-trans-

1,2-diaminocyclohexane



1.1 Introduction

Amines and their derivatives are highly versatile building blocks for the
synthesis of various organic molecules and essentia precursors for the synthesis of a
variety of biologically active compounds. Among the amine family, compounds
incorporating the chiral 1,2-diamines functionality are currently of immense research
interest. For instance, chira 1,2-diamine moiety is present in many natural products
with notable biological properties such as biotin (1),* also referred as vitamin H or B
and penicillins (2),%* well known antibiotics. Several synthetic pharmaceuticals such as
oxdiplatin (3),% an anticancer drug; Tamiflu (4),% an anti-viral drug and U-50,488 (5),3
a highly selective x-opioid agonist contain a chiral 1,2-diamine moiety. In catalysis,
enantiomerically pure 1,2-diamines and their derivatives are used in the development of
various metal complexes, used in organic syntheses* like Grubbs chiral metathesis

catalyst (6),> Jacobsen epoxidation catalyst (7)° and Maruoka organocatalyst (8)°

(Figure 1).
3 3
NH CO,Et
0 Y
| v AcHNY
S COOH OCHEt,
biotin (1) penicillins (2) oxaliplatin (3) Tamiflu (4)
NMe j \( Cl >: ~NHz
Py— Ru—\
cr Py Ph EtOZC YINHTE
U-50,488 (5)

Figure 1



2 Introduction

We have envisaged the synthesis of a series of C,-symmetric 1,2-diamines
starting from (R,R)-trans-1,2-diaminocyclohexane via a Ti(lV)-isopropoxide mediated
reductive N-alkylation reaction. A brief review of various methods available for the
synthesis of chiral 1,2-diamines will be useful for the discussion.

1.1.1 Synthesis of chiral 1,2-diamines

Although enantiopure chiral 1,2-diamines have been obtained through resolution
of the racemates® severa diastereo- and enantioselective methods are employed
increasingly for their synthesis. An overview on the reported synthesis of 1,2-diamines,
with emphasis on the stereosel ective methods is outlined here.
1.1.1.1 Synthesis of chiral 1,2-diamines from olefins

Different methods of preparation of chiral 1,2-diamines from olefins by inter or

intramolecular diamination reactions are given in Chart 1.

Chart 1
O 1 R! ,
RL R? [CpCo(NO)z], NO N R R2 _ HoN LR
10 2 LiAIH,
> Cp—Co I —_— 4 Ref. 9
R37 R CH,Cl,, 0 °C SNTYR HoN- 3R
I R3 R
9 o} 11

up to 90% yield
R R2 R3 R*=H, Alkyl, Ph

NH, (+)-mandelic
(I "0, HZ (45 ps) 2 () _acid "NHZR f.10
)
CHs EtzO 0°C ~ Pd(OH)2/C et

‘s

_ NH,
12 trans : cis > 30 1 #)- 1_3 (R,R)-13
97% vyield
Cu(OACc),
K2C03 L|A|H4

Ref. 11

DMSO NBnTHF reflux NHBnN

‘N”B” 90 °C, 48 h X~

14 H 15 Lo

X = CO, SO, 929% yield 93% yield
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1.1.1.2 Synthesis of chiral 1,2-diamines from 1,2-diols
The efficiency of osmium catalyzed asymmetric dihydroxylation*? allows access
to various enantiomerically pure 1,2-diols that can be converted by several methods into

enantiopure vicinal diamines (Chart 2).

Chart 2
0s0,, Acetone 1. TsCl, Pyridine, 0 °C - rt, 4 d

’ HQ  Ph 2.NaNs, DMF, 90°C,24h H,N.  Ph

o\ P12 B0 > Ref. 13
DHQ-CLB  py  ©H 3.LiAIH, E0,35°C, 12h  py{  NH,
(S,S)-17a (R,R)-18a
79% vyield, 99% ee 32% vyield
7 50

HO,  Ph socl, oj LiN OH
PH oH CCla  Ph (o DMF, 120°C  Ph™
N3

(R,R)-17b 19 20 Ref. 14
81% yield
1. MsCl, Pyridine
2. LiN3, DMF, 120 °C

<

H:N.  Ph Hy0am) N3 py
L - - /

Ph /NHZ 10% Pd/C Ph ?\l
21

80% vyield

(S,S)-18b i
100% yield

1.1.1.3 Synthesis of chiral 1,2-diamines from 1,2-amino alcohols
A stereo- and regioselective route to chiral diamines from (-)-ephedrine and (-)-
pseudoephedrine was reported (Scheme 1).° This strategy relied on the transformation
of the chiral 1,2-amino alcohol 22 into aziridinium ion 23, which was then treated with

various nitrogen nucleophiles to afford the corresponding diamines 24, after LiAIH,4

reduction.
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Scheme 1
o Me\NR - Mg’NR 1. F(i)'erH RN Me\NR
L LA -
Ph Me PR Me 2. N.aN3 PH Me
22 23 3. LiAlH, "
R = Me, NRZ "BuNH, phthalimido 50-96% yield

R = Et, NR, = NH, chexNH
1.1.1.4 Synthesis of chiral 1,2-diamines from aziridines
Synthesis of chiral 1,2-diaminocyclohexanes 29 starting from the chiral aziridine
27 has been reported.®® The chiral aziridine 27 synthesized from cyclohexene oxide 25
and (R)-1-phenylethylamine 26, was opened with TMS azide in acetonitrile to give two
separable diastereomers 28a and 28b in 4:1 ratio. Hydrogenation of the diastereomers
yielded the corresponding (RR)-1,2-diaminocyclohexane 29a and (S9-1,2-

diaminocyclohexane 29b (Scheme 2).

Scheme 2
CHj
- 1. LiClO,4, MeCN, rt, 48 h
O + H,N'
2. DIAD, PhgP, 0 °C - rt, 7h
25 (R)-26
75% y|eld
TMSN;
MeCN, rt, 7 h
NH NH
2 O\\ 2 Pd(OH)2/C CH3 CH3
0y ~"MeoH, T
NH; NH; H, (40 psi), N
(R,R)-29a (S,S)-29b rt, 48 h
95% yield 90% yield

28a:28b =4:1
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The O-acylated 2,3-diaminoalkanol 31 was synthesized by the ring opening of

the unactivated aziridine 30 using carboxylic acid in the presence of BF3:OEt, (Scheme

3) 17
Scheme 3
RZ
R NH
N 1. BF5:0Et,, R3COOH, CH5CN o R
> 1
le 2. NaHCO4/H,0 R ¥\/ \[Or
NBn, R =Bn, Bu NBn;
30 R? = Bn, allyl 31
R = Me, HC=CHPh 57-69% yield

Recently, Schneider et al.’® reported the first highly enantioselective ring
opening of meso aziridines 32 by titanium binolate catal yzed reaction using aniline 33 to
furnish the valuable 1,2-diamine 34 with excellent optical purities in one step (Scheme
4).

Scheme 4

Ti(O'Bu)4/(R)-BINOL WNHPh
N—Ph + PhNH, -
CH,Cl,, -40 °C NHPh
* > (S,9)-34

92% yield

98% ee
From this laboratory, a method of synthesis of C,-symmetric 1,2-
diaminocyclohexane derivatives 38 involving the nucleophilic ring opening of the
aziridinium ion intermediates 37, prepared in situ from the mesylates 36 of the 1,2-
amino acohols 35, which in turn were prepared by the ring opening of cyclohexene

oxide 25 with various amine nucleophiles was developed (Scheme 5).*** Some of these

amine derivatives were readily resolved by using chiral tartaric acid derivatives and



Introduction

enriched to obtain enantiomerically pure diamines via preparation of homo- or hetero-

chiral aggregates using achiral carboxylic acid like oxalic or fumaric acid (Scheme 5).

Scheme 5

19b

R 1IR2NH MsCl, Et3N OMs _R!

— N,

; _R* o R' *R
80 C, 48h “IN 0-25 °C, 6h YINT

25

(- 35 (1)-36 37
EtsN | R'IR®NH
RIR2N = N(j | Ni > N(CHs), THF/H,0| 70 °C, 48 h
R? '?2
N 1. Partial resolution using N<_1
RV chiral tartaric acid R
. Rl i - '//N/Rl
/N’
L, 2. Enhancement of Il?z
R enantiomeric purity using
(R,R)-38 oxalic or fumaric acid (+)-38
up to 75% yield 60-80% yield

up to 99% ee

1.1.1.5 Synthesis of chiral 1,2-diamines from dicarboxylic acids

The synthesis of the racemic trans-1,2-diaminocyclobutane 43 starting from

adipic acid 39 was reported (Scheme 6).%° Finally, resolution of the racemic diamine 43

using L-(+)-tartaric acid yielded the enantiopure (+)-1,2-diaminocyclobutane 43.

Scheme 6

Ogio
O~ OH

39

OMe
1. S0k gr L KCN.MeOH, 75°C ):|
2 LB Z2moa Hooc”  “cooH

+)-41
3. MeOH 3.12 M HCI, 120 °C *) .
OMe 54% yield
lsocb
57% yleld
” - Y
H>N NHz "2 A (.
(+)-43 3. HCI, A Cl Cl
46% yield (#)-42

96% vyield
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1.1.1.6 Synthesis of chiral 1,2-diamines from nitroalkenes

Michael type addition of (S)-2-pyrrolidinylmethanol 44 to 1-nitro-1-cyclohexene
afforded a single adduct 45 in excellent yield and stereoselectivity (Scheme 7).% The
reduction of the nitro group with samarium diiodide in methanol-THF mixture yielded

the corresponding diamine 46.

Scheme 7
0 oD
H CH,Cl,, rt /O MeORITHF H,N
Es O2N 2
(S)-44 45 46
95% yield 90% vyield

1.1.1.7 Synthesis of chiral 1,2-diamines from amino acids and their derivatives
Methods have been reported for the conversion of amino acids and their

derivatives to enantiopure vicina diamines (Chart 3).

Chart 3
BnzN O BNH, BN NBN gy - BnoN - NHBn
B MgSO,, CH,Cl, B , Et,0 F
ar anti- 50
Ts-N=S=0 28-86% yield
64-90% de
CH,CI
22  >08%ee
— |
anN NTs R.ng anN NHTs R = CH3, Bn, Pr
7/ — R'=Me, "Bu Ref. 22
S R TR I
R 49 syn- 51 M = Li
57-95% yield
70-90% de
> 98% ee
H,N 1. SOCl,, MeoH 2N LIAIH, HaN.  NH
>—COOH 2 > MCONH, — > -/
R 2. NH3, MeOH R THF R Ref. 23
(S)- 52 (S)- 53 (S)- 54

R = CHs, Bn, 'Pr 23-69% yield
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Chart 3 continued...

A\ CCl4CHO /AUY RIRZNH
O COOH ——» O O ——» 0 0]
H Dean-Stark N\_ ROH or H
toluene N o MeCN, rt NR!R?
(S)-55 ClC 56 57
LiAlH,, THF,
RIR2 = (CH,), reflux, 2 h

RR? = (CH,)s
R!,R? = H, CH,Ph Q\ Ref. 24
RY,R? = H, -(R)-CH(CH3)Ph H  NRR?
58
82-90% yield

/A/_)\ CCI3CHO MO RNH, O;U\(O
0= >N~ ~COOH > N

N
N Dean-Stark O O toluene H  HN-g
toluene cl C: reflux, 2 h 59
. 3
(S)-55 c6 lLlAIH4, THF
reflux, 2 h
R = Ph, 4-Me-CgHy, 2,4,6-(Me)3-CgHo,
PhCH,, 4-Me-CgH4CH,, 4-Cl-CgH,, N Ref. 25
(R)-Phenylethylamine H HN~g
60
Ph up to 80% yield
/\OTBDMS
H
[/\\o 1. RLi, EL,0, -78 °C H rNH R

¢ N LiAIH N
NC\KNJ'\ 2. NaH, TBDMSCI Et204) HN“U
3. LiAlH, or Li/NH3 HO\J
61 62 Ph 63
R=Ph, Bu 65% yield 98% yield

in, Pd/C

R H

N
HZNWU Ref. 26

64
96% vyield

1.1.1.8 Synthesis of chiral 1,2-diamines from imines
In principle, the reductive coupling of imines with the help of ametal or metallic
complex is a simple way to prepare 1,2-diamines. Several enantioselective and

diastereosel ective reductive coupling of imines have been reported (Chart 4).
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Chapter 1
Chart 4
Zn-Cu
N’R (+)-camphorsulfonic acid RHN Ph WHR
= o * ph)\__/Ph Ref. 27
Ph H DMF, -10°Ctort NHR KIHR
65 66a 66b
R = p-MeOCgH,4 97% ee (syn) syn:anti 70:30
> // \\ ,F Y Mol \—, 1. separation \
_— 2
Ph THF, -78 °C > 2. Hy, Pd/C, MeOH /
> NH HN— HN  NH,
(R,R,R,R)-68a (R,R)-69 Ref. 28
85% vyield

\ Y OH OH 1. CH,50,C],
3 1.9-BBN, THF _\— I53t3N2 E/_(j

2. NaOH, H202 —NH HN ( 2. HCO,NH,,
H

Y \\\

—NH HN
2 Ph Pd(OH),/C
(R,R,S,S)-68b EtOH (R,R)-71
97% yleld 65% yield Ref. 29
>99% ee
@)
OH S 1. Cu(OAc),
Sml,, 'BUOH  BnN, HN j< Zn,HOAc  HaNo - NHp
j< \ - \ «2HCI
Ph)\ THF, -78 °C Ph 2. HCl, MeOH Ph
3. Hy, Pd(OH),/C
4 S Ref.30
54% yield 87% yield
>99% ee
Ph Ph
1. — , CgHg, A
HsC.__CHj3 HN  NH, H3C._CHj3
o ()-18c NH,
> NH, «2HCI Ref. 31
HC 2. NaBH4/MeOH, aqg. HCI CH3
76 3. Pd/C, HCO,NH,4, MeOH 77
60% vyield

It has been reported from this laboratory that the chiral 3,4-disubstituted 2,5-
diazabicyclo[4.4.0]decane 79 can be readily prepared by the intramolecular coupling of

the bis-imine 78 using a low-valent titanium species (Scheme 8).
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Scheme 8
H
'I/N:C_Ph CH2C|2, °C tO rt '/Ph
I 12 h
H
78 79

75% yield
1.1.1.9 Synthesis of chiral 1,2-diamines from amides
The titanocene catalyzed coupling of the amides 80 in the presence of

organosilanes give a meso/racemic mixture of 1,2-diamines 81 (Scheme 9).%

Scheme 9
Rl
| 2 1
o) N‘Rz ) R® R
R™—N N—-R?
szTin, PhMeSlHZ
toluene, rt, 30 min. O Q
80 1 81
R ~Me & 81-97% yield
R = Me, Et, Ph

1.1.1.10 Synthesis of chiral 1,2-diamines from nitroalkanes
Addition of the nitropropane 82 to the imine 83 (nitro-Mannich reaction)

provides the corresponding B-nitroamine 84 which on reduction with Sml, gives the

1,2-diamine 85 in high yield and good diastereosel ectivity (Scheme 10).%*

Scheme 10
Bn
Bn N
NO2 1. "BuLi, THF, -78 °C NH o
. BulLi -78 ° - -
y ] Et
+ BnN=CHPh - Bt oMz
2. THF, AcOH, Ph/\r THF/MeOH Ph/\l\ﬁ
-781t0 0 °C NO, 2
82 83 84 85

95% yield 62% yield
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Addition of the trimethylsilyl nitronate 86 to N-protected a-imino esters 87
catalyzed by the (S)-Ph-BOX-copper catalyst 88 afforded the B-nitro-a-amino esters 89.
Amino esters 89 were reduced to the synthetically useful o,3-diamino esters 90 in 80%

yield using Raney Ni/H reagent system (Scheme 11).%

Scheme 11
O\Pﬁ/O
N\M>/(N /
Ph Ph pmp.
88 NH PMP\NH
™SO, (O PMR 88 (20 mol%) OZN\H\COOEI H N j)\
+ > e COOEt
§ I THF, -100 °C, R Raney Ni
R COOEt 1n R

86 87 89 90

R = Et, Me 67-90% yield 80% yield

MX = Cu(l)ClO4 90-98% ee

1.1.2 Synthetic applications of chiral 1,2-diamine derivatives

Enantiomerically pure C,-symmetrical 1,2-diamines and their derivatives are
particularly useful as chiral auxiliaries or ligands. These derivatives have found
tremendous application in stereoselective syntheses®® In this field, several C.-
symmetric chiral 1,2- diamines and their derivatives containing 1,2-cyclohexyl moiety
offer especialy great promise in a variety of asymmetric organic transformations. A
brief overview on the applications of these derivativesis summarized below.
1.1.2.1 Salen complexes

The Mn(salen) complex 91 and Cr(saen) complex 92 have been used in the
asymmetric epoxidation of variety of olefins and asymmetric epoxide opening reactions,

respectively (Chart 5).
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Chart5

_N\ /N_
AP
BuU' O ¢l O '‘Bu
By 91 Bu! o
0,
Ph 91 (5 mol%) . PhA Ref. 37

ag. NaOCl, CH,Cl, )
81% vyield, 92% ee

_N\ /N—
Cr
/
Bu' d'¢ito 'Bu
'Bu 92 Bu
R R N3
j>o 92 (5 mol%) l Ref. 38
K Me3SiN3, Etzo R OH
CSA, MeOH 72-80% vyield
81-98% ee

RR = -(CHp)4-, -(CHy)3-,
-(CH,OCHy)-,
-(CH,CH=CHCHy)-

1.1.2.2 Chiral 1,2-diamides
Several C,-symmetric chiral 1,2-diamide derivatives have been prepared and
used as ligands in transition metal catalyzed asymmetric C-C and C-N bond forming

reactions (Chart 6).
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Chart 6

@)
/)R
\X

R = PPh,
93: X = CH
94: X =N

t 2.5 mol% Pd,dbas t

Bu

>:,:\/O Ac _T-5moi% (S.5)-93 CO,Et
H diethyl 2-methylmalonate M

5 mol% THACI Me COoEt

1.1 equiv. LiHMDS 89% yield, 89% ee

93 y 9
O - Ref. 40
~" 0
OAc N= o {r>-C3HsPdCl}, $

Ref. 39

Ph
91% vyield, 95% ee
>99% de
OAc 0 Q
8 mol% (R,R)-94 Ref. 41
+ N—K > N
4 mol% [Pd(allyl)Cl],

0 CH,Cl,, 25 °C @)

99% vyield, 94% ee
MeO,C CO,Me
0OCO,Me 10 mol% Mo(CO)g 2 2
N F 15 mol% (S,S)-95 X,

. / F Ref. 42
sodium dimethyl malonate

90% vyield, 96% ee
1.1.2.3 Chiral phosphoramides
Chiral phosphoramides of Cj,-symmetric 1,2-diamines have been used as
reagents and catalysts in allylation of adehydes, diethylzinc addition, asymmetric

olefination of ketones and trichlorosilyl enolate addition to aldehydes (Chart 7).
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Chart 7

N\P//O
,,,N/ \

Introduction

|
Me H 5e N
N—P—PPh, O’ N0
0y
Jy gm0
1l Me
Me H Se

96 97 98
R = Me, Ph, Cl, N3
? 96 (1 equiv.) QH
Ph)J\H i /\/SiC|3 G N Ref. 43
CH,Cl,, -78 °C (R)
81% vyield, 60% ee
OH
0, =
o Ph ef.
toluene, -50 °C (R)
93% vyield, 61% ee
O R
98 (1 equiv.) |
> Ref. 45
"BuLi, -78 °C
Me

Me
91% vyield, >98% ee

1.1.2.4 Chiral sulfonamides

Bis-sulfonamides have been demonstrated for use as catalysts in diethylzinc

addition to various aldehydes, ketones and in the C-C bond forming reactions (Chart 8).

Chart 8

(j,NHSOZCF3
“/NHSO,CF4

99

<>—4>_OES—N\H HN—SO,

O/ N HSOz(C6H4-p-N02)
“/NHSO,(CgH4-p-NO,)
OH HO

100 101
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Chart 8 continued...

Pent

99 (8 mol%) =

Vs~ ~CHO —  MeySi” X OH Ref. 46
3 Pent,Zn,Ti(O'Pr),

70% vyield, 92% ee

99 (3 mol%)

! H
HM\\_{' Ti(O'Pr), (1.8 equiv.) H}_//‘_\\_k\\OH Ref. 47

Me,Zn (1.8 equiv.) o) M
9] Fe 0] 2 Fe e
OC/(I:O\CO toluene, 0 °C ocC CI:O\CO
meso 71% vyield, 96% ee
99 (1 equiv.)
0 SnBu Q
H3C\HJ\N/TS Eth, %\/ 3 NN /TS Ref. 48
L g N
! -
Br Bn EtzAl, CH,Cl,, -78 °C HC H Bn

(S)
72% yield, 53% ee

)OL ZnEt Ti(O'Pr) 100 (1 mol%) QHEt Ref. 49
+ ZnEt, + Ti(O'Pr > ~ .
Ph™ “Me 2 * neat,-10°C  PhT Yo

71% yield, 97% ee

101
Ph._~_~_OH - /\\\“kOH Ref. 50
EtZZn, CH2|2 Ph \

CH,Cly/Hexane, -23 °C  100% yield, 82% ee
1.1.2.5 Chiral 1,2-diamines
Chiral Co-symmetrical 1,2-diamines  containing (R R)-trans-(1,2)-
diaminocyclohexane moiety have been used in the resolution of racemic BINOL,
enantioselective aldol reactions, asymmetric pinacol coupling and dihydroxylation of

alkenes (Chart 9).
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Chart9

LI,

NH,
19

“NH,

I I OH

-

Y

OO OH 2. Recrystallization OO OH

&) O,NHZ 94% ee
“/NH
o) 2
(20 mol%) Q  OH 0
Hexanedioicacid (20 mol%) R
+ Ar_CHO > +
MeOH-H,0, rt, 48 h .
anti syn

O,NMGZ
o “/NMe,

up to 85% yield
anti : syn up to >20:1
up to 94% ee

OH
)J\ o Ph
-y
P H TiCl,, THF L
(R,R)
82% vyield, 41% ee
NM82
. o
NM82
C5H11/\ > OH

OSO4, CH2C|2, 25°C

b

O:u
/\/Ph

CsHyg
75% vyield, 86% ee

OH

Ph
0s0,, CH,Cl,, 25 °C

. Ph
> Ph)\(

OH
80% vyield, 99% ee

Introduction

Ref. 51

Ref. 52

Ref. 53

Ref. 54

Ref. 55
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There have been continued interest in this laboratory on the synthesis and
applications of various chiral secondary amines as outlined in the Schemes 5 and 8.1%

The reductive N-akylation of amine is a convenient and important tool for
chemists to target synthesis of primary, secondary and tertiary amines. Recently, there
have been reports on the reductive mono N-alkylation of primary amines 103 with
ketones 102 using the Ti (Oi Pr)4s/NaBH 4 reagent system to obtain the corresponding N-

akylated product 105 (Scheme 11).%%°

Scheme 11
0 THF, Ti(O'Pr), [RHN OTi(OPr)3| NaBH,, EtOH  NHR
JU, + RNH, > ) - =
RY R t, 8 h [ R R t7h  RMOR?
102 103 104 105
R = aryl, R? = alkyl up to 84% yield

We have undertaken studies to explore this reductive N-akylation methodol ogy
to access chiral Cy-symmetric 1,2-diaminocyclohexane derivatives. The results are

discussed in the next section.



1.2 Results and Discussion

1.2.1 N-Alkylation of (R,R)-trans-1,2-diaminocyclohexane using Ti(O'Pr)./NaBH 4
system

Initially, we have examined the titanium(IVV) mediated reductive N-alkylation
reaction of (R R)-trans-1,2-diaminocyclohexane 29a with acetophenone 106a using the
Ti(O'Pr)4/NaBH,4 system (Scheme 12). Acetophenone 106a was reacted with the chiral
(RR)-diamine 29a and Ti(O'Pr), and the intermediate 107 was reduced in situ using
NaBH, under ambient conditions to obtain the product 108 in 8:1:1 diastereomeric ratio

(Table 3, entry 1).

Scheme 12
Ar\ﬁR RT\Af
. OTi(O'Pr
NH, O TiO'Pr),, THF N (OPN3 | NaBH,, EtoH NH
O Ay ——
"/NH, 25°C,12h NG 0-25°C, 12 h “INH
)<0Ti(O'Pr)3 )\
(R,R)-29a 106 Ar R R™ “Ar
R =Me - 107 - (1R,2R,1'R,1"R)-108
a:Ar=Ph d : RCOAr = tetralone ¢ : Ar = 2-pyridyl
b : Ar=4-NO,-CgHy e : Ar = 2-thiophenyl - Ar= 4-Me-CgH,
Cc:Ar=4-Cl-CgHs  f: Ar=2-naphthyl i : Ar = 4-MeO-CgH,

The major diastereomer 108a was readily isolated in 61% yield by flash column
chromatography (silica gel, 230-400 mesh, hexanes/EtOAc- 97/3). The configuration of
this major diastereomer was assigned as (1R2R1'R1"R) by comparison with the
reported optical rotation value.” The absolute configuration at the newly formed
stereogenic centres of the major diastereomer 108a was further confirmed by single
crystal X-ray analysis of its trifluoroacetamide derivative 109 (Figure 2, Table 1). Also,

the absolute configuration at the newly formed stereogenic centres of the major
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diastereomer 108c was confirmed to be (1R 2R 1'R1"R) by single crystal X-ray analysis

(Figure 3, Table 2).

H3Cj\\\\©
N\
O’ COCF,
1, ~COCFs
0

(IR,2R,1'R,1"R)-109

Figure 2. ORTEP diagram of the compound 109 (Thermal ellipsoids are drawn at 30%
probability)

Ccl1

Figure 3. ORTEP diagram of the compound 108c (Thermal ellipsoids are drawn at 30%
probability)
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Results and Discussion

Table 1. Crystal data and structurerefinement for compound 109

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to 0
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2c (1)]

R indices (all data)

Largest diff. peak and hole

109
Ca6H28FsN20>

514.50

298 (2) K

0.71073 A

Trigonal, P3(1)

a=973151) A, a=90°
b=9.7315(3) A, p=90°
c=225776 (17)A,y=120"
1851.69 (16) A®

3,1.384 Mg M

0.118 mm™

804

0.42 x 0.38 x 0.32 mm

2.42 10 25.91°

-11<h<11, -11<k<11, -27<I<27
13570 / 4787 [R(int) = 0.0198]
25.91, 100.0 %

Full-matrix least-squares on F?
478711/ 327

1.102

R1 =0.0451, wR2 = 0.1034
R1 = 0.0510, wR2 = 0.1068

0.141 and -0.197 e. A
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Table 2. Crystal data and structurerefinement for compound 108c

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to 6

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2c (1)]

R indices (all data)

Largest diff. peak and hole

108c

C2H2sCloN,

391.36

298(2) K

0.71073 A

Orthorhombic, P2(1)2(1)2(1)
a=5.7190 (11) A, 0 =90 °
b=16.311(3) A,p=90°
c=23291(5)A,y=90"°
2172.5(7) A®

4, 1.197 Mg M

0.307 mm™

832

0.20 x 0.10 x 0.08 mm

1.52 to 28.21°

-7<h<7, -7<k<20, -28<I<16
6359 / 4630 [R(int) = 0.1134]
28.21, 90.3%

Full-matrix least-squares on F?

4630/ 0/ 245

0.429

R1=0.0414, wR2 = 0.0530

R1=0.3372, wR2 = 0.0997

0.111 and -0.126 e. A3
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Then, we have examined the titanium(lVV) mediated reductive N-alkylation
reaction of (R,R)-trans-1,2-diaminocyclohexane 29a with various prochiral ketones 106.
The results are summarized in Table 3. In all the cases, three diastereomeric product
mixture 108 were obtained as expected (Table 3).

In the case of 4-nitro and 4-chloroacetophenones 106b and 106c, the
corresponding N-alkylated products 108b and 108c were obtained in 4:1:1 and 7:1:1 dr,
respectively (Table 3, entries 2 and 3). In these cases, the major diastereomers were
isolated in pure form by column chromatography.

In the reaction of chiral amine 29a with a-tetralone 106d, the corresponding N-
alkylated product 108d was obtained in 13:1:1 diastereomeric ratio (Table 3, entry 4).
The major and two minor diastereomers of the N-alkylated product 108d were separated
by column chromatography. The diastereoselectivity was very high in the case of
reaction with 2-acetylthiophene 106e in up 23:1:1 dr (Table 3, entry 5). The major
diastereomer of 108e was isolated in 84% yield by column chromatography.

In the reactions using ketones such as 2-acetylnaphthalene 106f, 4-
methylacetophenone 106h and 4-methoxyacetophenone 106i, only the major
diastereomers were obtained in pure form by column chromatography besides the
mixture of other two diastereomers. In the reaction with 2-acetylpyridine 106g, the
major diastereomer could not be isolated in pure form by column chromatography and
the diastereoselectivity for this reaction was poor (Table 3, entry 7).

The configurations of the major diastereomers of the N-alkylated products 108b,
108d and 108e) were assigned as (1IR2R1'R1"R) by comparison with the specific

rotation value of the diamine 108a.*



Chapter 1 Reductive N-alkylation of (R,R)-trans-1,2-diaminocyclohexane 23

Table 3. Ti(O'Pr)4 mediated reductive N-alkylation reaction of (RR)-trans-1,2-

diaminocyclohexane 29a with various prochiral ketones 106*

Ketone : :
Entry Product Abmlne Ylel((:j drd
106 Ar R (108) (%)
Me Q Me
1  106a Ph Me NH HN— 87 811
108a @
Me Q Me
NH HN—
2 106b 4-NO,-C¢Hs Me 2 80 4:1:1
108b Q
O,N NO,
Me Q_/Me
3 106c 4-Cl-CeHs Me NH HN==, 89 711
108c Q
Cl Cl

4 106d o-tetralone N\\H HN- 94 13:1:1
108d

Me Q Me

5 106e 2-thiophenyl Me NH HN— 89 23:1:1

S 108e O
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v S

Me
NH HN_'/,,
6 106f 2-naphthyl Me 7 76 7:1:1
Q) et
Me Q Me
7 106g 2-pyridyl Me NH HN—/,, 90  2:1:.0°
\_/N 1089\
Me Q_/Me
8  106h 4-Me-CeHs Me NAANT 95 410
an O
Me Me
Q Me
NH HN—»/,,
9 1061 4-MeO-CgH; Me 79 8:1:1

108i

o
\©\rz
D

SO

Me Me

®All the reactions were carried out using diamine 29a (1.0 mmol), ketone 106 (2.2 mmol), Ti(O'Pr), (4.0
mmol) in THF (5.0 mL) at 25 °C for 12 h and for the in situ reduction, NaBH, (5.0 mmol) and absolute
EtOH (5.0 mL) were used at 25 °C and stirred for 12 h.

®Products were identified using spectroscopic data (IR, *H and **C NMR).

°Yields are of the isolated product correspond to the three diastereomers.

YDiastereomeric ratio (dr) was determined by *H NMR analysis of the crude product mixture. The major
diastereomers were isolated in pure form by column chromatography of the crude diastereomeric products
108a, 108b, 108c, 108d and 108e.

*A mixture containing the major diastereomer (87.5%) and the minor diastereomer (12.5%) was isolated
by column chromatography for spectral analysis.

We have also studied the effect of solvent and temperature on the reductive N-
alkylation of (R R)-trans-1,2-diaminocyclohexane 29a with o-tetralone 106d using the

Ti(O'Pr)4/NaBH, reagent system (Scheme 13). The results are summarized in Table 4.
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When the reaction was carried out in MeOH at 25 °C, the yield and diastereoselectivity
of the product diamine 108d decreased (Table 4, entry 1). Using EtOH as solvent, the
yield of the product 108d increased to 73% (Table 4, entry 2). When CH,Cl, was used
as solvent, there was a significant decrease in the yield to 41% (Table 4, entry 4).
Finally, in THF, the reaction proceeded well and the product diamine 108d was
obtained in 94% vyield with 13:1:1 dr (Table 4, entry 3). When the reaction was carried
out at -78°C in THF, both yield as well as diastereoselectivity decreased (Table 4, entry
5).

Scheme 13

NH o X
O/ 2 ® T|(O'Pr)4 N\OTI(O Pr)s NaBH, ONH
H —_— >
NH, 0 EtOH, 25°C “NH

solvent, 25 °C v, .H 12 h
12h " otio'Pr)
(R,R)-29a 106d 8
(1R2R,1'R,1"R)-108d
107d

Table 4. Ti(O'Pr)s mediated reductive N-alkylation reaction of (RR)-trans-1,2-
diaminocyclohexane 29a with o-tetralone 106d under various experimental
conditions’

Entry Solvent  Temp. (°C) Product” Yield (%)° dr
1 MeOH 25 108d 64 12:1:1
2 EtOH 25 108d 73 13:1:1
3 THF 25 108d 9 13:1:1
4 CH,Cl, 25 108d 41 12:1:1
5 THF -78 108d 66 12:1:1

®All the reactions were carried out using diamine 29a (1.0 mmol), a-tetralone 106d (2.2 mmol), Ti(O'Pr),
(4.0 mmol) in dry solvent (5.0 mL) at 25 °C for 12 h and for the in situ reduction, NaBH, (5.0 mmol) and
absolute EtOH (5.0 mL) were used at 25 °C and stirred for 12 h.

*The product was identified using spectroscopic data (IR, *H and *C-NMR).

“Yields are of the isolated product correspond to the three diastereomers.

YDiastereomeric ratio (dr) was determined by *H NMR analysis of the crude product mixture.
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The transformation reported here may be rationalized by considering the steps
and stereochemical models shown in Scheme 14 and Figure 4. The initially formed
titanium(1V) complex 107 (Schemes 12, 13 and 14) would undergo further elimination
to give the chiral diimine intermediates 110 or 111.>" The (E,E) intermediate 110 is
expected to be more favorable in which the aryl group is far away from the cyclohexyl
moiety. Since the re face is more sterically hindered, the borohydride would prefer to
approach the intermediate 110 through the si face leading to the formation of the major

product (1R 2R 1'R,1"R)-108 (Figure 4).

Scheme 14
Ar R
\,QTI(O Pr)3
%\NH2+ T|(O Pr)4 #N)H /)\Ar
2 Ar 'PrOH N H TI(O PI’)3OH \ .
2 OTI(O Pr)3 \
(R,R)-29a fgglv Ar R
' 107 110 111
H R favoured unfavoured
H >‘\<Ar
NaBH, N.
110 —» N H
EtOH W
H >§R
H Ar

(1R,2R,1'R,1"R)-108

Also, the formation of a titanium complex of the diimine intermediate 112
before reduction cannot be ruled out (Figure 4). However, such an intermediate would

be also expected to give the same stereochemical outcome.
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without titanium complexation

si face si face H R
attack N
attack _ - H >‘<Ar
BH, BH,
/‘Ar — f—>
— si face
attack >‘R
si face H Ar
attack 110 BH, re face (1R,2R,1'R,1"R)-108
110 attack major diastereomer
with titanium complexation H R
R >
BH, —. - v
4 /‘Ar BH4 #NH
_ iT”- si face NH R
BH,4 AP R attack H >:
AP H A
112 (1R,2R,1'R,1"R)-108

Figure 4. Stereochemical models
Previously, the C,-symmetric trans-1,2-diaminocyclohexane derivative 108a
containing chiral N-a-methylbenzylamine moiety was prepared by the opening of an
aziridine 114 with (S§-a-methylbenzylamine catalyzed by lithium perchlorate in a three

step reaction sequence with moderate chemical yield and diastereoselectivity (Scheme

Scheme 15
Ph Me Ph
S NH,
(Do (L - ()w 3
- —>
LiClO4,18 h NH 24 h Ph LiClO4, 30 h "NH
25 reflux reflux
Ph"s Me ph
113 (1S,25,1'S,1 S)-108a
1:1dr

However, following the one pot diastereoselective reductive N-alkylation
methodology described here, these chiral C,-symmetric diamines 108a-108i were

synthesized in good yields and diastereoselectivities.



1.3 Conclusions

In conclusion, we have developed a convenient one pot method for the synthesis
of C,-symmetric chiral diamines 108a-108i through Ti(O'Pr), mediated reductive N-
alkylation reaction of (R,R)-trans-1,2-diaminocyclohexane 29a with prochiral ketones
106 in good to excellent yields and diastereoselectivities. The major diastereomers were
isolated by flash column chromatography in up to 85% vyields. Easy access to these
chiral diamines 108a-108i following the method described here, compared to the three
steps available method®® for the preparation of 108a should be helpful for further

synthetic exploitation of these derivatives.



1.4 Experimental Section

1.4.1 General Information

Meéelting points reported in this thesis are uncorrected and were determined using
a Superfit capillary point apparatus. IR (KBr) and IR (neat) spectra were recorded on
JASCO FT-IR spectrophotometer Model 5300. 'H NMR (200 MHz), *C NMR (50
MHz), *H NMR (400 MHz), *C NMR (100 MHz), *H NMR (500 MHz) and **C NMR
(125 MHZz) spectra were recorded on Bruker-AC-200, Bruker-Avance-400 and Bruker-
Avance-500 spectrometers, respectively with chloroform-d as solvent. Chemical shifts
(6 ppm) were determined with tetramethylsilane (TMS) as interna reference (6 = 0
ppm). Coupling constants J are in Hz. Mass spectra were determined on a LCMS-
2010A mass spectrometer. Elemental analyses were carried out on a Flash EA 1112
series anayzer. Optical rotations were measured in an AUTOPOL-IV automatic
polarimeter (readability +0.001). The condition of the polarimeter was checked by
measuring the optical rotation of (R)-(+)-a-methylbenzylamine {[a.]> = +30.2 (c 10,
EtOH)} supplied by Fluka.

Analytical thin layer chromatographic tests were carried out on glass plates (3 x
10 cm) coated with 250mu acme's silica gel-G and GF.s4 containing 13% calcium
sulfate as binder. The spots were visualized by short exposure to iodine vapor or UV
light. Column chromatography was carried out using acme's or E-Merck’s silica gel
(100-200 mesh and 230-400 mesh).

All the glasswares were pre-dried at 140 °C in an air-oven for 4 h, assembled in

hot condition and cooled under a stream of dry nitrogen. Unless otherwise mentioned,
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al the operations and transfer of reagents were carried out using standard syringe-
septum technique recommended for handling air sensitive reagents and organometallic
compounds. Reagents prepared in situ in solvents were transferred using a double-ended
stainless steel (Aldrich) needle under a pressure of nitrogen whenever required.

In al of the 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 (liquids) used were distilled
from appropriate drying agents. As a routine practice, all organic extracts were washed
with saturated sodium chloride solution (brine) and dried over anhydrous MgSO, or
Na, SO, or K,CO3 and concentrated on Heidolph-EL-rotary evaporator. All the yields
reported are of isolated materials judged homogeneous by TLC, IR and NMR
spectroscopy.

Dichloromethane, 1,2-dichloroethane were distilled over CaH, and dried over
molecular sieves. Toluene and THF supplied by E-Merck, India were kept over sodium-
benzophenone ketyl and freshly distilled before use. Triethylamine was distilled over
CaH, and stored over KOH pellets. Ti(O'Pr)4 was supplied by Sigma Aldrich, USA.
NaBH,4 was supplied by E-Merck (India). Commercially available ketones were used
after further distillation under reduced pressure.

The X-ray diffraction measurements for the respective compounds were carried
out at 293 or 100 K on Bruker-Nonius SMART APEX CCD area detector system.
Primary unit cell constants were determined with a set of 25 narrow frame scans.

Intensity data were collected by the ® scan mode. The data were reduced using SAINT
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program,® without applying absorption correction. The refinement for structure was
made by full-matrix least squares on F? (SHELX 97 or SHELXTL).%
1.4.2 Resolution of 1,2-diaminocyclohexane 29

A reported procedure was followed.* In a 250 mL beaker, L(+)-tartaric acid
(37.5 g, 250 mmol) and water (100 mL) were taken. The mixture was stirred at room
temperature until complete dissolution occurred. At this point, a mixture of cis/trans-
1,2-diaminocyclohexane 29 (60 mL, 500 mmol) was added at a rate such that the
reaction temperature was below 70 °C. To the resulting solution, glacia acetic acid (25
mL) was added at a rate such that the reaction temperature was below 90 °C. The
precipitate was formed immediately upon the addition of glacial acetic acid and the
slurry was vigoroudly stirred. It was cooled to 25 °C over a period of 2 h. The mixture
was cooled to 5 °C for 2 h and the precipitate was collected by suction filtration. The
wet cake was washed with cooled water (25 mL) followed by cold methanol until the
cake turned to white solid. The product (RR)-trans-1,2-diammoniumcyclohexane
mono-(+)-tartrate salt was dried in air.

Yield: 111 g (85%)

The (R,R)-trans-1,2-diammoniumcyclohexane mono-(+)-tartrate salt (42 g, 159
mmol) was taken in a separating funnel. Approximately, 30 g of KOH dissolved in
water (20 mL) was added. The contents were shaken well and the amine layer was
separated. The (R,R)-trans-1,2-diaminocyclohexane 29a was distilled under reduced

pressure.
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1.4.3 General procedure for the N-alkylation reaction of (R,R)-trans-1,2-
diaminocyclohexane 29a

To a dtirred solution of (R R)-trans-1,2-diaminocyclohexane 29a (0.12 mL, 1
mmol) in dry THF (5 mL), ketone 106 (2.2 mmol) and Ti(O'Pr), (1.2 mL, 4 mmol) were
added and stirred at 25 °C for 12 h under N, atmosphere. To this, absolute EtOH (5 mL)
and NaBH,4 (0.19 g, 5 mmol) were added at 0 °C under N, atmosphere and the resulting
mixture was stirred for an additional 12 h at 25 °C. The reaction mixture was quenched
with water (1 mL). The solvent was evaporated and residue was stirred with diethyl
ether (15 mL) for 15 min. The resulting inorganic precipitate was filtered and washed
with diethyl ether (10 mL). Water (10 mL) was added to the filtrate and the organic
layer was separated and the remaining agueous layer was extracted with diethyl ether
(10 mL). The combined organic extract was washed with brine (10 mL), dried over
anhydrous Na,SO,, filtered and the solvent was evaporated under reduced pressure. The
crude product was purified by column chromatography on silica gel. The reaction when
carried out in alarger scale (5-10 mmol), aso gave the product 108 in similar yields and
diastereoselectivity.
(1R,2R,1'R,1"R) -N,N'-Di(1-phenylethyl)-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric
ratio (dr) was 8:1:1. The mixture containing three diastereomeric products was isolated
in 87% vyield by flash column chromatography. The maor diastereomer
(1R,2R,1'R,1"R)-108a was isolated in pure form by flash column chromatography (silica

gel; 230-400 mesh, hexanes/EtOAC-97/3) as a colourless liquid.
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0.196 g (61%) @
(cm'™Y) 3308, 3061, 2926, 1602, 1493, 1448, 1122, Meﬁ»\\

NH
700 O

NH
(400 MHz, CDCl3 6 ppm ): 7.29-7.10 (m, 10H),
Me

3.76 (g, J = 6.6 Hz, 2H), 2.23-2.17 (m, 2H), 1.77- 108a

1.74 (m, 4H), 1.51-1.48 (m, 2H), 1.26 (d, J=6.6 Hz, 6H), 1.06-1.02 (m,
2H), 0.88 — 0.78 (m, 2H) (Spectrum No. 1)
(100 MHz, CDCl3, & ppm): 147.6, 128.3, 126.7, 126.6, 60.4, 56.1, 32.6,

25.0, 24.0 (Spectrum No. 2)
-40.4 (c 1.1, CHCI3) [ lit.% for (1S2S1'S1"S) isomer = + 40.5 (c 1.0,

CHCl3]

(1R,2R,1'R,1""R)-N,N"-Di[1-(4-nitrophenyl)ethyl]-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric

ratio (dr) was 4:1:1. The mixture containing three diastereomeric products was isolated

in 80% yield by column chromatography. The maor diastereomer (1R2R,1'R1"R)-

108b was isolated in pure form by column chromatography (silica gel; 100-200 mesh,

hexanes/EtOAC - 90/10) as a colourless liquid and the two minor diastereomers were

obtained together as a 1: 1 mixture using hexanes/EtOAc-85/15 as eluent in 19% yield.

Yield
IR (neat)

'H NMR

0.329 g (80%)
(cm™®) 3306, 3930, 1601, 1516, 1344, 1109, 856
(400 MHz, CDCl3, 5 ppm ): 8.22 (d, J = 8.4 Hz, 4H), 7.48 (d, J = 8.4 Hz,

4H), 4.00 (g, J = 6.6 Hz , 2H), 2.17 (br s, 2H), 1.82-1.84 (m, 4H), 1.63-
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1.50 (m, 2H), 1.35 (d, J = 6.6 Hz, 6H), 1.12-

NO,
0.96 (m, 2H), 0.92- 0.81 (m, 2H) Meﬁ ©/

(100 MHz, CDCl3, 6 ppm): 155.5, 146.8, O,NH
127.4, 123.6, 60.8, 55.9, 32.6, 24.8, 24.1 “/NH

Me
-21.0 (¢ 1.0, CHCl5) )0
NO,

108b
m'z413 (M+1)

calculated for CxH2sN4O4: C, 64.06%; H, 6.84%; N, 13.58%; O,

15.52%; found: C, 64.07%; H, 6.91%; N, 13.60%; O, 15.51%

(1R,2R,1'R,1"'R)-N,N"-Di[1-(4-chlorophenyl)ethyl]-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric

ratio (dr) was 7:1:1. The mixture containing three diastereomeric products was isolated

in 89% yield by column chromatography. The major diastereomer (1R,2R,1'R,1"R)-108c

was isolated in 69% yield in pure form by column chromatography (silica gel; 100-200

mesh, hexanes/EtOACc-93/7) as a colourless liquid which solidifies slowly. The two

minor diastereomers were obtained together as a 1:1 mixture using hexanes/EtOAcCc-

85/15 as eluent in 20% yield.

Yield
mp
IR (KBr)

'H NMR

Cl
0. 269 g (69%) e ©/

70-72°C O/ NH
(cm™) 3306, 2924, 1595, 1489, 1369, 1091, 829 “NH

(400 MHz, CDCl3,  ppm ): 7.30-7.25 (m, 8H), Me @
108c Cl

3.79 (g, J = 6.6 Hz, 2H), 2.26-2.22 (m, 2H),
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1.79-1.75 (m, 2H), 1.56-1.54 (m, 2H), 1.46 (br s, 1H), 1.44 (br s, 1H),
1.28 (d, J = 6.6 Hz, 6H), 1.12-1.07 (m, 2H), 0.92-0.83 (m, 2H)
(Spectrum No. 7)

(100 MHz, CDCl3, 6 ppm): 146.2, 132.2, 128.5, 128.4, 127.9, 126.8,
60.5, 55.6, 32.7, 24.9, 24.1

-17.5, (c 1.0, CHCl5)

m/z 392 (M+1)

caculated for CxH2sCloN,: C, 67.51%; H, 7.21%; Cl, 18.12%; N,

7.16%; found: C, 67.41%; H, 7.32%; Cl, 18.32%; N, 7.06%

(1R,2R,1'R,1"R)-N,N"-Di(1,2,3,4-tetrahydro-1-naphthalenyl)-1,2-cyclohexane-

diamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric

ratio (dr) was 13:1:1. The mixture containing three diastereomeric products was isolated

in 94% yield by column chromatography. The mgor diastereomer (1R,2R,1'R1"R)-

108d was isolated in pure form in 85% yield by column chromatography (silica gel;

100-200 mesh, hexanes/EtOACc-90/10) as a colourless liquid and the two minor

diastereomers were obtained together as a 1:1 mixture using hexanes/EtOAc-85/15 as

eluent in 9% yield.

Yield

IR (neat)

'H NMR

0.318 g (85%)
(cm'l) 3301, 3059, 2930, 2855, 1603, 1578, 1489, O,NH
739 “/NH

(400 MHz, CDCl3, 8 ppm ): 7.34 (d, J = 6.6 Hz,

2H), 7.14-7.10 (m, 4H), 7.04 (d, J = 6.6 Hz, 2H), 108d
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3.77 (br s, 2H), 2.77-2.60 (m, 4H), 2.33-2.30 (m, 4H), 1.86-1.66 (m,
10H), 1.33-1.12 (m, 6H) (Spectrum No. 3)
BCNMR (100 MHz, CDCls, & ppm): 140.3, 137.4, 129.2, 128.8, 126.3, 125.7,
59.2, 51.8, 32.6, 29.3, 28.0, 25.3, 18.5 (Spectrum No. 4)
[aly -115.1 (c 1.0, CHCl5)
LCMS m/z 375 (M+1)
Analysis calculated for CgHasN2: C, 83.37%; H, 9.15%; N, 7.48%; found: C,
83.23%; H, 9.12%; N, 7.81%
(1R,2R,1'R,1"'R)-N,N"-Di[1-(2-thienyl)ethyl]-1,2-cyclohexanediamine
'H NMR analysis of the crude product mixture revealed that the diastereomeric
ratio (dr) was 23:1:1. The mixture containing three diastereomeric products was isolated
in 89% yield by column chromatography. The major diastereomer (1R,2R,1'R,1"R)-108e
was isolated in pure form in 84% yield by column chromatography (silica gel; 100-200
mesh, hexanes/EtOAc-90/10) as a colourless liquid and the two minor diastereomers

were obtained together as a 1:1 mixture using hexanes/EtOAc-85/15 as eluent in 5%

yield.

Yield 0.280 g (84%)

IR (neat)  (cm) 3299, 3073, 2969, 2926, 2855, 1510, 1449 Mew»\\Q

'HNMR (400 MHz, CDCls, § ppm ): 7.18-7.16 (m, 2H), O’ a
6.95-6.93 (M, 4H), 4.20 (q, J = 6.4 Hz, 2H), 2.33 y J‘%/\S)
-2.31 (m, 2H), 2.00 (br s, 2H), 1.92-1.89 (m, 2H), AW

1.65-1.62 (m, 2H), 143 (d, J = 6.4 Hz, 6H), 1.20-1.15 (m, 2H), 1.05-

1.00 (m, 2H) (Spectrum No. 5)
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BCNMR (100 MHz, CDCl3, 8 ppm): 152.7, 126.4, 123.4, 122.5, 60.1, 51.5, 32.5,
25.0, 24.4 (Spectrum No. 6)
[a]® -27.9 (¢ 1.0, CHCl5)
LCMS Mz 335 (M+1)
Analysis calculated for CigH26N2S;: C, 64.62%; H, 7.83%; N, 8.37%; S, 19.17%
found: C, 64.42%; H, 7.93%; N, 8.48%; S, 19.26%
(1R,2R,1'R,1"R)-N,N"-Di[1-(2-naphthyl)ethyl]-1,2-cyclohexanediamine
'H NMR analysis of the crude product mixture revealed that the diastereomeric
ratio (dr) was 7:1:1. The mixture of three diastereomeric products 108f was isolated by
column chromatography (silica gel; 100-200 mesh, hexanes/EtOAc-90/10) in 76%
yield. A smal quantity (0.030 g) of the magor isomer (1R2R,1'R,1"R)-108f was

obtained in pure form as a colourless liquid which solidified on standing.

Yield 0.320 g (76%)

mp 73-75°C Mew,\\

IR(KBr)  (cm™) 3306, 3053, 2926, 2854, 1601, 1508, O/NH

1367, 746 /NH

Me
'H NMR (400 MHz, CDCl3, & ppm ): 7.87 (d, J = 8.4 OO
Hz, 6H), 7.83 (s, 2H), 7.60 (d, J = 8.4 Hz,

2H), 7.50 (m, 4H), 4.06 (q, J = 6.4 Hz, 2H), 2.43-2.37 (m, 2H), 1.89 (br
s, 1H), 1.85 (br s, 1H), 1.62-1.53 (m, 4H), 1.48 (d, J = 6.4 Hz, 6H), 1.16-
1.11 (m, 2H), 1.02-0.91 (m, 2H)

BCNMR (100 MHz, CDCl3, & ppm): 147.7, 136.2, 135.4, 130.7, 130.4, 130.3,

128.5, 128.0, 127.9, 127.5, 63.3, 59.1, 35.4, 27.6, 26.8
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[a]® -9.1(c 0.5, CHCl3)
LCMS Mz 423 (M+1)
Analysis calculated for CgzH3zsN2: C, 85.26%; H, 8.11%; N, 6.63%; found: C,
85.11%; H, 8.23%; N, 6.71%

(1R,2R,1'R,1""R)-N,N"-Di[1-(2-pyridyl)ethyl]-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric
ratio (dr) was 2:1:0. The mixture of three diastereomeric products 108g was isolated in
90% yield by column chromatography (silica gel; 100-200 mesh, CHCI 3/MeOH-98/2)
as a brownish liquid, which solidified slowly on standing. Upon further purification, a
small quantity (0.050 g) of the product containing major diastereomer (1R,2R,1'R,1"R)-

108g (88%) and the minor diastereomer (12%) was obtained.

=
|
Yield 0.290 g (90%) Mew»\\ SN
NH
mp 88-90 °C (For the mixture of diastereomeric O’
“/NH
product, dr = 87.5:12.5:0) N
Me | N
IR (KBr) (cm'™) 3294, 2934, 1593, 1375, 856, 787 108g "\~

'HNMR (400 MHz, CDCl3, 3 ppm ): 8.40 (d, J = 4.6 Hz, 2H), 7.58-7.54 (m, 2H),
7.24 (d, J = 7.8 Hz, 2H), 7.10-7.07 (m, 2H), 4.16 (g, J = 6.8 Hz, 2H),
2.57-2.55 (m, 2H), 1.67-1.64 (m, 2H), 1.5 (m, 2H), 1.36 (d, J = 6.8 Hz,
6H), 1.13-1.06 (M, 2H), 1.03-0.95 (m, 2H)

BCNMR (100 MHz, CDCls, 5 ppm): 161.1, 148.8, 136.9, 122.6, 121.5, 59.1, 56.1,

30.2,24.2, 21.1 (Spectrum No. 8)

[al? -10.3 (¢ 1.0, CHCI3) (For the mixture of diastereomeric product, dr =

87.5:12.5.0)
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LCMS m/z 325 (M+1)
Analysis calculated for CyH2sN4: C, 74.03%; H, 8.70%; N, 17.27%; found: C,
74.11%; H, 8.72%; N, 17.4%

(1R,2R,1'R,1"R)-N,N"-Di[1-(4-methylphenyl)ethyl]-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric
ratio (dr) was 4:1:0. A mixture of two diastereomeric products 108h was isolated by
column chromatography (silica gel; 100-200 mesh, hexanesEtOAc-90/10) as a
colourless liquid. A small quantity (0.065 g) of the mgor diastereomer (1R,2R,1'R,1"R)-
108h was obtained in pure form.

Yidd 0.332 g (95%)

Me
IR (neat) (cm™) 3306, 3015, 2961, 2924, 2857, 1613, Meﬁ“‘“@
1514, 1447, 1109, 818 O»NH
IHNMR (400 MHz, CDCls, 5 ppm ): 7.24 (d, J = 8.0 “/NH

Hz, 4H), 7.12 (d, J = 8.0 Hz, 4H), 3.8 (q, J =
Me

108h

6.4 Hz, 2H), 2.33 (s, 6H), 2.27-2.21 (m, 2H),
1.85 (br s, 1H), 1.81 (br s, 1H), 1.59-1.55 (m, 4H), 1.30 (d, J = 6.4 Hz,
6H), 1.14-1.08 (m, 2H), 0.95-0.83 (m, 2H) (Spectrum No. 9)

B¥C NMR (100 MHz, CDCl3, & ppm): 144.6, 136.2, 129.0, 126.5, 60.4, 55.8, 32.7,
25.0, 24.0, 21.1 (Spectrum No. 10)

[a]® -29.2 (¢ 1.2, CHCl5)

LCMS Mz 351 (M+1)

Analysis calculated for CyH3sN2: C, 82.23%; H, 9.78%; N, 7.99%; found: C,

82.30%; H, 9.72%; N, 7.63%
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(1R,2R,1'R,1"R)-N,N"-Di[1-(4-methoxyphenyl)ethyl]-1,2-cyclohexanediamine

'H NMR analysis of the crude product mixture revealed that the diastereomeric

ratio (dr) was 8:1:1. A mixture of three diastereomeric products 108i was isolated by

column chromatography (silica gel; 100-200 mesh, CHCIl3/MeOH-98/2) as a colourless

liqguid in 79% vyield. A smal quantity (0.035 g) of the magor diastereomer

(1R,2R1'R,1"R)-108i was obtained in pure form.

Yield

IR (neat)

'HNMR

BC NMR

OMe
0. 30 g (79%) Meﬁ ©/

(cm™) 3293, 2932, 2857, 1610, 1512, 1248, O,NH

1033, 833 “INH
(400 MHz, CDCl3,  ppm ): 7.27 (d, J = 8.8 Me)@

] OMe
Hz, 4H), 6.86 (d, J = 8.8 Hz, 4H), 3.8 (s, 108i

8H), 2.28-2.20 (m, 2H), 1.97 (br s, 2H), 1.86-1.77 (m, 2H), 1.59-1.54 (m,
2H), 1.31 (d, J = 6.4 Hz, 6H), 1.16-1.09 (m, 2H), 0.97-0.85 (m, 2H)
(Spectrum No. 11)

(100 MHz, CDCl3, & ppm): 158.5, 139.7, 127.6, 113.8, 60.4, 55.5, 55.3,
32.7,25.1, 24.0 (Spectrum No. 12)

+10.7 (c 0.6, CHCl3)

m/z 383 (M+1)

caculated for Cy4H34N203: C, 75.35%; H, 8.96%; N, 7.32%; O, 8.36%

found: C, 75.14%; H, 8.98%; N, 7.52%; O, 8.41%
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1.4.4 Representative procedure for the synthesis of (1R,2R,1'R,1"'R)-2,2,2-
trifluoro-N-(1-phenyl-ethyl)-N-{2-[(1-phenyl-ethyl)-(2,2,2-trifluoro-acetyl)-amino]-
cyclohexyl}-acetamide 109

To a stirred solution of the diamine (1R,2R,1'R,1"R)-108a (0.32 g, 1 mmoal) in
DCE (5 mL), EtsN (0.3 mL, 2.1 mmol) and DMAP (0.024 g, 0.2 mmol) were added
under N, atmosphere. To this, excess amount of trifluoroacetic anhydride (TFAA) (2
mL) was added slowly at 0 °C and the reaction mixture was stirred at 25 °C for 48 h.
The reaction mixture was quenched with water (10 mL) and CH,Cl, (10 mL) was added
to it. The aqueous layer was separated and washed with CH,Cl, (2 x 10 mL). The
combined organic extract was washed with brine (10 mL) and dried over anhydrous
Na,SOq, filtered and evaporated. The residue was purified by column chromatography
(silica gel, 100-200 mesh, hexanes/EtOACc-99/1). The product (1R,2R,1'R,1"R)-109 was

obtained as a colourless solid.

H3C @ HaC \@

?\IH EtsN, DMAP (20 mol%) j\l
Of TFAA _ O/ “COCF,
0 DCE, 0-25°C,48h “s~COCF3

‘NH
A e
108a 109
Yidd 0.350 g (68%)
ch o
mp 150-152 °C 0

L N\COCF3
IR(KBr)  (cm™) 3065, 2984, 2937, 1699, 1442, 1140, 744 ., _COCFs
/N/

'HNMR (400 MHz, CDCl3, § ppm): 7.43-7.30 (m, 10H), ch)©
109
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BC NMR

2!
[al
LCMS

Analysis

Experimental Section

4.92 (g, J = 8.0 Hz, 2H), 4.27 (g, J = 4.1 Hz, 2H), 2.30-2.28 (m, 2H),
1.69-1.66 (m, 4H), 1.54 (d, J = 8.0 Hz, 6H), 1.33-1.28 (m, 2H)
(Spectrum No. 13)

(100 MHz, CDCl3, & ppm): 155.6 (q, J = 34.0 Hz), 137.1, 128.7, 128.6,
128.4, 116.0 (g, J = 288.1 Hz), 56.5, 55.4, 29.0, 24.9, 18.4 (Spectrum

No. 14)

+34.7 (c 1.2, CHCl3)

Mz 515 (M+1)

calculated for CosHasFeN2Oz: C, 60.70%; H, 5.49%: F, 22.16%: N,
5.44%; O, 6.22% found: C, 60.82%; H, 5.37%:; F, 22.13%; N, 5.35%; O,

6.34%
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Chapter 2
Studies on application of chiral C,- symmetric 1,2-

diamines as chiral solvating agents



2.1 Introduction

The utility of enantiomerically pure trans-1,2-diaminocyclohexane derivatives
as chiral reagents and ligands in the field of asymmetric synthesis has been described in
the introductory section of Chapter 1. We have made efforts to explore the application
of various chira diamines containing enantiomericaly pure trans-1,2-
diaminocyclohexane moiety prepared via the method described in Chapter 1, for
application as chiral solvating agents for carboxylic acids. A brief review of the
available reports on these topics will be helpful for discussion.

2.1.1 Enantiomeric recognition of chiral compounds by synthetic receptors

In view of the importance of chiral organic compounds in biologica and
pharmaceutical chemistry,* there is increasing requirement for fast and accurate
methodologies for the determination of the enantiomeric composition of these chiral
compounds. Among the various available methods, NMR spectroscopy has the
advantages of easy performance and accessibility® with no need for specia equipment
apart from the common NMR spectrometers. As enantiomers cannot be distinguished in
an achiral environment, these techniques require the modification of the substrate with a
chiral auxiliary, which would convert the mixture of enantiomers into a mixture of
diastereomeric molecular (covalent, chiral derivatizing agent, CDA) or supramolecular
(non-covalent, chiral solvating agents, CSA) complexes.® Ideally, these diastereomeric
species show chemical shift non-equivalence of some of their NMR signals, alowing
the determination of the enantiomeric composition of the substrate by the direct

integration of these bands.” The advantage of using non-covalent chiral solvating agents
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relies on the possibility of carrying out the experiment in situ, without purification
steps.® Besides the starting chira materials, analytes and CSA could be easily
recovered after the measurement.

Thefirst realization of this phenomenon was reported by Pirkle,*® who observed
separate *>F NMR resonances for the enantiomers of (trifluoromethyl)phenylcarbinol in
optically active 1-phenylethylamine solvent. This technique has recently emerged as a
facile aternative for determining enantiomeric purity and absolute configuration. A
brief review of the available reports will be helpful for the discussion.
2.1.1.1 Chiral acyclic amine derivatives as chiral solvating agents

The enantiomeric recognition by acyclic chira amine derivatives as chira
solvating agents has been extensively studied by the *H NMR spectroscopy. Salvadori
et al.' reported the use of quinine 1 as a chiral solvating agent for the enantiomeric
purity determination of binaphthy! derivatives 2 and akylarylcarbinols 3 by *H and *°F-

NMR spectroscopy.

A
: © Ry
(I w

1 2
Rl = H, OMe R = Me, 'Bu, CF3, 'Pr, CH,OH
RZ = OH, OMe, inr' Ar = Ph, p-MeOCgH,4, 9-anthryl,
OCOMe, OCO'Bu 1-naphthyl, m-MeCgH,
R® = OH, NH,, NHMe

Later, the same group demonstrated the use of quinine 1 as a chira solvating

agent for the enantiomeric purity determination of B-hydroxyesters 4.%?
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o R! = 'Bu, Et, Me

HOS ML R = Ph, p-MeCgHy, p-CF3CgH,
R or!
2-naphthyl, 1-naphthyl, cyclohexyl

In 2003, the same group synthesized the simple carbamate derivatives of quinine
5, by derivatization of the double bond, which behaves as chiral solvating agent for

acids, alcohols, amine derivatives and for very simple amino acid derivatives.*®

Me
R = H, OCOHN—{"H
1-Np

Me

R = H, COHN—('H
1-Np

The use of (4S559)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxan 6 (ADPD) and
(4R 5R)-5-amino-(4-biphenyl)-2,2-dimethyl-1,3-dioxan 7 (ABDD) as chiral solvating
agents for the enantiomeric purity determination of compounds bearing an acidic proton
by means of *H NMR spectroscopy was demonstrated.™
Me, Me

BN

Me \Me o o

5 C
K) O NH,
© KIHZ

(S,S)-ADPD-6 (R,R)-ABDD-7
A three step synthesis of (§-2-(diphenylmethyl)pyrrolidine 11 (Scheme 1) and
its use as a chiral solvating agent for the enantiomeric excess determination of chira
carboxylic acids such as 3-phenylbutyric, 2-bromopropionic, mandeic, 2-

phenoxypropionic, 2-phenylpropionic acids and Mosher’s acid was reported.™
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Scheme 1

D‘ CICO,Et (}\(\Ph o
K2COs H,, Pd/C
N~ TCOOH _F2tBs A\~ ~COOMe PhMgBr >N Ph Ha %

||_| MeOH )\ >]/O | Ph

0~ “OEt o) H
(S)-8 9 10 (S)-11
95% yield 82% yield 86% yield

A fast, direct and routine method has been developed for the measurement of the
enantiomeric composition of imidazolinone herbicides (nicotinic and quinolinic
carboxylic acid compounds) 13 and 14 containing a free carboxylic acid group, by using

(RR)-1,2-diphenylethane-1,2-diamine 12 asa chiral solvating agent.*

Nicotinic acid compounds Quinolinic acid compound
R COOH
B ~COOH
Ph. _NH, N NN Me | H
j’ | Me N7 N_ Me
‘ty N \ Me
Ph™ “/NH, Me N
O 14 M
(R,R)-12 13 O Me
R=H, Imazapyr Imazaquin
R = Me, Imazapic
R = Et, Imazethapyr

R = Methoxymethyl, Imazamox
Two flexible receptors 15 and 16 for carboxylic acids, based on 1-amino-3-
fluoro-2-alcohol functional arrays and built on aminomethylpyridine platforms have
been described.!” The C,-symmetric compound 16 has been shown to be an efficient
CSA due to its ability to form geometrically different diastereomeric complexes
enabling the discrimination between the enantiomers of a series of carboxylic acids 17-

26 in their *H NMR spectra.
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Dg
»

N

F

(R)-17: R' = OH, R*=H

NH HN
N A Q (R)-18: R' = OMe, R?=H
OH N' _ “'OH Ho” Y Ho 2 (R)-19: R = Me, R2=H
rt R (R)-20: R* = H, R?= H
15 16
0 OMe RY R? 24:Rl=Cl,R? = H
)\/4 o O pl_p2_
HO o 25:R*=R?=Br
N, o HO@ O HO 26: R'=R?=CF,
Y j< o HO OH
o) Me
21 22 23

A series of compounds 29-31 have been synthesized from (RR)-1,2-
diaminocyclohexane 27 (Scheme 2), which exhibited better enantiodiscriminating
ability toward a variety of chira carboxylic acids such as naproxen, ibuprofen,

ketoprofen, phthalyl alanine and amino acid derivatives.'®

R
R O
OO ethanol or DMF H,N N
+ Y
\ reflux, N, 4-5 h o Q
H,N  NH
AN oo W,
29: (R,R)-R=H

27 8 30: (R,R)- R = Br R
31: (R,R)- R = N(CH5),

Scheme 2

The diastereomeric chiral auxiliaries 32a and 32b were synthesized from (9)-a-
phenylethylamine (PEA)." Compared to (S)-PEA, these new chiral auxiliaries 32a and
32b have been proved to be efficient chiral NMR solvating agents for the carboxylic

acids 33-36.
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X vy

Ph Ph
H H PhCOO
\ A L, X CO-H OH
N N) / AN N Me | ) 2 )\ :[
: 2 COOH PhcOO” “CO,H

Me N
R
Sleo o R EEEE—
O O R = H, p-Cl, 0-Cl, )'\i"TS R = Ph, 'Pr, CH,
p-OMe, o0-Me CH,CH(CHa),

32a 32b X = OH, OMe R™ "COH
Y=H 36

CO,H

The compounds 37 and 38 were synthesized from natural amino acids and 1,8-

naphthalic anhydride which were found to be effective chiral solvating agents for chiral

a-arylalkylamines 39 and 40.%°

o)
MOH
Ox_N._0 CHs

o)
OH
Os_N.__O 39 o2 20
OO OO R =H, CHg, C,Hsg
R? = OCHs, NO,, H,
38

37

NH, MRz
R

Severa chira amino acohols 41-43 were synthesized starting from natural

amino acids, which have been shown to be efficient CSAs for the determination of

enantiomeric composition of chiral carboxylic acids.”

Ph
Ph Ph Ph o
HN NH

R! R?
A NMe; O NMe,
H,N  OH O

Br

Me
41 42 43

R ='Pr, PhCH,
R?=Ph, H
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In 2008, afamily of pincer-like receptors 44-48 have been synthesized and

tested as efficient CSA for different chiral carboxylic acids.?

' N N N
44 (X =N, n=1) ©) 47 : C 48

45 (X =CH,n=1)
46 (X=N,n=2)

The P(111) and P(V) organophosphorus derivatizing agents (A, B, C) prepared
from Cy-symmetric (1R2R)- and (1S29-trans-N,N'-bis-[(S)-a-phenylethyl]-
cyclohexane-1,2-diamines 49 and 50, as well as (1R2R)- and (1S29)-trans-N,N'-bis-
[(9-a-phenylethyl]-4-cyclohexene-1,2-diamines 51 and 52 were used for the

determination of enantiomeric composition of chiral carboxylic acids by 3P NMR

(Scheme 3).%
Scheme 3
\ls/Ph \S/Ph \ls/Ph \S|/Ph
_NH PC|3 _N R*COOH ,N\ s ,N\ /S
—_— J— _ '/
X DEA X/\:L ¢ X/\:L Vi 0740 —’X/\:L /0
NH N N ol N /v/o
Ph)s\ Ph)s\ Ph)s\ Phsy R
A B c

49 (1R, 2R) and 50 (1S, 2S) : X = -CH,-CH,-
51 (1R, 2R) and 52 (1S, 2S) : X = -CH=CH-

A bis-imidazoline compound 53 starting from isophthalaldehyde and (S 9)-1,2-

diphenylethylene-1,2,-diamine was synthesized and used as a chiral solvating agent for
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carboxylic acids.®* In the presence of one equivalent of this reagent, carboxylic acid
racemates show H NMR chemica shift non-equivalences large enough for the

discrimination of the enantiomers.

\\© “‘\\©
N - N
Y NH

N
carboxylic acid H.
= @] R
A\ *
+ -0- R!
N--H

53 54

Recently, from this laboratory the chiral methoxy Troger's base 55 and the
corresponding oo -diphenyl carbinol derivative 56 have been reported to exhibit good

chiral recognition ability towards carboxylic acids.®

oo™ CQ?

g HO Ph
55

2.1.1.2 Chiral macrocyclic amine derivatives as chiral solvating agents
Chiral macrocyclic compounds have been demonstrated to be very effective in
enantiomeric recognitions by NMR spectroscopy. For instance, Fu et al.?® synthesized

the L-proline derived chiral macrocyclic dioxopolyamines 57 and 58, which exhibited
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chiral recognition toward the enantiomers of racemic carboxylic acids like substituted

mandelic acids and dibenzoyltartaric acid.

e o0
%JOA " )

OJ

59 : R = CH,COOcholesteryl
60 : R = "dodecyl

57 58

The use of the chira triazole-18-crown-6-ligands 59 and 60 with lipophilic side
arms, for the chiral recognition of the enantiomers of [1-(1-naphthyl)ethyl]ammonium
cation and [1-phenylethyl]Jammonium cation has been reported.”” The (S9 chiral host
recognizes preferentially the (R)-enantiomer of the ammonium salt over the (S) enantiomer.

In 2006, the use of an azamacrocyclic receptor 61 as a chira solvating agent for
the determination of enantiomeric excess of different carboxylic acids 62-64 was
demonstrated.”®

= | X vy R =H, CI, OMe
X = OH, OMe, Me, NHBoc
R /©)<COZH Y =H, CF3
aNH HN R
L, e
NH HNY o} Me

2| I

61 63 64

The use of chiral macrocyclic polyamides 65-67 derived from L/D-tartaric acid

as chiral solvating agents towards carboxylic acids has been investigated.” All the
macrocycles exhibited ability to recognise enantiomers of racemic carboxylic acids like

mandelic acid derivatives and dibenzoyltartaric acid.
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x  x
SO I CFRNG

NH HN

[NH o HNJ o

PN N _pn
65 66 67

In 2007, Ma and coworkers™ synthesized a novel chiral macrocyclic compound
70 from C,-symmetric aminonaphthol 68 (Scheme 4), followed by the synthesis of
similar macrocyclic compounds® 71 and 72 that shows excellent ability to discriminate
the enantiomers of a broad variety of carboxylic acids such as mandelic acid derivatives
and aminoacid derivatives by *H NMR spectroscopy. The same group aso reported
these macrocyclic compounds 71 and 72 as chiral solvating agents for phosphinic,
phosphonic, and phosphoric acids by *H NMR and *!P NMR spectroscopy.*

Scheme 4

= KsPO,, DMF
| P 30Uy,
X rt, 36 h
Cl Cl

70 : X =N, R = phenyl
71 : X =N, R = 2-naphthyl
72 : X =CH, R = phenyl

NMR studies of the bifunctional macrocycles 73-76 demonstrated that, among
them, the receptor (R)-73 functions as the best chiral solvating solvent for a wide range
of chiral compounds having a carboxyl group, oxazolidinone, carbonate, lactone,

alcohol, sulfoxide, sulfoximine, sulfinamide, isocyanate and epoxide functionality.*
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Tanaka et al.> reported that the chiral macrocyclic amines 77 and 78 function as
highly sensitive chiral shift reagents for several kind of secondary alcohols,

cyanohydrins and propargyl alcohols.

77 78
However, these macrocycles are not useful as chiral shift reagents for carboxylic
acids for multiple binding with the carboxylic acids without the introduction of both
hydrogen bond acceptor and donor group in the host macrocycles.* Another calixarene-
like chiral amine macrocycle 79 containing both hydrogen bond acceptor (NH) and

donor group (OH), which functions as a new chiral shift reagent for the determination of
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the enantiomeric excess and absolute configuration of severa kinds of carboxylic acid

and amino acid derivatives has been reported.®

Me
'"INH OH HN><:>
NH HN
OH HO
Me NH HN Me
79

During research efforts from this laboratory on the synthesis and application of
chiral macrocycles® 80-82, it was found that they are efficient chiral solvating agent for

the determination of enantiomeric excess of carboxylic acids 85 and 86 by *H NMR

Q HsC Q CH
H,C—NH HN—-CH, N NS @\

N 7 U Q
HN, HsC /CHs "NH

spectroscopy.®’

NH \N
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In continuation of our research efforts toward the synthesis of chiral N-alkylated
C,-symmetric diamines containing (R R)-trans-1,2-diaminocyclohexane moiety® as
discussed in Chapter 1, we have examined the use of some of these derivatives as chiral
solvating agents for the determination of enantiomeric excess of carboxylic acids and
amino acid derivatives by *H NMR spectroscopy. The results are discussed in the next

section 2.2.



2.2 Results and Discussion

2.2.1. Application of chiral C,-symmetric diamines as chiral solvating agents for
carboxylic acids

As discussed in the introductory section 2.1, chiral macrocyclic as well as
acyclic amines are useful in chiral recognition studies. Accordingly, we have examined
the application of the readily accessible chiral N-alkylated C,-symmetric diamines 83
and 84 (Chapter 1, Section 1.2) for the enantiomeric recognition of carboxylic acids. It
was expected that the presence of the protonable chiral amine groupswould lead to the
formation of corresponding diastereomeric salts with the enantiomers of carboxylic
acids.® As aresult, the methine proton (C*H) signal of the carboxylic acids is expected
to split. Accordingly, we have evaluated the chiral recognition ability of the secondary

amines 83 and 84 towards the carboxylic acids 85-92 (Figure 1) by 'H-NMR

HsC, Q

Q A CHs
8N\H N I8 "
- . O
COOH NHTs
COOH > < \H\
HOOC  COOH H3C COOH
3

86

)N\HTS NHTs
COOH
Ph
Ph” “CO.H \)\COOH 0o H COOH |

89 90

spectroscopy.

Figure 1. Structures of the receptor amines 83-84 and carboxylic acids 85-92
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Initially, the 'H NMR experiments were carried out by incrementally adding
solution of racemic mandelic acid 85 in CDCl3 (2.5 mM) to a solution of chiral amine
83 in CDCl3 (2.5 mM). Immediately after each addition, the *H NMR spectrum was
acquired in a 400 MHz spectrometer at 25 °C. Due to the difference in the interaction of
the enantiomers of carboxylic acids with chira amines, the methine proton (C*H) of
mandelic acid 85, 2,3-diphenylsuccinic acids 86 and N-Ts-phenylglycine 89 were split
into two singlets. The splitting values between methine proton (C"H) signals
corresponding to each enantiomer of acid 85 (AAJ), after addition of the receptor 83
with different molar ratio, are summarized in Table 1.

Table 1. Measurement of the chemical shift non-equivalence (AAd) of the mandelic
acid 85 in the presence of chiral amine receptor (1R2R,1'R,1"'R)-83 by 'H NMR

spectroscopy (400 MHz) in CDCl; with different amine:acid molar ratio®

Entry Amine 83:Acid 85 AAS (H2)
1 1:16 13.2
2 1:18 13.6
3 1:19 15.2
4 1:2.0 16.4
5 1:25 17.2
6 1:.2.8 17.8
7 1:3.0 18.0
8 1:35 17.2
9 1:4.0 16.8

10° 1:3.0 16.0

*Typical conditions: concentration of the acid and the receptor was 2.5 mM in 0.5 mL of CDCl,
and the spectra were recorded at 25 °C.

Sample in the NMR tube was subjected to ultra sonication for 30 min. and the spectrum was
recorded at 25 °C.
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When the receptor amine 83 to mandelic acid 85 molar ratio is 1:3, maximum
non-equivalence (18.0 Hz) of the C*H proton of the acid was observed at 2.5 mM of
total molar concentration (Table 1, entry 7). When the same sample was subjected to
ultra sonication for 30 min, AAS decreases from 18.0 Hz to 16.0 Hz (Table 1, entry 10).
We have observed that increase or decrease in the molar ratio between amine 83 and
mandelic acid 85 from 1:3, the non-equivalences of the C*H proton of the acid 85
decreases (Table 1).

According to the theory of chemical equilibrium, upon increasing the
concentration of reactants, mole fraction decreases for a combination reaction. So, it can
be predicted that at a larger concentration of reactants, the fractional population of free
acid will be smaller and the chemical shift non-equivalence (AAS) would be larger.
Accordingly, in the presence of receptor 83, the chemical shift non-equivaences (AAJ)
of the strong acid 85 increases from 18.0 Hz to 53.6 Hz, as the total molar concentration
increases from 2.5 mM to 100 mM (Table 2).

Table 2. Concentration variation of '"H NMR chemical shift non-equivalence (AA)

of acid 85 in the presence of receptor amine 83 with amine:acid molar ratio of 1:3

Total molar
Entry AAS (H2)

conc. (mM)

1 25 18

2 5 20.4

3 15 37.6

4 25 41.2

5 100 53.6
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Table 3. Measurement of the chemical shift non-equivalences (AAd) of the racemic
acids 85-92 in the presence of chiral amine receptor (1R,2R,1'R,1"'R)-83 by 'H
NMR spectroscopy (400 MHz) in CDCl3?

Entry Acid Proton AmineAcid AAS (H2)
OH

1 ©)\COOH a-H 1:3 53.6
85
Ph,  Ph

2 HOOC>8:<COOH a-H 11 69.0
COOH

3 HsC~ OH a-H 1:1-1:3 0.0
87

NHTs a-H 0.0

4 COOH CH3(Ts) 1:1-1:3 0.0

% NH 0.0

NHTs a-H 118.0

5 Ph™ "CO,H CH3(Ts) 1:3 3.2

% NH 68.7

NHTs a-H 0.0

6 e - cooH CHa(TS) 1:1-1:3 0.0

NH 0.0
H

7 O7 "N “cooH o-H 1:1-1:3 0.0

91

8 COOH o-H 1:1-1:3 0.0

92

*Typical conditions: concentration of the acid and the receptor amine 83 was 100 mM in 0.5 mL
of CDCI; and the spectra were recorded at 25 °C
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Then, we examined the chiral recognition ability of chiral amine
(1R2R1'R1"R)-83 towards different racemic carboxylic acids 85-92 at 100 mM
concentration. The maximum chemical shift non-equivalence (AAJ) observed at
different amine:acid molar ratio is summarized in Table 3. In the presence of receptor
amine 83, the chemical shift non-equivalences of at least one of the protons of acids 85,
86 and 89 are large enough to give base line resolution on a 400 MHz NMR
spectrometer at 25 °C.

When the receptor amine 83 to mandelic acid 85 ratio was 1:3, maximum non-
equivalence of the C*H proton (53.6 Hz) was obtained (Table 3, entry 1). A partia *H
NMR spectrum of the racemic mandelic acid 85 in the presence of chiral amine receptor
83 isshown in Figure 2. In the case of 2,3-diphenylsuccinic acid 86, the maximum non-
equivalence of the C"H proton (69.0 Hz) was observed at amine to acid molar ratio of
1:1 (Table 3, entry 2).

When the amine 83 to N-Ts-phenylglycine 89 ratio was 1:3, excellent non-
equivalence of the C*H proton (118.0 Hz) was obtained (Table 3, entry 5). In this case,
the NH proton also shows good non-equivalence (68.7 Hz), whereas the CH3 (Ts)
proton shows poor non-equivalence might be due to the presence of CH3 group far
away from the chiral centre. A partid 'H NMR spectrum of the racemic N-Ts-
phenylglycine 89 in the presence of chiral amine receptor (1R,2R,1'R,1"R)-83 is shown
in Figure 3.

In the case of racemic carboxylic acids 87, 88, 90, 91 and 92 the splitting of the

corresponding C*H proton was not observed. Presumably, the presence of bulky groups
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attached to the C"H proton centre may disturb the interaction between the chiral amine

83 and the racemic carboxylic acids.

T T T T T T T T
4.95 4.90 4.85 4.80 4.75 4.70 4.65 4.60 ppm

Figure 2. Partial *"H NMR spectrum of racemic mandelic acid 85 in the presence of

chiral amine receptor 83

CH
NHTs
@ ﬂ |=>h)\co2
NH ey
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T 6.0 D 5.0 ppm

Figure 3. Partial *H NMR spectra showing C*H and NH signals for the racemic N-Ts-
phenylglycine 89 (100 mM, CDCl 3, 400 MHz, 25 °C) (a) in the absence and (b) in the
presence of 0.33 equiv. of (1R,2R1'R,1"R)-83

Then, we examined the chira recognition ability of chiral amine 84 towards
different racemic carboxylic acids 85-92 at 100 mM concentration. Maximum chemical
shift non-equivalence (AAJ) observed at different amine:acid molar ratio is summarized
in Table 4. When the receptor amine 84 to mandelic acid 85 ratio was 1:2.3, maximum

non-equivaence of the C*H proton (48.0 Hz) was obtained (Table 4, entry 1). In the
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case of 2,3-diphenylsuccinic acid 86, maximum non-equivalence of the C*H proton
(55.2 Hz) was obtained at amine:acid molar ratio of 1:2 (Table 4, entry 2).

Table 4. Measurement of the chemical shift non-equivalences (AAd) of the racemic
acids 85-92 in the presence of chiral receptor amine (1R,2R,1'R,1"'R)-84 by 'H

NMR spectroscopy (400 MHz) in CDCl3?

Entry Acid Proton AmineAcid AAS (H2)
OH
1 ©)\COOH a-H 1:2.3 48.0
85
Ph,  Ph
2 HOOC . COOH a-H 1:2 55.2
COOH
3 HsC g, OH a-H 1:1-1:3 0.0
NHTs a-H 0.0
4 88COOH CH3(Ts) 1:1-1:3 0.0
NH 0.0
NHTs a-H 28.6
5 Ph . CO,H CH3(Ts) 1:3 29
NH 0.0
NHTs a-H 0.0
6 Ph . CoOH CHs(TS) 1:1-1:3 0.0
NH 0.0
H
7 ©” "N" “cooH o-H 1:1-1:3 0.0
91
8 COOH o-H 1:1-1:3 0.0

92
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*Typical conditions: concentration of the acid and the receptor amine 84 was 100 mM in 0.5 mL
of CDCI; and the spectra were recorded at 25 °C.

A partiadl "H NMR spectrum of the racemic 2,3-diphenylsuccinic acid 86 in the

presence of chiral amine (1R,2R,1'R,1"R)- 84 is shown in Figure 4.

T T T T T T T T T
4.40 4.35 4.30 4.25 4.20 4.15 4.10 4.05 ppm

Figure 4. Partiadl *H-NMR spectrum of racemic 2,3-diphenylsuccinic acid 86 in the
presence of chiral amine (1R,2R,1'R,1"R)-84

When the receptor amine 84 to N-Ts-phenylglycine 89 ratio was 1:3, maximum
non-equivaence of the C*H proton (28.6 Hz) was observed (Table 4, entry 5), which
shows less splitting compared to that observed by using chiral amine 86 (Table 3, entry
5).

For racemic carboxylic acids 87, 88, 90, 91 and 92, the splitting of the
corresponding C*H proton was not observed (Table 4), might be due to the presence of
bulky groups attached to the C*H proton centre which may disturb the interaction
between chiral amine 84 and the racemic carboxylic acids as observed in the case of the
amine 83 (Table 3).

Some interesting observations have been made during these studies. First of all,
the signals from the acids move upfield (Ad<0), suggesting a deprotonation of
carboxylic group. Only, the NH proton from N-Ts-phenylglycine 89 resonates at lower
field upon addition of the receptor, which can be interpreted as formation of a stronger

intramolecular hydrogen bond with the carboxylate anion thus formed. Concomitantly,
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signals from the receptor move downfield, which clearly indicates the proton transfer
from the acid to the receptor, leading to the corresponding diastereomeric salts. These
salts are expected to form intimate ionic pairsin CDCl 5.

The stoichiometry of the complex formed between the amine 83 and
mandelic acid 85 was evaluated by carrying out the Job’s titration between the amine
83 and both (R)-and (S)-mandelic acids in different ratios. The product (A6X) of the
difference in chemical shift (Ad) and the mole fraction of the acid (X) was plotted
against the mole fraction of the acid to obtain the Job’'s plot (Table 5, Figure 5). A
maximum was observed when the mole fraction of the (R) or (§-mandelic acid was
0.75, indicating that the amine 83 forms a 1:3 complex with (R) or (S)-mandelic acid
85. From the plot (Figure 5), it is evident that the chemical shift changes of the (S)-
mandelic acid is greater when compared to the (R)-mandelic acid.

Table 5. Job’s plot of the chiral amine 83 with (R) and (S)-mandelic acids 85

Entry Molef_raction of | (9-Mandelic acid 85 (R)-Mandélic acid 85
the acid 85 (X) AS? ASX AS? ASX
1 0.1 0.310 0.031 0.310 0.031
2 0.2 0.311 0.062 0.311 0.062
3 0.3 0.312 0.094 0.312 0.094
4 0.4 0.316 0.126 0.316 0.126
5 0.5 0.323 0.162 0.323 0.162
6 0.6 0.436 0.262 0.364 0.218
7 0.65 0.459 0.298 0.368 0.239
8 0.7 0.472 0.330 0.368 0.258
9 0.75 0.425 0.319 0.325 0.244
10 0.8 0.377 0.301 0.285 0.228
11 0.9 0.207 0.186 0.157 0.141

#The change in the chemical shift (A8) of the acid 85 in the presence of amine 83 was cal culated with
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reference to the methine (C*H) proton signal of the acid at 5.257 & ppmin the absence of 83.
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Figure 5. Job’s plot of chira receptor amine 83 with (R) and (S)-mandelic acids 85 [X =
mole fraction of the acid; A8 = change in the chemical shift of the C*H proton signal of
(R)- and (S)- mandelic acid 85]

Finally, we have examined the practical applicability of this method for the
measurement of enantiomeric excess of carboxylic acids. With this objective, samples
containing different proportions of both the enantiomers of mandelic acid 85 (100 mM
in 5 mL CDCl3) were prepared and analyzed with *H NMR method using the receptor
amine 83 (100 mM in 5 mL CDCI3) with amine:acid molar ratio of 1:3. Integration of
the corresponding C*H *H NMR signals shows an excellent linear correlation of the
observed % ee values with that of expected % ee values based on HPLC method (Figure

6).%
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Figure 6. Selected region of the *H NMR (400 MHz) spectra of mandelic acid 85 (100

mM) with various enantiomeric purities in the presence of (1R,2R,1'R,1"R)-83 (100 mM)
in CDCl3 at 25 °C. The % ee values were obtained from the integration of the C*H

signals. The % ee values obtained by HPLC analysis are given in parentheses.

From these results, it is evident that the readily accessible chira C,-symmetric
diamines 83 and 84 are useful chiral solvating agents for the carboxylic acids 85, 86 and

N-Ts-phenylglycine derivative 89.



2.3 Conclusions

The use of the readily accessible chiral C,-symmetric acyclic diamines 83 and
84 containing trans-1,2-diaminocyclohexane moiety as chiral solvating agents (CSAS)
for the determination of enantiomeric excess of representative carboxylic acids 85, 86
and an amino acid derivative 89 is illustrated. The enantiomeric composition of different
carboxylic acids estimated herein by the *H NMR method, based on the integration of
the corresponding methine proton (C"H) signals are in excellent correlation with that
determined using HPLC method. The data are in accordance with the formation of
multimolecular diastereomeric complexes in solution, which render good splitting of the
NMR signals for the enantiomers of representative carboxylic acids 85 and 86 as well as
for N-Ts-phenylglycine 89 (up to AAS = 0.295 ppm, 118.0 Hz). The high symmetry and
simple *H NMR spectrum of these chiral amines reduce the possibility of large
overlapping with signals of the substrates. The easy accessibility of the chiral amine
receptors 83 and 84 from commercially available 1,2-diaminocyclohexane should make
this methodology very attractive for practical application as chiral solvating agents

(CSAs) for carboxylic acids.



2.4 Experimental Section

2.4.1 General Information

Several information given in the section 1.4 are also applicable for the
experiments outlined in this section. The racemic 2,3-diphenylsuccinic acid 86 was
synthesized following a reported procedure.** The N-Ts-amino acid derivatives 88-90
were synthesized following a reported procedure.* The racemic mandelic acid 85
supplied by Sigma-Aldrich, USA and the (S)-(+)-mandelic acid supplied by E-Merck
(Germany) were used. Ultrasonication was carried out in a Sonorex washing bath
(BANDELIN electronic, type RK31H, 120W, 35 kHz).

2.4.2 'H-NMR shift experiments

'H NMR shift experiments were performed on a 400 MHz NMR spectrometer at
25 °C by mixing the chiral amines 83 or 84 with the acids 85-92 in varying ratios in
CDCl3, until maximum splitting of the signals were observed.

2.4.3 Evaluation of stoichiometry of the complex formed between the amine 83 and
(R)- or (S)-mandelic acid 85 by Job’s method

The stoichiometry of the complex formed between 83 and 85 was determined
according to Job’s method of continuous variations. Equimolar amounts of 83 (25 mM)
and (R) or (9-85 (25 mM) were prepared in CDCIl3 (5 mL). These solutions were
distributed among ten NMR tubes in such a way that the mole fractions of 85 in the
resulting solutions increased from 0.1 to 0.9. The complexation induced shifts of the
methine (C"H) signal (A3) were multiplied by the mole fraction of the acid 85 (X)
(Table 5, Section 2.2.1) and plotted against X to obtain the Job’s plot (Figure 5, Section

2.2.1).
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Chapter 3
Studies on hydroboration of olefins using chiral

amine-borane and aminoborane complexes



3.1 Introduction

Boron reagents have become increasingly important for use in cataytic and
stoichiometric transformations in the synthesis of highly complex functionalized
molecules. Some of the highlights include asymmetric hydroboration and reductions
(Ipc.BH and CBS), Suzuki-Miyaura cross-coupling and the introduction of functional
groups such as acohols and amines. Because of their unique properties and high
selectivities, these reagents have become a valuable part of the organic chemistry tool
box and found their way into a number of commercial applications. Amine-borane
adducts have attracted increasing attention as reagents and hydrogen storage materials.
For example, studies on the ammonia-borane as a potential portable hydrogen storage
material has attracted a surge of interest as a result of high hydrogen content (19.6 wt
%) in this complex.

We have made efforts to explore the application of the borane complexes of
various chiral diamines containing enantiomerically pure trans-1,2-diaminocyclohexane
moiety prepared via the methods described in Chapter 1. It is of interest to briefly
review the reported studies in this area.

3.1.1 Hydroboration of prochiral olefins with chiral amine-borane complexes

The hydroboration reaction is one of the most widely studied reactions in
organic synthesis, discovered by H. C. Brown and B. C. SubbaRao in 1956.> Borane
adducts of Lewis bases such as tetrahydrofuran (THF), dimethyl sulfide (DMS) and
some aromatic and hindered amines have been used effectively for the hydroboration of

double and triple bonds, as well as in reduction of the functiona groups such as
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aldehydes, ketones, carboxylic acids, amides, lactams and Schiff bases. Also, the
oxazaborolidine catalyzed enantioselective reduction of prochiral ketones have been
widely used in synthesis.?

The pyridine-borane and trimethyl amine-borane complexes hydroborate olefins
a elevated temperature.® The N-alkyl substituted anilines form more reactive amine-
borane complexes.* The order of reactivity among the amine-borane complexes is
closely related to their stability. The less basic aniline derivatives form weaker and
hence more reactive adducts with borane.

Previously, hydroboration studies using N,N-diethylaniline iodoborane
complexes have been reported from this laboratory.® It was found that appropriate
amount of |, gives the corresponding BH,l, BHI, and Bl; complexes (Chart 1).
Among these, the BHI, complex 3 has been used for the hydroboration of alkenes,

including in some sel ective hydroboration reactions (Chart 2).

Chart 1
BH; BH,|
—_—

1 2

BHs BHI,
O
1 3

BH3 Bl

+ —_—
@ 312 1, o + 3/2 H,

1 4



Chapter 3 Hydroboration using chiral amine-borane and aminoborane complexes... 81

Chart 2
1. Ph-CH=CH,
5 /
. 12 h > Ph s OF
2. NaOH/H,0,
83% yield
o OH
BHI,
//A\N/A\\
1.
7 A -
rt, 12 h o
2. NaOH/H202 8
3 76% yield
1. , — R
9 ‘ — R
2. NaOH/H,0, 10

HO  61% yield
It has been reported from this laboratory that the hydroboration of representative
prochiral olefins 16, 18 and 20 using chiral tertiary amine-borane complexes of amines

11-15 gave the corresponding al cohols with up to 20% ee (Chart 3).°

Chart 3
. I\I/Ie Me CH3 Ph ';Dh Q Q\\
RaN = _Ng Niide e —N—"Me ORNTTPhON
Ph Ph Me Ph i;;:}
11 12 13 14 15
Me
~ OH . 0, 0, H
QMG “RgN2BH; O/ 11: 4% ee, 70% yield
- 0, 0 1
H,0,/NaOH 12: 3% ee, 68% yield
16 17
OH 11: 10% ee, 76% yield: 13: 14% ee, 72% yield
* °
\ M Z g 12: 12% ee, 69% yield; 14: 20% ee, 75% yield
O Hy0,/NaOH O 15: 6% ee, 70% yield
18 19
CH, *R3N$BHj Me),\,\,\,\ 13: 4% ee, 65% vyield
_— )
Ph Me H,0,/NaOH PH OH 14: 10% ee, 72% yield

20 21 15: 15% ee, 72% yield
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The selectivities realized in these reactions are low, as the amine moiety is
expected to leave before or during formation of the hydroboration reaction transition
state as outlined in Scheme 1.

Scheme 1

BHysLB — R J‘E"—B BH,
R /
L

Recently, Vedejs et al.” reported the intramolecular hydroboration of

&\R

Y

LB

I
)—_BHS

—

R R

homoallylic amines and phosphine borane complexes using |, as activating agent

(Scheme 2).
Scheme 2
o 1. BH38THF, 0 °C jiﬁ . Rw
NN » R NHBn
NHBN 5 1, (50 mol%), CH,Cl, NHBn OH
22 3. H,0,/NaOH, MeOH 23 24
R=Me, Et, Ph, H 23:24 = >20-1:1-3

79-90% yield
The proposed mechanistic pathway indicates that the reaction goes through an
Sn1 like mechanistic pathway via the transition state 28 or Sy2 like mechanistic
pathway via the transition state 29, where the iodide (I") acts as aleaving group (Scheme

3).
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Scheme 3

. BH, RW\),(@ . = >|<@
SNy H—B=H Activation H-B=H

b 2 o7 LG

25 26 / .

X=N,P0O //a
LG = leaving group (I") Rm Rm
- —B— |
R = Me, Et, Ph, H H E@){@ S
28\ 1G LG}

Also, Vedegs et al.’ reported the intermolecular hydroboration of p-

methylstyrene 31 using pyridine-BH3; complex and 50 mol% I, a room temperature

(Scheme 4).
Scheme 4
BH;
N
| N OH OH
1. A, I (50 mol%) M Ph
Ph/\/ Me > Ph)\/ e \)\Me
31 CH2C|2, rt, 2 h 32 33
2. H,0,/NaOH/MeOH 92% vyield

32:33=>20:1
Since the amine moiety is anchored on the boron centre in these iodine activated
borane complexes with iodide behaving like leaving group, it was of our interest to
prepare the chira amine-BH,l complexes to examine the enantioselectivity in the
hydroboration of prochiral olefins. Hydroboration studies reveal that the reactivity order

is RNH2:BH3 > Ro;NH:BH3 > R3N:BH3 for iodine activated hydroboration reaction of
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a-methylstyrene 20 (Chart 4).° When the hydroboration reaction of o-methylstyrene 20
was carried out in the presence of primary amines such as a-methylbenzylamine 34 or
(R)-BINAM 35 borane complexes under 50 mol% iodine activation, the product 21 was

obtained in up to 13% ee and 11% ee respectively (Chart 4).

Chart 4
Chiral Amines
SO O o
NH, [Xph OMe \©®©\
w CI2 i e
(S)-34 (R)-35 (S)-36 (S)-37 (R)-38
1. Amine 34¢ BH3/l, (50 mol%) Me
r, 12 h > OH
Ph/\/
2. NaOH/ H,0,/MeOH (S)-21
87% vyield, 13% ee
1. Amine 352BH5/I, (50 mol%) Me
CH,Cl,, -20°C, 4 h > OH
>  ph Y
54% vyield, 11% ee
1. Amine 36 ¢ BH3/l, (50 mol%) Me
Ph rt, 12 h OH
CH2 > Ph
Me 00 2. NaOH/ H,0,/MeOH (1)-21
23% vyield
1. Amine 37 2 BH3/l, (50 mol%) Me
rt, 12 h OH
2. NaOH/ HzOz/MEOH (i)-21
10% vyield
1. Amine 38 $ BH3/I, (10 mol%) Ph
toluene, rt, 12 h OH
> Me)\/
2. NaOH/H,0, (1)-21

85% yield
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Chart 4 continued...

1. Amine 34 3 BH5/I, (10 mol%)

toluene, rt, 12 h N HO, Ph
2. NaOH/H202 Ph:

Ph (S)-40
/Z/ D <5% vyield, 8% ee
Ph 39 1. Amine 383BHs/l, (10 mol%) HO  Ph
toluene, rt, 12 h
2. NaOH/H,0, © PH
(S)-40

85% vyield, 7% ee

When the hydroboration reaction of a-methylstyrene 20 was carried out in the
presence of the borane complexes of secondary or tertiary amines 36, 37 and 38 under
iodine activation, only racemic product 21 was obtained (Chart 4). However, the
hydroboration reaction of trans-stilbene 39 using chiral tertiary amine Troger base 38-
borane complex with catalytic amount of iodine (10 mol%) gave the corresponding
alcohol 40 with up to 7% ee. When the hydroboration reaction of trans-stilbene 39 was
carried out in the presence of a-methylbenzylamine 34-borane complex with cataytic
amount of iodine (10 mol%), the alcohol 40 was obtained in <5% yield with up to 8%
ee (Chart 4).

We became interested in examining the stereochemical outcome of the
hydroboration reaction of prochiral olefins with chiral amine-boranes derived from
(R,R)-trans-1,2-diaminocyclohexane derivatives, readily accessed through the method

outlined in Chapter 1. The results are discussed in the next section.
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3.2.1 Hydroboration of prochiral olefins using borane complexes of trans-(R,R)-1,2-
diaminocyclohexane derivatives

The tetrabutylammonium borohydride 43 in combination with methyl iodide or
I, or PhCH,Cl reagent is useful for the generation of diborane gas which facilitates
several organic and asymmetric transformations.’® Earlier, sodium borohydride 42 was
used for the generation of diborane gas.* As sodium borohydride exhibits poor
solubility in common organic solvents, diglyme is the preferred solvent for the
generation of diborane gas using sodium borohydride. Due to the presence of lengthy
alkyl chains, the tetrabutylammonium borohydride 43 is soluble in toluene and other
common organic solvents. Moreover, the tetrabutylammonium borohydride 43 is less
moisture sensitive compared to sodium borohydride. It can be conveniently prepared in
guantitative yields by the reaction of sodium borohydride 42 and tetrabutylammonium

hydrogen sulphate 41 (Eqgn 1).*

® O NaOH OXS,
BU4NHSO4 + NaBH4 T BU4NBH4 + NaHSO4 ''''' eqn. 1
41 42 2 43
95% yield

Accordingly, we have prepared the chira amine-borane complexes from chiral
diamines 44 and 45 containing trans-(R,R)-1,2-diaminocyclohexane moiety using
tetrabutylammonium borohydride 43 for hydroboration of a-methylstyrene 20 (Scheme

5). Theresults are summarized in Table 1.
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Scheme 5

@

“N-R

44 :R=H

45:R =

N—-R
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BH3
B,He, NHR
2h,-10°C "
I}I—R
H
toluene 44a or 45a
®O
BU4NBH4 + |2
43

CH,

TN

20

Ph

Me

solvent

2. NaOH/H202

Me

(S)-21

up to 35% yield

up to 4% ee

Table 1. Hydroboration-oxidation reaction of a-methylstyrene 20 using chiral

amine-borane complexes 44a or 45a®

Entry Amine Solvent Temp. (°C) Time(h) Yidd(%)" ee(%)°
1 44 CH,Cl, 25 24
2 44 DCE 80 24 12 2
3 44 toluene 120 24 16 4
4 45 toluene 25 19 35 0
5 45 toluene 0 24 19 0

®Unless otherwise noted all the reactions were carried out by purging excess diborane gas through a
solution of amine 44 or 45 (2.5 mmol) in toluene or DCE, CH,Cl,for 2 h at -10 °C. The a-methylstyrene
20 (2.5 mmol) was added after the formation of amine-borane.
®Yields are for the isolated products.
“Determined by HPLC analysis using the chiral column OB-H; n-Hexane:iPrOH-97:3, 0.3 mL/min. The
chiral alcohol 21 obtained in all the cases have S-absolute configuration.

The more basic trans-(R,R)-1,2-diaminocyclohexane 44 forms stronger complex

with borane. After optimization of the reaction condition for hydroboration oxidation of

a-methylstyrene 20, we have observed that the product 2-phenylpropanol 21 was

obtained in 16% yield with 4% ee at 120 °C intoluene (Table 1, entry 3).
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The less basic and more sterically hindered secondary amine 45 derived from
trans-(R,R)-1,2-diaminocyclohexane 44 forms a weaker complex with boron. As a
result, the hydroboration-oxidation reaction of a-methylstyrene 20 takes place at 25 °C,
giving only racemic alcohol 21 in 35% yield (Table 1, entry 4).

We have also examined the hydroboration-oxidation reaction of a-methylstyrene
20 with the amine-borane complexes 44a and 45a under |, activation at different

conditions (Scheme 6). The results are summarized in Table 2.

Scheme 6
1. 1, (50 mol%)
’ CH,
| BH3 2 )J\ Me
N. N’HR - Ph Me =
O’ R ByHg, -10 °C Oz 20 “__OH
v, R > >
/’I\I 2 h '//N_R SO|Ven'[ ©/\/
H v 3. NaOH/H,0, (S)-21
toluene 443 or 45a up to 59% yield
44 -R=H @O up to 5% ee
45:R= BuysNBH, + I,

After optimization of the reaction conditions, we have observed that the product
(9-21 was obtained in 59% yield with 5% ee at 120 °C in toluene by using chird
amine-borane complex 44a under 50 mol% |, activation (Table 2, entry 4). When the
reaction was carried out using secondary amine-borane complex 45a, under I,
activation (50 mol%) at 25 °C for 12 h, only racemic product 21 was obtained in 62%

yield (Table 2, entry 6).
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Table 2. Hydroboration-oxidation reaction of a-methylstyrene 20 using chiral

amine-borane complexes 44a or 45a under 1, activation®

Entry Amine Solvent P Temp. (°C) Time(h) Yield (%)° ee(%)°
(mol %)
1 44 CH,Cl, 10 25 24
2 44 CH,Cl, 50 25 24 15 2
3 44 DCE 50 80 20 52 2
4 44 toluene 50 120 20 59 5
5 44 toluene 50 120 4 19 4
6 45 toluene 50 25 12 62 0

@Unless otherwise noted, all the reactions were carried out by purging excess diborane gas through a
solution of chiral amine 44 or 45 (2.5 mmol) in toluene or DCE, CH,CIl, for 2 h at -10 °C. The amine-
borane complexes were activated with 1.25 mmol of I,. The a-methylstyrene 20 (2.5 mmol) was added
after the activation of amine-borane with iodine.

®Yields are for the isolated products.

“Determined by HPLC analysis using the chiral column OB-H; n-Hexane:'PrOH-97:3, 0.3 mL/min. The

chiral alcohol obtained in all the cases have S-absolute configuration.
The hydroboration reaction of 1,2-substituted prochiral olefins 39 and 46 were
also examined using the amine-borane complexes 44a and 45a at 120 °C. The alcohol

40 was formed in 61-75% yields upon hydroboration-oxidation reaction of trans- and

cis-stilbene 39 and 46 with very poor selectivity (Table 3).
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Table 3. Hydroboration-oxidation reaction of trans- and cis-stilbene 39 and 46

using chiral amine-borane complexes 44a and 45a under |, activation®

Entry Substrate  Amine  Time(h)  Product  Yield (%)° ee(%)°

1 Ph 44 12 OH 61 2
\:\ Ph/k/ o
39 Ph (S)-40
2 Ph Ph 44 12 OH 67 3
\—/ /k/Ph
6 Ph
4 (S)-40
3 Ph 45 12 OH 72 0
—\ )\/Ph
39 Ph Ph
40
4 Ph Ph 45 12 OH 75 0
— T e
16 Ph
40

@Al the reactions were carried out by purging excess B,Hg through a solution of 44 or 45 (2.5 mmol) in
toluene at -10 °C. The amine-borane was activated with 1.25 mmol of I,. Substrate olefin 39 or 46 (2.5
mmol) was added after the activation of iodine and the reaction mixture was warmed to 25 °C and further
gtirred for 12 h at 120 °C.

®Yields are for the isolated products.

“Determined by HPLC analysis using the chiral column, Chiralcel OD-H; n-hexane:'PrOH-90:10, 0.3
mL/min.

Presumably, the products were obtained in poor selectivities because of the
crowded nature of the amine-borane complexes 44a and 45a. Thus, the amine 44 or 45

might depart during the reaction instead of the iodide as outlined in Scheme 7.
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Scheme 7
o — Ph —#
BHs BHl S
NHR ') CH2 Me | ,/H
O’ 1, (50 mol%) O/NHR M€ 20 H-(-g\| Ph
., f’ , E—— NHR T> \
‘N—R ""N—R ) Me BHI
Y 1/2 H, ' , amine 44 4g
H 'II\I—R or 45
B H | NaOH
44a or 45a
47 48 H20,
Ph
HO /I\/Ie
21

up to 5% ee

3.2.2 Hydroboration using chiral amine-borane and aminoborane prepared from
(S,9)-bis-(1-phenyl-ethyl)-amine 50a

Since only negligible asymmetric inductions were realized in the hydroboration
reaction of olefins 20, 39 and 46 as summarized in Tables 1, 2 and 3 by using the
amine-borane complexes 44a and 45a, we decided to examine the hydroboration
reaction using the C,-symmetrical chiral amine 50a, as better enantiosel ectivity (up to
13% ee) was realized in the hydroboration reaction using the borane complex of amine
34 containing a-methylbenzyl moiety under I, activation (Section 3.1.1, Chart 4).

Accordingly, we have carried out the hydroboration of a-methylstyrene 20 using
amine-borane complex 5la derived from the amine (SS)-50a under I, (50 mol%)
activation. However, the corresponding product 21 was obtained only in 4% ee with

22% yield (Scheme 8).
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BoHe

(S,5)-50a
T toluene

®O
BU4NBH4 + |2

CHs

(R)-21
22% vyield
4% ee

H 2h,-10°C

Results and Discussion

e I, (50 Mol%) \'HEn
A 2 (50 mol% s
o CH3 ? ch [\l./\CHg
BH BH,
3 1/2 H, e
5la S2a oh
toluene
H
25°C,12h 2CZ<CH
20 8
Ph , Ph #
1 >
IHB  CHj HaC I(N/\CHg
\..
< { "B--H
Ph  amine 50a H . '<CH3
49 Ph
53

Presumably, the poor asymmetric induction realized might be due to the poor

chiral discriminating ability of this amine system or crowded nature of the transition

state favoring the departure of chira amine 50a instead of iodide during the reaction as

outlined in Scheme 8.

3.2.2.1 Synthesis of aminoboranes

Aminoboranes (R;R2N-BR3R;) are well

known as precursors for the

preparation of BN-based ceramics.*® Amino-dihydridoboranes (R:R>N-BH,) have not

been studied much for the applications in organic synthesis. These complexes are

expected to remain in their more reactive monomeric form, if the akyl groups hinder

dimerization. Previous reports on the synthesis of aminoboranes are outlined in Chart 5.



Chapter 3 Hydroboration using chiral amine-borane and aminoborane complexes... 93

Chart 5
RL neat RL
,oNH2BH; - , N—=BH, Ref. 14
R 160-220°C,-H, R
51 54
Cpl_i 2_
b: R1 = Pzr, F\I’ = -Ph(Me)C*H 85% yield
c:R"=R°=Pr e:R'=R?=Cy
d: R'R?N = tmp
Py [Rh]
NeBH; > N—BH, Ref. 15
\< neat, 25 °C, 4 d
_H2
51c 54c
49% vyield
A'ﬂ 2 mol% [Cp,Ti] 4(
NeBH > — Ref. 16
\< % toluene, 20°C, 1 h N—BH,
_H2
51c 54c
SNH e 2 mol% 21N
o NH3BH; (2 mol%) > RORANBH, Ref. 17
51 toluene, 20 °C, 10 h H,B—NR"R
-Hy 55
f:R'=R%=Me 100% conversion

g:Rlee, R? =Bz

[Cr(CO)el
RoNHSBH; 0.6 mol% > [eNTBH, Ref. 18
THF, 8°Ctort,1h-1d H;B=NR;
>t -Hz 55
f:R=Me, itR=1/2CgHyp UP to 100% conversion

h:R=1/2C4Hg j:R = Et

CeDsCl
P'BU3 + B(CgFs)s + RoNHBH; - [BugPHIHB(CeFs)a] + (RaNBHo)  mef 19
51 25°C f:R=Me,x=2 55
k:R=H, x=n
)\H o /< T 4y /<
i or TMSCI ,
l{ltBH3 (1.1 equiv.) L(? N—BHz| —————> N—BH,+ CHat + Lil

—_—
\< 1h,0°C AQ 0°C,1h AQ Ref. 20

51c 56 54c
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The reported procedures for the synthesis of aminoboranes involve harsh
reaction conditions such as high temperature, expensive transition or rare transition
metal catalysts and use of highly moisture sensitive reagents such as "BuLi. We have
developed a convenient method for the synthesis of aminoborane 54 by the reaction of
corresponding amine-BH,l complex 52 with NaH. The results are discussed in the
following sections.

The tetrabutylammonium borohydride 43 and iodine reagent system was used
for the ex situ generation of diborane gas for reaction with amine 50 to afford the amine-
borane 51 in 99% yields (Scheme 9).

Scheme 9

® O
Buy,NBH,+ 1,

43
¢t0|uene
RL. _R? BoHs _ Rl\m/Rz
H CH,Cly, -10°C, 2 h BH,
50 51
yield (%)
. bl_p2_(ay. .
a: Rl—iR = (23) Ph(Me)C*H 51 99
b: R = 'Pr, R? = (S)-Ph(Me)C*H 51b 99
c:R'=R%='pr 51c 99

When the solution of amine-borane 51 in CH,Cl, was treated with 0.5
equivaent of molecular 1,, the corresponding amine-BH,l complex 52 was obtained in
guantitative yields. Subsequent addition of NaH to the solution of amine-BH»I complex

52 gave the corresponding aminoborane 54 in quantitative yields (Scheme 10).
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Scheme 10
RI\E/RZ (0.5 equiv) Rl\lﬂ/Rz NaH (2 equiv_l Rl\N,RZ
oo CH,ClI,, -78°C, 2 h i CH,Cl, I|3H
BH3 BH,! 7810 25 °C 2
51 52 54
100% conversion up to 100% conversion

Table 4. Reaction of amine-BH1 complexes 52 with NaH (2 equiv.) at 25 °C?

Entry BH.I Time(h)  Aminoborane Conversion
complex (%)°
PhH Ph Ph Ph
I A A
M
1 Me N Me o © N Me gm0
BH,! BH,
(S,S)-52a (S,S)-54a
PhH /k Ph J\
2 e 18 Me/L“n' 80
BH,| BH,
(S)-52b (S)-54b
BCIN P
) )
3 BH,| 10 BH, 68
52¢ 54c

2All the reactions were carried out in 5 mmol scale at 25 °C.

95

Py of Conversion was determined from the integration of the corresponding signalsin *'B NMR

spectrum at 25 °C.

The conversions of the amine-BH,l complexes 52a-52c to the corresponding

aminoboranes 54a-54c are summarized in Table 4. When the amine-BH,l complex

(§9-52a was reacted with NaH, the corresponding aminoborane (S9-54a was

obtained with 100% conversion in 35 h (Table 4, entry 1). In the case of amine-BH:l

complex (S-52b, the corresponding aminoborane (S)-54b was obtained with 80%

conversion in 18 h (Table 4, entry 2). When the amine-BH,I complex 52¢ was reacted
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with NaH, the corresponding aminoborane 54c was obtained with 68% conversion in 10
h (Table 4, entry 3). Presumably, the lower in conversion to the aminoboranes 54b and
54c might be due to the formation the amine-borane complexes 51b and 51c by the
reaction of NaH with the corresponding amine-BH,l complexes 52b and 52c, which
was confirmed by the B NMR spectroscopy.

The aminoborane 54a exists as monomer due to the high steric requirement of
the akyl and aryl groups. Aminoboranes can potentialy serve as hydroborating agents.
However, so far only 1-pyrrolylborane has been used for hydroboration reaction.?% It
monohydroborates alkenes and akynes at ambient temperatures due to the
delocalization of the nitrogen lone pair in aromaticity of pyrrole and hence weakening
the strength of N-B bond for hydroboration reaction.

The hydroboration-oxidation reaction of a-methylstyrene 20 using the chiral
aminoborane 54a under different conditions is summarized in Scheme 11 and Table 5.
Initially, we have examined the hydroboration-oxidation reaction of a-methylstyrene 20
at 25 °C for 24 h using the aminoborane 54a. The reaction did not take place under
these conditions (Table 5, entry 1). However, when the reaction was carried out at

120 °C for 24 h, only the racemic alcohol 21 was obtained in 43% chemical yield (Table

5, entry 2).
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Scheme 11
CH,
.
Ph  Ph 20 ¢Hs
= OH
- toluene
/'\II\I/\ . ©)\/
BH, 2. NaOH/H,0,/ THF
(S.S)-54a (£)-21
up to 43% yield

Table 5. Hydroboration reaction of a-methylstyrene 20 in the presence of the

aminoborane (S,S)-54a with or without activation by acids®

Entry Activation  Temp. (°C) Time (h) Yield (%)° ee (%)°

1 25 24
2 120 24 43 0
3 BF3:OFEt, -78 36
4° BF3:OFEt, 25 24 22 0
5 p-TSOH 25 24

®All the reactions were carried out in 5 mmol scale.
®Acid (BF3:OEt, or p-TSOH ) was added at 0 °C after the 100% formation of the aminoborane 54a by

B NMR spectroscopy followed by the addition of a-methylstyrene 20 (5 mmol) at 25 °C.

“Yields are for the isolated products.
9Determined by HPLC analysis using the chiral column OB-H; Hex:iPrOH-97:3, 0.3 mL/min.

We have also examined the effect of Lewis or Bransted acid in activating the
chiral aminoborane 54a for hydroboration of a-methylstyrene 20. When the reaction
was carried out at 25 °C for 24 h in the presence of BF3:OFEt,, only the racemic product
21 was obtained after oxidation as outlined in Scheme 12 (Table 5, entry 4). Use of
Brensted acid such as anhydrous p-toluenesulfonic acid instead of BF3:OFEt, at 25 °C

for 24 h, led to the decomposition of aminoborane 54a (Table 5, entry 5).
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Scheme 12
/PLh Ph Ph . Ph
~ < 3°
’}l /\ +B F3= O Etz —»tooluoecn € N
BH, BH,
(S,S)-54a (S,5)-57a

Results and Discussion

hgp BN

. ' H__B_
25°C, 24 h H']L
Me Ph

58a

NaOH/H202
THF

Me
©)\/OH
(+)-21
22% yield

Presumably, only racemic product 21 was obtained in al cases as the a-

methylbenzyl groups in aminoborane 54a are highly hindered. Further coordination of

BF; with the nitrogen may slow down the reaction, resulting in poor conversion to the

racemic product without any selectivity (Scheme 12).

Systematic studies using less hindered chiral secondary amines such as (R,R)-

2,3-diphenyl piperazine derivatives 59 and 60 (Figure 1), readily accessible via methods

described in the Chapter 4 may give more fruitful results.

\Ph

El

59

EI

\Ph

60

R = H, CH,Ph, COOR

Figure 1
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3.2.3 Attempted intramolecular hydroboration

We have undertaken efforts toward the synthesis of chiral N-allylic amines
(RR)-62 and (§-63 for the intramolecular asymmetric hydroboration studies. The N-
alylic amines 62 and 63 were synthesized by in situ reduction of the corresponding

imine derivatives using NaBH s/MeOH reagent system as shown in Scheme 13.

NH CHO :\<

1. MeOH, 25 °C, 6 h

Of ¥ /_/ - NH HN
“INH, PH N 2. NaBH4 Oto 25 °C /_F

Scheme 13

R,R 6

(R,R)-44 (RR)-
(2 equiv.) 55 % yield

NH, CHO 1.MeOH,25°C,6h "%
Ao, v~ >
HsC™ Ph o 2. NaBH,, 0 to 25 °C PH
(S)-34 61 4h (S)-63 Ph

(1 equiv.) 61 % yield

We have examined the intramolecular hydroboration reaction of the allylic
amine-borane complex (§)-63a with I, (50 mol%) activation as shown in Scheme 14.
Similar experiment was aso carried out in the presence of amine (RR)-62 instead of
amine (§-63. Unfortunately, in both the cases the intramol ecular hydroboration reaction
did not take place and the starting chiral amines 62 and 63 were recovered. Increasing
the reaction temperature to 120 °C for 12 h in toluene also did not help in achieving the

hydroboration reaction.



100 Results and Discussion

Scheme 14
HsC
wiNH  OH
Ha 1. 1, (50 mol%) Ph
N CH,Cl,, 0 - 25 °C, 24 h 64 Ph
> NH ByHg -10 °C HsC  BHs 22 ’
Ph \—\;—> AiN—H X > +
\ pp 2h PH 2. NaOHiH,05, MeOH e
(S)-63 \ 6 h .
Ph "NH
toluene 63a PH
Ph
® ©
BuyNBH, + 1, 65 Ho

43
Presumably, the five membered cyclic transition state 67 (Scheme 15) expected
for the present cases of intramolecular hydroboration (Scheme 14) might not be favored
compared to the reported six-membered transition state 30 for the reaction outlined in

the introductory section (Scheme 3).’

Scheme 15
Ph | Ph
/\/\I'-| \‘k actl\iatlon | N N
Ph™ " "NY “CHj . | N CHa__x, fN@ CH
H=B~H Ph
H |
63a 66 67
)'(NaOH/H202
H3C V HsC
1INH OH + 1INH
PH \—& PH
Ph Ph

64 65 HO



3.3 Conclusions

The hydroboration reaction of prochiral olefins such as a-methylstyrene 20,
trans-stilboene 39 and cis-stiloene 46 were carried out with chiral amine-borane
complexes prepared using trans-(R R)-1,2-diaminocyclohexane derivatives 44 and 45.
Only in the case of trans-(RR)-1,2-diaminocyclohexane-borane complex 44a, the
product 2-phenylpropanol 21 was obtained in 5% ee, indicating that the reaction is
highly sensitive to steric effects.

A simple and convenient one pot method for the synthesis of aminoboranes 54
by the reaction of corresponding secondary amine-BH,l complexes 52 with NaH at 25
°C in up to 100% conversion has been developed. When the hydroboration-oxidation
reaction of a-methylstyrene 20 was carried out in the presence of chiral aminoborane
such as (S9)-bis-(1-phenyl-ethyl)-aminoborane 54a, only the racemic product 2-
phenylpropanol 21 was obtained in 43% vyield at 120 °C. In the presence of BF3:OEt; as
activating agent for the chiral aminoborane 54a, the hydroboration-oxidation reaction
of a-methylstyrene 20 takes place at 25 °C with the formation of racemic product 21 in
22% yield. Though, some of the results described in this chapter are not synthetically
useful, they serve to illustrate the scope of such reactions and the need to avoid the
steric crowding while designing the Lewis base-borane complexes for asymmetric

hydroboration studies.



3.4 Experimental Section

3.4.1 General Information

Several information given in the section 1.4 are also applicable for the
experiments outlined in this section. The tetrabutylammonium hydrogen sulphate 41
was purchased from Loba Chemie (Pvt), Ltd., India. The sodium borohydride was
purchased from E-Merck, India. NaH (60% suspension in mineral oil) supplied by
Sigma-Aldrich, USA was used. Aminoboranes were not isolated but were characterized
and used in solutions. All the reactions were analyzed by B NMR spectroscopy and
were recorded at 128.3 MHz. B NMR chemica shifts are reported relative to the
external standard BF;:OEt, (6 = 0 ppm).
3.4.2 Asymmetric hydroboration of prochiral olefins with chiral amines 44 or 45
3.4.2.1 Preparation of tetrabutylammonium borohydride 43

In a round bottom flask, tetrabutylammonium hydrogen sulphate 41 (33.95 g,
100 mmol) was dissolved in water (20 mL). To this, 5M NaOH (25 mL) was added and
the mixture was cooled to 25 °C. A solution of NaBH, (4.18 g, 110 mmol) dissolved in
water (10 mL) was added to it and the reaction mixture was alowed to stir for 15 min.
The reaction mixture was extracted with CH,Cl, (50 mL) i.e. upper phase. The organic
layer was separated and the ag. layer was again extracted with CH,Cl, (2x 25 mL) i.e.
lower phase. The combined organic extract was dried over anhydrous K,COs, filtered
and evaporated under reduced pressure a 25 °C to obtain tetrabutylammonium

borohydride 43 as white amorphous solid.
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Yidd 245 g (95%) —
126-131 °C /\/\NN\
mp g ° \/\/
@\/\/
43

IR(KBr)  (cmY) 2962, 2876, 2282, 2208, 2137, 1602,

1074
'H NMR (400 MHz, CDCl3, & ppm) 3.29 (t, J = 8.1 Hz, 2H), 1.62 (m, 2H), 1.46
(m, 2H), 0.99 (t, J = 8.1 Hz, 3H)
BC NMR (50 MHz, CDCl3, 5 ppm) 58.8, 24.0, 19.5, 13.5
“"BNMR  (128.3MHz, CDCl3, § ppm) -39.93
3.4.2.2 General procedure for the hydroboration reaction of olefins using ex situ
generation of the diborane gas
The diborane gas was generated ex situ by the slow addition of molecular iodine
(2.4 g, 5.5 mmol) in dry toluene (15 mL) to a dispersion of tetrabutylammonium
borohydride (10 mmol, 2.57 g) in dry toluene (10 mL) at 25 °C under nitrogen
atmosphere. The diborane gas generated was purged to a solution of trans-(RR)-1,2-
diaminocyclohexane 44 (0.3 mL, 2.5 mmol) in toluene (10 mL) at O °C for 2 h. After
completion, the bubbler was replaced with a stopper and the reaction mixture was
warmed to 25 °C. Then iodine (0.316 g, 1.25 mmol) in toluene (6 mL) was added drop
wise at 25 °C through a syringe over a period of 5 minutes. The reaction mixture was
stirred at the same temperature for further 15 minutes. Olefin (2.5 mmol) in toluene (5
mL) was then slowly added through a syringe over a period of 5 minutes. The reaction
mixture was refluxed at 120 °C for 20 h. The reaction mixture was quenched with
methanol (10 mL) and the oxidation was carried out by adding 3N NaOH (10 mL) and

H,0, solution (30% solution, 5 mL) to the reaction mixture and stirred at 25 °C for 6 h.
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It was extracted with Et,O (3 x 20 mL) and the combined organic extract was washed
with water (20 mL), brine (10 mL) and then dried over anhydrous Na,SO,, filtered and
evaporated. The residue was purified by column chromatography on silica gel (230-400

mesh) using hexanes/EtOAc as eluent.

S)-2-Phenylpropan-1-ol
S ylprop oG

7,
-

. o y
Yield 0.20 g (59%) ;_\OH
[a]® -2.0(c 1.0, CHCl3), {Lit.2[a]2 -16.1 (c 0.51, (S)-21

CHCl3)}

IR (neat) (cm™) 3375, 3050, 2950, 1603, 1057

H NMR (400 MHz, CDCl3, § ppm) 7.20-7.46 (m, 5H), 3.62 (d, J = 6.5 Hz, 2H),
2.86-3.12 (m, 1H), 1.88 (br s, 1H), 1.22 (d, J = 6.8 Hz, 3H)

BCNMR (100 MHz, CDClg, § ppm) 143.9, 128.3, 127.3, 126.3, 68.1, 42.1, 17.4

ee 5% [HPLC analysis. Chiralcel OB-H column, n-Hexane:IPA-95:5; Flow
rate 0.3 mL/min., 254 nm, Retention time: 24.9 min. (Sisomer) and 26.8

min. (Risomer)]

(S)-1,2-Diphenylethan-1-ol ( OH
Yield 0.33 ¢ (67%) O

o 1 24 0
mp 61-63 °C (lit.”" 63-64 °C) (S)-40 O

IR (KBr) (cm™) 3319, 3084, 2922, 1039, 696

'HNMR (400 MHz, CDCl3, & ppm) 7.19-7.36 (m, 10H), 4.88-4.91 (m, 1H), 2.96-
3.03 (m, 2H), 1.96 (s, 1H)

BCNMR (100 MHz, CDCls, & ppm) 143.8, 138.1, 129.5, 128.5, 128.4, 127.6,

126.6, 125.9, 75.3, 46.1
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ee 3% [HPLC anaysis. Chiradcel OD-H column, n-hexane:IPA-90:10; Flow rate
0.3 mL/min., 254 nm, Retention time: 26.66 min. (Risomer) and 30.27 min. (Sisomer)]
3.4.3 Procedure for the synthesis of chiral amines
3.4.3.1 Procedure for the synthesis of (S,S)-bis-(1-phenyl-ethyl)-amine 50a

Modification of a three steps reported procedure® for the preparation of (S,S)-
bis-(1-phenyl-ethyl)-amine 50a is given bel ow.

Acetophenone 68 (11.60 mL, 100 mmol), (9-a-methylbenzylamine 34 (12.8
mL, 100 mmol) and p-toluenesulfonic acid (1.9 g, 10 mmol) were taken in dry toluene
(40 mL) and refluxed at 120 °C for 12 h under nitrogen atmosphere with continuous
removal of water by means of Dean-Stark trap. The contents were brought to 0 °C and
ag. sodium bicarbonate solution (30 mL), toluene (50 mL) were added and stirred for 5
min. The organic layer was separated and washed with cold brine (30 mL) and then
dried over anhydrous Na,SO,, filtered and evaporated. The resulting oily residue was
used as such without purification. The imines anti-69 and syn-69 were found to be in

7:1ratio.

0 INH> p-TSOH Ph Me
N N
+ > = Ph % Ph
Me)]\Ph Ph™ Me toluene, reflux, 12 h MZ/ 3<Me * Ph HkMe
68 (S)-34 -H,0

anti-69 syn-69

(1-Phenyl-ethyl)-(1-phenyl-ethylidene)-amine

Yield 22.6 g (95%)

Syn:anti 1:7

IR (neat)  (cm™) 3059, 1635, 1601, 1448, 1026
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H NMR (400 MHz, CDCl3, & ppm) Syn-69: 8.10-7.00 (m, 10H), 4.00 (g, J = 6.3
Hz, 1H), 2.49 (s, 3H), 1.29 (d, J = 6.2 Hz, 3H), anti-69; 8.10-7.00 (m,
10H), 4.73 (g, J = 6.3 Hz, 1H), 2.17 (s, 3H), 1.50 (d, J = 6.1 Hz, 3H),

To a 500 mL two necked round bottom flask equipped with a magnetic stirrer,
crude imine residue 69 (22.6 g, 95 mmol) and MeOH (200 mL) were taken and cooled
at -78 °C under N, atmosphere. To it NaBH4 (5.7 g, 150 mmol) was added in portions
from a solid addition flask and stirred at -78 °C for 12 h. The solvent was evaporated
under reduced pressure. Water (50 mL) and Et,O (50 mL) were added and stirred for 15
min. The organic layer was separated and the agueous layer was extracted again using
Et,0O (2 x 30 mL). The combined organic extract was washed with brine (20 mL), dried
over anhydrous Na,SO,, filtered and evaporated. A pale yellow oily residue containing

two diastereomers (S 5)-50a and (SR)-50a was obtained.

Ph Ph Ph Ph
. ve_ re o R
%N){Ph >¢ Ph NaBH, Me H Me = Me H Me
+ ph > dr=5:1
Me 4 Me H Me  MeoH,-78°C,12h  (S,S)-50a (S,R)-50a
anti-69 syn-69 1h [IN HCI
Ph Ph O
® - CI
Me/LN/\ Me
H>
(S,S)-70
i 0
Yield 20.5 g (96%) o ih
dr 1.5 Me H Me
50a

IR (nest)  (cm™) 3327, 3061, 1493, 1452, 1024
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The crude oily residue was treated with IN HCI (250 mL). The white residue
was filtered and washed once with ice cold Et,O (20 mL). The resulting solid

compound was recrystallized from water affording colourless crystalline solid (SS)-70.

Yidd 15.9 g (67%)
Ph  Ph 8
mp >300 °C e e
H o
IR (KBr) (cm™) 3030, 2949, 1597, 1375, 1072 (5.5)-70
[a]® -84.3 (c 3, EtOH)

H NMR (400 MHz, CDCl3, § ppm) 10.48 (s, 1H), 7.2-7.5 (m, 5H), 3.86 (g, J =
6.0 Hz, 1H), 1.91 (d, J = 6.8 Hz, 3H)

BCNMR (125 MHz, CDClg, § ppm) 136.3, 129.2, 129.1, 128.2, 57.1, 21.5

Then the crystals were partly dissolved in water (100 mL) and Et,O (100 mL)
and subsequently powdered NaOH (5 g) was slowly added at 0 °C until the solution
became basic. The reaction mixture was stirred at 25 °C for 30 min. The aqueous layer
was extracted with Et,O (50 mL) and the combined organic extract was washed with
brine (40 mL), dried over anhydrous Na,SO,, filtered and evaporated, affording a

colorless ail (SS)-50a in pure form.

(S,9)-Bis-(1-phenyl-ethyl)-amine

Ph Ph
. 0 .
Yield 13.05 g (95%) Me)\HAMe
IR(neat)  (cm) 3327, 3061, 1493, 1452, 1024 (S.5)-50a

[al? -157.0 (c 2.4, EtOH)
'HNMR (400 MHz, CDCls, § ppm) 7.21-7.35 (m, 10H), 3.50 (g, J = 6.4 Hz ,2H),

1.91 (s, 1H), 1.27 (d, J = 6.4 Hz, 6H) (Spectrum No. 15)
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BCNMR (100 MHz, CDCls, & ppm) 145.8, 128.3, 126.7, 126.6, 55.0, 25.0,
(Spectrum No. 16)

3.4.3.2 Procedure for the synthesis of (S)-N-(1-phenylethyl)-1-methylethylamine
50b

The amine (§)-50b was synthesized as described below following a reported
procedure.?® The (9)-a-methylbenzylamine 34 (3.86 mL, 30 mmol) was taken in acetone
(150 mL) and refluxed for 12 h. The solvent was evaporated under reduced pressure and
the oily residue was dissolved in methanol (150 mL). To it NaBH4 (2.2 g, 60 mmol)
was added in portions at 0 °C and the reaction mixture was stirred at 25 °C for 4 h. The
solvent was evaporated under reduced pressure. To it water (30 mL) and CH,Cl, (30
mL) were added and stirred for 5 min. The organic layer was separated and the agueous
layer was extracted again using CH,Cl, (2 x 20 mL). The combined organic extract was
washed with brine (20 mL), dried over anhydrous Na, SOy, filtered and evaporated. The

product (S)-50b was obtained as colourless ail in pure form.

o Ph Me
NH; 1.reflux, 12 h
+ M N~ M
Ph™ Me Me Me 5 NaBH, 0-25°C, 4h © N ¢
(S)-34 (S)-50b
(S)-N-(1-Phenylethyl)-1-methylethylamine
Ph Me
Yied 4.67 g (95%) NN
H
IR (neat) (cm') 3315, 2962, 1451, 1169, 761, 701 (S)-50b

'HNMR (400 MHz, CDCl3, § ppm) 7.35-7.22 (m, 5H), 3.90 (g, J = 6.2 Hz, 1H),
2.63 (sept, J = 6.2 Hz, 1H), 1.35 (d, J = 6.6 Hz, 3H), 1.03 (d, J = 8.1 Hz,

3H), 1.01 (d, J = 8.0 Hz, 3H)
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BCNMR (100 MHz, CDCl3, & ppm) 146.1, 128.4, 126.7, 126.4, 55.1, 45.5, 24.9,
24.1,22.2

3.4.4 Procedure for the synthesis of amine-boron complexes
3.4.4.1 Procedure for the synthesis of amine-boranes (S,S)-51a, (S)-51b and 51c

To a stirred solution of tetrabutylammonium borohydride 43 (5.14 g, 20
mmol) in dry toluene (20 mL), iodine (2.53 g, 10 mmol) dissolved in dry toluene (30
mL) was added dropwise at 25 °C over a period of 2 h. The generated diborane gas
was bubbled through a side tube using a bubbler into another reaction flask
containing amine 50 (5 mmol) in dry CH,ClI, (20 mL) at -10 °C until the complete
addition of iodine took place. The reaction mixture was further stirred at 0 °C for 1

h. The solvent was evaporated under reduced pressure to get pure amine-borane

complex 51.
®0O
BU4NBH4 + |2
3
woluene
Rl\N,RZ B,Hg R R
H  CH,Cl,-10°C,2h BH,
50 51
(S,9)-Bis-(1-phenyl-ethyl)-amine-borane
Colourless solid oh ’ Ph
Yield 1.2 g (99%) Me/'\,N,/\Me
BHj
mp 84-87 °C (S,S)-51a

IR (KBr) (cm™) 3204, 3063, 2405, 2341, 2289, 1494, 1454
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'HNMR

BC NMR

1B NMR

Experimental Section

(400 MHz, CDCl3, & ppm) 7.42 (m, 4H), 7.28 (m, 4H), 6.95 (m, 2H),
4.35 (g, J = 7.2 Hz, 1H), 3.98 (g, J = 6.8 Hz, 1H), 1.73 (d, J = 7.2 Hz,
3H), 1.63 (d, J=6.8 Hz, 3H)

(125 MHz, CDCl3, & ppm) 1415, 138.0, 129.0, 129.0, 128.9, 128.6,
128.3, 127.0, 61.8, 57.9, 19.4, 15.8

(128.3 MHz, CDCl3, & ppm) -19.59 (q, Jgn = 110.2 Hz)

(S)-N-(1-Phenylethyl)-1-methylethylamine-borane

Colourless solid

Yield
mp
IR (KBr)

'HNMR

BC NMR

1B NMR

Diisopropylamine-borane

Colourless oil

Yield

IR (neat)

Ph H Me
0.885 g (99%) Me/'\ ll\l)\Me
BH3
122-125°C (S)-51b

(cm™) 3208, 3053, 2399, 2341, 2289, 1494, 1454

(400 MHz, CDCl3, & ppm) 7.42-7.25 (m, 5H), 3.93 (sept, 1H), 3.46 (s,
1H), 2.96 (q, J = 6.4 Hz, 1H), 1.67 (d, J = 8.0 Hz, 3H), 1.20 (d, J = 4.1
Hz, 3H), 1.14 (d, J = 4.2 Hz, 3H) (Spectrum No. 17)

(100 MHz, CDCl3, & ppm) 141.4, 129.4, 128.4, 126.5, 62.4, 51.5, 21.5,
21.3, 15.1 (Spectrum No. 18)

(128.3 MHz, CDCl3, 6 ppm) -22.7 (g, Jsn = 117.1 Hz) (Spectrum No.

19)
eow e
Me N Me
BHj
0.575 g (99%) E1c

(cm™) 3209, 2976, 2361, 1471, 1388, 1124, 825
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'H NMR (400 MHz, CDCl3, & ppm) 3.23 (sept, 2H), 2.93 (br s, 1H), 1.31 (d, J =
3.0 Hz, 12H)

BCNMR (100 MHz, CDCl3, § ppm) 52.3, 21.3, 19.2
B NMR  (128.3 MHz, CDCls, 8 ppm) -21.6 (q, Jgn = 97.1 Hz)
3.4.4.2 Procedure for the synthesis of aminoboranes 54a-54c

To the stirred solution of amine-borane 51 (5 mmol) in dry CH>Cl, (25 mL),
powdered solid iodine (0.632 g, 2.5 mmol) was added slowly at -78 °C and stirred for 2
h. The 100% conversion to the corresponding amine-BH,l complex 52 was confirmed
by 'B NMR spectroscopy recorded at 128.3 MHz at 25 °C. The !B NMR signa vaues

corresponding to the amine-BH ;| complexes 52a-52c¢ are given below.

H I, (0.5 equiv.) . H NaH (2 equiv.) RL 2
o CH,Cl,, -78 °C, 2 h o CHxCl, BH
BH3 BH,l 78 10 25 °C 2
51 52 54 _
100% conversion up to 100% conversion
B NMR (52a) (128.3 MHz, CH,Cl,, 3 ppm) -17.5 Hz

B NMR (52b) (128.3 MHz, CH,Cl5, 8 ppm) -18.2 Hz (Spectrum No. 20)
B NMR (52c) (128.3 MHz, CH,Cl>, 5 ppm) -17.6 Hz

To the above reaction mixture, sodium hydride (0.240 g, 10 mmol) [washed with
hexane and dried under N, atmosphere] was added slowly at -78 °C. The reaction
mixture was warmed to 25 °C and stirred until complete conversion to the aminoborane
54 took place. The solvent was removed by continuous N, flow through the reaction
flask and the residue aminoborane 54a was used as such for hydroboration reaction as
mentioned in sections 3.4.5 and 3.4.6. The 'B NMR signal values corresponding to the

aminoboranes 54a-54c are given below.
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(S,9)-Bis-(1-phenyl-ethyl)-aminoborane 54a
Conversion  100%
UBNMR  (128.3 MHz, CH,Cl,, § ppm) +34.6 (Spectrum No. 22)
(S)-N-(1-Phenylethyl)-1-methylethylaminoborane 54b
Conversion  80%
UB-NMR  (128.3 MHz, CH,Cl>, § ppm) +34.9 (t, Jgy = 118.0 HZ)
(Spectrum No. 21)
Diisopropylaminoborane 54c
Conversion  68%
UBNMR  (128.3 MHz, CH,Cl,, & ppm) +34.2 (t, Jgn = 121.0 Hz); [lit.™° & 34.7 (¢,
Jen = 123.0 H2)]

3.4.5 Procedure for the hydroboration reaction of a-methylstyrene 20 using chiral
aminoborane 54a

To a 25 mL reaction flask with side septum containing aminoborane 54a (5
mmol), dry toluene (10 mL) was added. To this, a-methylstyrene 20 (0.6 mL, 5 mmol)
was added slowly at 25 °C. The reaction mixture was refluxed at 120 °C for 24 h. It was
guenched with THF (5 mL) and the oxidation was carried out by adding 3N NaOH (10
mL) and H,O; solution (30% solution, 10 mL) to it. The reaction mixture was stirred at
25 °C for 6 h. It was extracted with Et,O (3 x 20 mL) and the combined organic extract
was washed with water (1 x 20 mL), brine (10 mL) and then dried over anhydrous
Na,SOq, filtered and evaporated. The residue was purified by column chromatography
on silica gel (100-200 mesh) using hexanesEtOAc (95/5) as eluent, affording the

racemic product 21 in 43% yield (0.292 g).
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3.4.6 Procedure for the hydroboration reaction of a-methylstyrene 20 by using
chiral aminoborane 54a under BF;:OEt; activation

To a 25 mL reaction flask with side septum containing aminoborane 54a (5
mmol), dry toluene (10 mL) was added. To it, BF3:OEt; (0.6 mL, 2.5 mmol) was added
at 0 °C followed by the addition of a-methylstyrene 20 (0.6 mL, 5 mmol). The reaction
mixture was stirred at 25 °C for 24 h. It was quenched with MeOH (5 mL) and the
oxidation was carried out by adding 3N NaOH (10 mL) and H,0O, solution (10 mL,
30% solution) to the reaction mixture. The reaction mixture was stirred at 25 °C for 6 h.
The procedure outlined in the section 3.4.5 was followed to purify the racemic product
21.

Yield 0.149 g (22%)
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Chapter 4
Studies on enantiosel ective synthesis of

chiral allenes



4.1 Introduction

Since the first prediction by van't Hoff in 1875, and later by Burton and von
Pechmann in 1887, chiral alenes have transformed from a laboratory curiosity to a
versatile and unique reactive functional group.? For along time, allenes were considered
highly unstable, which retarded the development of the chemistry of alenes. However,
during the last 10-15 years, allenes have been shown to exhibit excellent reactivities as
well as selectivities. The C=C bond of alenes is around 10 kcal mol™ less stable than
that of simple alkenes, rendering them significantly more reactive.* Chiral alenes are
highly valuable synthetic precursors in organic chemistry due to the presence of
orthogonal n bond and ability to undergo a variety of transformations. Many natural
products and pharmaceuticals (around 150) with an allene or cumellene moiety have
been reported (Charts 1 and 2).

Chart 1: Allenic Natural Products

Linear Allenes

OH
CO,Me
_.f 02

.‘/:\:\; n'CgH>L7: :‘\_
y CO,H Vi VoY
// Mycomycin-l5 // Marasin-2° Insect pheromone-37

Naturally Occurring Bromoallenes

O H

10
8 .
Panacene-4 Laurallene—59 Isolaurallene-6
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Chart 1 continued...

Allenic Carotinoids and Terpenoids

H
N NN
o) 2 . H,
OH “OH ]
AcO s

Fucoxanthin-7** OH
OH =
Ny HO
N NN NN NNF =
T OH
H
HO +OH Mimulaxanthin-812 Grasshopper ketone-9'3

Chart 2: Pharmacologically Active Allenes

Allenic Steroids

J
HO
1014
Il
OH P(OE),
Q&tb @fiﬂf
" .
HO MeO

1216 13/



Chapter 4 Sudies on enantiosel ective synthesis of chiral allenes... 119

Chart 2 continued...

Allenic Prostaglandins and Carbacyclins

CO,Me
=

YN "opn : = Oph

HO OH HO OH

Enprostil-14*8 Fenprostalene-15

I //](\/\COZNa
CO,Me .
| |C/, .//\/\ 2 )K

=

MC5H11
HO OH : OH
OH
Prostalene-16 Carbacyclin-17*®

Therefore, there have been immense interests on the development of synthetic
methods for chira allenes. In continuation of our efforts on the synthetic applications of
readily accessible chiral amines, we have undertaken studies on the enantioselective
synthesis of chiral alenes. Accordingly, a brief review on various methods available for
the synthesis of chiral aleneswill facilitate the discussion.

4.1.1 Enantioselective synthesis of axially chiral allenes
4.1.1.1 Synthesis of chiral allenes from allylic compounds
Dehydration of allylic alcohols:

In 1935, Maitland and Mills described the first synthesis of an optically active
dissymmetric alene 19 and proved van't Hoff's prediction.'®® This enantioselective
synthesis was attained by dehydration of the racemic allylalcohol 18 in the presence of

catal ytic amount of (+)-camphor-10-sulfonic acid 20 (Scheme 1).*%®
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Scheme 1

D-(+)-20 o " b
NP~ OH (1.0 wt %) recrystalllzanon‘ .
Ph Pth benzene, heat - Ph/ oh
18 -H,0O (+)-19

Np = 1-naphthyl
Chirality transfer from allylic position by elimination reaction:
Chira allylic silyl trifluoromethanesulfonate 24 prepared by the reaction of 21
with benzaldehyde followed by the triflation of 22, upon fluoride ion-induced
elimination gave the 1-phenyl-1,2-butadiene 25 with 18% ee and 50% yield (Scheme

2).% The poor ee was ascribed to low anti-selectivity in the elimination step.

Scheme 2
. /), ’,
L\ PhCHO P .+ H
% —_— ; i*
Ph" > Np Ph/$l*\Np Ph™ T ~Np
CHs CHs CHs
21 Np = 1-naphthyl 22 23
., OTf CHy
THO AN TAsE R CHs
22 2Y _ Ph . —18
st DMSO o H
Ph/CI:H\Np 25
3 50% yield, 18% ee

24

On the other hand, a highly stereoselective fluoride ion induced
deoxystannylation of the optically active B-stannyl alylic acetate 26 gave the alene 27

in 42% yield and 94% ee (Scheme 3).%



Chapter 4 Sudies on enantiosel ective synthesis of chiral allenes... 121

Scheme 3
OAc
"BuyNF H H
Me)\/\nCGHls e /_,:<
SnBug Me "CeH13
26 27

42% yield, 94% ee
Chira dlylic sulfinyl acetate 31a prepared through a sequence of reactions
outlined in Scheme 4, upon reaction with excess of EtMgBr leads to a stereospecific
anti-elimination of a p-acetoxysulfoxide to give the corresponding alene 32a in 92%

yield and 68% ee. The reaction using 31b afforded the allene 32b in 93% yield and only

21% ee (Scheme 4).%
Scheme 4
/Ph HO Ph HO Ph
. / 1) LDA )\/ L/
S 2rcho | st R
) DA PN "'S
p-Tol O p-Tol e} p-ToI( ~0
28 29 30
AcO  Ph EtmgB
Ac,0 gbr
29 — o / (0equiv) H Ph
R ../," —_— /:.:<
'S R H
p-Tol? ~o 32

32a: 92% vyield, 68% ee

a: R = 2-Naphthy| 32b: 93% yield, 21% ee

b: R = CH,CH,Ph

Elimination reactions of allylic compounds having a chiral leaving group:
A new synthetic route to chiral allenes 37 has been reported using an asymmetric
oxidation of aryl vinyl selenide 35 to 36 using Sharpless or Davis oxidants (Scheme
5).2 The axial chirality in the resulting allenic sulfone is derived from optically active

selenoxide leaving groups.
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Scheme 5
Ti(O'Pr),, 0
o 2 (DDIPT, . *geRz
Ry RSeTs [ “SeTs ‘>_< base >_<; __TBHP >:<;
AIBN  p2g Ts Sharpless H Ts
33 oxidation 36
O2N i\» R?SeOH
2 _ = - - -
Rl - nC7H15 R = Ts pCH3 CGH4 SOZ /jl_ H
AIBN = 2,2-azo-bis-isobutyronitrile H/_ Ts
DIPT = diisopropy! tartarate 37
TBHP = tertiary-butylhydroperoxide 85% yield, 42% ee

Enantioselective elimination reaction of chiral intermediate selenoxides 41
prepared by the sequence of reactions shown in Scheme 6, in the presence of (R,S)-39 or

(SR)-39, gave the corresponding chiral allenecarboxylates (R)-42 or (S)-42, respectively

in up to 89% ee (Scheme 6).%*

Scheme 6
(R,S)- 39
or R
R/\ (S:R)-39 R/Y\COZEt MCPBA H)\/\C02Et
COEt  NaBH, Se~r. CH,Cl, _’b,Se\
38 EtOH 40 4A MS " Fe
R = Me or Et kac* SeOH
H H
/:c

R CO,Et

(R) or (S)-42
up to 59% yield
up to 89% ee
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4.1.1.2 Chirality transfer from propargylic compounds
Organocopper-mediated alkylation of propargyl alcohol derivatives:

An interesting copper mediated Sy2' substitution reaction of chiral propargyl
ether 43 (37-58% ee) gave the corresponding chiral alene (S-45 in 96% ee through
anti-p-elimination of the intermediate 44 (Scheme 7).

Scheme 7

CuBr, BuMgBr g, Cu

N\
N Bu 2 P(OEt); . — anti-B-elimination Bu _;H
H o  H 2ZBu g
OMe 2 MeQ)H : B

43 44 (S)-45
37-58% ee 95% yield, 96% ee

The reaction of chiral propargyl mesylates or sulfinates 46 with organocopper(l)
reagent at low temperatures in THF gave the chira 1,3-diakylallenes 47 with high
enantiomeric purity (Scheme 8).%°

Scheme 8

Rll,/ R?CuBrMgBrLiBr Rl R?
H > /:.:<
H H

X THF, -60 °C
46 (S)-47
R = Ph, 'Bu, octyl, Me 70-96% yield

X = 0S(0O)Me or OSO,Me
R? = Me, Et, Ph, "Bu, "Pr

The chiral alene 50 (>97% ee) was synthesized by the synthetic protocol
outlined in Scheme 9 involving the reaction of MeMgCl and copper bromide with the

camphorsul fonate 49.%
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Scheme 9
1. (-)-camphorsul-
fonylchloride, o
DMAP, Et3N, MeM
L SO eMgCl,
~__ PHocHcho’cih o 07SF20 gt Me H
MesSi———— > MezSi———"'H —_— N
Me 2. recrystallization Me THF  Me;Si Me
48 49 50
o wi
88% co >99% de 83% yleld

>97% ee
Reaction of phenylacetylene with isobutyraldehyde in the presence of Zn(OTf),

and 51 followed by MsCI treatment afforded the propargy! acohol derivative 52 in 88%

yield with 99% ee, which on reaction with the cyanocuprate 53 gave the desired allene

54 in 83% ee (Scheme 10).%®

Scheme 10
Ph.  Me N\
N7\ .
ph D ) ( OMs Boc CU(CENL NMeBoc

HO _. NMe, I

CHO 51 53 N

v/ + | | > \\ . .:\

Zn(OTf), Bh Ph
2) MsCl, EtgN 52 54
88% yield, 99% ee 82% yield, 83% ee

Rearrangement of propargyl alcohol derivatives:

An interesting synthesis of allenes from alkynyl hydrazines was reported
(Scheme 11).%° In this method, the hydrazine derivative 56 underwent a smooth
oxidative rearrangement with diethyl azodicarboxylate (DEAD) or 4-methyl-1,2,4-
triazoline-3,5-dione (MTAD), presumably via a propargyldiazene intermediate 57 to

form the allene 58 in 75% ee.
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Scheme 11
DEAD _N.
H, OH pmscr NI grn | TN H Ph. H
e onmmno . M T | we e
~  Me 2)NHNH, 5 Z 2 H Me
Ph Ph
55 56 57 58
76% ee 81% vyield
75% ee

A highly efficient method has been subsequently reported for the stereospecific

synthesis of chiral allenes61 in a single pot operation from chiral propargyl acohols 59
(Scheme 12).%°

Scheme 12
SO,Ar
y  LOH A L
/ , NBSH HaN=N{ H 23°C R ﬁ\H
= R L /\RZ —_— /'—o
e PheP, DEAD 1.7 THF, 8h ] R2
59 -15 °C 60 61
. - 0, I
R! = Ph, Pr, TMS, Me,N-CH,  Ar = 0-NO»-CgHy 70-91% yield
R? = Me, 'Pr, H, -CH,-CH,-Ph o
@ »a
NBSH = S—NHNH, DEAD = N=N —
1 \
0 0—
N02 O

Palladium(0)-catalyzed reactions of propargyl alcohol derivatives:

Methods reported for the synthesis of chira allenes by palladium(0)-catalyzed

reaction of propargyl alcohol derivatives are summarized in Chart 3.
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Chart 3
n
CsHi1  LiEtsBH H L
C5Hlln : -IIIH ’ >:o:{ + C5Hlln :—\ N Ref 31
oms Pd(PPhs)s CgHy," "CsH1; CsHig
62 63 64
52% vyield, 49% ee 16% yield
1) CICO,Me
OH i H OH 271Ss n
— < lipase 2 Py, DMAP Bu H
BU'—= - > Bu"—= ( Y - >:-:’; Ref. 32
Me Vinyl acetate Me 2) Pd(PPhs),, BH e
(£)-65 PhZnBr 67
(S)-66
99% ee 84% vyield, 83% ee
MsQ ] 5 mol% Pd(PPhs), H Ph
> — CgHis > B Ref. 33
= PhznCl, THF K —\"Ceng
68 R = CF3or C,Fs 69
94-96% ee 70-77% yield, 96% ee
BnO,CO 10 mol% Pd(PPhg), Ph H
phig—= + AB(OH), : - = Ref. 34
H 5 equiv. K3POy, H Ar
70 dioxane/H,0 (2:1) 71

100 °C, 3-20 min. up to 99% yield
up to 94% ee

Sn2' Reduction of propargyl alcohol derivatives:
Propargyl alcohol derivatives 73 prepared from chiral camphor 72, upon AlH3
reduction gave the corresponding allenes 75 and 77 via intermediates 74 and 76,

respectively (Scheme 13).%°
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Scheme 13
R # CH,CH,OH oAl
AlH3 R anti
— L . .
THF, 90 °C /ﬂ\ major B\‘R
HAH H
74 75
R——1Li 95% de
—_— —
OH
o)
72 73 \\
R AH Al syn
AMs, L7 —(Opa, 0,
THF, 90 ° (‘\ YAl minor .
\ \\—H
R = CH,CH,OH o} S
76 77 \\OH

66% de
Recently, a stereospecific synthesis of chiral alenes 81 has been reported by
reduction of propargyl alcohol derivatives 79 with Schwartz reagent [Cp2Zr(H)CI]

followed by elimination of the resulting vinyl metal species 80 (Scheme 14).%°

Scheme 14
EtMgCl or o\
H syn-

OH EtpZn + ZnCl, OM CpoZr(H)Cl [Zr] elin):inationH?_ H
R NV toluene >Rl X Cis-addition >cR>1< } R! .:<R2

78 N R2 24 h, 1t 29 N R2 R> >y  -Cp2r=0 81

. 80 60-90% yield
99% ee M = MgCl or ZnCl 93-98% ee

R! = Ph, CH3, N-BOC-Indole
R2 = Ph, -(CH2)2-Ph, nC4H9, nC10H21

Ring-opening reactions of propargyl compounds:
Stereosel ective synthesis of chiral a-aminoalkylallenes 83 and 85 by RCu(CN)M
-mediated anti-Sy2' substitution of chiral 2-ethynylaziridines 82 and 84 have been

reported (Scheme 15).%
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Scheme 15
R! VA H R
N 3 —
\)W\ R°CU(CNM 1 S,
NP e 7
| y <
R2 HN\Rz
82 83
92-99% yield
>99:1 dr
R! 4 H 4
\__/ R3Cu(CN)M - i
A\ 7 _—
H H .
'}‘2 THF, -78 °C HN—R?
R 85
84 90-99% yield
M = Li or MgBr >99:1 dr

R! = alkyl, R? = arylsulfony!
R® = alkyl or tri-"butylstannyl

A series of optically active alkynyl-substituted p-lactones 87 (90-93% ee) were
prepared by asymmetric acyl halide-aldehyde cyclocondensation reactions (AAC
reactions) catalyzed by Al(I11) catalyst 86, which on subsequent copper-catalyzed ring

opening gave the B-allenic acids 88 with 83-93% ee (Scheme 16).%

)\AEHK

N—AI—N
1 { ' \
Br)J\/R FiCOS  Me  SOLCFs

Scheme 16

o R°MgBr H R

86
0 > =\
Eth/\ Rl catCu(l) .. R?
H % , Et3N.HBr \\ , COzH
R 87 R 88
Rl =H, CHs, Ph 90-93% ee 83-93% ee

R’ = CH,0Bn, SiMe;
R® ='Pr, Ph, Me, 'Bu, CH,CN
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Chirality transfer from propargylamines by elimination reaction:

An interesting one pot method has been reported for the synthesis of axialy
chiral alenes 92 via KAUCI, or silver(l) salts mediated stereospecific transformation of
propargylamines 89 with excellent enantioselectivities (Scheme 17).%

Scheme 17

OH KAuUCI, or AgNO3 H\\'Q\/OH H“'@\

H/Q\/ 10-50 mol% N
N ( ) _ oy — = H Ly OH
"/

a ° R =0 R
R™ ™, CHsCN,40°C12h g7 e o
R rZ WM
89 90 01
+
99% ee M = Au, Ag l\M
R = Ph, 'Bu, "Bu, -(CH,),-Ph R, : O\/OH
R? = Ph, "Hex, 4-CF3CgHj, 4-MeCgHy =,
H R
92 93

up to 93% vyield
up to 99% ee

4.1.1.3 Synthesis of chiral allenes using chiral reagents
Enantioselective deprotonation-protonation of alkynes:

The [2,3]-Wittig rearrangement of chira o-(propargyloxy)acetic acid 94 (90-
92% ee) with chira (R,R)- and (S,9-lithium amide gave the allene 95 in 99:1 and 81:19
dr respectively, indicating the dependence of the selectivity on the configuration of the

lithium amide (Scheme 18).%°
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Scheme 18
HOLC CO,CHg
2 _\O 1. lithium amide HOm _;CHs
CrHis—=— \'/CHg 2- CHaN, CoHye _\H
H
94 Lithium amides 95

/L : yield (S,R):(R,R)

: 0 99:1

Ph II\I/\Ph 79%
i

L
(iPr),NLi 80% 93:7
: J\ 81% 81:19
Ph™ >N"Ph ’
Li

A cataytic asymmetric synthesis of alene 98 by isomerization of the alkyne 96
using achiral phase transfer catalyst 97 has been reported (Scheme 19).**

Scheme 19

MeO

97 F
97 (10 mol%),

/@/\ KOH (1 equiv.) H ._bph
o N\
Br Ph  toluene, rt, 48 h H

96 98

Br
71% vyield, 35% ee

Recently, it has been reported that the chiral bicyclic guanidine 100 catalyzes the

isomerization of 3-alkynoates 99 to chira allenoates 101 with up to 95% ee (Scheme

20).%
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Scheme 20
N
But—(\ />-'ItBu
N/I*N
H100
2 mol% H \\H
/\COOtBu ( ) - ==
Ar hexane, - 20 °C, 30 h Ar COO'Bu
99 101
Ar = Ph, 3-MeCgH,, 2-BrCgHy, up to 80% yield
2-MeOCgHy4, 4-FCgH,4 up to 95% ee

Enantioselective Horner-Wadsworth-Emmons (HWE) and related reactions:

A variety of optically active 4,4-disubstituted allene carboxylates 105 were
synthesized by HWE reaction of disubstituted ketene 103 with homochira HWE
reagents 104 (Scheme 21).* The ketene 103 was prepared in situ from a,o-disubstituted

pheny! or 2,6-di-tert-butyl-4-methylphenyl acetate 102.*

Scheme 21
CCr
o. _.°©
oY
OO CHchZCH3
R (R =H, CHs, Me;sSi)
(S)-104
= Rl Rl H
LDA, ZnCl, (S)-104, LDA g
»—CO,Ar Y—=c=0 - —
R? THF, -78 °C R2 THF, -78 °C -1t \COZCHg
102 103 105
1_ [ ) 21-81% yield
R2 = Ph, Pr, 2-naphthyl, Ph,CH 61-89% oo
R“ = Me, Ph, Et

4.1.1.4 Direct enantioselective synthesis of allenes using an external chiral catalyst
Several methods have been reported for the synthesis of chiral alenes using an

external chiral catalyst (Chart 4).
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Chart 4

v, PP

(R,R)-DIOP-106

QL Q)

MeO PPh, 0

MeO PPh, <o
CHERs®

(R)-MeOBIPHEP-110 (R)-segphos-111

BuL' Bu} H PdCI,lOG Bu!
e I %#

But>: :<
H
113
(M = ZnCl, MgCl or Cu)

(S,S)-PPM-107

114

[Rh(COD)CI], + 107

PPh,
PPh,

BUl— — 5 (2 mol%)
W Me,PhSiH
116
[PACI(7C3Hs)],
+108+HSICls .
* — ?\_
ClSi—Pd—H | ClySi—Pd—H
L+ L
— 119 120
R — \ -
\ o or
118 L
N
ClySi—PdZH
L

121

Introduction

PhaF MeO] PPh,
>< j/\Pth b\/PPhZ .' PPh2
. | -

(S,R)—blsPPFOMe-108 (R)-BINAP-109

(S,S)-Trost's Ligand-112

25% ee
Bu' \\tBu
Me,PhSi SiPhMe,
117

up to 27% ee

RUAN R H
— m — /1_.:<
A Me M
Cl3Si- L# 32 ,n ME
122

up to 90% ee

Ref. 45

Ref. 46

Ref. 47
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Pd(dba),/(R)-BINAP-109

(10 mol%) R H
R/\A + NuH > /’_.:<_ Ref. 48
Br base H Nu
124 (R)-125
R = Ar or Alkyl up to 89% ee
Nu = CMe(CO,Me),
sz(dba)3. CHC|3 h
R;E H 110 (4 mol%) bin N Nu Ref. 49
: > 1 i — i~
H x  BSA, THF, it RN AN it H
(+)-126 HOH (R)-128
X = OP(O)(OEt), 127 79-90% ee
NuH = CHR(CO,R?),
o) [RhCI(C,H,),] (cat.), OSiMe;
L .
ArTi(OPNyLi (R)-segphos-111 (cat.) Ref. 50
+
Me;SiCl THF, 20 °C, 0.5 h o Ar
% Y
129 R 130 R
R = "Bu, 4-MeOCgH,, cyclohexyl up to 93% ee
Ar = Ph, 4-MeOC6H4, 4-FC6H4
H H Pd(0)/(S,S)-112 R H
0, N "
>::<] + R'CH(CO,R"), 5 ”g'(/" | ), == CO,R" Ref.51
R —OAC Hex4N.Cl (5 mol% H R
131 LIHMDS, THF 132 CO,R

R = C4H,, Cy, 'Bu, CMe,OCH,Ph

up to 97% ee

R = Me, H, CH,CH=CHCH=CHMe
R = Et, Me

4.1.1.5 Synthesis of enantiomerically enriched allenes by kinetic resolution of

racemic allenes

A simple one-step method for the partial resolution of racemic allenes based on

the asymmetric hydroboration reaction has been reported (Scheme 22).5>*
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Scheme 22
CHs excess
| H;C CH
NaBH,4 BH  (+)-135 3 S 3
> 2 — A\
BFS:OEtz, H H
2
diglyme, 0 °C N
(-)-a-pinene-133 (+)-134 4(2)5%)/35&e
- 0

Kinetic resolution of racemic allenes 136 by enantiomer-differentiating catalytic
asymmetric epoxidation using a chiral salen-Mn(l111) complex 137 has been reported
(Scheme 23).>°

Scheme 23

H H
R 137 (2 mol%), PhlO R
—

H CH,Cl,, -40 °C

R 136 R

60-98% ee
conversion: 57-83%

Ty

(+)-136
R = H, CH3, CF3, CI, OCH3

A method for the kinetic resolution of racemic alene 140 using a chira

zirconocene—imido complex 138 has been reported (Scheme 24).>°
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Scheme 24
R>1: :éH
2
NAT Ho-140R ﬁl‘r Rt 4 H &
ZI'/\& » Zr/ ; _.\ + >:._\
THF < R2 R! H
H
78-98% ee
o 139 (R)-140

R R?= C3Hs, Ph, Me, Et, cyclohexyl

The diastereomeric mixture of 141 has been converted to the corresponding
chiral alene dicarboxylate (R)-141 with > 98% de by an epimerization-crystallization

method through the intermediate 142 with the assistance of a catalytic amount of EtzN

(Scheme 25).>"
Scheme 25
RO,C ﬁ\\H 1 mol% EtsN RO,C \\COZR
.—\ 'ﬁ
H COZR pentane, -20 °C, 2 days H
141

(S)(R) = 5:4 = ()L menthyl (R)- aIIene derivative
' ' / crystallizes
ﬂ EtsN  90% yield, >98% de
\ RO,C J
—i
H ®NEtzH
142

Reaction of racemic diakylallene-1,3-dicarboxylate 143 with a chird
organoeuropium reagent (+)-Eu(hfc)s, gave the corresponding opticaly active alene

143 in up to >95% ee (Scheme 26).® However, the chiral allene 143 could not be

isolated from the reaction mixture because of the difficulty in removing the europium

reagent.
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Scheme 26
(+)-Eu(hfc)
ROC H (1 equiv.)3 RO 4
. Y .—\
H CO,R CDC|3, 9 days, H COZR
(+)-143 20°C (5)-143
R = 'Pr Me up to >95% ee

A method for kinetic resolution of racemic 2,3-alenoates 144 via 1,3-dipolar

cycloaddition by using a bisphosphoric acid catalyst 146, has been reported (Scheme

27).°
Scheme 27
S90S Nege
Ly 30
P—OH _R
1/ o~ OH 5 Rl
146 R H
R! H R’ 7
RO,C CO,Et 146 (7.5 mol%) N RO,C COOEt
V== + R-CHO . N)\CO £t == * r N
R2 H 2 2 3AMS, 25°C, R! CO,R H COOEt
144 145 toluene, 3 days 144 147
1_ o 35-48% yield 39-57% vyield
R’ = EtL PhCHy, -CI(CH), R = (9-anthracenyl)methyl 85-99% ee 64-94% ee

R?=Bn, Me, Allyl, H, CH,CO,Bn R’ = 4-BrCgH,
4-Br-C6H4-CH2

4.1.2. Previous work on the synthesis of racemic allenes

Previously, a convenient method for the synthesis of racemic chloroallenes 149

from propargylic alcohol 148 and TiCl 4/EtsN reagent system has been reported in up to

58% yield (Scheme 28).%°
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Scheme 28

OH TiCl/EtsN RL H
4 3
Rl%< > /\=.
RZ CH,Cly, 0-25°C,6h :<R2
148 149

37-58% yield
Rl = C5H11, Ph

R? = Ph, J\“}J_/<O

Ph Ph

As described in thisintroductory section, the methods available for the synthesis
of chiral alenes, involve a multistep synthetic protocol. Surprisingly a single pot
method for the synthesis of chiral alenes is not available. Accordingly, we have
undertaken efforts toward the enantioselective synthesis of chiral alenesin asingle pot
operation from readily available starting materials. The results are discussed in the next

section.



4.2 Results and Discussion

Recently, it has been reported that Znl, promote the formation of racemic
allenes 153 from readily available termina alkynes 150, arylaldehydes 151, and

morpholine 152 (Scheme 29).%*

Scheme 29
0 Znl, (0.8 equiv.) R H
=——R + Ar—CHO + [ ] > )::<
150 151 I}l toluene, 130°C H Ar
(1.8 equiv.) H 153
152
R = CyoH23, CgH17 .
1.4 equiv.

It was of interest to us to explore the use of chiral morpholines or similar type of
compounds containing a cyclic secondary amine moiety for this transformation so as to
develop a enantioselective method for the synthesis of chiral allenes. Previoudly,
methods have been developed in this laboratory for the synthesis and applications of
2,3-diarylpiperazines 155.%% Accordingly, we decided to examine the use of these
derivatives in the enantioselective synthesis of chiral allenes in the presence of Lewis
acids like ZnX .

4.2.1 Synthesis of (R,R)-2,3-diarylpiperazines

Previoudly, it was reported from this laboratory that intramolecular reductive
coupling of the diimines 154 promoted by the TiCl,(O'Pr),/Zn reagent system gave the
(+)-2,3-diphenylpiperazines 155 with >99% dl:meso ratio (Scheme 30).2* The (%) 2,3-
diphenylpiperazine 155a obtained in this way was easily resolved using (15)-(+)-10-
camphorsulfonic acid 20 (Scheme 30). The enantiomerically pure (RR)-2,3-

diphenylpiperazine 155a was obtained with 99% ee and 25% yield in asingle step.®®
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Scheme 30

Precipitate | ag. Na,CO3
— > (R,R)-(+)-155a

Zn(0) CHxCl;  25% yield, 99% ee

N Ar
[ X7 T|CI2(OPr)2 [ j’ Resolutlon
N CH,Cl, “ups (+)-CSA20 | Precipitate I

NA —> (S,S)-(-)-155a
154 ( i)_155 62% yield, 73% ee
a: Ar =Ph, 73-83% yield _ B ,lag. Na,CO,
b: Ar = 2-MeO-CgH,, Filtrate | CH,Cl,
c: Ar = 4-MeO-CgHy,
d: Ar = 4-CI-CgHy, _———> (RR)-(+)-155a
e: Ar = 4-Me-CgH, Filtrate Il 10% yield, 80% ee

B: the volume of the solvent was reduced to half and then stirred at 25 °C for 12 h
4.2.2 Reaction of (R,R)-2,3-diphenylpiperazine 155a with 1-decyne 150a,
benzaldehyde 151a and Znl,

We have examined the enantioselective synthesis of chiral alene 153aa by the
reaction of 1-decyne 150a, benzaldehyde 151a with (R,R)-2,3-diphenylpiperazine 155a
using different amounts of Znl, by varying the reaction time (Scheme 31). The results

are summarized in Table 1.

Scheme 31
Ph
\Ph
N Zn|2 \\Ph
==—CgHy; + PhCHO + [ l :< + CeH7 l
150a 151a Ph tOluene 120 CH CSH17
1 equiv. 1 equiv. H
( eq ) ( eq )(R R)-155 (R)-153aa (R,R) 156
(0.5 equiv.)

When the reaction was carried out for 4 h, using Znl, (0.8 equiv.) the
corresponding (R)-allene 153aa was obtained in 43% yield and 59% ee (Table 1, entry
1). Using 0.6 equivaent of Znl,, the enantioselectivity of allene 153aa increased to 65%

in4 h (Table 1, entry 2). With increase in reaction time to 8 h, the corresponding allene
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153aa was obtained with 76% ee and 55% yield (Table 1, entry 3). Surprisingly, with
further increase in reaction time to 20 h, the enantiosel ectivity decreases to 65% with 58%
yield.

Table 1. Synthesis of allene 153aa from benzaldehyde 151a, 1-decyne 150a and
(R,R)-2,3-diphenylpiperazine 155a in the presence of Znl,?

Znl, Time Yied’of (%)ec®of Yield® of

Entry
(equiv.) (h) 153aa (%)  153aa 156 (%)
1 0.8 4 43 59 32
2 0.6 4 40 65 39
3 0.6 8 55 76 35
4 0.6 20 58 65 42

#The reactions were carried out in 1 mmol scalein 5 mL of dry toluene.
®| solated yield by column chromatography.
“Determined by HPL C using Chiralcel-OD-H column.

In al these experiments, we have observed the formation of an intramolecular
bicyclic byproduct 156 in up to 42% yield (Scheme 31). In a separate run, we have
isolated the initially formed dipropargylamine intermediate 158a and shown that upon
reaction with Znl,, the chira allene 153aa was obtained in 55% ee besides the bicyclic
product 156 in 39% vyield. The results are discussed later (Scheme 41). Presumably,
with increase in time, the dipropargylamine 158a would be formed in more amounts
leading to lower enantioselectivity of the allene 153aa in 20 h reaction time (Table 1,
entry 4).

Based on the previous understanding of a zinc(ll) catalyzed ring closure
reaction,®® a mechanism for the formation of the bicyclic byproduct 156 can be

proposed, via generation of the dipropargylamine intermediate 158a in situ from (R,R)-

2,3-diphenylpiperazine 155a, 1-decyne 150a and benzaldehyde 151a (Scheme 32). The
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Znl, would complex with one of the €C bonds in the intermediate 158a to give the
(R)-adlene 153aa and the cyclic imine 159, following the similar mechanistic pathway as
outlined in the Scheme 44 (see latter). The C=C bond of propargylamine 159 would
then form complex 160 with Znl,, which on deprotonation induced cyclization would
give the cyclized product 161. Protodemetallation of 161 would form the dihydropyrrole
derivative 162, which upon air oxidation during work up would result the aromatized
product 156.

Scheme 32. Plausible mechanism for the formation of bicyclic product 156

CeHi7 CgHiy CeHyre 22
g7 N
\‘\\Ph \“\Ph \ ~Ph
N.__.wPh zZnl, N PRz, HY N WPh
L - (L, —
N YPh SN Ph N
Ph// H 156 N Ph
PR = 160
M7 158a (R)-153aa lAmlne.HI
Znl
Ph H CgHi7 SPh
= CgH17 WPh i H
oSN WPh  [Oxidation] H Amine.HlI y Ph
VD e——————— < (
- l work up H N PR _ N ]\
N~ Ph o Amine N Ph
N~ “Ph +Znl; 161
156 162

The bicyclic product 156 could be readily transformed to the corresponding

(R,R)-2,3-diphenylpiperazine derivative 157 in 95% yield (Scheme 33).
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Scheme 33

\Ph \Ph

CaHyr Xy -NwPh NaBH, (1 mmol)  CgHyy— N oPh
N MeOH (2 mL)

N “Ph 0 to 25 °C,10 min. 'Tl Ph
(R,R)-156 H
(R,R)-157
95% yield

It was thought that protection of one of the secondary amine moieties in the
(RR)-2,3-diphenylpiperazine 155a would prevent the formation of the
dipropargylamine intermediate 158a as well as the bicyclic byproduct 156. Accordingly,
we have synthesized the chiral (R,R)-1-benzyl-2,3-diphenylpiperazine 163 for use in
this transformation.

4.2.3 Reaction of (R,R)-1-benzyl-2,3-diphenylpiperazine 163 with 1-alkynes 150,
arylaldehydes 151 and Znl,

Initially, we have examined the reaction of (R,R)-1-benzyl-2,3-diphenyl
piperazine 163, 1-decyne 150a and benzaldehyde 151a with Znl, (0.6 equiv.) a 120 °C
for 8 h. In this run, the corresponding (R)-allene 153aa was obtained in 71% yield and
94% ee (Table 2, entry 1). When the reaction was carried out for 4 h, the chiral alene
153aa was obtained in 65% yield and 95% ee (Table 2, entry 3). Unfortunately, the
isolation of the expected imine byproduct 164 was found to be somewhat difficult.
However, when the crude product mixture containing the imine 164 was reduced with
the NaBH4/MeOH reagent, the starting chiral amine (R,R)-163 was recovered in 67%
yield for reuse without any loss of optica activity, which was confirmed by HPLC

anaysis (Scheme 34).



Chapter 4 Sudies on enantiosel ective synthesis of chiral allenes ... 143

Scheme 34
Ph B ph n
\\Ph 2nl (0.6 equiv) Ph, H wPh
= CgHy7; + Ph—CHO +[ : ,— + [ l
1503 151a toluene 120°C CeHio
(1 equiv.) (1 equiv.) H (R) 153aa
(RR)-163 (RR)-164
(1 equiv.) NaBH, MeOH
0°C, 30 min.
(R,R)-163

67% vyield, 99% ee

Under the same experimental conditions, a variety of axialy chira (R)-allenes
153 were synthesized from 1-heptyne 150b and substituted benzaldehydes (151a-k) in
up to 77% yields and >99% ee. The results are summarized in Table 2.

With benzaldehyde 151a, the allene 153ba was obtained in 65% yield and 94%
ee (entry 4). With the electron donating p-methyl substituted benzaldehyde 151b, the
corresponding allene 153bb was obtained in 61% yield and 90% ee (entry 5).

In case of p-chloro and p-bromo substituted benzaldehydes 151¢ and 151d, the
corresponding (R)-allenes 153bc and 153bd were obtained in 71% and 77% yields with
>99% ee, respectively (entries 6 and 7). The chiral alene 153be was obtained in 57%
yield and 92% ee by using m-bromo substituted benzaldehyde 151e (entry 8). In case of
o-bromo substituted benzaldehyde 151f, the chiral allene 153bf was obtained in 66%

yield and 90% ee (entry 9).
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Table 2. ZnX; promoted reactions of various 1-alkynes 150 with aldehydes 151 in

the presence of (R,R)-1-benzyl-2,3-diphenyl-piperazine 163%

engy  Alkyne150  Aldehyde151 o Time Allené®  Yidd® %
y R Ar 2 ) 153 (%) ef(R

1 CgH17 (a) Ph (a) Znl, 8 153aa 71 94

2 CsHu1 (b) Ph (a) Znl, 8 153ba 65 o1

3 CgH17 (a) Ph (a) Znl, 4 153aa 65 95

4 CsHy; (b) Ph (a) Znl, 4  153ba 65 94

5 CsHu ()  pMePh() znl, 4  153hb 61 90

6  CsHu(b) pCl-Ph(c) znl, 4  153bc 77 >09

7  CsHu(®)  pBrPhd) zZnl, 4 153bd 71 >09

8 CsHu (b) mBr-Ph(e) zZnl, 4  153be 57 92
9 CsHu (b) o-Br-Ph (f) Znl, 4  153bf 66 90
10 CsHi1 (b) p-MeO-Ph(g)  znl, 4 153bg 58 76
11  CsHu(b) mMeO-Ph(h) zn, 4  153bh 55 90
12 CsHay (b) 0-MeO-Ph (i) Znl, 4 153bi 56 84
13 CsHu(b)  1-Naphthyl G) znl, 4  153bj 45 90
14 CsHn(b) 2-Naphthyl (K) znl, 4  153bk 51 91
15 Ph (c) Ph (a) Znl, 12 153ca 48 94
16 CsHyr(a) Ph (a) anBr 8 153 54 94
17 CgHy7 (a) Ph (a) ZnCl, 8  153aa 47 94

2All the reactions were carried out in 0.5 mmol scale. "Allenes 153 were identified using physical constant
and spectroscopic data (IR, *H, > C-NMR and mass spectral data) °Yields are of isolated product obtained
from column chromatography. “The % ee was confirmed by HPLC analysis on chiralcel OD-H or OJ-H
column.
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Using para and ortho-methoxy substituted benzaldehydes 151g and 151i, the
corresponding alenes 153bg and 153bi were obtained in 76% ee and 84% ee,
respectively (entries 10 and 12). The enantioselectivities are somewhat poor in these
cases. Presumably, due to the (+M)-resonance effect of the ortho and para methoxy
groups, the addition of the alkynyl zinc compound 168 with the iminium ion is expected
to be slower, leading to relatively poor enantiosel ectivity.

Using 1-naphthaldehyde 151j, the alene 153bj was obtained in 45% yield and
90% ee (entry 13). Similarly, in case of 2-naphthaldehyde 151k, the alenes 153bk was
obtained in 51% yield with 91% ee (entry 14).

When the reaction was carried out using phenylacetylene 150c and
benzaldehyde 151a, a longer reaction time of 12 h was required for the formation of
alene 153ca in 48% yield and 94% ee (entry 15).

When ZnBr, and ZnCl, were used in the place of Znl,, the (R)-allene 153aa
was obtained in 94% ee with 54% and 47% yields, respectively (entries 16 and 17).
Presumably, the lower in yield of (R)-alene 153aa might be due to the slow reaction
with less polarizable Zn-Cl and Zn-Br bonds compared to that of more polarizable and
reactive Zn-1 bond of Znl .

All the optically active alenes 153 obtained by using chira (RR)-2,3-
diphenylpiperazine derivatives 155a and 163 are levorotatory and thus, the absolute
configurations of the major enantiomer of the allenes 153 could be readily assigned as R
by considering Lowe-Brewster rule® and also by comparison with reported sign of the

optical rotation values.®” As expected, use of the opposite enantiomer (S,9-1-benzyl-
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2,3-diphenylpiperazine 163 (57% ee€) in this transformation resulted in the formation of

(9-alene 153ba in 52% ee and 64% yield (Scheme 35).

Scheme 35
Ph
[ ]/ Znl, (0.6 equw) Ph
——C + + :<
sH11 PhCHO toluene
150b 151a CsHiy
120 °C,4h
(1 equiv.) (1 equiv.) (S) 153ba
(S'S) -165 64% yield, 52% ee
57% ee
(1 equiv.)

4.2.4 Synthesis of chiral propargylamine derivatives
4.2.4.1 Chiral propargylamines from (R,R)-2,3-diphenylpiperazine 155a

Since ZnCl; is less reactive compared to Znl, for the formation of allene 153,
we have used ZnCl; instead of Znl, in the reaction for the isolation of propargylamine
intermediates. The dipropargylamine 158a was isolated in 15% yield with 99:1 dr along
with (R)-allene-153aa in 10% yield and 55% ee by using ZnCl, and carrying out the

reaction for 30 min. at 120 °C in toluene (Scheme 36).

Scheme 36
C8H17\
N wPh
— Catty + PRCHO [ l T g Iph
+ + ——e +
g1z toluene H CoH
150a 151a H 120 °C, 30 min. (R)-153aa o

(1equiv.) (1equiv.) % yi M

(R,R)-155a tobyeld — Z e

. 55% ee gH17 a
(0.5 equiv.) 15% yield

99:1 dr

Previously, the formation of propargylamines in CuBr catalyzed reaction of 1-

akynes, aldehydes and secondary amines has been reported.®® We have observed that
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when the reaction of 1-decyne 150a, benzadehyde 15l1a and (RR)-2,3-
diphenylpiperazine 155a was carried out in the presence of CuBr (5 mol%) in CH,Cl,
at 25 °C for 24 h, the corresponding monopropargylamine 165a and dipropargylamine
158a were obtained in 30% and 24% yields, respectively with 99:1 dr (Scheme 37).
When the reaction was carried out using phenylacetylene 150c instead of 1-decyne 150a,
the corresponding propargylamines 165¢ and 158c were obtained in 10% and 15%

yields, respectively (Scheme 37).

Scheme 37
R R
N\ N\
\‘\\Ph \ ‘\\Ph
wPh CUBr (5 mol%) “Ph oPh
=R + PhCHO + & [ l
CH,Cl,
150 151a 25°C, 24 h
(2 equiv.) (2 equiv.) (R R) 155a 4A MS. /\
(1 equiv.)
99:1 dr 99:1 dr
Tooe R e yield yield
150c : R = Ph
165a: R = C8H17 30% 24%
165c: R =Ph 10% 15%

We have also carried out the reaction using Cul (10 mol%)/PEG-400 reagent
system with 1-decyne 150a, benzaldehyde 151a and (R,R)-2,3-diphenylpiperazine 155a
following a reported method for the synthesis of propargylamines.®® In this case, the
monopropargylamine 165a and dipropargylamine 158a derivatives were obtained in 26%

and 51% yields, respectively with 99:1 dr (Scheme 38).
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Scheme 38
CgHyy Caftrr
‘\\Ph \ ‘\\Ph
Ph
WP _Cul (10 mol%) wPh A
==—CgH;; + PhCHO +
150a 151a Ph PEG-400 (4 mL)

(3equiv.)  (3equiv.) H 100°C,12h " Pnh

(R,R)-155a 165a CgH17 /15861

(1 equiv.)

99:1 dr 99:1 dr

26% yield 51% yield

Crystals suitable for the single crysta X-ray analysis were obtained by
crystalization of 158c from CH3;CN solvent. The absolute configuration at the newly
formed chiral centres of the dipropargylamine 158¢ was found to be (S) by single crystal
X-ray analysis. The ORTEP diagram of the dipropargylamine derivative 158¢ is shown

in Figure 1.

Y¥v1D

Figure 1. ORTEP diagram of the dipropargylamine amine 158c. Thermal ellipsoids are
drawn at 30% probability. Another molecule 158c¢ and hydrogen atoms on the benzene

rings have been omitted for clarity.
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Table 3. Crystal data and structure refinement for compound 158c

Identification code
Empirical formula
Formulaweight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Thetarange for data collection
Limiting indices

Reflections collected / unique
Completeness to 0
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F*

Final Rindices[1>20 (1)]

R indices (al data)

Largest diff. peak and hole

158¢

CasHzsN>

618.78

100(2) K

0.71073 A

C2, Monoclinic

a=23.819(6) A, a=90°
b=9.560(2) A, p = 115.828(3) °
c=16.851(4) A, y=90°
3453.8(14) A®

2, 1.190 MgM™

0.069 mm™

1312

0.25x 0.21 x 0.11 mm
1.34t026.14 °

-29<h<29, -11<k<11, -20<1<20
17680/ 6799 [R(int) = 0.0686]
26.14, 99.2%

Full-matrix |east-squares on F?
6799/ 1/ 445

1.136

R1=0.0717, wR2 = 0.1737
R1 = 0.0765, wR2 = 0.1776
0.547 and -0.347e. A3
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4.2.4.2 Chiral propargylamines from (R,R)-1-benzyl-2,3-diphenylpiperazine 163
We have observed that the chiral propargylamines 166b and 166¢ were isolated

only in 33% and 15% yields, respectively with 99:1 dr along with (R)-allenes 153 in up

to 17% yield and 95% ee, when the reaction was carried out using ZnCl, at 120 °C for

30 min. in toluene (Scheme 39).

Scheme 39
Ph Ph
wPh  zncl, (0.6 equw) [ ]\‘\Ph
R—== + Ph—CHO + /— =<
_ (1 equiv.) [ ]\ toluene ¥
(1 equiv.) equiv. '}‘ 120 °C, 30 min.
150 151a /\ph (R)-153
150b: R = CgH1; (R’R) 163 R .S)166 yield ee
150c: R = Ph (1equiv.) (9’9_’1 ;r 153ba: 17% 95%

_ 154ca: 12% 94%
166b: R = C5Hq; 33% yield

166¢c: R=Ph  15% yield
Also, in the reaction of Cul (10 mol%)/PEG-400 reagent system® with 1-decyne
150a and benzaldehyde 151a at 100 °C for 12 h, the corresponding propargylamine
166a was obtained in 67% yield with 99:1 dr. Using 1-heptyne 150b, the corresponding
propargylamine 166b was obtained in 63% yield (99:1 dr). When the reaction was
carried out using phenylacetylene 150c under these conditions, the corresponding

propargylamine 166¢ was obtained in 86% yield with 99:1 dr (Scheme 40).
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Scheme 40
r|=>h
N.__«Ph
R—— + Ph—CHO + [l
150  151a E Ph
(1L.5equiv) (L5equiv.) (rR)-163

150a : R = CgHy- (1 equiv.)
150b : R = C5H11

150c : R =Ph
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Ph

i

\Ph

N
Cul (10 mol%) [ l
PEG-400 N Ph

100 °C, 12 h
é Ph

R™ (RR,S)-166
99:1 dr
R yield (%)
166a: CgHy; 67
166b : CsHy; 63
166¢c : Ph 86

Crystals suitable for single crystal X-ray anaysis were obtained after

recrystallization from CH3;CN/MeOH (1:1) solvent mixture. The absolute configuration

at the newly formed chiral centre of propargylamine 166¢ was found to be (S) by single

crystal X-ray analysis. The ORTEP diagram of the propargylamine 166¢ is shown in

Figure 2.

Figure 2. ORTEP diagram of 166¢ showing thermal ellipsoid drawn at 30% probability.

Another molecule 166¢ and hydrogen atoms on the benzene rings have been omitted for

clarity.
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Table 4. Crystal data and structure refinement for compound 166¢

Identification code
Empirical formula
Formulaweight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Thetarange for data collection
Limiting indices

Reflections collected / unique
Completeness to 0
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F?

Final Rindices[1>20 ()]
Rindices (al data)

Largest diff. peak and hole

166¢
Cag Haa N>

518.67

100(2) K

0.71073 A

Monoclinic, P2(1)
a=15.001(3) A, a=90°

b =13.206(3) A, p = 102.30(3) °
c=15517(3) A,y=90°
3003.5(10) A®

4, 1.147 MgM™3

0.066 mm™*

1104

0.40 x 0.30 x 0.20 mm

1.34 to 25.00°

-17<h<17, -15<k<15, -18<I<18
26544 / 10442 [R(int) = 0.0922]
25, 99.6%

Full-matrix |east-squares on F?
10442/ 1/ 745

1.070

R1 = 0.0657, wR2 = 0.1604
R1=0.0915, wR2 = 0.1123
0.234 and -0.206 e. A
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4.2.5 Chiral allenes from chiral propargylamines

When a solution of the chiral dipropargylamine 158a and Znl, (0.6 equiv.) in
toluene was refluxed at 120 °C under N, atmosphere for 2 h, the chiral (R)-allene 153aa
was obtained in 49% yield and 55% ee along with the intramolecular bicyclic product
156 in 39% yield (Scheme 41). This observation is in accordance with the mechanism

of in situ formation of the bicyclic product 156 as outlined in Scheme 32.

Scheme 41
CgHi7
“X__.Ph ~Ph
[NIPh Znl, (0.6 equiv.)  Ph, H CeHy XN .wPh
- /‘:.:< + ]\
N~ Yph toluene, 120°C,2h H CgHy7 SN Ph
(R)-153aa 156
= Ph . .
72 49% yield, 55% ee 39% yield

CgHi7 (RR,S,9)-158a
Also, when a solution of monopropargylamine (RR,S-165a and Znl, (0.6
equiv.) in toluene was refluxed at 120 °C under N, atmosphere for 2 h, the chira (R)-

allene 153aa was obtained in 82% yield and 91% ee without any bicyclic byproduct 156

as expected (Scheme 42).
Scheme 42
CgH17
“X__.Ph
[N]:Ph Znl, (0.6 equiv.)  Ph :<H
I}l ph  toluene, 120 °C, 2'h H CgH17
H (R)-153aa
(R,R,S)-165a

82% yield, 91% ee
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When a solution of the propargylamine (R R,S-166a and Znl, (0.6 equiv.) in
toluene was refluxed at 120 °C under N, atmosphere for 2 h, the chiral (R)-allene 153aa
was obtained in 79% yield and 91% ee (Scheme 43). Using the propargylamine (R R,S)-
166b and Znl,, the chird (R)-allene 153ba was obtained in 82% yield and 89% ee.
Similarly, in the reaction using the propargylamine (R,R,S)-166¢, the chira (R)-alene

153ca was obtained in 63% yield and 92% ee (Scheme 43).

Scheme 43
rPh
Ph H
N PR Znl, (0.6 equiv.) c__,
[ . =
N Ph toluene, 120 °C, 2 h H R
(R)-153
4 Ph 166a: R = C8Hl7 yleld (%) ee (%)
(R,R,S)-166 166b: R=CsHy;  153aa:R=CgH;; 79 91
166¢: R = Ph
153ba: R=CgHy; 82 89
153ca: R = Ph 63 92

Based on the relative configuration of the chiral propargylamines (R,R,SS)-158¢

and (RR-166c and previous understanding of this type of reactions%®""

a
mechanism for the formation of the propargylamine and subsequent conversion to the
chiral allene 153 could be considered as outlined in Scheme 44. The initially formed
alkynyl zinc species 168 is expected to react with the most favoured trans-iminium ion
169a formed in situ, in which the aryl group is far away from the phenyl group attached
at the C3 position of 163, to yield the corresponding propargylamine (R,R,S-166 and
regenerate Znl,. Subsequently, the Znl, complexation to the C=C bond of (RR,S)-166
to form the intermediate 170 followed by a 1,5-hydride transfer’* via a six membered

transition state and p-elimination would afford the (R)-alene-153 and

tetrahydropyrazine 164.
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Scheme 44. Plausible reaction mechanism for the formation of (R)-allene 153

Ph
[ ]\“Ph Znl, «Ph
— R ——
150 toluene, 120 OCI [ l *lZn—=—"R
(R,R)-163 (R,R) 167
H Ph H
Ph N§(
/\N/\/+
PH - Ar
Ph | h H
r 169a — S
IZn———-o0~R ph
[N wPh (Favoured) 168 :\\
_ + Ar_CH07—> —(—>
' +Nj\Ph 151
H/ \H Hzo 4\// Zn|2 166 R
(R,R)-167 N -
/\ anz
169b
(Unfavoured)
H Ph H
WPh Ar, ph% S Ar
th —~N i \eZnl
+ :< N
[ l / Z ) . ¢ ph b\\\v
H I R
R
(RR)-164 (R)-153 171 170

In this mechanistic pathway, the formation of (R)-alene 153 was explained by
considering the propargylamine intermediate 166 with chair conformation (Scheme 44).
However, the propargylamine intermediate with boat conformation 172 cannot be ruled
out. In such a conformation, interaction of Znl, with the C=C bond and nitrogen centers

of the propargylamine moiety 166a is expected in the transition state 172 (Scheme 45).
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Scheme 45
Ph "L e
H
\Ph H 1,5-hydride transfer
[ l ZnI2 \/N H N +H  fromone position
/ CgHi7

Ph (R) 153aa

Z 91% ee
C8H17

CgH17 166a

Asdiscussed earlier, the chiral dipropargylamine 158a gives the chiral (R)-allene
153aa only in 55% ee upon reaction with Znl, (Scheme 41) compared to the formation
of allene 153aa in 91% ee from the 1-benzyl-propargylamine 166a (Scheme 43) as well
as using the monopropargylamine 165a (Scheme 42). Presumably, in the case of
dipropargylamine intermediate 158a, the corresponding transition state 172 may be in
higher energy due to the greater steric requirement of the additional propargyl moiety,
leading to the poor ee of the (R)-allene 153aa.

We have adso made efforts to prepare and characterize the Znl,-(RR)-2,3-
diphenylpiperazine 155a complex. Though, a colourless solid material was isolated in
the experiment, crystals suitable for the single crystal X-ray analysis could not be
obtained.

It has been observed in this laboratory that chiral pyrrolidine systems 173 and
174, which do not have the second amine moiety give the allene 153aa with poor

enantiosel ectivity (Scheme 46).”#
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Scheme 46
& zZnl, (0.5 equiv.)  Phy
PN\~ “Ph + =—CgH,;; + PhCHO - s
H toluene, 120 °C H CgH17
173 150a 151a (R)-153aa
57% yield, 18% ee
[1 Znl, (0.5 equiv.) PNy H
N~ “Ph 4 =—CgH;; + PhCHO > &
H toluene, 120 °C H CgH17
174 150a 151a (R)-153aa

72% yield, 66% ee

Also, it was found that the chiral allene 153aa was obtained in 98% ee and 65%

yield using ZnBr;,, 1-decyne 150a, benzaldehyde 151a and (§-DPP 175 (Scheme

Scheme 47
Ph  ZnBr, (0.7 equiv.) Ph H
:—C8H17 + PhCHO + N Ph > S:.:<
luene, 120 °C
H oH toluene, H CgHi7
150a 151a 175 (R)-153aa

65% vyield, 98% ee
Presumably, the hydroxyl group present in the (S-DPP 175 might help in
interaction with ZnBr, and plays the role similar to that by the second nitrogen in the 1-
benzyl-propargylamine 166a (Scheme 45).
Further research efforts on the isolation of intermediate Znl, complexes formed

are necessary to understand the mechanism involved in this transformation.



4.3 Conclusions

We have developed a convenient and one pot method for the enantioselective
synthesis of chiral allenes 153 by the reaction of commercially available terminal
alkynes 150 and arylaldehydes 151 using readily accessible chiral (RR)-2,3-
diphenylpiperazine derivatives (155a, 163) and zinc halides. When the reaction was
carried out using (RR)-1-benzyl-2,3-diphenylpiperazine 163, the corresponding chiral
allenes (R)-153 were obtained up to 77% yield and >99% ee. As expected, when the
opposite enantiomer (S,9)-1-benzyl-2,3-diphenylpiperazine 163 (57% ee) was used, the
(9-allene 153ba was formed in 52% ee. The results are in accordance with the
mechanism that, the reaction proceeds through the formation of propargylamine
intermediates with creation of a new asymmetric centre and subsequent chirality transfer
via an intramolecular hydride shift to produce chiral allenes with high enantiomeric
purity.

The propargylamine intermediates 158c and 166¢ were isolated and the relative
configuration at the newly formed chiral centres were found to be (S by single crystal
X-ray analysis. Since this reaction procedure involves an enantioselective synthesis of
chiral allenes via a single pot synthetic operation in short reaction time, by using readily
accessible chiral reagents such as (RR)-2,3-diphenylpiperazine derivatives and
commercially available starting materials like 1-alkynes, arylaldehydes and ZnXj, this
methodology has considerable potential for further synthetic exploitation, especially for

use as building blocks for the synthesis of new chiral molecular skeletons.



4.4 Experimental Section

4.4.1 General Information

Severa details given in the experimental section 1.4 of Chapter 1 are also
applicable for the experiments outlined in this section. Analytical grade ZnCl,, Znl,,
CuBr, Cul reagents were purchased from Sigma-Aldrich. PEG-400 was purchased from
E-Merck, India.

4.4.2 Preparation of diimine 176

To a solution of benzaldehyde (10.14 mL, 100 mmol) in methanol (80 mL)
ethylenediamine (3.61 g, 4.0 mL, 60 mmol) was slowly added at 0 °C in 10 min. The
contents were brought to 25 °C and stirred for 12 h. The solvent and the excess
ethylenediamine were evaporated under reduced pressure. To the residue, CH,Cl, (100
mL) was added, dried using anhydrous K ,CO3 and filtered. The solvent was evaporated
from the filtrate under reduced pressure. The diimine 176 obtained in this way was used

in further reactions.

CHO
[NHZ N
~N
H
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N,N’-Dibenzylidineethane-1,2-diamine

Yield 11.3 g (95%) N\v@
.. 73 [ /

mp 38-40 °C (lit.” 37-39 °C) N/\O
176

IR(KBr)  (cm™) 3028, 2914, 2856, 1649, 1597

H NMR (200 MHz, CDCl3, & ppm): 8.29 (s, 2H), 7.66-7.72 (m, 4H), 7.35-7.40
(m, 6H), 3.97 (s, 4H)

BCNMR (50 MHz, CDCls, & ppm) 162.7, 136.2, 130.6, 128.6, 128.1, 61.7
4.4.3 Procedure for the intramolecular reductive coupling of diimine 176 using Zn
and Ti(O'Pr),Cl,

To aTiCl, (1.04 g, 0.60 mL, 5.5 mmol) solution in CH,Cl, (40 mL), Ti(O'Pr),
(1.56 g, 5.5 mmol) was added under nitrogen atmosphere and stirred for 10-15 min. To
this, activated zinc powder (1.65 g, 25.0 mmol) was added in three portions and the
stirring was continued for another 1 h. The diimine 176 (1.18 g, 5.0 mmol) dissolved in
CH,Cl;, (10 mL) was added in drops through a dropping funnel at 0 °C for 20 min. After
the addition was completed, the reaction mixture was stirred at 25 °C for 5-6 h. It was
poured into saturated aqueous K,CO3 solution a 0 °C and filtered. The organic layer
was separated and the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The
combined organic extract was washed with water, brine and dried over anhydrous
K>CO3. The solvent was evaporated and the product 155a was purified by flash column

chromatography (Silicagel, 100-200 mesh, CHCI 3 and then CHCI 3:CH30H-90:10).
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. H

[vah Ti(O'Pr),Clo/Zn [N:]/Ph

= »

N~ >Ph CH,Cl, 0-25°C,6h N~ “ph
H

176 155a

(x)-2,3-Diphenylpiperazine
Yield 83% (0.99 g)

mp 94-96 °C (lit."* 96-98 °C)

IR (KBr) (cm™) 3318, 3280, 3030, 2949, 2820, 1603
'H NMR (400 MHz, CDCl3, & ppm): 7.02-7.12 (m, 10H), 3.72 (s, 2H), 3.15 (s,
4H), 2.00 (br s, 2H) (Spectrum No. 23)
BCNMR (100 MHz, CDCl3, 8 ppm): 149.7, 123.0, 129.3, 128.1, 67.7, 46.9
(Spectrum No. 24)
MS (El) m/z 238 (M+1)
4.4.4 Resolution of (£)-2,3-diphenylpiperazine 155a using (1S)-(+)-10-
camphorsulfonic acid 20
The (19-(+)-10-camphorsulfonic acid 20 (4.64 g, 20 mmol) and ()-2,3-
diphenylpiperazine 155a (2.4 g, 10 mmol) were taken in CH,Cl, (100 mL) and the
contents were stirred at 25 °C for 24 h and filtered. The precipitate (1) obtained in this
way was suspended in a mixture of CH,Cl, and ag. Na,CO3 (2M) and stirred until
dissolution occurred. The organic layer was separated and the agueous layer was
extracted with CH,Cl, (2 x 10 mL). The combined organic extract was washed with
brine, dried over anhydrous K,CO3; and the solvent was evaporated to obtain the

enantio-enriched (R,R)-155a. The filtrate was concentrated to reduce its volume to 50
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mL and stirred for another 12 h and filtered. The precipitate (I1) obtained in this way
was suspended in a mixture of CH,Cl, and ag. Na,CO3; (2M) and stirred until
dissolution occurred. The organic layer was separated and the agueous layer was
extracted with CH,Cl, (2 x 10 mL). The combined organic extract was washed with
brine, dried over anhydrous K,CO3; and the solvent was evaporated to obtain the
enantio-enriched (S S)-155a. The filtrate was stirred with ag. Na,CO3 (2M) for 30 min.
The organic layer was separated and the agueous layer was extracted with CH,Cl, (2 x
10 mL). The combined organic extract was washed with brine, dried over anhydrous
K>CO3 and the solvent was evaporated to obtain the enantio-enriched (R R)-155a.

After decomposition

From precipitate (1)

(R,R)-2,3-Diphenylpiperazine

Yield 0.60 g (25%)

ee 99%, HPLC analysis (Chiralcel OD-H column,  Hexane:IPA = 90:10,
Flow rate: 0.5 mL/min, 254 nm, Retention time for the enantiomer of
(x)-2,3-diphenylpiperazine is 11.88 min. (SS and 14.7 min. (RR)
isomer.

From precipitate (11)

(S5,5)-2,3-Diphenylpiperazine
Yield 1.50 g (63%)

ee 73% ee (by HPLC analysis)
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From filtrate (11)

(R,R)-2,3-Diphenylpiperazine
Yield 0.24 g (10%)
ee 80% ee (by HPLC anaysis)

4.4.5 Synthesis of (R,R)-tert-butyl 2,3-diphenyl-1-piperazinecarboxylate 177

To a solution of (RR)-2,3-diphenylpiperazine 155a (2.40 g, 10 mmol) in
CH,Cl;, (40 mL), di-tert-butyldicarbonate (1.8 mL, 8 mmol) was added at -10 °C (ice-
salt bath) slowly for 10 min using a syringe under N, atmosphere. The reaction mixture
was brought to 25 °C slowly and further stirred for 6 h. After the completion of the
reaction (monitored by TLC), the solvent was evaporated under reduced pressure. The
desired product 177 was purified by column chromatography on silica gel (100-200
mesh) using hexanes/EtOAc (50/50) as eluent to obtain a colourless viscous liquid. The

product 178 was isolated as colourless solid by using hexanes/EtOA ¢ (80/20) as el uent.

-10to 25°C, 6 h

(R,R)-155a Boc
(R,R)-177 (R,R)-178

H
[N]:Ph (Boc),0 \Ph [ \Ph
H

tert-Butyl-(2R,3R)-2,3-diphenyl-1-piperazinecarboxylate

Yield 2.67 g (79%)
\\Ph
[l +14.0 (¢ 1.1, CHCl5) [ l
IR (neat) (cm) 3337, 2974, 1684, 1413, 1167, 698
(R,R)-l??

'HNMR (500 MHz, CDCl3, § ppm) 7.41 (d, J = 7.5 Hz, 2H), 7.34-7.22 (m, 8H),
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BC NMR

LCMS

Analysis

Experimental Section

5.43 (d, J = 3.5 Hz, 1H), 4.39 (d, J = 3.5 Hz, 1H), 3.96-3.93 (m, 1H),
3.35-3.29 (m, 1H), 3.02-2.97 (m, 1H), 2.81-2.78 (m, 1H), 1.88 (s, 1H),
1.38 (s, 9H) (Spectrum No. 25)

(125 MHz, CDCls, & ppm) 155.5, 141.2, 140.8, 128.3, 128.27, 127.7,
127.2, 126.8, 126.79, 80.0, 59.4, 58.0, 40.3, 40.1, 28.2 (Spectrum No.
26)

m/z 339 (M+1)

caculated for CyHxN20, @ C, 74.52%; H, 7.74%; N, 8.28%; O,

9.45%; Found: C, 74.46%:; H, 7.68%: N, 8.15%:; O, 9.71%

Di-(tert-Butyl)-(2R,3R)-2,3-diphenyl-1,4-piperazinedicarboxylate

Yield
mp
[a]5

IR (neat)

'HNMR

BC NMR

LCMS

Analysis

0.350 g (8%)
II_%oc
108-109 °C [N]:ph
-60.0 (c 1.03, CHCl5) N"Ph
Boc
(cm™) 3061, 2974, 2876, 1693, 1413, 698 (R,R)-178

(400 MHz, CDCl3, 8 ppm) 7.43-7.29 (m, 10H), 6.08-5.82 (m, 2H), 3.89-
3.62 (m, 2H), 3.16-2.94 (m, 2H), 1.45-1.43 (m, 18H)

(100 MHz, CDCl3, § ppm) 154.8, 139.4, 128.7, 127.3, 126.7, 80.4, 56.1,
39.7,28.3

m/z 439 (M+1)

calculated for CpHauNoO4: C, 71.21%; H, 7.81%; N, 6.39%; O,

14.59%; Found: C, 71.32%; H, 7.78%; N, 6.45%; O, 14.45%
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4.4.6 Procedure for the synthesis of (R,R)-tert-butyl-4-benzyl-2,3-diphenyl-1-
piperazinecarboxylate 179 from (R,R)-177

To asolution of (R,R)-tert-butyl-2,3-diphenyl-1-piperazinecarboxylate 177 (3.38
g, 10 mmal) in dry acetonitrile (50 mL), benzyl bromide (1.3 mL, 11 mmol), K,CO3

(2.8 g, 20 mmol) and KI (200 mg) were added. The mixture was stirred at 85 °C for 12

h. The reaction mixture was filtered and the solvent was evaporated under reduced
pressure. The product was extracted with CH,Cl, (2 X 40 mL) and water (20 mL). The
combined organic extract was washed with brine (20 mL), dried over anhydrous
Na,SO, and filtered. The solvent was evaporated and purification of the residue by
column chromatography on silica gel (100-200 mesh) using hexane/EtOAc (95/5) as

eluent afforded the product (R,R)-179 as colourless viscous liquid.

Elioc |I300
[N];\Ph K2CO3, Kl N ,\\Ph
+ PhCH,Br " > l
N e CH5CN, 85 °C, 12 h )N oh
H
(R,R)-177 Ph
: (R,R)-179
(R,R)-tert-butyl-4-benzyl-2,3-diphenyl-1-piperazinecarboxylate
Yield 4.06 g (95%)
E|3oc
[al? +20.0 (¢ 0.52, CHCl3) [N]:Ph
IR (neat) (cm'™®) 3061, 2974, 1693, 1365, 864, 700 )N Ph
Ph
'H NMR (400 MHz, CDCl3, 6 ppm) 7.51-7.49 (m, 2H), 7.36- (R,R)-179
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7.23 (m, 13H), 5.32-5.26 (M, 1H), 4.14-4.13 (m, 1H), 4.03-3.99 (m, 1H),
3.51-3.40 (m, 2H), 3.35-3.29 (m, 1H), 2.95-2.89 (m, 1H), 2.52-2.48 (m,
1H), 1.36 (d, J = 6.4 Hz, 9H) (Spectrum No. 27)

BCNMR (100 MHz, CDCls, & ppm) 155.4, 141.9, 138.9, 138.6, 129.2, 128.7,
128.2, 128.0, 127.5, 127.0, 126.8, 80.0, 65.2, 59.3, 59.1, 45.3, 40.6, 28.3
(Spectrum No. 28)

LCMS Mz 429 (M+1)

Analysis calculated for CygHN,O,: C, 78.47%; H, 7.53%; N, 6.54%; O,
7.47%; Found: C, 78.42%; H, 7.62%; N, 6.48%; O, 7.49%

4.4.7 Procedure for the synthesis of (R,R)-1-benzyl-2,3-diphenylpiperazine 163

To a solution of (R R)-tert-butyl-4-benzyl-2,3-diphenyl-1-piperazinecarboxyl ate

179 (4.28 g, 10 mmol) in dry CH,Cl, (25 mL) in a round bottomed flask, excess

trifluoroacetic acid (25 mL) was added slowly using a syringe for 15 min under N

atmosphere. The resulting mixture was stirred at 25 °C for 6 h. The reaction mixture

was evaporated and then poured to premixed solid sodium bicarbonate with few pieces

of ice. The product was extracted with CH,Cl, (2 X 40 mL) and water (20 mL). The

combined organic extract was washed with brine (20 mL), dried over anhydrous

Na,SO,, and filtered. The solvent was evaporated and purification of the residue by

column chromatography on silica gel (100-200 mesh) using hexanes/EtOAc (50/50) as

eluent afforded the (R,R)-1-benzyl-2,3-diphenyl piperazine 163 as colourless solid.



Chapter 4

Sudies on enantioselective synthesis of chiral allenes ... 167

\Ph

IIBOC H

N \
[ l CF3COOH [NI\Ph
)N Ph °C )N Ph

CH2C|2, -10to 25

6h

(R,R)-179 (R,R)-163

(R,R)-1-benzyl-2,3-diphenylpiperazine

Yield
mp
[a]}

IR (KBr)

'H NMR

BC NMR

LCMS

Analysis

3.05 g (93%) -
|
128-129 °C [N]:Ph
+81.0 (¢ 0.71, CHCls) )N Ph
Ph
(cm™®) 3285, 3030, 2941, 1601, 1321, 760, 698 (R,R)-163

(400 MHz, CDCl3, 6 ppm) 7.28-7.01 (m, 15H), 3.79-3.75 (m, 2H), 3.27-
3.25 (m, 1H), 3.13-3.03 (m, 2H), 2.96-2.87 (m, 2H), 2.37-2.31 (m, 1H),
1.99 (s, 1H) (Spectrum No. 29)

(100 MHz, CDCl3, 6 ppm) 141.6, 140.6, 139.2, 128.7, 128.1, 128.0,
127.8, 127.7, 127.1, 126.9, 126.6, 74.6, 68.7, 59.5, 52.3, 46.3 (Spectrum
No. 30)

m/z 329 (M+1)

caculated for CasH24N2: C, 84.11%; H, 7.37%; N, 8.53%; Found: C,

84.21%; H, 7.29%; N, 8.45%
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ee >99%, HPLC anaysis (Chirdcd OD-H  column, HexanelPA
= 80:20, Flow rate: 0.3 mL/min, 254 nm, Retention time for the
enantiomer of (x)-1-benzyl-2,3-diphenylpiperazine 163 : 14.57 min.
(S9 and 18.38 min. (R,R) isomer
448 Reaction of (R,R)-2,3-diphenylpiperazine 155a, 1-decyne 150a and
benzaldehyde 151a with Znl, : Isolation of bicyclic product 156
In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with a reflux condenser protected by mercury trap, dry toluene (5 mL), Znl, (192 mg,
0.6 mmol), 1-decyne 150a (0.18 mL, 1 mmol) and (R ,R)-2,3-diphenylpiperazine 155a
(0.119 g, 0.5 mmol) were placed under N, atmosphere and stirred at 120 °C for 10-15
min. The reaction mixture was cooled to 25 °C and benzaldehyde 151a (0.10 mL, 1
mmol) was added using a syringe. The reaction mixture was further stirred at 120 °C for
8 h. It was cooled to 25 °C under N, atmosphere. The product (R)-1,3-disubstituted
alene 153aa was purified directly by column chromatography on silica gel (100-200
mesh) using hexanes as eluent in 55% yield (0,125 g) and 76% ee (by HPLC analysis).
The bicyclic byproduct 156 was isolated using hexanes/EtOAc (85/15) as eluent as

colourless viscous liquid.

H ~Ph
=—CgH;7 + PhCHO + N]:Ph Znl, (0.6 equiv.) Ph H CaH SN oPh
— g7 B —— /:. + l
(1 equiv.) (1equiv.) ITI Ph toluene H CaHir S e

150 151a H 120°C,8h  (R)-153aa (RR)-155
° (R,R)-155a 55% yield, 76 % ee "
(0.5 equiv.) Y 39% yield
(3R4R)-8-Octyl-3,4,6-triphenyl-3,4-dihydropyrrolo[1,2-a]pyrazine
Yield 0.179 g (39%) g
C3H17 >~ _N ‘\\Ph
L
N~ Ph
(R,R)-156
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[a]Z +45.0 (¢ 0.25, CHCl 3)

IR (neat) (cm™) 3059, 3026, 1604, 1462, 1379, 1030

'H NMR (400 MHz, CDCl3, 5 ppm) 8.52 (s, 1H), 7.31-7.19 (m, 11H), 7.0 (d, J =
4.2 Hz, 2H), 6.8 (d, J = 8.0 Hz, 2H), 6.23 (s, 1H), 5.45 (s, 1H), 5.38 (s,
1H), 2.74 (t, J = 6.2 Hz, 2H), 1.72-1.67 (m, 2H), 1.42-1.30 (m, 10H),
0.93-0.88 (m, 3H) (Spectrum No. 31)

BCNMR (100 MHz, CDCls, & ppm) 150.3, 141.5, 140.6, 137.5, 131.2, 128.7,
128.6, 128.4, 128.2, 127.6, 1275, 127.4, 126.8, 125.3, 123.2, 111.1,
68.3, 60.2, 31.8, 31.5, 29.4, 29.3, 29.28, 25.2, 22.7, 14.1 (Spectrum No.
32)

LCMS Mz 461 (M+1)

Analysis calculated for CasHszsN2: C, 86.04%; H, 7.88%; N, 6.08%; Found: C,
86.21%; H, 7.81%; N, 5.90%

449 Reduction of (3R4R)-8-octyl-3,4,6-triphenyl-3,4-dihydropyrrolo[1,2-

a]pyrazine 156 using the NaBH4/MeOH reagent system

To astirred solution of (R,R)-156 (230 mg, 0.5 mmol) in methanol (5 mL) in a

25 mL round bottomed flask, NaBH4 (0.038 g, 1 mmol) was added slowly at 0 °C. The

reaction mixture was further stirred at 25 °C for 10 min. It was quenched with water (10

mL). The solvent was evaporated under reduced pressure. To the residue, EtOAc (15

mL) and water (10 mL) were added and stirred for 15 min. The organic layer was

separated and the remaining aqueous layer was extracted with EtOAc (10 mL). The

combined organic extract was washed with brine (10 mL), dried over anhydrous

Na, SO, and filtered. The solvent was evaporated at reduced pressure. The crude residue
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was purified by column chromatography on silica gel (100-200 mesh) using

hexanes/EtOACc (95/5) as eluent to isolate the product (R,R)-157 as colourless viscous

liquid.
~Ph - Ph
CaHy X N._wPh NaBH, . CahHiy X N_wPh
- l MeOH, 0 - 25 °C
N~ ~Ph 10 min. N° Ph
(R,R)-156 H
(R,R)-157

(3R,4R)-8-Octyl-3,4,6-triphenyl-1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine

Yield 0.219 g (95%)
N Ph
[al} +82.6 (¢ 0.12, CHCl3) Cah N Nj:Ph
IR(neat)  (cm™) 3271, 2920, 1604, 1450, 908, 698 N Ph
H
'HNMR (400 MHz, CDCl3, § ppm) 7.26-7.21 (m, 6H), (R,R)-157

7.05-7.02 (m, 7H), 6.60-6.59 (m, 2H), 6.09 (s, 1H), 5.53-5.51 (M, 1H),
4.11-4.07 (m, 2H), 3.99-3.95 (m, 1H), 2.40 (t, J = 7.4 Hz, 2H), 2.08 (br s,
1H), 1.60-1.56 (m, 2H), 1.31-1.28 (m, 10H), 0.88 (t, J = 7.2 Hz, 3H)

BCNMR (100 MHz, CDClgs, & ppm) 142.6, 140.3, 133.9, 132.9, 128.7, 1285,
128.1, 127.9, 127.8, 127.7, 127.0, 126.6, 126.1, 124.8, 118.1, 109.7,
64.8, 61.4, 40.4, 32.0, 30.9, 29.6, 29.57, 29.5, 25.7, 22.8, 14.2

LCMS m/z 461 (M-1)

Analysis calculated for CasHssN2: C, 85.67%; H, 8.28%; N, 6.05%; Found: C,

85.87%; H, 7.25%; N, 5.90%
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4.4.10 Reduction of the imine byproduct 164 formed in situ in the reaction of (R,R)-
1-benzyl-2,3-diphenylpiperazine 163 with 1-decyne 150a, benzaldehyde 151a and
Znl,

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with a reflux condenser protected by mercury trap, dry toluene (5 mL), Znl, (0.192 g,
0.6 mmol), 1-decyne 150a (0.18 mL, 1 mmol) and (RR)-1-benzyl-2,3-
diphenylpiperazine 163 (0.328 g, 1 mmol) were taken under N, atmosphere and stirred
at 120 °C for 10 min. The mixture was brought to 25 °C and benzadehyde 151a (0.10
mL, 1 mmol) was added using a syringe. The reaction mixture was further stirred at 120
°C for 4 h. It was brought to 0 °C. Methanol (5 mL) and NaBH, (0.038 g, 1 mmol) was
added to it and stirred for 30 min. at 25 °C. The reaction mixture was chromatographed
directly on a silica gel (100-200 mesh) column to isolate the alene (R)-153aa in 65%
yield (0.148 g) and 95% ee (by HPLC analysis) using hexanes as eluent. The starting
amine (R R)-1-benzyl-2,3-diphenylpiperazine 163 was isolated using hexanes/EtOAc
(50/50) as eluent in 67% yield (0.221 g) without any significant change in its

enantiomeric purity (HPLC analysis).

Ph B Ph ]
[ \\Ph an2 (0.6 equiv.)Ph wPh
=——CgHjy7 + Ph—CHO + — :<
8 toluene 120°C + [ l
150a 151a CgHi7
(1 equiv.) (1 equiv.) H (R)-153aa B |
(R,R)-163 (R,R)-164
(1 equiv.) 0 - 25 °C |NaBHy,,
30 min. | MeOH
(R,R)-163
67% yield, 99% ee
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4.4.11 Reaction of (R,R)-1-benzyl-2,3-diphenylpiperazine 163 with 1-alkynes 150,
arylaldehydes 151 and Znl, : Synthesis of chiral (R)-allenes 153

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, dry toluene (2.5 mL), Znl, (0.096 g,
0.3 mmoal), 1-akyne 150 (0.5 mmol) and (R R)-1-benzyl-2,3-diphenylpiperazine 163
(0.164 g, 0.5 mmol) were taken under N, atmosphere and the contents were stirred at
120 °C for 10-15 min. The reaction mixture was cooled to 25 °C and aryl aldehyde 151
(0.5 mmol) was added using a syringe. It was further stirred at 120 °C for the required
time (Table 2, Section 4.2) and the reaction mixture was brought to 25 °C. The product
(R)-alene 153 was isolated directly by column chromatography on a silica gel (100-200
mesh) column using hexanes or hexanes/EtOAc as eluent. The % ee was determined by
HPLC analysis using either Chiralcel-OD-H or OJ-H column using IPA/n-hexane as
eluent. The yields and spectral data of the (R)-allenes 153 are summarized below.
(R)-1-Phenyl-1,2-undecadiene

Colourless ail (eluent: silicagel 100-200 mesh, hexanes)

Yied 0.081 g (71%) Ph H
25 H/_.:<C H
[a]] -146.5 (c 0.78, EtOH) gH17
(R)-153aa

IR (neat)  (cm™) 2926, 2853, 1950, 1597, 1028, 690

'HNMR (400 MHz, CDCl3, § ppm) 7.29-7.28 (m, 4H), 7.20-7.15 (m, 1H), 6.13-
6.10 (M, 1H), 5.58-5.53 (M, 1H), 2.15-2.09 (m, 2H), 1.52-1.44 (m, 2H),
1.29-1.25 (m, 10H), 0.87 (t, J = 6.8 Hz, 3H)

BCNMR (100 MHz, CDCl3, § ppm) 205.1, 135.1, 128.5, 126.6, 126.5, 95.1, 94.5,

31.8,29.4,29.3,29.2, 29.1, 28.7, 22.7, 14.1
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m/z 227 (M-1)

calculated for Ci7H24: C 89.41%; H, 10.59%; Found: C, 89.32%; H,
10.71%

95%, HPLC analysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 13.1 min. (R isomer) and 14.8

min. (Sisomer)

(R)-1-Octa-1,2-dienyl-benzene

Colourless ail (eluent: silicagel 100-200 mesh, hexanes)

Yield
[aly
IR (neat)

'H NMR

BC NMR

LCMS

Analysis

0.06 g (65%) Ph H
/:.:<
H CsH11
-198.2 (c 0.4, CHCl55) (R)-153ba

(Cm'l) 3067, 2957, 2928, 2856, 1948, 1599, 1460, 775

(400 MHz, CDCl3, & ppm) 7.30-7.29 (m, 4H), 7.21-7.15 (m, 1H), 6.13-
6.10 (m, 1H), 5.59-5.54 (m, 1H), 2.16-2.09 (m, 2H), 1.51-1.45 (m, 2H),
1.37-1.27 (m, 4H), 0.89 (t, J = 6.8 Hz, 3H) (Spectrum No. 33)

(100 MHz, CDCl3, 6 ppm) 205.2, 135.2, 128.5, 126.8, 126.6, 95.1, 94.5,
31.4,28.9, 28.7, 22.4, 14.0 (Spectrum No. 34)

m/z 185 (M-1)

calculated for CisHis: C, 90.26%; H, 9.74%. Found: C, 90.50%; H,

9.79%
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94%, HPLC analysis (Chiracel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 10.4 min. (R isomer) and 11.7

min. (Sisomer)

(R)-1-Methyl-4-(1,2-octadienyl)-benzene

Colourless ail (eluent: hexanes)

Yield
(ol
IR (neat)

'H NMR

BC NMR

LCMS

Analysis

0.061 g (61%) H3C

-234.0 (c 0.41, CHCl5) C H
—

(cm™) 3022, 2926, 1948, 1512, 1464, 819 H CsH11
(R)-153bb

(500 MHz, CDCl3, § ppm) 7.17 (d, J = 10 Hz, 2H), 7.08 (d, J = 10.1 Hz,
2H), 6.10-6.07 (m, 1H), 5.55-5.48 (m, 1H), 2.31 (s, 3H), 2.13-2.08 (M, 2
H), 1.50-1.44 (m, 2H), 1.37-1.30 (m, 4H), 0.89 (t, J = 6.8 Hz, 3H)
(Spectrum No. 35)

(125 MHz, CDCl3, 6 ppm) 204.9, 136.2, 132.2, 129.2, 126.5, 94.9, 94.3,
31.4,28.8, 28.79, 22.4, 21.1, 14.0 (Spectrum No. 36)

m/z 201 (M+1)

calculated for CisHao: C, 89.94%, H, 10.06%; Found: C, 89.87%; H,
9.98%

90%, HPLC analysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 19.1 min. (R isomer) and 21.4

min. (Sisomer)

(R)-1-Chloro-4-(1,2-octadienyl)-benzene

Colourless il (eluent: hexanes)

Yield

Cl
0.085 g (77 %) @
2 :<H
/':o
H CsHiy

(R)-153bc
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-185.5 (¢ 0.5, CHCl3)

(Cm'l) 3030, 2856, 1950, 1491, 877

(500 MHz, CDCl3, & ppm) 7.25-7.19 (m, 4H), 6.08-6.06 (m, 1H), 5.59-
5.55 (M, 1H), 2.14-2.09 (m, 2H), 1.50-1.44 (m, 2H), 1.35-1.28 (m, 4H),
0.88 (t, J= 7.2 Hz, 3H)

(125 MHz, CDCl3, 6 ppm) 205.2, 133.7, 132.1, 128.6, 127.7, 95.5, 93.7,
31.4, 28.8, 28.6, 22.4, 14.0

m/z 221 (M+1)

calculated for Ci14H17Cl: C, 76.18%, H, 7.76%, Cl, 16.06%. Found: C,
76.25%; H, 7.73%; CI, 15.89%

>99%, HPLC analysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 10.2 min. (R isomer) and 12.7

min. (Sisomer)

(R)-1-Bromo-4-(1,2-octadienyl)-benzene

Colourless ail (eluent: hexanes)

Yield
[a]?
IR (neat)

'HNMR

BC NMR

Br.

0.094 g (71 %) @

, H
-150.0 (¢ 0.5, CHCl3) e .:<C5H11

(R)-153bd

(cm™Y) 2924, 1948, 1487, 1589, 1385, 1010

(500 MHz, CDCl3, § ppm) 7.41-7.39 (m, 2H), 7.15-7.13 (m, 2H), 6.07-
6.04 (m, 1H), 5.58-5.54 (m, 1H), 2.14-2.09 (m, 2H), 1.50-1.44 (m, 2H),
1.35-1.30 (m, 4H), 0.89 (t, J = 6.8 Hz, 3H)

(125 MHz, CDCl3, § ppm) 205.3, 134.3, 131.6, 128.1, 120.1, 95.6, 93.8,

31.4, 28.8, 28.6, 22.4, 14.0
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m/z 266 (M+1)

caculated for Ci4H17Br: C, 63.41%; H, 6.46%; Br, 30.13%; Found: C,
63.31%; H, 6.53%; Br, 30.16%

>99%, HPLC analysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 14.7 min. (R isomer) and 19.9

min. (Sisomer)

(R)-1-Bromo-3-octa-1,2-dienyl-benzene

Colourless ail (eluent: hexanes)

Yield
[aly
IR (neat)

'H NMR

BC NMR

LCMS

Analysis

0.075 g (57 %)

-79.0 (¢ 0.48, CHCl3) Br

(cm®) 2959, 2858, 1950, 1589, 1068, 883, 785 / y

(400 MHz, CDCl3, § ppm) 7.43 (s, 1H), 7.42-7.28 ;)Z':<CSH11
(R)-153be

(m, 1H), 7.20-7.12 (m, 2H), 6.06-6.03 (M, 1H),
5.62-5.57 (m, 1H), 2.16-2.10 (m, 2H), 1.50-1.44 (m, 2H), 1.38-1.29 (m,
4H), 0.89 (t, J = 6.8 Hz, 3H) (Spectrum No. 37)

(100 MHz, CDCl3, 6 ppm) 205.4, 137.6, 130.0, 129.5, 129.3, 125.1,
122.7,95.7,93.5, 31.4, 28.7, 28.6, 22.4, 14.1 (Spectrum No. 38)

m'z 266 (M+1)

calculated for Ci4H17Br: C, 63.41%; H, 6.46%; Br, 30.13%; Found: C,
63.31%; H, 6.53%; Br, 30.16%

92%, HPLC anaysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 12.3 min. (R isomer) and

13.9 min. (Sisomer)
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(R)-1-Bromo-2-octa-1,2-dienyl-benzene

Colourless ail (eluent: hexanes)

Yield
[aly
IR (neat)

'H NMR

BC NMR

LCMS

Analysis

0.087 g (66 %) @Br

A H
-81.0 (c 0.5, CHCl ) /=:<

H CsHqq
(Cm'l) 3061, 2926, 1950, 1473, 1022, 760 (R)-153bf

(400 MHz, CDCl3,  ppm) 7.51 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz,
1H), 7.25-7.21 (m, 1H), 7.04-7.0 (m, 1H), 6.58-6.55 (m, 1H), 5.62-5.57
(m, 1 H), 2.16-2.10 (m, 2H), 1.50-1.44 (m, 2H), 1.38-1.29 (m, 4H), 0.89
(t, J=6.8 Hz, 3H) (Spectrum No. 39)

(100 MHz, CDCl3, 6 ppm) 206.1, 134.5, 132.9, 128.2, 127.9, 127.3,
122.3, 95.3, 93.6, 31.4, 28.8, 28.5, 22.4, 14.1 (Spectrum No. 40)

m'z 266 (M+1)

calculated for Ci4H17Br: C, 63.41%; H, 6.46%; Br, 30.13%; Found: C,
63.31%; H, 6.53%; Br, 30.16%

90%, HPLC analysis (Chiralcel OD-H column, 100% n-Hexane, Flow
rate: 0.5 mL/min, 254 nm, Retention time: 13.5 min. (R isomer) and 16.9

min. (Sisomer)

(R)-1-Methoxy-4-(1,2-octadienyl)-benzene

Colourless ail (eluent: hexanes/EtOAc-99.75/0.25)

Yidd
[al>

IR (neat)

MeQO
0.062 g (58%) @
7, H
-130.7 (c 0.48, CHCI %
( 3) /_=<
1 H CsHyf
(cm™) 2928, 2856, 1946, 1606, 1510, 1246, 833 (R)-153bg
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(R)-1-Methoxy-3-octa-1,2-dienyl-benzene

Colourless ail (eluent: hexanes) @

Yield
(o]
IR (neat)

'H NMR

BC NMR

LCMS

Experimental Section

(500 MHz, CDCl3, & ppm) 7.22 (d, J = 5.1 Hz, 2H), 6.85 (d, J = 4.1 Hz,
2H), 6.09-6.07 (m, 1H), 5.56-5.52 (m, 1H), 3.80 (s, 3H), 2.13-2.08 (M,
2H), 1.50-1.43 (m, 2H), 1.36-1.29 (m, 4H), 0.88 (t, J = 6.8 Hz, 3H)

(125 MHz, CDCl3, § ppm) 204.5, 158.5, 127.6, 127.5, 114.1, 95.0, 93.9,
55.3, 314, 28.9, 22.5, 14.0

m/z 217 (M+1)

caculated for CisH2O: C, 83.28%; H, 9.32%; O, 7.40%; Found: C,
83.32%; H, 9.21%; O, 7.47%

76%, HPLC anaysis (Chirdcel OJH column, n-HexanellPA =
99.75:0.25, Flow rate: 0.4 mL/min, 254 nm, Retention time: 28.7 min. (R

isomer) and 32.2 min. (Sisomer)

OMe

7 H
0.059 g (55% Y

H CsH1q
-87.0 (c 0.42, CHCl3) (R)-153bh

(cm%) 2928, 2856, 1948, 1599, 1491, 1466, 1047, 883

(400 MHz, CDCl3, § ppm) 7.28-7.22 (m, 1H), 6.92-6.88 (m, 2H), 6.78-
6.76 (M, 1H), 6.14-6.11 (m, 1H), 5.60-5.59 (m, 1H), 3.83 (s, 3H), 2.19-
2.12 (m, 2H), 1.58-1.48 (m, 2H), 1.40-1.34 (m, 4H), 0.92 (t, J = 6.8 Hz,
3H)

(125 MHz, CDCl3, & ppm) 205.2, 159.9, 136.7, 129.5, 119.3, 112.4,
1117, 95.2, 94.5, 55.2, 31.4, 28.9, 28.7, 22.5, 14.1

Mz 217 (M+1)
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caculated for CisH2O: C, 83.28%; H, 9.32%; O, 7.40%; Found: C,
83.32%; H, 9.21%; O, 7.47%

90%, HPLC andysis (Chirdced OJH column, n-HexanellPA =
99.75:0.25, Flow rate: 0.4 mL/min, 254 nm, Retention time: 19.6 min. (R

isomer) and 22.2 min. (Sisomer)

(R)-1-Methoxy-2-octa-1,2-dienyl-benzene

Colourless ail (eluent: hexanes)
@OMe
Yield 0.060 g (56%) - A
~=
[a]® -167.0 (c 0.5, CHCl5) H Colur
D : " 3 (R)-153bi

IR (neat) (cm™®) 3001, 2928, 1948, 1597, 1583, 1464, 1246

'H NMR (500 MHz, CDCl3,  ppm) 7.38 (d, J = 10.1 Hz, 1H), 7.17-7.13 (m, 1H),
6.92-6.89 (m, 1H), 6.85 (d, J = 5.2 Hz, 1H), 6.53-6.52 (m, 1H), 5.54-5.50
(m, 1H), 3.83 (s, 3H), 2.14-2.09 (m, 2H), 1.51-1.45 (m, 2H), 1.36-1.29
(m, 4H), 0.88 (t, J = 6.8 Hz, 3H)

BCNMR (125 MHz, CDCls, & ppm) 205.5, 155.9, 127.6, 127.5, 123.6, 120.7,
110.9,94.3, 88.2, 55.5, 31.4, 28.9, 28.8, 22.4, 14.0

LCMS m/z 217 (M+1)

Analysis calculated for Ci5H0O: C, 83.28%; H, 9.32%; O, 7.40%; Found: C,

83.32%; H, 9.21%; O, 7.47%
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(R)-1-Octa-1,2-dienyl-naphthalene

Colourless oil (eluent: hexanes) OO

Experimental Section

94%, HPLC andysis (Chirdce OJH column, n-HexanellPA =
99.75:0.25, Flow rate: 0.4 mL/min, 254 nm, Retention time: 36.6 min. (R

isomer) and 43.7 min. (Sisomer)

Yidd 0.053 g (45%) /’}:.:<H
H CsHis
[a]? -161.0 (c 0.33, CHCl5) (R)-153bj
IR (neat) (Cm'l) 3059, 2928, 2858, 1948, 1693, 1591, 873, 777
H NMR (500 MHz, CDCl3, & ppm) 8.23 (d, J = 8.2 Hz, 1H), 7.84-7.82 (m, 1H),
7.71 (d, J = 8.5 Hz, 1H), 7.56 (d, J = 10.0 Hz, 1H), 7.51-7.41 (m, 3H),
6.82-6.80 (m, 1H), 5.62-5.57 (m, 1H), 2.20-2.15 (m, 2H), 1.55-1.49 (m,
2H), 1.39-1.28 (m, 4H), 0.88 (t, J = 7.3 Hz, 3H) (Spectrum No. 41)
BCNMR (125 MHz, CDClgs, & ppm) 206.7, 134.0, 131.3, 130.9, 128.6, 127.1,
1258, 1256, 1251, 123.6, 94.1, 91.1, 315, 28.9, 28.8, 225, 14.1
(Spectrum No. 42)
LCMS Mz 237 (M+1)
Analysis calculated for CigHoo: C, 91.47%; H, 8.53%. Found: C, 91.38%; H,
8.61%
ee 90%, HPLC analysis (Chiralcedl OJH column, n-HexanellPA = 99:1,
Flow rate: 0.5 mL/min, 254 nm, Retention time: 15.0 min. (Sisomer) and
22.7 min. (Risomer)
(R)-2-Octa-1,2-dienyl-naphthalene
Colourless ail (eluent: hexanes) O
H
H/_.:<C5H11
(R)-153bk
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0.060 g (51%)

-122.0 (c 0.51, CHCl3)

(Cm'l) 3055, 2928, 2856, 1946, 1695, 1599, 893

(400 MHz, CDCl3, 5 ppm) 7.78-7.74 (m, 3H), 7.63 (s, 1H), 7.50-7.38 (m,
3H), 6.31-6.28 (M, 1H), 5.66-5.59 (m, 1H), 2.19-2.13 (m, 2H), 1.55-1.46
(m, 2H), 1.39-1.30 (m, 4H), 0.90 (t, J = 6.8 Hz, 3H)

(100 MHz, CDCl3, 6 ppm) 205.7, 133.7, 132.71, 132.52, 128.1, 127.7,
127.6, 126.1, 125.4, 125.2, 124.7, 95.3, 94.9, 31.4, 28.8, 28.7, 22.5, 14.0
m/z 237 (M+1)

calculated for CigHzo: C, 91.47%; H, 8.53%. Found: C, 91.38%; H,
8.61%

91%, HPLC analysis (Chiralcdd OJH column, n-HexanellPA = 99:1,
Flow rate: 0.5 mL/min, 254 nm, Retention time: 19.5 min. (R isomer)

and 26.9 min. (Sisomer)

(R)-1,3-Diphenyl-propane-1,2-diene

Colourless crystal (eluent: hexanes)

Yield
mp
(o]

IR (KBr)

'HNMR

BC NMR

Ph, H
48% (0.046 g) =
H Ph
50-52 °C (lit.** 48-50 °C) (R)-153ca

-864.4 (c 0.59, CHCl5)

(cm™) 3061, 3028, 1936, 1597, 1493, 1450, 758

(500 MHz, CDCl3, § ppm) 7.36-7.30 (m, 8H), 7.25-7.21 (m, 2H), 6.60 (s,
2H)

(125 MHz, CDCls, 5 ppm) 207.8, 133.6, 128.7, 127.3, 127.0, 98.4
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LCMS m/z 193 (M+1)

ee 94%, HPLC anaysis (Chiralcel OD-H column, n-Hexane:lPA = 99:1,
Flow rate: 0.5 mL/min, 254 nm, Retention time: 11.3 min. (R isomer)
and 26.9 min. (Sisomer)
(The spectra data of the compound showed 1:1 correspondence with the

reported data.>*)

4.4.12 Synthesis of chiral dipropargylamine 158a from (R,R)-2,3-
diphenylpiperazine 155a using ZnCl,

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, dry toluene (5 mL), ZnCl, (0.081 g,
0.6 mmoal), 1-decyne 150a (1 mmol) and (R,R)-2,3-diphenylpiperazine 155a (0.119 g,
0.5 mmol) were taken under N, atmosphere and stirred at 120 °C for 10-15 min. The
reaction mixture was cooled to 25 °C and benzaldehyde 151a (0.10 mL, 1 mmol) was
added using a syringe. It was further stirred at 120 °C for 30 min. The reaction mixture
was cooled to 25 °C and the mixture was chromatographed directly on a silica gel (100-
200 mesh) column. The product (R)-alene 153aa was isolated using hexanes as el uent
in 10% yield and 55% ee (from HPLC analysis). The chira dipropargylamine (R R,S9-

158a wasisolated in 15% yield (0.052 g) using hexanes/EtOACc (99.75/0.25) as el uent.
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C8H17\
N wPh
wPh
' _zCl, h/, WPh
=—CgHy7 + PhCHO +
150 151 toluene
a a o
120 °C, 30 min.
(Lequiv.) (1equiv.) H (R) 153aa
R,R)-155a ) y|e
(R,R) 10% yield = "Ph
(0.5 equiv.) 55% ee CgHi7 158a
15% yield

4.4.13 Synthesis of chiral propargylamines 165 and 158 from (R,R)-2,3-
diphenylpiperazine 155a using CuBr

The (R,R)-2,3-diphenylpiperazine 155a (0.476 g, 2 mmol), 4 A molecular sieves
(2.4 g) and 1-decyne 150a (0.72 mL, 4 mmol) were taken in dry CH,Cl, (10 mL) in a
25 mL round bottomed flask under N, atmosphere at 25 °C. Then, CuBr (0.014 g, 0.2
mmol) and benzaldehyde 151a (0.48 mL, 4 mmol) were added at 25 °C. The reaction
mixture was stirred at 25 °C for 24 h. It was quenched with water (10 mL) and CH,Cl,
(20 mL) was added to it and stirred for 5 min. The organic layer was separated and
aqueous layer was extracted with CH,Cl, (10 mL). The combined organic extract was
washed with water (10 mL), brine (10 mL), dried over anhydrous Na,SO, and filtered.
The solvent was evaporated under reduced pressure and the residue was
chromatographed on a silica gel (100-200 mesh) column. The dipropargylamine
(RR,SS)-158a was isolated using hexanes/EtOAcC (98/2) as eluent in 24% yield (0.335
g) as yellowish viscous liquid. The corresponding monopropargylamine (R,R,S)-165a
was isolated using hexanes/EtOAc (90/10) as eluent in 30% yield (0.278 g) as yellowish
viscous liquid. The diastereomeric ratio (dr) of the propargylamines 158a and 165a

were obtained from the *H NMR analysis of the crude product. When the reaction was
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carried out using phenylacetylene 150c instead of 1-decyne 150a, the corresponding

propargylamines 158c and 165c¢ were obtained in 15% and 10% yields respectively.

R R
N\ N
\‘\\Ph \ ‘\\Ph
PR cuBr (5 motoe) wPh ~Ph
=R + PhCHO + & [ l
CH,Cl,
100 la 25°C, 24 h
(2 equiv.) (2 equiv.) ] 4A MS. _ Ph
(RR)-155a 165 7 s

128? | E _ SEH” (teauiv) 99:1 dr 99:1dr

o yield yield

a: R =CgHy7 30% 24%

4.4.14 Synthesis of chiral propargylamines 165a and 158a from (R,R)-2,3-
diphenylpiperazine 155a using Cul/PEG-400 reagent system®

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, PEG-400 (4 mL), Cul (0.040 g, 0.2
mmol), 1-decyne 150a (0.54 mL, 3 mmol), benzaldehyde 151a (0.30 mL, 3 mmol) and
(R,R)-2,3-diphenylpiperazine 155a (0.238 g, 1 mmol) were placed under N, atmosphere
and stirred at 100 °C for 12 h. The reaction mixture was cooled to 25 °C. It was diluted
with EtOAc (20 mL) and water (10 mL) and stirred for 10 min. The organic layer was
separated and aqueous layer was extracted with EtOAc (10 mL). The combined organic
extract was washed with water (10 mL), brine (10 mL), dried over anhydrous Na,SO,
and filtered. The solvent was evaporated and the residue was chromatographed on a

silica gd (100-200 mesh) column as mentioned in the section 4.4.13. The
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dipropargylamine (RR,S9-158a was obtained in 51% vyield (0.352 g) and the
corresponding monopropargylamine (R R,S)-165a was obtained in 26% yield (0.120 g).
The diastereomeric ratio (dr) of the propargylamines 158a and 165a were obtained from
the *H NMR analysis of the crude product. Using phenylacetylene 150c (3 mmol),
instead of 1-decyne 150a resulted in the formation of dipropargylamine 158c in 20%

yield. The yields and spectral data of the propargylamines are given below.

C8H17\ C8H17\
N WPh N WPh
[ l Cul (10 mol%) wPh wPh
==—CgH;; + PhCHO + l + [ l
o PEG-400 (4 mL)
150a
151a ) 100 °C,12 h |
3 mmol
(Fmmol) @mmol) oy g5ss 165 = "Ph
(1 mmol) ooar Cothr 1508
26% yield 510/(; yield
(2R,3R)-2,3-Diphenyl-1-[(1S)-1-phenyl-2-undecynyl]-piperazine
Yield 0.120 g (26%
g (26%) o
[a]> -37.0 (c 0.53, CHCl3) NP
IR (neat)  (cm™) 3321, 3030, 2723, 2355, 2224, 1454, 760 [ l‘\Ph
IHNMR (400 MHz, CDCl3, & ppm) 7.58 (d, J = 7.6 Hz,
2H), 7.31-7.28 (m, 3H), 7.23-7.19 (m, 2H), 7.09- (R'R'S)'165a

7.07 (m, 8H), 4.5 (s, 1H), 3.86 (d, J = 9.2 Hz, 1H), 3.67 (d, J = 9.2 Hz,
1H), 3.05-3.03 (M, 2H), 2.79-2.72 (m, 1H), 2.49-2.46 (m, 1H), 2.38-2.34
(m, 2H), 1.87 (s, 1H), 1.66-1.59 (m, 2H), 1.54-1.50 (m, 2H), 1.34-1.31

(m, 8H), 0.89 (t, J = 6.4 Hz, 3H) (Spectrum No. 43)
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(100 MHz, CDCl3, § ppm) 141.9, 140.0, 139.6, 128.1, 128.07, 127.9,
127.8,127.7, 127.1, 127.0, 126.9, 88.9, 74.3, 71.9, 68.4, 56.4, 46.3, 45.7,
31.9,29.3, 29.2, 29.0, 22.7, 18.8, 14.1 (Spectrum No. 44)

m/z 465 (M+1)

caculated for CssHaN2: C, 85.30%; H, 8.68%; N, 6.03%. Found: C,
85.12%; H, 8.79%; N, 6.09%

99:1 (calculated from *H NMR analysis of the crude product mixture)

(2R,3R)-2,3-Diphenyl-1,4-di[(1S5)-1-phenyl-2-undecynyl]piperazine

Yield
[aly
IR (neat)

'H NMR

BC NMR

LCMS

Analysis

dr

0.352 g (51%)

CgH17
“X__aPh
-38.0 (¢ 0.53, CHCl5)
N «Ph
(cm™®) 3061, 2928, 2729, 2256, 1601, 700 [ l
N Ph

(400 MHz, CDCl3, & ppm) 7.84 (s, 2H), 7.56- _~en

=
CgHy7 158a

7.54 (m, 4H), 7.36 (s, 2H), 7.29-7.26 (m, 4H),
7.21-7.18 (m, 2H), 7.12-7.08 (m, 2H), 6.88 (s, 2H), 6.52 (s, 2H), 4.48 (s,
2H), 3.80 (s, 2H), 2.64-2.62 (m, 2H), 2.39-2.35 (m, 6H), 1.65-1.59 (m,
8H), 1.38-1.32 (m, 16H), 0.91-0.88 (m, 6H) (Spectrum No. 45)

(100 MHz, CDCl3, 6 ppm) 140.7, 139.6, 128.1, 127.7, 127.0, 126.9,
88.8, 74.4, 72.0, 56.4, 45.1, 32.0, 29.3, 29.26, 29.25, 29.0, 22.7, 18.8,
14.1 (Spectrum No. 46)

m/z 692 (M+1)

calculated for CsoHe2N2: C, 86.90%; H, 9.04%; N, 4.05%. Found: C,
86.85%; H, 9.12%; N, 4.11%

99:1 (calculated from *H NMR analysis of the crude product mixture)
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(2R,3R)-1,4-Di[(15)-1,3-diphenyl-2-propynyl]-2,3-diphenylpiperazine

Colourless solid (eluent: hexanes/EtOAc-98/2) on

Yield 0.123 g (20%) \\ wPh

\Ph

mp 166-168 °C [Nl
N P

IR(KBr)  (cm™) 3059, 2835, 1599, 1491, 1450, 756 h

1 /Ph
HNMR (500 MHz, CDCl3, 6 ppm) 7.88 (br s, 2H), 7.61 (d, |p, 158¢

J = 8.2 Hz, 4H), 7.59-7.57 (m, 4H), 7.40-7.36 (m, 8H), 7.30 (t, J = 7.5
Hz, 4H), 7.23 (t, J = 7.2 Hz, 2H), 7.12 (t, J = 7.4 Hz, 2H), 6.92 (br s,
2H), 6.61 (br s, 2H), 4.76 (s, 2H), 3.92 (s, 2H), 2.77 (d, J = 7.7 Hz, 2H),
2.54 (d, J=8.2 Hz, 2H) (Spectrum No. 47)
B¥C NMR (125 MHz, CDCl3, & ppm) 140.3, 138.8, 131.9, 128.4, 128.2, 128.1,
127.9, 127.2, 123.5, 88.7, 84.6, 72.4, 56.8, 45.5 (Spectrum No. 48)
LCMS m/z 619 (M+1)
Analysis calculated for CgHssN2: C, 89.28%; H, 6.19%; N, 4.53% Found: C,
89.41%; H, 6.05%; N, 4.54%
dr 99:1 (calculated from *H NMR analysis of the crude product mixture)
4.4.15 Synthesis of chiral propargylamines (RR,S-166b and (RR,S-166¢c from
(R,R)-1-benzyl-2,3-diphenylpiperazine 163 using ZnCl,
In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, dry toluene (5 mL), ZnCl, (0.081 g,
0.6 mmol), 1-heptyne 150b (0.12 mL, 1 mmol) and (RR)-1-benzyl-2,3-
diphenylpiperazine 163 (0.328 g, 1 mmol) were taken under N, atmosphere and stirred

at 120 °C for 10-15 min. The reaction mixture was cooled to 25 °C and benzaldehyde
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151a (0.10 mL, 1 mmol) was added using a syringe. It was further stirred at 120 °C for
30 min. The reaction mixture was cooled to 25 °C and chromatographed directly on a
silica gel (100-200 mesh) column. The product (R)-alene 153ba was isolated using
hexanes as eluent in 17% yield and 95% ee (from HPLC analysis). The corresponding
propargylamine (RR,9-166b was isolated in 33% vyied (0.169 g) by using
hexanes/EtOAc (99.75/0.25) as eluent. When the reaction was carried out using
phenylacetylene 150c instead of 1-heptyne 150b, the product (R)-allene 153ca was
isolated using hexanes as eluent in 12% yield and 94% ee (from HPLC analysis). The
corresponding propargylamine (RR,9-166¢ was isolated in 15% yield (0.078 g) by

using hexanes/EtOAc (99.5/0.5) as eluent.

Ph Ph
wPh  zncl, (0.6 equw) ‘\Ph h/, H
R—== + Ph—CHO [ l
_ toluene R
(1equiv.) (1 equiv.) | 120 °C, 30 min.
150 151a = Ph (R)y-153
(R,R) 163 Z yield ee
b i R,R,S)-166
1500 : R = CgHyy (1 equiv.) ( _ ) 153ba: 17% 95%
150c : R = Ph 99:1dr 153ca: 12% 94%
166b: R = CgHy; 33% vield
166¢: R = Ph 15% yield

4.4.16 Synthesis of chiral propargylamines (RR,9-166b and (RR,S)-166¢ from
(R,R)-1-benzyl-2,3-diphenylpiperazine 163 using Cul/PEG-400 reagent system®

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, PEG-400 (4 mL), Cul (0.040 g, 0.2
mmol), 1-heptyne 150b (0.36 mL, 3 mmol), benzaldehyde 151a (0.30 mL, 3 mmol) and

(R,R)-1-benzyl-2,3-diphenylpiperazine 163 (0.656 g, 2 mmol) were taken under N
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atmosphere and stirred at 100 °C for 12 h. The reaction mixture was cooled to 25 °C. It
was diluted with EtOAc (20 mL) and water (10 mL) and stirred for 10 min. The organic
layer was separated and the aqueous layer was extracted with EtOAc (10 mL). The
combined organic extract was washed with water (10 mL), brine (10 mL), dried over
anhydrous Na,SO, and filtered. The solvent was evaporated and the residue was
chromatographed on a silica gel (100-200 mesh) column to isolate the propargylamine
(RR,S-166b using hexanesEtOAcC (99.75/0.25) as eluent. When the reaction was
carried out in the presence of phenylacetylene 150c (3 mmol) instead of 1-heptyne
150b, the corresponding propargylamine (RR,S-166¢c was isolated by column
chromatography on silica gel (100-200 mesh) using hexanes/EtOACc (99.5/0.5) as eluent.

The yields and the spectral data of the propargylamines 166b and 166¢ are given below.

r|:>h rPh
N._«Ph N._Ph
- ) Cul (10 mol%) '
R—== + Ph—CHO + >
N~ “ph  PEG-400 N~ “Ph
|

. 5150 ) 11551a ) 100 °C, 12 h /\
D equiv.) (1.5 equiv. ] " ph
150b: R = CsHyy (R,R)-163 =

150¢: R = Ph (1 equiv.) R™ (RIR,S)-166

(2R,3R)-1-Benzyl-2,3-diphenyl-4-[(1S)-1-phenyl-2-octynyl]-piperazine

Colourless viscous liquid

CsHyy
Yield 0.645 g (63%) N P
[0]? -19.0 (¢ 0.54, CHCl3) [N]:Ph
IR (nest)  (cm®) 3030, 2932, 2841, 2300, 1602, 1493, 1028 )N Ph
IHNMR (500 MHz, CDCls, & ppm) 7.73 (br s, 1H), 7.49- (Rf;,s)-leeb

7.47 (m, 2H), 7.30-7.01 (m, 15H), 6.8 (br s, 1H), 6.4 (br s, 1H), 4.42 (s,
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1H), 3.67-3.62 (M, 2H), 3.33-3.31 (M, 1H), 2.79-2.76 (m, 2H), 2.67-2.63
(m, 1H), 2.34-2.27 (m, 3H), 2.21-2.16 (m, 1H), 1.59-1.53 (m, 2H), 1.51-
1.43 (m, 2H), 1.39-1.31 (m, 2H), 0.93-0.89 (m, 3H)

(125 MHz, CDCls, & ppm) 141.4, 140.5, 139.6, 139.1, 128.8, 128.1,
128.0, 127.8, 127.1, 126.9, 126.8, 126.6, 88.9, 74.8, 74.3, 72.3, 59.4,
56.4,51.7,45.1, 31.2, 28.9, 22.3, 18.8, 14.1

m/z 514 (M+1)

calculated for Csz;HaoN2: C, 86.67%; H, 7.86%; N, 5.46%. Found: C,
86.51%; H, 7.82%; N, 5.37%

99:1 (calculated from *H NMR analysis of the crude product mixture)

(2R,3R)-1-Benzyl-4-[(1S)-1,3-diphenyl-2-propynyl]-2,3-diphenyl-piperazine

Colourless solid

Yield

Ph
0.890 g (86%) N o
154-155 °C [N]:Ph
-102.0 (c 0.6, CHCl5) )N Ph
Ph
(c™) 3059, 3030, 2791, 1952, 1599, 1446, 758 (RR.S)-166¢

(400 MHz, CDCls, 5 ppm) 7.82 (br s, 1H), 7.61 (d, J = 7.6 Hz, 2H),
7.57-7.54 (m, 2H), 7.38-7.29 (m, 6H), 7.23-7.08 (m, 12H), 6.93 (br s,
1H), 6.56 (br s, 1H), 4.76 (s, 1H), 3.82 (d, J = 9.2 Hz, 1H), 3.72 (d, J =
12.0 Hz, 1H), 3.40 (d, J = 9.2 Hz, 1H), 2.89-2.79 (m, 3H), 2.54-2.50 (m,

1H), 2.32-2.27 (m, 1H) (Spectrum No. 49)
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BCNMR (100 MHz, CDCls, & ppm) 141.2, 140.2, 139.0, 138.9, 131.9, 128.8,
128.3, 128.1, 128.09, 128.0, 127.8, 127.2, 126.9, 126.64, 123.4, 88.7,
84.4,74.7, 72.5, 59.5, 56.8, 51.7, 45.4 (Spectrum No. 50)

LCMS m/z 519 (M+1)

Analysis calculated for CggHN»2: C, 87.99%; H, 6.61%; N, 5.40% Found: C,
87.85%; H, 6.68%; N, 5.35%

dr 99:1 (calculated from *H NMR analysis of the crude product mixture)

4.4.17 Procedure for the synthesis of chiral allenes (R)-153aa from chiral
dipropargylamine (R,R,S,S)-158a

In a 25 mL round bottomed flask, containing a magnetic stirring bar equipped
with areflux condenser protected by mercury trap, dry toluene (2.5 mL), Znl, (0.096 g,
0.3 mmoal), and dipropargylamine (RR,S9-158a (0.345 g, 0.5 mmol) were placed
under N, atmosphere and stirred at 120 °C for 2 h. The reaction mixture was cooled to
25 °C and chromatographed on a silica gel (100-200 mesh) column. Using hexanes as
eluent, the allene (R)-153aa was isolated in 49% yield (0.055 g) with 55% ee (from
HPLC) and the bicyclic byproduct 156 was isolated in 39% vyield (0.089 g) using

hexanes/EtOAc (85/15) as eluent as colourless viscous liquid.

CgHy7
oPh
wPh Znl, (0.6 equiv.) Ph
[ l 2 ( q ) _ : . CgHyz \Ph
toluene, 120 °C
2h (R) 153aa

= Ph 49% vyield 156_
CgH;7~ 158a 55% ee 39% yield
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The experimenta procedure as outlined in the section 4.4.17 was followed for
the preparation of chira alenes (R)-153 from other propargylamines (R,R,S)-165 and
(RR,S-166 instead of the dipropargylamine (RR,S9-158a, in the presence of Znl,

(0.6 equiv.) as mentioned in the results and discussion section 4.2.5.
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Spectrum No. 1 (Chapter 1, Section 1.4), H NMR Spectrum (400 MHz, CDCl;)
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Spectrum No. 3 (Chapter 1, Section 1.4), H NMR Spectrum (400 MHz, CDCl;)
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Spectrum No. 5 (Chapter 1, Section 1.4), 1H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 7 (Chapter 1, Section 1.4), 1H NMR Spectrum (400 MHz, CDCly;)
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Spectrum No. 9 (Chapter 1, Section 1.4), 'H NMR Spectrum (400 MHz, CDCly)
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Spectrum No. 11 (Chapter 1, Section 1.4), 'TH NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 13 (Chapter 1, Section 1.4), 'TH NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 15 (Chapter 3, Section 3.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 17 (Chapter 3, Section 3.4), 'H NMR Spectrum (400 MHz, CDCl;)
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Spectrum No. 19 (Chapter 3, Section 3.4), 11B NMR Spectrum (128.3 MHz, CDCl,)
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Spectrum No. 20 (Chapter 3, Section 3.4), Decoupled B NMR Spectrum (128.3 MHz, CH,Cl,)
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Spectrum No. 21 (Chapter 3, Section 3.4), 1B NMR Spectrum (128.3 MHz, CH,Cl,)
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Spectrum No. 22 (Chapter 3, Section 3.4), Decoupled B NMR Spectrum (128.3 MHz, CH,Cl,)
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Spectrum No. 23 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCls,)
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Spectrum No. 25 (Chapter 4, Section 4.4), 'H NMR Spectrum (500 MHz, CDCl,)
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Spectrum No. 27 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 31 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 32 (Chapter 4, Section 4.4), 13C NMR Spectrum (100 MHz, CDCl,)
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Spectrum No. 33 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 35 (Chapter 4, Section 4.4), 'H NMR Spectrum (500 MHz, CDCl,)
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Spectrum No. 37 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 38 (Chapter 4, Section 4.4), 13C NMR Spectrum (100 MHz, CDCl;)
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Spectrum No. 39 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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Spectrum No. 41 (Chapter 4, Section 4.4), 'H NMR Spectrum (500 MHz, CDCl,)

(R)-153bj

| (H/ oo

i

ppm

Spectrum No. 42 (Chapter 4, Section 4.4), 13C NMR Spectrum (125 MHz, CDCl,)

10 VT—
05 22—
2882

1682 —>
oy 18~

10792
mc.hhwwm
8z 1L

90 16—
90 '¥6—

mo.mNH
HH.mNH
Nm.mNHJ//
18621
LT~
mm.wwﬁumw
88 '0€T

§€ .Hmﬂ\
66 '€€T

99 '90¢—

'J’ ' ‘

(R)-153bj

N

|

0 ppm

200 180 160 140 120 100 80 60 40 20

220




220

Representative Spectra Appendix |

WPh

¢
H

(RR,S)-165a

J b Ao /

| h

T T T T T T T T T T T
8 7 6 5 4 3 2 1 0 -1 ppm

REER 8 69 [@EE8 EEss @

Spectrum No. 44 (Chapter 4, Section 4.4), 13C NMR Spectrum (100 MHz, CDCl,)

© 4

o NO 0NN < O VON®LO N O
........... (<) MnNMoOwmMmo < < o™~ OMANDO© 0
—HOOOOWOMNNMNN~NN~NN~NOS L - R .
<TITONNNNNNNN © M~~~ O <t © © 0 HTO OO N 0 <
Enm o B B B B B B | © D e N (o) (Yo} < < MANNNN A

CgHy7
N\
\Ph

El

(R,R,S) 165a

LN RS

T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm




221

Appendix |

Representative Spectra

Spectrum No. 45 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)

000"
618"
968 "
€16°
8T¢ "
€ee’
€LE’
[4:150
65
009
919
129
€€9
059
¥59
cse
LS€°
89€ "
vLE"
¥8€ "
06€ "
86€ "
29’
9’
06"

€8y’

9¢S
688"
080
860"
LTT
8.1
96T
1474
9G¢
€lC
16¢
9G€
6€G”
8GG "
659G °
420

osadNadaddNdNdNNNdddddddddddo00oco

NENNENNNNNNNNNNN oo

N TNe—

<

TT—\——

T

/

T

—

.

M~

N
o o
oz <
e S o
—z = m
/7 =\

5 5
T T
el e
O [$)

~

N

—

M

BN

—

~

0.5 ppm

T

60 55 50 45 40 35 30 25 20
&
el

7.0 6.5
9|
IS]

i

7.5
—
—
i

8.0

8.5

| [

~
©
©

|

=)
N
™

I

~
o
—

|

Spectrum No. 46 (Chapter 4, Section 4.4), 13C NMR Spectrum (100 MHz, CDCl;)
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Spectrum No. 47 (Chapter 4, Section 4.4), 'H NMR Spectrum (500 MHz, CDCl,)
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Spectrum No. 48 (Chapter 4, Section 4.4), 13C NMR Spectrum (125 MHz, CDCl,)
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Spectrum No. 49 (Chapter 4, Section 4.4), 'H NMR Spectrum (400 MHz, CDCl,)
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(X-Ray Crystallographic Data)



Table Al. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A? x 10°) for the chiral diamine derivative 109 (Chapter 1, Section 1.2.1). U (eq) is

defined as one third of the trace of the orthogonalized Uij tensor.

atom X y z U (eq)
C(1) 3662(2) 8613(2) 2743(1) 43(2)
C(2) 5483(3) 9601(3) 2794(1) 58(1)
C(3) 6257(3) 8594(4) 2802(1) 638(1)
C(4) 5862(3) 7641(4) 2234(1) 638(1)
C(5) 4086(3) 6646(3) 2164(1) 60(1)
C(6) 3215(2) 7606(2) 2171(2) 42(1)
C(7) 3418(3) 10843(3) 2418(1) 57(1)
C(8) 3022(5) 12169(3) 2543(2) 89(1)
C(9) 2305(3) 9656(3) 3413(1) 59(1)
C(10) 3591(4) 10229(4) 3891(1) 84(1)
C(11) 834(3) 8089(3) 3548(1) 55(1)
C(12) 769(3) 7092(4) 3996(1) 638(1)
C(13) -625(4) 5728(4) 4138(1) 82(1)
C(14) -1985(4) 5359(4) 3832(1) 78(1)
C(15) -1938(3) 6328(4) 3388(1) 75(2)
C(16) -556(3) 7674(3) 3248(1) 65(1)
C(17) 689(3) 5369(3) 2462(1) 66(1)
C(18) -1027(6) 4073(4) 2323(2) 109(1)
C(19) 899(3) 6511(3) 1451(2) 63(1)
C(20) 1613(4) 5885(4) 1001(1) 84(1)
C(21) 1043(3) 8087(3) 1288(1) 62(1)
C(22) 106(3) 8575(4) 1577(1) 78(1)
C(23) 132(4) 9946(5) 1421(2) 99(1)
C(24) 1084(6) 10875(5) 976(2) 116(1)
C(25) 1996(5) 10404(5) 685(2) 109(1)
C(26) 1982(4) 9015(4) 826(1) 83(1)
F(1) 3444(3) 13139(2) 2081(1) 132(1)
F(2) 1507(3) 11675(3) 2645(1) 112(1)

F(3) 3835(3) 13044(2) 3011(1) 115(1)
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F(4)
F(5)
F(6)
N(1)
N(2)
O(1)
0(2)

-1054(3)
-1646(3)
-2009(3)
2965(2)
1487(2)
4145(2)
1211(2)

3159(2)
3138(2)
4598(3)
9659(2)
6536(2)
10992(2)
5231(2)

1875(1)
2789(1)
2186(1)
2812(1)
2066(1)
1967(1)
2932(1)

Appendix 1

136(1)
154(1)
133(1)
47(2)
50(1)
66(1)
76(1)

Table A2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters

(A? x 10 for the chira diamine 108c (Chapter 1, Section 1.2.1). U (eq) is defined as

one third of the trace of the orthogonalized Uij tensor.

atom X y z U (eq)
C(2) 3605(12) 9902(5) 7613(3) 69(3)
C(2) 5371(13) 9784(4) 8093(3) 62(2)
C(3) 4801(14) 10337(4) 8599(3) 77(3)
C(4) 4687(15) 11237(4) 8420(3) 88(3)
C(5) 2906(15) 11358(4) 7957(3) 104(3)
C(6) 3425(14) 10824(4) 7441(3) 98(3)
C(7) 2267(14) 9117(5) 6760(3) 66(2)
C(8) 1136(12) 8352(4) 7040(3) 109(3)
C(9) 3108(15) 8922(5) 6148(3) 55(2)
C(10) 1793(13) 9142(4) 5688(4) 66(2)
C(11) 2463(16) 8982(5) 5129(4) 85(3)
C(12) 4484(17) 8573(5) 5057(3) 66(3)
C(13) 5873(14) 8314(4) 5502(4) 80(3)
C(14) 5124(16) 8493(4) 6055(4) 79(3)
C(15) 7430(16) 8637(4) 8564(3) 78(3)
C(16) 7831(18) 7722(4) 8444(3) 132(4)
C(17) 7245(18) 8738(5) 9218(3) 63(2)
C(18) 9022(16) 9101(5) 9530(5) 91(3)
C(19) 8892(17) 9173(5) 10130(5) 90(3)
C(20) 7030(20) 8858(5) 10396(3) 71(3)
C(21) 5271(15) 8492(5) 10101(4) 86(3)
C(22) 5372(15) 8457(5) 9514(4) 79(3)
Cl(2) 5537(4) 8357(1) 4360(1) 108(1)
Cl(2) 6983(5) 8953(1) 11144(1) 126(2)
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N(1) 4233(17) 9388(5) 7105(3) 63(2)
N(2) 5359(14) 8914(5) 8258(3) 75(2)

Table A3. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A? x 10°) for the chira dipropargylamine 158¢c (Chapter 4, Section 4.2.4). U (eq) is

defined as one third of the trace of the orthogonalized Uij tensor.

atom X y z U (eq)
c() 341(1) 6244(3) 356(2) 19(1)
c(2) 332(1) 3757(3) 348(2) 23(1)
c) 447(1) 7563(3) 899(2) 20(1)
C(4) 156(1) 7769(3) 1438(2) 24(1)
c(5) 214(1) 9037(3) 1872(2) 28(1)
C(6) 568(1) 10094(3) 1761(2) 28(1)
c(?) 872(1) 9887(3) 1248(2) 29(1)
c(®) 815(1) 8627(3) 819(2) 23(1)
C(9) 1089(1) 4991(3) 1623(2) 20(1)
C(10) 1591(1) 4906(3) 1338(2) 22(1)
c(12) 2012(1) 4940(3) 1142(2) 22(1)
c(12) 2540(1) 5042(3) 952(2) 21(2)
c(13) 2653(1) 6265(3) 588(2) 26(1)
C(14) 3156(1) 6375(3) 413(2) 29(1)
C(15) 3578(1) 5288(3) 604(2) 26(1)
C(16) 3469(1) 4071(3) 957(2) 28(1)
C(17) 2966(1) 3940(3) 1132(2) 25(1)
C(18) 1150(1) 3936(3) 2331(2) 21(2)
C(19) 740(1) 4001(3) 2701(2) 28(1)
C(20) 822(1) 3182(4) 3420(2) 33(2)
c(21) 1321(1) 2273(3) 3761(2) 30(1)
c(22) 1717(1) 2162(3) 3374(2) 26(1)
c(23) 1637(1) 2978(3) 2661(2) 22(1)
C(24) 4640(1) 3599(3) 4776(2) 18(1)
C(25) 4650(1) 1099(3) 4778(2) 24(1)
C(26) 4411(1) 4917(3) 4244(2) 21(1)
c27) 4427(1) 5077(3) 3452(2) 20(1)
C(28) 4253(2) 6327(3) 2992(2) 34(1)
C(29) 4053(1) 7418(3) 3344(2) 35(1)

C(30) 4030(1) 7268(3) 4131(2) 33(1)
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C(31) 4207(1) 6010(3) 4583(2) 25(1)
C(32) 3741(1) 2303(3) 3735(2) 21(1)
C(33) 3434(1) 2078(3) 4317(2) 24(1)
C(34) 3263(1) 1975(3) 4880(2) 24(1)
C(35) 3050(1) 1898(3) 5551(2) 26(1)
C(36) 2690(1) 774(3) 5593(2) 28(1)
C(37) 2465(1) 750(4) 6208(2) 35(1)
C(38) 2597(1) 1825(4) 6815(2) 35(1)
C(39) 2972(1) 2024(4) 6795(2) 34(1)
C(40) 3192(1) 2947(3) 6175(2) 29(1)
C(41) 3547(1) 1305(3) 2059(2) 23(1)
C(42) 3907(1) 1169(3) 2517(2) 26(1)
C(43) 3703(2) 391(3) 1752(2) 29(1)
C(44) 3130(2) -262(3) 1432(2) 31(1)
C(45) 2773(1) -154(3) 1874(2) 31(2)
C(46) 2977(1) 623(3) 2645(2) 25(1)
N(1) 455(1) 4995(2) 905(1) 20(1)
N(2) 4420(1) 2336(2) 4231(1) 20(1)

Table A4. Atomic coordinates ( x 10% and equivalent isotropic displacement
parameters (A x 10%) for monopropargyl amine 166¢ (Chapter 4, Section 4.2.4). U

(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

atom X y z U (eq)
c() 8342(2) 2065(2) 3486(2) 24(1)
c(2) 7529(2) 2590(2) 3891(2) 25(1)
E) 7290(2) 1236(2) 2801(2) 26(1)
C(4) 7988(2) 1687(2) 2332(2) 27(2)
C(5) 9073(2) 3352(2) 4250(2) 24(1)
C(6) 9246(2) 4369(3) 4395(2) 36(1)
c(?) 9891(3) 4695(3) 5137(3) 49(1)
c(®) 10353(2) 4009(3) 5734(3) 46(1)
C(9) 10191(2) 2989(3) 5605(3) 42(1)
C(10) 9554(2) 2677(3) 4864(2) 34(1)
c(11) 7119(2) 3502(2) 4259(2) 22(1)
c(12) 7339(2) 3737(3) 5156(2) 33(2)
C(13) 7025(2) 4628(3) 5481(3) 42(1)

C(14) 6458(2) 5266(3) 4906(3) 42(1)
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C(15) 6223(2) 5024(3) 4013(3) 36(1)
C(16) 6546(2) 4150(2) 3689(2) 29(1)
C(17) 6118(2) 1632(3) 3635(2) 24(1)
C(18) 5288(2) 1345(2) 2919(2) 23(1)
C(19) 5080(2) 1882(3) 2123(2) 34(1)
C(20) 4303(2) 1680(3) 1474(2) 40(1)
C(21) 3729(2) 922(3) 1629(3) 42(1)
c(22) 3921(2) 372(3) 2414(3) 39(1)
C(23) 4696(2) 585(3) 3055(2) 32(1)
C(24) 6405(2) 797(3) 4291(2) 24(1)
C(25) 6627(2) 102(3) 4785(2) 24(1)
C(26) 6831(2) -762(2) 5370(2) 22(1)
C(27) 6330(2) -1088(3) 5940(2) 32(1)
C(28) 6574(2) -1931(3) 6480(2) 41(2)
C(29) 7373(3) -2434(3) 6451(2) 46(1)
C(30) 7923(2) -2128(3) 5889(3) 45(1)
C(31) 7671(2) -1291(3) 5344(2) 33(1)
C(32) 9425(2) 2575(2) 2556(2) 28(1)
C(33) 10057(2) 1778(2) 2312(2) 24(1)
C(34) 10562(2) 1975(3) 1671(2) 26(1)
C(35) 11179(2) 1268(3) 1478(2) 32(1)
C(36) 11293(2) 350(3) 1923(2) 30(1)
C(37) 10795(2) 159(3) 2575(2) 32(1)
C(38) 10182(2) 870(3) 2761(2) 29(1)
C(39) 7011(2) 8538(2) 1486(2) 21(1)
C(40) 7649(2) 7887(2) 1038(2) 21(1)
C(41) 7918(2) 6793(2) 2333(2) 24(1)
C(42) 7296(2) 7441(3) 2762(2) 25(1)
C(43) 6284(2) 9025(2) 764(2) 19(1)
C(44) 5555(2) 8455(3) 310(2) 25(1)
C(45) 4905(2) 8879(3) -376(2) 34(1)
C(46) 4987(2) 9890(3) -606(2) 37(2)
C(47) 5707(2) 10444(3) -166(2) 33(1)
C(48) 6355(2) 10030(2) 507(2) 25(1)
C(49) 8069(2) 8531(2) 411(2) 16(1)
C(50) 7767(2) 8475(2) -508(2) 24(1)
C(51) 8122(2) 9101(3) -1080(2) 31(2)
C(52) 8797(2) 9793(2) -728(2) 28(1)
C(53) 9108(2) 9857(2) 186(2) 28(1)
C(54) 8746(2) 9232(2) 752(2) 24(1)
C(55) 9022(2) 6805(2) 1362(2) 22(1)
C(56) 9871(2) 6587(2) 2066(2) 19(1)
C(57) 9997(2) 5638(2) 2535(2) 24(1)
C(58) 10790(2) 5527(3) 3166(2) 34(1)
C(59) 11465(2) 6244(3) 3325(2) 36(1)

C(60) 11353(2) 7141(3) 2846(2) 35(1)
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C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(72)
C(72)
C(73)
C(74)
C(75)
C(76)
N(2)

N(2)

N(3)

N(4)

10555(2)
8633(2)
8372(2)
8113(2)
8782(2)
8551(2)
7659(2)
6990(2)
7215(2)
5959(2)
5299(2)
4908(2)
4256(2)
3994(2)
4396(3)
5046(2)
8715(2)
6857(2)
6594(2)
8352(1)

7313(3)
5866(3)
5087(3)
4122(2)
3417(3)
2485(3)
2250(3)
2952(3)
3876(3)
8459(2)
7758(2)
6965(3)
6353(3)
6518(3)
7277(3)
7890(3)
2172(2)
2034(2)
7906(2)
7406(2)

2225(2)
895(2)
543(2)
132(2)
48(2)
-327(2)
-657(3)
-602(3)
-199(2)
2529(2)
2847(2)
2317(2)
2560(3)
3359(3)
3910(3)
3658(2)
2991(2)
3231(2)
2089(2)
1740(2)
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27(2)
22(1)
21(1)
21(1)
29(1)
35(1)
46(1)
56(1)
41(2)
25(1)
22(1)
34(1)
39(1)
42(1)
49(1)
40(1)
25(1)
22(1)
22(1)
19(1)
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