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Abstract

This thesis deals with Studies on Chiral Amines, Sulphides and Borane reagents
prepared using Tetraalkyl Ammonium Borohydride. It comprises of three chapters.
Each chapter is subdivided into four parts, 1) Introduction, 2) Results and Discussion 3)
Conclusions and 4) Experimental Section along with References. The work described in
thesis is explorative in nature.

The first chapter deals with synthesis of racemic trans-1,2-diamines and their
derivatives. A brief review on the synthesis of 1,2-diamines by various methods is
presented in the introductory section. The (+)-trans-1,2-diamines were readily prepared
from the corresponding (£)-trans-1,2-amino alcohols via formation of aziridinium ions and
the subsequent ring opening with nitrogen nucleophiles such as aqueous NHj, pyrrolidine,

and piperazine in good yields (Scheme 1).

Scheme 1
‘\\\OH EtSN’ MSCl + /Rl EtsN, Nu ,\\Nu
R T e N, > | —— > Rl
N THF R RT-reflux N~
! 0-25°C, 6 h !
2 48 h R
(®-1 -2
66-80%
R, R®N = [-(CH),-], n=4,5
/\ Nu = aqg.NHs, pyrrolidine, piperazine
RLR°N= —N  NMe
_/

The (£)-trans-1,2-diamines prepared in this way were resolved using commercially
available resolving agents such as dibenzoyl-L-tartaric acid and (R)-(-)-bi-2-napthyl-

phosphoric acid to obtain optically pure trans-1,2-diamines. Also, the bi-2-napthol boric



acid complex prepared in situ using bi-2-napthol and B(OMe); was used as a resolving agent

in the resolution of racemic trans-1,2-diamines and its derivatives.

The racemic trans-2-(1-pyrrolidinyl)cyclohexylamine 2a was resolved by formation
of diastereomeric salt with dibenzoyl-L-tartaric acid in acetone at 25 °C. Partially resolved
sample of 2a was obtained in 82% ee under these conditions which upon further enrichment

gave samples with >99% ee (Scheme 2).

Scheme 2
. NaOH
Precipitate R (RR)-2a —> (RR)-2a
,D Dibenzoyl-L ( EIOAC 294 ee, 32%y >99% ee
”/NHZ Acetone, t
RT,12h NaOH
()-2a Filtrate @—— (S.5)-2a

tOAC  57%ee, 53% y

The chiral complex 3 was readily prepared using optically pure (S)-1,1-bi-2-napthol

and trimethyl borate in dichloromethane under mild conditions (Scheme 3).

Scheme 3

OH B(OMe)s l l ”
_OH T CH.ClL
NS e

(S)-()-1,1"-bi-2-napthol (S,S)-3

The bi-2-naptholborate complex 3 has been used for the resolution of series of (£)-

trans-1,2-diamines successfully under ambient conditions as shown in the Scheme 4.
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Scheme 4

> Precipitate —>D (R,R)-2a
54% ee, 37%

NH,
O\ MeOH
D RT, 12 h

(¥)- 2a

| » Filrate -2 (S.5)-2a
48% ee, 40%

NH»
O\N/\ —> Precipitate By (RR)-2b

OO HY OO N 38% ee, 57%
0.-_0O (2)- 2b b "CHg

—~B<
OO (@] O MeOH, RT, 12 h

(S,9)- 3 L > Filtrate —P» (S,5)-2b
66% ee, 33%

Ph
N( Ph — Precipitate —3= (R,R)-2¢
SN 59% ee, 40%
N CHZCN
Q RT, 12 h
(¥)- 2c
L > Filrate -2 (S,9)-2¢

52% ee, 38%

Precipitate or Filtrate Digestion (D) - 1. 2N HCI/EtOAc
2. NaOH/EtOAc

We have developed an improved method for the resolution of (+)-trans-2-(4-
methylpiperazinyl)cyclohexylamine 2b using (R)-(-)-bi-2-napthylphosphoric acid in THF at

25 °C (Scheme 5).
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Scheme 5

_CHj
e )
\O\ e NJ
o~ oH
99
4 () -2b

THF
RT,12 h
Precipitate Filtrate
1.2N HCI/EtOAc 1.2N HCI/EtOAc
2.NaOH/EtOAc 2.NaOH/EtOAc
(RR) - 2b (S,S)-2b
32% eci, 56% y 57% ee, 33% y
(R,R) - 2b
>99% ee

The non-racemic 1,2-diamines 2a and 2b were purified by following a method
developed in this laboratory using achiral acids such as fumaric acid and oxalic acid

respectively to obtain enantiomerically enriched samples (Scheme 6).

Scheme 6

5N NaOH

Precipitate ——> (+)-2a
N Ether 99% ee, 59% y
Fumaric acid

.\\
O\ Acetone
NH,

RT, 12h L
nonz-?acemic Filtrate M’ (+)-2a
829 oe Ether 42% ee, 18%y
Precipitate
hN/Me 10MNa,COg () oy
[ Ether 44% ee, 27% y
N Oxalic acid.2H,0
NH THF
b 2 RT, 12h 10M Na,COg3 ()- 2b
—_—

non-racemic Filtrate Ether 98% ee, 65% y
82% ee



xiii

Development of methods for the synthesis of diphenyl substituted pyrrolidines,
piperidines and thiolanes is described in Chapter 2. A brief overview on the synthesis of C,-
symmetric pyrrolidine, piperidine and thiolane derivatives is presented in the introductory
section.  The chiral N-benzyl-2,5-diphenylpyrrolidine and 2,5-diphenylthiolane were
prepared from optically pure 1,4-diphenylbutane-1,4-diol. The chiral diols were obtained
from asymmetric reduction of 1,4-diphenylbutane-1,4-dione and 1,5-diphenylpentane-1,5-
dione using B-methoxyoxazaborolidine (10 mol%) prepared in situ using (S)-a,0’-

diphenylpyrrolidinemethanol, B(OMe); and N,N-diethylaniline-BH3 (1 equiv) (Scheme 7).

Scheme 7

[, o [

N~ {-oH THF NN Ph
H  Ph RT,1h B-0 Ph
MeO
6
Ph 1.6 (10 mol% - Ph
Ph)m (10 mol%) - Ph%/
o) 2. Ph(CzHS)zN:BHg éH
7 THF, 0-10 °C, 1 h (1R,4R)-8
n=1,2 RT, 2h 74%, 89% ee

The C,-symmetric N-benzyl-2,5-diphenylpyrrolidine 9 and 2,5-diphenylthiolane 10
were prepared from the diol 8 via the cyclization of the corresponding dimesylates with
benzyl amine and sodium sulfide respectively (Scheme 8). The configuration of the 2,5-

diphenylthiolane 10 was confirmed (2S,5S) from X-ray crystal structure analysis.
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Scheme 8
PhCH,NH,, O\
o= Ph""N\ " Ph
0°C,12h K
T < 0,
ph PN BN MSCL | A~ _Ph 3% (25,55)-9
= CH,CI = E—
OH 2%-12
20°C. 2h OMs
8 Na,S.9H,0
RT,24h D\
LRLerlly pp Ph
DMSO Ph™ s
80% (2S,5S)-10

The (2S,65)-2,6-diphenylpiperidine 13 and (2S,6S)-2,6-diphenyltetrahydrothiopyran
14 were readily prepared from (1R,5R)-1,5-diphenylpentane-1,5-diol. The 1,5-diol 11 was
mesylated using Ets;N/MsCl in anhydrous dichloromethane (CH,Cl,) and the corresponding
dimesylate was treated with benzyl amine and sodium sulfide (Na,S.9H,0) to obtain the

products (2S,6S)-N-benzyl-2,6-diphenylpiperidine 12 and its sulfur analogue (Scheme 9).

Scheme 9
EtsN
oH OH  nscl ovs ¢
Ph™ >">"pn CH,Cl, |Ph~ > >"pn[ 0°C,12n Ph" "N" “Ph
-20°C,2h K
11 Ph
12

Na,S.9H,0 | DMSO
72% |[RT,24h CH3CN-H,0 | CeNH,4NO;
(5:1) RT,4h

ol ol

Ph"" >s” Yph PR N

(25,65)-14 (25.65)-13

Studies on the use of tetrabutylammonium borohydride (BuuNBH,4) and additives like
benzyl chloride and iodine to prepare borane for the reduction of carbonyl compounds are

described in chapter 3. A brief review on the modified borohydride reagents presented in the
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introductory section. A convenient procedure has been developed for the generation of

diborane (B,Hp) in situ using BuyNBH, using benzyl chloride in toluene (Scheme 10).

Scheme 10
PhCH,CI
BusNBH, THF2 HgB:THF + BuyNCl + 1/2 H,
15 RT, 15-30 min 16
iPhSP
Ph3P:BH3

17, 90 % vield

The BusNBH4/I, reagent system provides a convenient source for the ex situ
generation of diborane (B,Hs) which could be used for the preparation Lewis base-BHj;

complexes (Scheme 11).

Scheme 11
0.5 1, N,N-d|eltgylanll|ne >
BU4NBH4 |—> 1/2 BZH6 + BU4N| y N:BH3
15 toluene, RT 18 toluene
19B

The diborane (in situ) generated using BusNBH4/PhCH,Cl and BusNBH4/I,
effectively reduces various functional groups like aldehydes, ketones, carboxylic acids, acid

chlorides and esters at 25 °C in toluene (Scheme 12)

Scheme 12
BuysNBH
9] 4 4
OH BuNBH,/ I, PhCH,ClI )O\H
P A —— —_— —_—
A~ R toluene, RT  Ar R’ toluene, RT  Ar R'

21 20 21

R'=H, CH3 R=H, CH3, OH, OMe R'=H, CH3

Ar = CgHs, 4-CICgHy,  Ar = CgHs, 4-ClICgHy, Ar = CgHs, 4-CICgHy,
4'N0206H4 4-MeOC6H4,

4-M6006H4
4-NO,CgH,
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Also, the BusNBH4/PhCH,Cl reagent system is useful for the hydroboration of olefins
under ambient conditions in toluene/THF mixture. The corresponding alcohols were

obtained in good yields after H,O,/OH™ oxidation (Scheme 13).

Scheme 13

OH

BusNBH,4 OH
X PhCH,CI
Toluene (20 mL) -

THF (5mL)
22 RT, 4h 23 24
H,0,/NaOH 92% 8%

The hydroboration reactions of prochiral olefins were carried out using chiral Lewis
base-BH; and BH,I complexes prepared using BuuNBH./I; in toluene to examine the recently

introduced concept of iodine activation of the borane complexes (Figure 1).

Figure 1

Ph\“‘Q‘Ph Ph\“'Q‘Ph Ph\“‘Q‘Ph Ph\“'Q‘Ph
¥ V'

s s
BH3 k |HzB T\Ph BH3 BH2|

25 26 27 28

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

those given in the chapters.



Chapter 1

Synthesis and Resolution of (+)-1,2-diamines






1.1 Introduction

A vast majority of biologically important molecules such as drugs and natural
products contains nitrogen in their framework. Enantiomerically pure 1,2-diamines and
their derivatives are also widely used as chiral auxiliaries' in a variety of asymmetric
transformations involving chiral phosphonamides Lewis acids or electrophiles, metal
enolates, dienophiles and transition metal reagents.” Also, the compounds containing
1,2-diamine moieties are valuable intermediates in the synthesis of biologically active
molecules. For example, the diamine derivative U 50,488 (1) a potent k-opioid agonist
is reported to have analgesics activity” and the compound W09902159 (2) (Figure 1)
containing a N-alkyl piperazino moiety is reported to have potential for treating sexual
disorders.*

Figure 1

(\N/Me OEtHN
\\D O\\\NJ \
\
O\ e ] cl N MEO
0,S.
OW 2 _ _
bN Bifunctional
Me organocatalyst

U 50,488 (1) WO 9902159 (2) Sildenafil (3) ()]

Accordingly, there have been several efforts towards the syntheses of these
compounds in recent years.” We describe here a new approach to the synthesis and
separation of enantiopure 1,2-diamines that are useful as precursors of the biologically
active molecules 1 and 2. A brief overview on the synthesis of 1,2-diamines by various

methods would facilitate further discussion.



Synthesis of Vicinal diamines

Barluenga et al® reported the preparation of aromatic vicinal diamines from
olefins. The reaction of alkenes with thallium or mercury salts in the presence of
primary or secondary amines leads to 1,2-diamines in good yields (50-95%). This

procedure is limited to aromatic vicinal diamines (Scheme 1).

Scheme 1
R? PhNHR® R2
TI(OAC
le TOA); R/ NR%h
dioxane
5 reflux NR3Ph
6

R! =H, alkyl, Ph

50-93%
R% = H, alkyl; R3= H, Me ’
2 R?
R ArNH,
W ) _HgO2HEF, Rl\(kNHAr
THF, reflux
NHAr
R! = alkyl, Ph; R? = H, alkyl ’
62-95%

Ar = Ph, 0-MeCgH5
Jacobsen and Zhang' reported the preparation of trans-1,2-diamino-1,2-
dimethylcyclohexane 9 by reaction of olefin 8 by dinitrogen tetraoxide with very good
diastereoselectivity. Subsequent resolution with (+)-mandelic acid gave the enantiopure
diamines (Scheme 2). This methodology is applicable only for vicinal diamines
adjacent to tertiary centers because primary and secondary dinitro intermediates would

be prone to epimerization.

Scheme 2
NO , (+)-mandelic NH,
C[ N2O4 (;L H2, 45 (psi) (:L _acid_ @
Et,0, 0°C ~ PdOH),IC =
2 NO, (OH). N,
(*)- 9 (R,R)-9

trans:cis>30:1



Sharpless et al®

diamines.

11b and subsequent reaction with various nitrogen nucleophiles affords the vicinal 1,2-

The conversion of optically pure 1,2-diols into cyclic sulfites 11a, sulfates

diamines 13 in good yields (Scheme 3).

Scheme 3
OH 1e)
Rl/'YRZ SOCl, . R?  RuCls NalO, \O
. cc, R CCI4,CH3CN
10 1lla H,0
R, R% = alkyl, H l R,NH
o)
e=0
NR; N+ 70/\8(0
LR R,NH N - i
- / \
R /\‘/ Rl\‘\‘ 2 -HSO4 Rl/'\‘/
NR, R +
13 12 NHR;
8-82%

Rosi et al’ synthesized 1,2-diamine precursors of taxol side chain analogue with
retention in configuration via the reaction of potassium phthalimide with the mesylate of

14 as a consequence of the participation of the oxazolidinone nitrogen atom in the

R,NH = pyrrolidine,piperidine,morpholine,

Et,NH, Bn,NH, i-ProNH

displacement mechanism (Scheme 4).

Scheme 4

OH

Ph/’\;/\o
HN«

14 o

HoNNH,
—_—

0
OMs NK
lxélsill PN Y 0=\~ "0
t3 ~i >
HN«o Ph)\-./\o
15 HN«
NHo NH, 16 O
HN N
\éo NHBoc
17 18

developed a method to convert 1,2-diols 10 into vicinal



Rossiter and Miao'® synthesized 1,2-diamines from 1,2-amino alcohols by
nucleophilic opening of aziridinium ions 21 with methylamine (Scheme 5). The
diamines were used as ligands for chiral amidocuprates in enantioselective conjugate

addition to cyclic enones.

Scheme 5
Piperidine | @ NHMe
H __EtOH Q MsC /N By 1 '\O
reflux, 3h A Et3 SJ MsO’| MeNH; Ar >
19  40-73% Et,O H,0

21 39-89%
Ar = 1-napthyl, 2-napthyl,
4-PhC6H4, 2,4-M92C6H3,
2,4,6'M€3C6H2
O'Brien et al'' developed a one pot synthesis of 1,2-diamines from (R)-styrene
oxide 23. Mesylation of vicinal tertiary amino alcohols produced aziridinium ions

which on treatment with primary amines affords diamines in good yields (Scheme 6).

Scheme 6

o 1. pyrrolidine or )
piperidine @ N RNH NHR
ya /" _RNHp B )

—_——————
Ph EtOH, reflux /QN 74-93% Ph
93 2.MsCl, Et;N  Ph o
Et,0, 0 °C :
30 min n=12 R = H, Me, 'Bu, Ph, Bn

(R) or (S) Ph(Me)CH

EtsN R
NH, RBr, Na,COs5 NR, VoCl LI l'\lHMe
/'VOH _N-BugNE OH ——> /Q e Ph/\/NRz
Ph THF, reflux F1 Et;0 Ph ag.MeNH;
RT, 16h 29
26 3-20h 27 0°c 28 ’
62-76%

N
= N
NR2 Nan, CN , _



Zwierzak and Pacewicka'? reported the synthesis of vicinal diamines from the
bromophosphoramidates 31, using a procedure involving the displacement of bromide

ion by sodium azide and reduction of the azide in a Staudinger reaction (Scheme 7).

Scheme 7
L Br N3
R - 1
SP (E0),PONSr; R NaNs R\‘)\RZ
Et,O/BF3 NH DMOSO NH
30 2. aq.NaHSO5 P(OEY),  80°C, 6h “P(OEY),
31 O o)
+
o , N=P(OEY3| T50HH,0 NHs  KHCO/K,CO; " NH,
EtO);P R\‘)\ 2 EtOH BuyBr 2
— " R? R
RT, 24 h R T 780C. on Y CH,Cly, RT, 12h e
N NH.. 35-75% NH,
2 P(OEt); | 35-64% w ® oTso
i 33
32

R'= n-C3H7, n-C4Hg,CHg, Ph
R%=H, CHs

Orlek and Stemp"® reported the synthesis of trans-1,2-diamine derivatives from
B-halogenoalkylamines. The reaction of the intermediate N-chlorourethane 35 with
nitrogen nucleophiles led to either trans-adducts 36 or cis-adducts 37 depending upon

the conditions used (Scheme 8).

Scheme 8
1. NaH, DMF
1 CI,NCO,Et 0
il “INHCO,Et —40 C. 10h _ INHCO,Et
2NaHSO, 2. NaN3, NH,Cl
35 _ Cl 55 °C, 50 min N3
67%
NaN;, DMF
RT, 24 h
©i>--"NHC02Et
//N3

37 7%



Swern and Swift'* developed a strategy to synthesize either syn or anti-1,2-
diamines from olefins. The aziridine intermediates were opened by the azide ion in the
presence of isocyanate, and catalytic hydrogenation of resulting azide afforded diamines

in moderate yields (Scheme 9).

Scheme 9
H H->N Me
. 1. [INCO N NaN 2
P e L meol L, -
2MeOH . 7/ MeOH  jpy N
33 i-Pr Me 3
3.KOH 39 40

+
1.H, Pt CH,N  Me

2. HCI +

60% y i-Pr NH,CI

41
Hummel and Gmeiner'® prepared chiral vicinal diamines from electrophilic
amination of a chiral f-amino ketone 42 with dibenzylazodicaboxylate and obtained the

trans-adduct 44 exclusively after the reduction (Scheme 10).

Scheme 10
o _ o}
1. nBuli, THOF NCbz-NHCbz
HMPA, -78 °C
“/NBn, 2 CbzN=NCbz “/NBn,
42 78°C :
-78 °C LIEthH
0
_ o%
NH, L RaneyNi Hy \ N-NHZ
“/NH, 2. Hp, PA(OH),/C “'NBnj
R.R)- 44 MeOH
(R.R) 2506 43

Strugess and Yarberry'® prepared the diamine 47 by treating (S)-2-
pyrrolidinylmethanol 45 with 1-nitrocyclohexene followed by reduction with samarium
diiodide in methanol to obtain a single adduct in excellent stereoselectivity (Scheme

11).



Scheme 11

T —
N CH,Cl,, RT P THF

H 30 min O,N 90% HoN

45 95% 46 47

trans:cis > 99:1

OZNO OH OH
O\/OH N//,O Smly, MeOH N:O

Tanner et al'’ synthesized C,-symmetric aziridines 49 from easily available (+)-
and (-)-tartaric acid 48. Subsequent nucleophilic attack gave enantiopure amines 50 in

good yields (Scheme 12).

Scheme 12
EtO,C CO,Et
(+)-or (-)- 5 ' NaN3, DMF N3  COEt
Tartaric acid —— 0 S
#‘S 30°C.81%  Et0,C  NHTs
48
49 50

Reetz et al'® synthesized vicinal diamines 54 based on stereoselective alkylation
of imines 53 derived from N,N-dibenzylamino aldehydes 52 which were in turn

obtained from a-amino acids 51 (Scheme 13).

Scheme 13
H2N Bn,N Bn,N NTs
N 2 Ts-N=S=0 2 /
e
51 R 52 = R >3
lRlMgX
R = L-Ala, Phe, Val, BN~ NHTs
Lys(Bny) R\\ /’Rl
1 54
R = Me, nBu anti, 57-95%
de = 70-90%
ee > 98%

Brunner et al'’ synthesized mono substituted vicinal diamines by reduction of

amides 56 derived from natural a-amino acids with high enantiomeric purity (Scheme



10

14). The derivatives are useful as ligands in platinum complexes that cause inhibition

of DNA synthesis in tumor cells.

Scheme 14
H,N HoN : HoN  NH
2 \—COH 1. SOCl, | \CONH, LiAH, _ 2 /2
R 2. NHg, MeOH R THF R
55 56 57
R = L-Phe, Leu, Val, 23-69%
lle, Met

Fujisawa et al* reported the enantioselective pinacol coupling of benzaldimine
58 promoted by zinc-copper couple in the presence of excess (+)-camphorsulphonic

acid (Scheme 15).

Scheme 15
R Zn-Cu
- o NHR
\N (+)-Camphorsulfonic acid 1 NHR
) . - Ph + /'vph
Ph (3 equiv) PR Ph™
58 DMF, -10 °C to RT NHR NHR

59 60
ee 97% (syn) syn:anti 70:30

Anderson et al’!

developed a method based on nitro-Mannich reaction by
coupling of alkyl nitro compounds and aldimines in the presence of a Bronsted acid.

The corresponding B-nitro-amines 62 were reduced with samarium diiodide to obtain

1,2-diamines in moderate to good yields (Scheme 16).

Scheme 16
PMB 1. Sml, (6.5 eqiuv) NH
NO2 4 BuLi, THF, -78 °C NH THF/MeOH -2 £t
Et 5 RN RTY 2 Ce(NOg)s(NHa)
61 ' PMB 52 NO, CH4CN, H,0, RT 32
3. AcOH (2 eqiuv)
36-75%
PMB= -(4-methoxybenzyl) R anti:syn
Ph 10:1

(CH2)4CH3 9:1
(CH3)3Ph 71



11

Chemler et al** developed a copper catalyzed intramolecular diamination, in

which the two nitrogen groups are tethered by SO, or CO groups and the copper (II) salt
mediated addition to the terminal double bond takes place to give a bicyclic diamine 66

products as shown in Scheme 17.

Scheme 17
Cu(Il)OAc,
©j¥ KoCOs m LAH, THF @j
— > —
'\\IH DI\gSO N le refl:)Jx N NHBn
X _Bn 90°C, 48 h x~NBn  93% H
64 H 92% 65 66

X=CO, SO,
Symmetric vicinal diamines were prepared through photo-reductive coupling of
pyridine, arene and alkylcarboxaldimines in good yields. This procedure tolerates bulky

groups such as tert-butyl and diphenylmethyl on nitrogen atom (Scheme 18).”

Scheme 18
N _N
X, - 0-CgH - ‘ NHo-CgH
‘ AN N 6111 hv, pyrex, 4 h /NHO C6H11+ AN - 611
_—>
~ .
N IPA:acetone ‘ S NHo-CgHy1 | X NHo-CgH1;
7:3 —
67 N~ 68 N~ 69
52% 48%

Kise and Veda™ prepared vicinal diamines from reductive coupling reactions of
oximes 70 and azines 71 in the presence of excess zinc at room temperature. Addition
of MsOH selectively affords meso-1,2-diamines, while that of TiCly led to dI-1,2-

diamines (Scheme 19).

Scheme 19
Ar Zn-MsOH '\\IHZ
A o No _Ar n-Ms NH,
or N B
7\1\ Ar” N o Ar/Y
OH Zn-TiCl, Ar

70 71 72
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Xu et al®

developed Sml, mediated heteronuclear reductive cross coupling of
nitrones 73 with N-tert-butanesulfinyl imines 74 at -78 °C in tertiary butanol (Scheme

20). The sulfinyl group can be removed using copper acetate and zinc in acetic acid.

Scheme 20
_ O/, /%
o\+/Bn oH 3
T< Sml, tBuOH _ BnN,  NH
K THF, -78 °C 42—\ph
73 75

Zhu and Rondot®® reported three component synthesis of chiral O-1,2-
diaminoalkyl phenol from electron rich phenol 76, an amine 77 and a chiral a-N,N-
dibenzyaminoaldehyde 78. By controlling reaction conditions, either anti 79 or syn 80

diastereomer can be prepared (Scheme 21).

Scheme 21
OH NHR?
Yb(OTh; L
OH NapSO, 7 ) z -20°C 60 °C
o~ (@) CH2C|2,16 h '\/v, NBn2
¢ \
L/ . RZNH2+ H/Rl R 79 14 1
- — 2
R NBn, OH NHR N
76 77 78 Yb(OTf)3 e _ 18
e !

Nast4 '\/v, ﬁan
1,2-DCE,4h R 80

Amedjouk and Ahlberg®’ developed a strategy to transform (S)-proline 81 in to
1,2-diamines via reaction with chloral followed by introduction secondary amine group.
The amide 82 is reduced to diamine 83 by LiAlH4 with no loss of stereoselectivity

(Scheme 22).
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Scheme 22
o 1.NHR'R?, EtOH
O‘ CClsCHO W RT, 10 min
COOH > >
N Dean-stark N_. O 2.LAH, THF N 152
H ol Y H NRR
oluene = reflux
81 ClsC 83
82
Anders et al®® developed a modified procedure for the synthesis of

unsymmetrical chiral secondary vicinal diamines 87 via primary amine mediated ring

opening reaction of diastereomeric oxazolidinone 85 derivative (Scheme 23).

Scheme 23
O
D‘ CCI3CHO RNH, o
e
07 N7 T COOH e stark N._O toluene O "N
H toluene - reflux, 2 h H HN-R
84 Cly
85 86
LiAIH,, THF
IAIA, e Q\\ R = Ph, 4-Me-CgHyg4, 2,4,6-(Me)3-CgH,,
reflux, 2 h H NR PhCH,, 4-Me-CgH4CH,, 4-Cl-CgHy,
g7 H (R)-Phenylethylamine

Optically active diamines were synthesized from amino acid derived N-

diphenylphosphinoyl ketimines and Grignard reagents in excellent selectivity (up to

99% ee) (Scheme 24).%°

Scheme 24
Rl
/H(N\ _ LR*MgBr.THF LRMEBTRE N R? PhoPCUEGN BocHN™
BockiN O 2NH,0HHC P A( THF. 30°C. Pho - _N
880 AcONa 89 Ph— O
EtOH-H,0 o
R! 1.HCI, EtOAC L s
HCl, o .
R°MgBr SR RT N SR? R'=Me
——~—» BocHN R3 L RZ=ph
toluene Ph. NH 2 HS|CI3, Et:N  H,N NH =
° P~ -70°C ? R3= 4-F C¢H
0¢c Ph/ 92 - 6"'4
o 69-73%
98-99% ee

91
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Singh et al* reported the synthesis of various chiral non-racemic 1,2-diamines

(97) from readily available (S)-O-acetylmandelic acid 94 as shown in Scheme 25.

Scheme 25
OH OAc
5 AcCl 5 DCC, HOBT, cucl, .~ Py P
Ph™ "COOH gt 12h Ph™ "COOH pMF, RRNH,0°C-RT acd  N-R
93 94% 94 24 h, 71-98% R
95
oh 1.MsCl, EtsN Ph
LAH, THF 0 °C, 30 min —
reflux, 24h 5 ‘w-r 2.EtN,R'NHz RIHN N-R
73-99% R 0°C-RT, 24 h R
9 77-96% 97

In recent years, significant progress has been made towards the synthesis of
enantiopure chiral compounds by enantioselective chemical and enzymatic synthesis,
enantioselective chromatography and selective transformation of compounds from
natural chiral pool. However, not all of these methods are practical for execution on
large scale synthesis. On the other hand, methods for the synthesis of racemic
compounds are much simpler and can be extended to large scale synthesis.’’
Stereospecific syntheses of (£)-trans-N,N-cyclohexane-1,2-diamines were carried out
from the corresponding (+)-trans-N,N-dialkylaminocyclohexanols. The ring opening of
intermediate aziridinium ions by nitrogen nucleophiles affords the corresponding 1,2-
diamines.*> We have undertaken research efforts on the use of this route for the

synthesis of chiral 1,2-diamines. The results are described in the next section.
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1.2. Results and discussion

1.2.1 Preparation of (£)-trans-N,N-dialkylaminocyclohexanols

The racemic 1,2-amino alcohols are readily prepared using cyclohexene oxide
by refluxing with the corresponding secondary amines such as pyrrolidine, piperidine,
and 4-methylpiperazine in high yields following a reported procedure (Scheme 26,
Table 1).**

Scheme 26

“OH

ez ()
> 1
reflux, 48 h N/R

08 80-88% (£)-99 |‘?2

RIR2NH = pyrrolidine, piperidine,
4-Me-piperazine

Table 1 Preparation of (+)-trans-N,N-dialkylaminocyclohexanols®

12 (¥)-trans-1,2-amino . 0/ \C
entry R R"NH alcohol® yield (%)

o
1 CNH D 88
99a

WOH
~ | Cr
2 HsC—N  NH N 80
_/

99bbN\CH3

O o
3 NH ,\O 87
99c¢

®All the reactions were carried out with 280 mmol of secondary amine and 300 mmol of cyclohexene
oxide. "The products were identified using spectral data (IR, 'H, "C-NMR) and comparison with
reported data.** Yields are of isolated products.

1.2.2 Preparation of (x)-trans-N,N-cyclohexane-1,2-diamines

Syntheses of the (*)-trans-1,2-diamines were carried out using the
corresponding (*)-trans-1,2-amino alcohols 99 by successive treatment with mesyl

chloride in the presence of EtsN and subsequent reaction of aziridinium ion 100
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intermediate prepared in situ with nitrogen nucleophiles such as aqueous ammonia,

pyrrolidine and piperazine to afford the corresponding (£)-trans-1,2-diamines 101 in

good yields (66-80%) (Scheme 27, Table 2).

Scheme 27
EtsN
~OH MsCI + Rr? EtsN, Nu wNu
1 N 2 R EE— 1
N/R THE R RT-reflux N/R
L2 0-25 °C 48h R2
®-99ac  OF 100 66-80%  (x)-101
Nu = ag.NHs, pyrrolidine, piperazine
Table 2  Synthesis of (£)-trans-N,N-cyclohexane-1,2-diamines”
(¥)-trans-1,2-amino . (£)-trans-1,2- . 0/C
entry alcohols nucleophiles diamine® yield (%)
.\\\OH ‘\\NHZ
1 O\N aq.NH3 D 80
99a 101a
NH
LWOH
‘ aN J
2 I\D Piperazine 66
99a '\D
101b
LOH 4O
2 Pyrrolidine O\ 70
0 \
99%a \3
101c
‘\\\OH \\NHZ
3 N aq.NHj N 70
99b b'\'\CH3 101d b'\'\CH3
~OH aNH,
4 O\ aq.NH;
99c

N 76
101e

“All the reactions were carried out in 25 mmol of amino alcohol. °The products were identified using
spectral data (IR, 'H, *C-NMR). ®Yields are of isolated products.
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1.2.3 Resolution of (£)-trans-N,N-cyclohexane-1,2-diamines

Synthesis of enantiomerically pure compounds is an important area of research
relevant to pharmaceutical industries. Although the chemical and physical properties of
both enantiomers (R and S) are same in the achiral environment, they are readily
distinguished by biological systems. Therefore, enantiomers often have different
pharmacokinetic properties such as absorbtion and distribution rate and may also have
different toxicological effects.””  Despite the tremendous progress made in
enantioselective processes, resolution of racemates via diastereoisomeric salt formation
remains the most inexpensive and operationally simplest method for producing pure
enantiomers on a larger scale. Also, it has been estimated that more than half of the
chiral drugs on the pharmaceutical market are produced by the diastereomeric salt
formation method using enantiomerically pure resolving agents.**

In recent years, we have developed convenient methods to resolve several

32b,35

synthetically useful optically pure compounds from racemic amines, amino

alcohols,* diols,” diacids,®® and BINOL®’ using commercially available resolving

agents and also reagents prepared in situ using bi-2-napthol and B(OMe); 111 (Chart

1.

Chart 1
precipitate

(1S,2S)-101c
D 70%, 28% ee
o L-(-)-DBTA (102)
acetone,

N 12 h _ s (IR2R)-101c
(+)-101c filtrate 22%, 77% ee

DBTA = O,0'-dibenzoyl-L-tartaric acid



Chart 1 (continued)

Me

L-(-)-DBTA (102)
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pl’eCipitate (R,R)-(-)-103a

34%, 86% ee

acetone,
12 h

(+)-103a

(S,S)-(+)-103a

filtrate 64%, 18% ee

DBTA = O,0'-dibenzoyl-L-tartaric acid

(+)-103b

p

L-(-)-DBTA (102)

(-)-103b
33%, 61% ee

recipitate
—

CH,Cl,, 25°C, 6 h

filtrate

DBTA = O,0'-dibenzoyl-L-tartaric acid

$

precipitate
—

(R)-(+)-BINOL (105)

5> (#)-103b
63%, 15% ee

(1S,2S)-104
30%, 91% ee

B(OH)3, CHsCN

precipitate
—

(1R,2R)-104

filtrate 50%, 72% ee

(2S,3S)-106
24%, 68% ee

(2R,3R)-106

—— > 64%, 17% ee

precipitate (2R,3R)-108

37%, 98% ee

RT, 12 h
(+)-104
P Ph' " (s)-proline (107)
HO,C  CO,H CHsOH,12h
(¥)-106
filtrate
Ph Ph (S)-proline (107)
HOH,C  CH,OH B(OH)s, benzene
reflux, 12 h
(x)-108

(2S,3S)-108

filtrate 53%, 57% ee
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precipitate  (S)-(-)-105
43%, 65% ee
OH

(S)-proline (107)

OO OH benzene, reflux
(R)-(+)-105

(+)-105 filtrate 51%, 44% ee

precipitate  (S)-(+)-109

O O > 40%, 98% ee
N L-(+)-tartaric acid
(110)
OH
OO acetone, 12h

(R)-(-)-109

(+)-109 filtrate 55%, 75% ee

As outlined in the introductory section, the optically pure diamines 101a and
101d are potentially useful precursors for the synthesis of biologically active target
molecules of 1 and 2 are of our interest. Also, these chiral 1,2-diamines can be used as
a chiral auxiliaries in organic synthesis.40

Recently, an enzyme catalyzed kinetic resolution*' of (+)-trans-cyclohexane-1,2-
diamines were reported using lipase B, canadida antartica with ethyl acetate as a
solvent and acyl donor. Enzymes required careful handling, and tend to lose activity or
decompose at higher temperatures. Resolution of racemates via diastereomeric salt
formation, however, usually requires relatively cheap reagents and simple reaction
conditions.

1.2.4 Resolution of ()-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a wusing

Dibenzoyl-L-tartaric acid

The racemic trans-2-(1-pyrrolidinyl)cyclohexylamine 101a was resolved* by

formation diastereomeric salt with dibenzoyl-L-tartaric acid 102 in acetone at 25 °C.

Optimum results were obtained using the (%)-trans-2-(1-pyrrolidinyl)cyclohexylamine
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and the resolving agent in 2:1 ratio. Partially resolved sample of 101a was obtained in
82% ee under these conditions which upon further enrichment gave samples with >99%

ee (Scheme 28, Table 3).

Scheme 28
. NaOH
Precipitate L» (R,R) - 101a —> (R,R) - 101a
'\D Dibenzoyl-L ( EIOAC 8294 ee, 32%y >99% ee
” (102)
/
NH; Acetone, NaOH
(+)-101a  RT.12h Filtrate @——» (S,9)-101a

EtOAC  579% ee, 53%y

Table3 Resolution of (*)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using
0,0’-dibenzoyl-L-tartaric acid”

101a . trans-2-(1-pyrrolidinyl)cyclohexylamine 101a
entry mmol % ee’/ precipitate fraction filtrate fraction
solvent (conf) " : " :
(mL) % ee’/conf  yield (%)° % ee’/conf yield (%)°
1 10 (60) 00 82 (R.R) 32 57 (S,9) 53
2 2525 82RR) >99°(RR) 31 68 (RR) 42

Al the reactions were carried out in acetone at RT. "The ee values reported here are based on optical

rotation and the maximum [ o ],2)5 = (-) 68 (¢ 0.73, CHCL) for (R,R)-101a*". °The yields are of the
isolated products, based on the total amount of the diamine 101a used. YMaximum ee value reported here
is based on HPLC analysis of amide derivative 118 of the diamine 101a.

We have also observed that the partial resolution of (£)-trans-2-(1-
pyrrolidinyl)cyclohexylamine 101a can be carried out via the preparation of the borate
complex 111* using optically pure (S)-1,1'-bi-2-napthol and trimethyl borate (Scheme

29, Table 4).
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Scheme 29
Crow L ™
H+
= 0. 0 O\N
O/ \O + Q
o5

(S,9)-111 ‘ MeOH, RT,12h

Precipitate Filtrate
1.2N HCI/EtOAc 1.2N HCI/EtOAc
2.NaOH/EtOAc 2.NaOH/EtOAc
(R,R) - 101a (S,9) - 101a
54% ee, 37%y 48% ee, 40% y

Table 4 Resolution of (¥)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using the
chiral complex 111*

101a trans-2-(1-pyrrolidinyl)cyclohexylamine 101a
entry mmol % ec”/ precipitate fraction filtrate fraction
solvent (conf) " ) . b ) .
o ee’/con yie 0 o ee’/conf yie 0
(mL) % ee’/conf 1d (%)~ % ee’/conf 1d (%)
1 10 (150) 00 54 (R,R) 37 48 (S,S) 40
2 2.5 (30) 54 98¢ (R,R) 30 83 (R,R) 20

A1l the reactions were carried out in MeOH at 25 °C. °The ee values reported here are based on optical

rotation and the maximum [OL]ZD5 = (-) 68 (c 0.73, CHCI;) for (R,R)-101a.*' ‘The yields are of the

isolated products, based on the total amount of the diamine 101a used. “Maximum ee value reported here
is based on HPLC analysis of amide derivative of the diamine 101a.

Among the solvents used, methanol gave optimum results (Table 5).

Table 5 Resolution of (+)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using the
chiral complex 111°

trans-(+)-2-(1-pyrrolidinyl)cyclohexylamine 101a

entry solvent precipitate fraction filtrate fraction
% ee’/conf yield (%)° % ee’/conf yield (%)°
1 CH;CN 15 (R,R) 72 67 (S,5) 11
2 THF 30 (R,R) 24 21 (S,5) 66
3 MeOH 54 (R,R) 37 48 (S,5) 40

A1l the reactions were carried out with 5 mmol of diamine in 60 mL of the solvent. °The ee values

reported here are based on optical rotation and the maximum [Oc]ZD5 = (-) 68 (c 0.73, CHCI,;) for (R,R)-
101a. “The yields are of the isolated products, based on the total amount of the diamine 101a used.
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1.2.5 Resolution of (*)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d using

the chiral complex 111 in methanol

We have then undertaken efforts to resolve the (£)-trans-2-(4-methyl-
piperazinyl)cyclohexylamine 101d using commercially available L-(+)-tartaric acid,
dibenzoyl-L-tartaric acid, mandelic acid and 10-camphorsulfonic acid in individual
runs. Unfortunately, there was no resolution observed in several solvents using these
chiral acids. However, we have observed that the racemic diamine 101d can be
partially resolved by using the complex 111 prepared using (S)-(-)-bi-2-napthol and
B(OMe); in methanol to obtain the chiral diamine 101d in 66% ee under these reaction
conditions (Scheme 30, Table 6).

Scheme 30

- X ‘\\NHz
w 1 @
O\é/o N N/\
CHECN LN
ah “CHs
P (+)- 101d

(s,5)-111 MeOH, RT,12h

' ¢

Precipitate Filtrate

1.2N HCI/EtOAC 1.2N HCI/EtOAC
2.NaOH/EtOAc 2.NaOH/EtOAc

(R,R) - 101d (S,S) - 101d
38% ee, 57%y 66% ee, 33% y

"

(R,R) - 101d
>99% ee, 37% y
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Table 6  Resolution of (+)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d

using the chiral complex 111*

101d trans-2-(4-methylpiperazinyl)cyclohexylamine 101d
¢ mmol, % ee®
MY solvent (conf) precipitate fraction filtrate fraction
(mL) % ec’/conf yield (%) % ec’/conf  yield (%)°
1 10 (180) 00 38 (R,R) 57 66 (S,5) 33
2 5(120) 38(RR) 80 (RR) 44 22 (S,5) 35
3 25(50) 80(R,R) >99Y(RR) 37 34 (RR) 26

Al the reactions were carried out MeOH at 25 °C. °The ee values reported here are based on optical

rotation and the maximum [(x ]ZDS = (-) 43 (¢ 0.92, CHCl;) for (R,R)-101d. “The yields are of the isolated

products, based on the total amount of the diamine 101d used. “Maximum ee value reported here is based
on HPLC analysis of amide derivative of diamine 101d.

1.2.6 Preparation of (£)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine 112a

Optically active cyclohexane-1,2-diamine derivatives are widely used in
chemistry.** However, their use is mainly limited to those ligands easily prepared from
commercially available optically active trans-cyclohexane-1,2-diamine.* This may be
due to complications involved in the preparation of optically active nonsymmetric
ligands from this diamine, involving additional steps of protection and subsequent
reactions leading to lower yields.*®

The (%)-trans-N,N-cyclohexane-1,2-diamines 101a, 101d and 10le can be
readily used for preparing nonsymmetric ligands by treating with appropriate reagents.
We have prepared tetrasubstituted (£)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexyl-
amine 112 by treating (£)-trans-2-(1-pyrrolidinyl)cyclohexylamine with benzyl bromide
in the presence base (Scheme 31). Also, the 1,2-diamines 112b and 112d can be further

derivatized (Table 7).



Scheme 31

Ph

(

“NH, PhCH,Br (2.4 equiv) \N_ _Ph
O\ anhyd.K,CO; N
KI, CH3CN

D reflux, 24 h N

(¥)-101a (¥)-112a
Table 7 Preparation of (£)-trans-N,N-cyclohexane-1,2-diamine derivatives
(£)-trans-1,2- . c yield
entry diamines RX (equiv.) product (%)

Ph

\\\NHZ (
WN__Ph
2 O\D CoHsCH,Br (2.4) O\ e 92
101a

oW
b

: Y
101a

(CH;),CHBr (1.2)

WNH
SUlE
NH»
O\ NH
30 O\ 70
N/\ N ﬁ

101d @N\CHS 112¢ QN\CH
3

“Reaction was carried out in 20 mmol of 1,2-diamine 101a. °Reactions were carried out in 10 mmol of
1,2-diamine 101a and 101d. °The products were identified using spectral data (IR, 'H, “C-NMR).
%Yields are of isolated products.

(CH3),CHBr (1.2)

1.2.7 Resolution of (¥)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine 112a
using the chiral complex 111 in acetonitrile
We have carried out the resolution of (%)-trans-2-dibenzyl-(1-pyrrolidinyl)-
cyclohexylamine 112a using commercially available L-(+)-tartaric acid, dibenzoyl-L-
tartaric acid, mandelic acid, 10-camphorsulfonic acid and (S)-(-)-1,1’-bi-2-
napthol/B(OH)s, in various solvents in individual runs. Though in the case of (S)-(-)-

1,1°-bi-2-napthol/B(OH); a precipitate was formed after the addition of substrate to the
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resolving agent, no resolution was observed. Fortunately, we have observed that the
pre-formed complex 111 prepared using (S)-(-)-1,1’-bi-2-napthol and B(OMe); in
acetonitrile resolved the trans-(+)-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine at 25 °C.
The partial resolution was achieved to obtain a sample with 59% ee. Subsequently, the
non-racemic sample can be enriched to >99% ee (Scheme 32, Table 8).

Scheme 32
Ph

y f
OO HY | wN-_-Ph
N
O\B/O ‘
O/ \O + D
OO (3)- 112a

(5,5)-111 ‘CH3CN, RT,12h
Precipitate Filtrate
1.2N HCI/EtOAc 1.2N HCI/EtOAc
2.NaOH/EtOAc 2.NaOH/EtOAc
(R,R) -112a (S.5)-112a
59% ee, 40% y 52% ee, 38% y
(R,R) -112a

>99% ee, 69% y

Table 8 Resolution of (+)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine 112a

using the chiral complex 111°

112a . trans-1,2-diamine 112a
entry mmol % ee’/ precipitate fraction filtrate fraction
solvent conf b ] . b ] .
(mL) % ee’/conf  yield (%) % ee’/conf  yield (%)
1 10 (150) 00 59 (RR) 40 52 (S,S) 38
2 5(80) 59 (R,R) 86 (R,R) 68 12 (S,S) 15
3 2.5(50) 8 (R,R) >99 (R,R) 69 44 (R,R) 5

A1l the reactions were carried out in acetonitrile at 25 °C. °The ee values reported here are based on

optical rotation and the maximum [(x ];5 =(-) 37 (¢ 0.81, CHCI;) for (R,R)-112a.*” °The yields are of the
isolated products, based on the total amount of the diamine 112a used.
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1.2.8 Partial resolution of (+)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine 101b

In order to further examine the applicability and the scope of this resolving
system with other amines, we carried out the resolution of the (%)-trans-1-(2-
pyrrolidinyl)cyclohexylpiperazine 101b with the chiral complex 111. Indeed, the partial
resolution was achieved in methanol at 25 °C. Comparable results were obtained using
the solvents methanol and acetonitrile (Scheme 33, Table 9).

Scheme 33

z
(Il w QI b
>l | +
(#)- 101b
(S,5)-111 ‘ MeOH, RT,12h
Precipitate Filtrate
1.2N HCI/EtOAc 1.2N HCI/EtOAc
2.NaOH/EtOAc 2.NaOH/EtOAc
(-)-isomer-101b (+)-isomer- 101b
25
[o]5=()29 [0S =7
34% y 25%y

Table 9 Partial resolution of (¥)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine
101b using the chiral complex 111"

trans-1-(2-pyrrolidinyl)cyclohexylpiperazine 101b

entry solvent precipitate fraction filtrate fraction
(o]} yield (%)° [al yield (%)

1 CH;CN (-) 24 22 ()5 6

2 MeOH (-) 29 34 (+)7 25

TAll the reactions were carried out at 25 °C. °The yields are of the isolated products, based on the total
amount of the diamine 101b used.
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1.2.9 Resolution of (%)-trans-2-(4-methylpiperazinyl)cyclohexylamine (101d)

using (R)-(-)-binapthylphosphoric acid (113)

We have successfully resolved a series of (£)-trans-1,2-diamines 101a, 101b
(partial resolution), 101d, and 112a using the bi-2-napthol complex 111 prepared in situ
under ambient conditions. However, as the preparation of the bi-2-napthol complex
111, is somewhat tedious, we were looking for a much simpler resolving agent.
Fortunately, we have found that the optically active binapthylphosphoric acid*® (BNP)
113, which can be easily accessed from optically pure 1,1’-bi-2-napthol, is useful for the
resolution of the (£)-trans-1,2-diamine 101d in THF. With this resolving agent, partial
resolution of the diamine 101d occurs to afford samples with 57 % ee under these
conditions (Scheme 34, Table 10). Further enrichment of this sample in two successive
operations gives >99% ee. We have also observed that the binapthylphosphoric acid
113 can be easily recovered and reused without losing any activity.

Scheme 34

_CHs
9 B
\O\ e N\)
o " oH
99
113 (%) - 101d

THF
RT,12 h
Precipitate Filtrate
1.2N HCI/EtOAc 1.2N HCI/EtOAc
2.NaOH/EtOAc 2.NaOH/EtOAc
(R,R) - 101d (S,S) - 101d
32% e(i, 56% y 57% ee, 33% y
(R,R) - 101d

>99% ee
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Table 10 Resolution of (%)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d
using (R)-(-)-binapthylphosphoric acid 113"

101d trans-1,2-diamine 101d
entry mmol % ec” precipitate fraction filtrate fraction
solvent (conf) b . . b ) .
(mL) % ee’/conf yield (%) % ee’/conf yield (%)
1 10 (180) 00 32(R,R) 56 57 (S,5) 33
2 5(150)  32(R,R) 80 (R,R) 45 21 (S,5) 35
3 2.5(60) 80 (RR) >99¢(RR) 37 34 (RR) 26

A1l the reactions were carried out in THF at 25 °C. °The ee values reported here are based on optical

rotation and the maximum [a ]f)s = (-) 43 (¢ 0.92, CHCl3) for (R,R)-101d. °The yields are of the isolated

products, based on the total amount of the diamine 101d used. “Maximum ee value reported here is based
on HPLC analysis of amide derivative of the diamine 101d.

1.2.10 Enrichment of enantiomeric purity of non-racemic diamines using achiral
acids

In 1973, Horeau® reported that the chemical duplication of a non-racemic
substrate through formation of two diastereomeric carbonate diesters from an scalemic
(partially resolved) alcohol and subsequent separation and hydrolysis of the homochiral
(RR,SS) esters gave the alcohol with increased enanatiomeric excess. Later, Fleming
and Gosh™ applied the same method to enrich partially resolved alcohol from 92% ee to
99.6% ee by using oxalyl chloride.

Enanatiomeric enrichment based on manipulation of non-racemic substrates with
achiral reagent like Horeau's method involves chemical reaction and its limitations have
been discussed in detail in a review.”' Horeau method can be used for microscale
determinations provided a highly sensitive method (GC, HPLC, MS or CD) is available

to determine the composition of the diastereomeric esters formed.
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Recently, a novel method for the purification of partially resolved amino
alcohols (Scheme 35) and a C,-symmetric trans-1,2-bis(pyrrolidino)cyclohexane
(Scheme 36) was developed in this laboratory via preparation of the corresponding

hydrogen bonded homochiral or heterochiral aggrega‘[es.52

Scheme 35
H HOOC> QH HOOC
+ —_— .
Solution
;\C:/ HOOC - ) +
N _ HOOC— |,
non-racemic <1 equiv. precipitate
1 equiv. Homochiral or Heterochiral
aggregates
Scheme 36
5N NaOH
Precipitate ——>  (R,R)-101c
N Fumaric acidr Ether upto 99% ee
- (114)
N Acetone L
RT, 12h
Q Fitrate 2N NaQH (R R)-101c
(R,R)-101c Ether upto 40% ee

non-racemic

“Homochiral interactions” are defined as intermolecular nonbonded interactions
(such as Van der Walls and electrostatic interactions, hydrogen bonding and m-complex
formation) between homochiral molecules present in assemblies of molecules having
like chirality sense. Homochiral and heterochiral interactions among molecules of like
constitution leads to two types of aggregates, which is anisometric (diastereomeric).”
The difference (AGhomo # AGhetero) between homochiral and heterochiral interactions is
responsible for measurable differences in physical properties exhibited by racemates

and the corresponding enantiomerically pure compounds (Scheme 37).
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Scheme 37  Pictorial representation of homochiral/heterochiral aggregates formation*

In precipitate

[S.5] > [RR]
| Homochiral Aggregates
[R.R]>[S,S]

{rRHEO{RR} GO Rr-an-
o —

Diamine . .
(Non-racemic) Achiral acid

A

Heterochiral Aggregates
A method, where a non-racemic sample could be enriched using a cheap and
commercially available achiral substrates, would serve as an important synthetic tool for
chemistry in general. We have exploited this idea to enrich our non-racemic diamines

101a and 101d using achiral acids such as fumaric acid and oxalic acid.

1.2.11 Purification of non-racemic trans-2-(1-pyrrolidinyl)cyclohexylamine 101a
using fumaric acid 114
We have followed the above mentioned method to enhance the optical purity of
the partially resolved trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using fumaric acid
in acetone.’> Enantiomerically enriched samples with upto 99% ee were readily
obtained following this method (Scheme 38, Table 11).

Scheme 38

5N NaOH
Precipitate ———>  (+)-101a
N Fumaric acidF Ether  99% ee, 59% y

O‘\‘\ (114)
Acetone
NH, L
Filtrate

RT, 12h

10la ' 5N NaQH )

non-racemic ? (+)- 101a
82% ee €r  18% ee, 25% y
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Table 11 Purification of non-racemic trans-2-(1-pyrrolidinyl)cyclohexylamine

101a using fumaric acid 114"

fumaric diamine 101a obtained from
ent substrate acid — fil
ry (% ee) 114 precipitate 1ltrate
(mmol) % ee’/conf. yield (%)° % ee’/conf. yield (%)°
14 (R,R) 58 2.9 87 (R,R) 63 22 (R,R) 28
2° (R,R) 87 2.18 98 (R,R) 62 30 (R,R) 30
39 (8,5) 54 2.7 72 (S,9) 45 26 (S,9) 32
4° (S,5) 82 2.1 99 (S,S) 59 18 (S,S) 25

TAll the reactions were carried out in acetone at 25 °C. "The ee values based on optical rotation and the

maximum [OL ];5: (-) 68 (¢ 0.73, CHCl,) for (R,R)-101a. °The yields are of the isolated products, based
on the total amount of the starting diamine used. “The reactions were carried out using non-racemic 101a
(5 mmol) and fumaric acid in acetone (30 mL). °The reactions were carried out using non-racemic 101a
(2.5 mmol) and fumaric acid in acetone (15 mL).

1.2.12 Purification of non-racemic trans-2-(4-methylpiperazinyl)cyclohexylamine
101d using oxalic acid 115
The partially resolved diamine 101d was further enriched using oxalic
acid.2H,O 115 in quantities equal to the amount of racemic-101d present in the non-
racemic sample 101d in THF (Scheme 39). Enantiomerically enriched samples with
98% ee were readily obtained following this method. These results are summarized in
Table 12.

Scheme 39

Precipitate
o 10M Nazcog (- 101d

N
\\I\Q Oxalic acid.2H,0 Ether 44% ee, 27%y
O‘\ (115)
NH, THF L

non-racemic Filtrate Ether 98% ee, 65% y
82% ee

-Me
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Table 12  Purification of non-racemic trans-2-(4-methylpiperazinyl)cyclohexyl-

amine 101d using oxalic acid 115"

oxalic diamine 101d obtained from
substrate acid precipitate filtrate
Y (% ce) 115 N N
(mmol) % ee’/conf. yield (%)° % ee’/conf. yield (%)°
14 (R,R) 45 2.75 10 (R,R) 40 72 (R,R) 43
2° (R,R) 63 0.93 34 (R,R) 38 82 (R,R) 48
3° (R,R) 82 0.45 44 (R,R) 27 98 (R,R) 65
44 (S,5) 47 2.65 32(S,S5) 47 80 (S,5) 30
5° (5,5 79 0.53 38 (S,S) 25 97 (S,S) 44

TAll the reactions were carried out in THF at 25 °C. °The ee values based on optical rotation and the

maximum [OL ];5: (-) 43 (¢ 0.92, CHCl;) for (R,R)-101d. °The yields are of the isolated products, based
on the total amount of the starting diamine used. “The reactions were carried out using non-racemic 101d
(5 mmol) and oxalic acid in acetone (30 mL). °The reactions were carried out using non-racemic 101d
(2.5 mmol) and oxalic acid in acetone (20 mL).

Interestingly, anhydrous oxalic acid did not give the precipitate under these
reaction conditions. Presumably, the presence of H,O perhaps assists in the formation
hydrogen bonded aggregates. Unfortunately, however, crystals suitable for X-ray

analysis could not be obtained to ascertain the nature of aggregates in this case.

1.2.13 Preparation of N-[2-(4-methylpiperazinyl)cyclohexyl]-2-napthalenyl-
acetamide
We have undertaken efforts, to prepare the biologically active compound
W09902159 (2) by treating the optically pure trans-2-(4-methylpiperazinyl)-
cyclohexylamine 101d with 1-napthylacetyl chloride (Scheme 40). The amide 117 was

obtained in 80% yield.



Scheme 40
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//N
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The enantiomeric purity of the amide derivative 117 is easily determined by

chiral HPLC analysis (chiralcel OD-H analytical column, hexane:2-propanol (95:5) with

flow rate 1.0 mL/min.).
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1.3. Conclusion

The trans-1,2-diamines 101a-101e and 112a-112¢ with cyclohexyl moiety as a
structural backbone are readily synthesized via opening of aziridinium ions with
nitrogen nucleophiles. The racemic trans-1,2-diamines 101a, 101d, 112a were resolved
to obtain enantiopure compounds using commercially available dibenzoyl-L-tartaric
acid, binol-borate complex prepared in situ using (S)-1,1’-bi-2-napthol and B(OMe)s
and (R)-binapthylphosphoric acid under ambient reaction conditions. The (S)-1,1’-bi-2-
napthol boric acid complex is also useful as a resolving system for the partial resolution
of the diamine 101b. The non racemic samples of 101a and 101d were enriched using
achiral dicarboxylic acids like fumaric acid and oxalic acid to obtain samples with
increased enantiomeric purity (upto 99%).

Considering the biological importance of molecules 1 and 2 and the overall
synthetic importance of 1,2-diamines with cyclohexyl backbone in organic synthesis,
the simple and convenient methods described here to prepare optically pure compounds

have potential for further synthetic exploitations.
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1.4. Experimental section

1.4.1 General Information

Melting points reported in this thesis are uncorrected and were determined using
a Superfit capillary point apparatus. IR (KBr) spectra and the neat IR spectra were
recorded on JASCO FT-IR spectrophotometer Model 5300. 'H NMR (200 MHz), °C
NMR (50 MHz)) and '"H NMR (400 MHz), *C NMR (100 MHz) spectra were recorded
on Bruker-AC-200 and Bruker-Avance-400 spectrometers, respectively with
chloroform-d as solvent and tetramethylsilane as reference (6 = 0 ppm). The chemical
shifts are expressed in 6 downfield from the signal of internal tetramethylsilane.
Elemental analyses were carried out using a Perkin-Elmer elemental analyser model-
240C and Thermo Finnigan analyser series Flash EA 1112. Mass spectral analyses for
the compounds were carried out on VG 7070H mass spectrometer using EI technique at
70 eV. Optical rotations were measured on Rudolph Research Analytical AUTOPOL-II
(readability +0.01°) and AUTOPOL-IV (readability +0.001°) automatic polarimeters.
The condition of the polarimeter was checked by measuring the optical rotation of a
standard solution of (R)-(+)-a-methylbenzylamine {[o]p>> = +30.2 (¢ 10, EtOH)}
supplied by Fluka.

Analytical thin layer chromatographic tests were carried out on glass plates (3 x
10 cm) coated with 250mp 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 silica gel (100-200 mesh

and 230-400 mesh), and neutral alumina.
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All the glassware 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,
all the operations and transfer of reagents were carried out using standard syringe-
septum technique recommended for handling air sensitive 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 all experiments, a round bottom flask of appropriate size with a side arm, a
side septum, a magnetic stirring bar, a condenser and a connecting tube attached to a
mercury bubbler was used. The outlet of the mercury bubbler was connected to the
atmosphere by a long tube. All dry solvents and reagents (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 Na,SO4 or
K,COs3 and concentrated on Heidolph-EL-rotary evaporator. All yields reported are of
isolated materials judged homogeneous by TLC, IR and NMR spectroscopy.
Dichloromethane and chloroform 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.  Pyrrolidine, piperidine, piperazine and
methanesulfonyl chloride supplied by Loba were used as purchased. N-methyl
piperazine, was supplied by Aldrich, USA. Ammonia solution (30%), lodine, fumaric
acid, thionyl chloride, and benzyl chloride were supplied by E-Merck (India).
Dibenzoyl-L-tartaric acid was supplied by Fluka, Switzerland. Cyclohexene oxide was
purchased from Lancaster Synthesis Ltd., UK. All aldehydes, supplied by Loba

Chemicals (P), Ltd., India were distilled or recrystallized from the appropriate solvents
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before use. (R)-(+)-1,1’-bi-2-napthol and (S)-(-)-1,1’-bi-2-napthol were supplied by

Gerchem Labs (Pvt) Ltd., India.

1.4.2 General procedure for the preparation of (+)-trans-1,2-amino alcohol.

A mixture of cyclohexene oxide (33mL, 300 mmol) and pyrrolidine (30.8mL,
280 mmol) was refluxed for 48 h. The product was distilled under reduced pressure to
obtain (%)-trans-2-(1-pyrrolidinyl)cyclohexanol.
1.4.2a (¥)-trans-2-(1-pyrrolidinyl)cyclohexanol 99a
Yield 41.9¢ (88%)

B.p 142 °C/20mm Hg

IR (neat) (em") 3450, 2932, 2857, 1450, 1078
'H-NMR (400 MHz, CDCls, & ppm): 1.08-1.39 (m, 4H), 1.55-1.90 (m, 7H), 2.00-
2.19 (m, 1H), 2.32-2.77 (m, 5H), 3.20-3.39 (m, 1H), 4.12 (s, 1H)

BC-NMR (50 MHz, CDCls, & ppm): 21.2, 23.6, 24.2, 25.4, 33.3, 47.2, 64.9, 70.7

1.4.2b trans-(+)-2-(4-methylpiperazinyl)cyclohexanol 99b

Yield 443 g (80%) O:OH
N/\
N.

B.p 150 °C/20 mm Hg

)-99p  CHs

IR (neat)  (cm’) 3451, 2935, 2850, 1452, 1348

'"HNMR (400 MHz, CDCls, § ppm): 1.15-1.24 (m, 4H), 1.71-1.89 (m, 4H), 2.12-
2.24 (m, 3H), 2.29 (s, 3H), 2.45 (m, 4H), 2.76 (s, br, 2H), 3.36-3.38 (t,
1H), 3.97 (s, 1H)

BCNMR (50 MHz, CDCls, § ppm): 22.1, 24.0, 25.4, 33.1, 46.0, 47.9, 55.6, 68.4,

69.9.



38

1.4.2¢ ()-trans-2-(1-piperidinyl)cyclohexanol (99¢)

Yield 44.6 g (87%) O:OH

B.p 145 °C/20mm Hg h@
(+)-99¢

'HNMR (400 MHz, CDCLs, & ppm): 1.00-1.29 (m, 4H), 1.32-1.82 (m, 9H), 2.03-

IR (neat)  (cm™) 3454, 2934, 2856, 1452, 1082

2.17 (m, 2H), 2.23-2.40 (m, 2H), 2.58-2.72 (m, 2H), 3.26-3.43 (m, 1H),
4.1 (s, 1H)
BCNMR (50 MHz, CDCls, & ppm): 21.9, 23.9, 24.6, 25.4, 26.5, 33.1, 49.5, 68.2,

70.8

1.4.3 Synthesis of (f)-trans-1,2-diamines by aziridinium ion opening with
nitrogen nucleophiles
1.4.3a Synthesis of ()-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a
To the solution of (£)-trans-2-(1-pyrrolidinyl)cyclohexanol (4.2 g, 25 mmol) in
dry THF (70 mL) was added Et;N (9.9 mL, 75 mmol) and MsCl (2.4 mL, 30 mmol) at 0
°C. The contents were warmed to 25 °C and stirred for 6 h. Et;N (6.6 mL, 50 mmol)
was added. After stirring for 2 h, excess aqueous ammonia (70 mL) was added and
stirred for 48 h. The organic layer was separated and aqueous layer was extracted with
ether (2x25 mL). The combined organic extracts were washed with water (10 mL),
brine (10 mL) and dried over anhydrous K,COs;. The solvent was evaporated and the
product (£)-101a was isolated by distillation under reduced pressure.
Yield 3.36 g2 (80%)

B.p 148 °C/10mm Hg

IR (neat) (em™) 3356, 2961, 2928, 1448, 1246, 1024, 941
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'"HNMR (400 MHz, CDCLs, § ppm): 0.82-1.18 (m, 4H), 1.44-1.62 (m, 6H), 1.70-
1.83 (m, 1H), 2.01-2.25 (m, 1H) 2.31-2.65 (m, 6H), 3.10 (br, s, 2H).

BC NMR (100 MHz, CDCls, 6 ppm): 21.5, 23.6, 24.9, 25.3, 34.6, 47.0, 52.6, 64.9.

1.4.3b Synthesis of ()-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine 101b

To the solution of (£)-trans-2-(1-pyrrolidinyl)cyclohexanol (4.2 g, 25 mmol) in
dry THF (70 mL) was added Et;N (9.9 mL, 75 mmol) and MsCl (2.4 mL, 30 mmol) at 0
°C. The contents were warmed to 25 °C and stirred for 6 h. Et;N (6.6 mL, 50 mmol)
was added. After stirring for 2 h, excess piperazine (4.3 g, 50 mmol) dissolved in THF-
H,0 was added and refluxed for 48 h. The organic layer was separated and aqueous
layer was extracted with ether (2x25 mL). The combined organic extracts were washed
with water (10mL), brine (10mL) and dried over anhydrous K,COs. The solvent was
evaporated and the crude product was purified by column chromatography on neutral

alumina using EtOAc/hexane (2:98) as an eluent to obtain (£)-101b.

Yield 4.15 g (70%) ~ NH
N
IR (neat)  (cm’) 3468, 2937, 2860, 2797, 1448 Q
N
I e (+)-101b Q
HNMR (200 MHz, CDCls, & ppm): 1.26-1.30 (m, 4H),

1.58-1.76 (m, 10H), 1.85-1.91 (m, 2H), 2.10-2.25 (m, 2H), 2.46-2.59 (m,
8H), 4.08 (m, 1H)

BCNMR (50 MHz, CDCls, 8 ppm): 22.2, 22.8, 23.6, 24.7, 32.7, 49.6, 61.6, 65.0

1.4.3¢ Synthesis of (¥)-trans-1,2-bis(pyrrolidino)cyclohexane 101c
To the solution of (£)-trans-2-(1-pyrrolidinyl)cyclohexanol (4.2 g, 25 mmol) in

dry THF (70 mL) was added Et;N (9.9 mL, 75 mmol) and MsCl (2.4 mL, 30 mmol) at 0
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°C. The contents were warmed to 25 °C and stirred for 6 h. Et;N (6.6 mL, 50 mmol)
was added. After stirring for 2 h, excess pyrroline (3.6 g, 50 mmol) was added and
refluxed for 48 h. The organic layer was separated and aqueous layer was extracted
with ether (2x25 mL). The combined organic extracts were washed with water (10mL),
brine (10mL) and dried over anhydrous K,COs. The solvent was evaporated and the
crude product was purified by column chromatography on silica gel (100-200 mesh)

using hexane as an eluent to afford (+)-trans-1,2-bis(pyrrolidino)cyclohexane.

Yield 3.88 g (70%) /3
aN
IR (neat) (cm™) 2935, 2872, 2777, 1446 O\
N
'HNMR (400 MHz, CDCL, & ppm): 1.26-1.27 (m, 2H), (#)-101c \3

1.42-1.46 (m, 2H), 1.56-1.68 (m, 10H), 1.78-1.84 (m, 2H), 2.25 (br, 2H),
2.48 (d, 8H)

BC NMR (100 MHz, CDCls, 6 ppm): 21.2,23.3,25.1, 51.4, 63.1

1.4.3d Synthesis of (£)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d

To the solution of (f)-trans-2-(4-methylpiperazinyl)cyclohexanol (4.95 g, 25
mmol) in dry THF (70 mL) was added Et;N (9.9 ml 75 mmol) and MsCl (2.4 mL, 30
mmol) at 0 °C. The contents were warmed to 25 °C and stirred for 6 h. Et;N (6.6 mL,
50 mmol) was added. After stirring for 2 h, excess aqueous ammonia (70 mL) was
added and stirring continued for 48 h. The organic layer was separated and aqueous
layer was extracted with ether (2x25 mL). The combined organic extracts were washed
with water (10mL), brine (10mL) and dried over anhydrous K,COs. The solvent was

evaporated and the product (£)-101d was isolated by distillation under reduced pressure.
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Yield 3.45 g (70%) O:NHZ
N/\

B.p 150 °C/10mm Hg Q
N\CH3

IR (neat)  (cm’) 3356, 3285, 2930, 2852, 2852, 1452 (+)-101d

'H NMR (400 MHz, CDCls, & ppm): 1.11-1.18 (m, 4H), 1.64-2.06 (m, 9H), 2.27-
1.83 (t, 3H), 2.43 (s, 2H) 2.59-2.65 (m, 1H), 2.71 (s, 2H)

BCNMR (50 MHz, CDCls, & ppm): 22.3, 24.6, 25.5, 34.7, 45.7, 47.7, 50.3, 55.5,
69.9

Anal. calcd

for C;1HsN3 C, 66.96; H, 11.75; N, 21.29. Found: C, 67.05; H, 11.76; N, 21.18

LCMS (m/z) 198.3 (M+1)

1.4.3e Synthesis of (£)-trans-2-(1-piperidinyl)cyclohexylamine 101e

To the solution of (£)-trans-2-(1-piperidinyl)cyclohexanol (1.8 g, 10 mmol) in
dry THF (30 mL) was added Et;N (4 mL, 30 mmol) and MsCl (2.4 mL, 30 mmol) at 0
°C. The contents were warmed to 25 °C and stirred for 6 h. Et;N (2.6 mL, 20 mmol)
was added. After stirring for 2 h, excess aqueous ammonia (35 mL, 50 mmol) was
added and stirred for 48 h. The organic layer was separated and aqueous layer was
extracted with ether (2x10 mL). The combined organic extracts were washed with
water (10mL), brine (10mL) and dried over anhydrous K,COs;. The solvent was

evaporated and the residue was distilled under reduced pressure to obtain (+)-101e.

Yield 1.28 g (70%) O:NHZ

B.p 145 °C/20mm Hg '\O
(+)-101

e
IR (neat) (em™) 3354, 2928, 1450
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"H NMR (400 MHz, CDCl;, 6 ppm): 0.77-1.18 (m, 4H), 1.08-1.42 (m, 9H), 1.62
(br, s, 2H), 1.97 (br, s, 2H), 2.28 (s, 3H)
BC NMR (100 MHz, CDCls, 6 ppm): 22.6, 24.7, 24.8, 25.6, 26.6, 34.9, 49.4, 50.3,

70.9

1.4.3f Synthesis of (¥)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine 112a

To the solution of (*)-trans-2-(1-pyrrolidinyl)cyclohexylamine (3.36 g, 20
mmol) in dry CH3CN (50 mL) was added oven dried K,CO; (6.9 g, 50 mmol), KI (0.17
g, | mmol) and benzyl bromide (5.6 mL, 48 mmol). The contents were refluxed for 24
h and filtered. The acetonitrile was removed under vacuum and the crude was dissolved
in diethyl ether-H,O (3:1). The organic layer was separated and aqueous layer was
extracted with ether (2x25 mL). The combined organic extracts were washed with
water (10mL), brine (10mL) and dried over anhydrous K,COs;. The solvent was
evaporated and the crude product was purified by column chromatography on silica gel

(100-200 mesh) using hexane:EtOAc (98:2) as an eluent to afford (+)-112a.

Yield 6.41 g (92%) -
“N__Ph
IR (neat)  (cm™) 3061, 3026, 2928, 2854, 1602, 1493, 744, O\
)
698 ()-112a

'HNMR (400 MHz, CDCLs, & ppm): 1.38-1.46 (m, 4H), 1.63-1.68 (m, 1H), 2.02-
2.16 (m, 8H), 2.38-2.41 (d, 1H), 2.83 (m, 3H), 2.86-2.88 (d, 2H), 3.17
(m, 1H), 3.95 (d, 2H), 4.2 (d, 2H), 7.50-7.83 (m, 10H)

BCNMR (50 MHz, CDCls, 5 ppm): 21.5, 23.6, 24.9, 25.3, 34.6, 47.0, 52.6, 64.9.

LCMS (m/z) 349.35 (M+1)
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1.4.3g Synthesis of (£)-trans-2-isopropyl-(1-pyrrolidinyl)cyclohexylamine 112b

To the solution of (*)-trans-2-(1-pyrrolidinyl)cyclohexylamine (1.68 g, 10
mmol) in dry CH3CN (20 mL) was added oven dried K,CO3 (3.4 g, 50 mmol), KI (0.08
g, 0.5 mmol) and isopropyl bromide (1.2 mL, 12 mmol). The contents were refluxed for
24 h and filtered. The acetonitrile was removed under vacuum and the crude was
dissolved in diethyl ether-H,O (3:1). The organic layer was separated and aqueous
layer was extracted with ether (2x10 mL). The combined organic extracts were washed
with water (SmL), brine (SmL) and dried over anhydrous K,CO;. The solvent was
evaporated and the crude product was purified by column chromatography on neutral

alumina using hexane as an eluent to afford ()-112b.

Yield 1.6 g (76%) HsCYCHs
-1 \\\NH
IR (neat) (cm™) 3288, 2961, 2928, 2856, 1448 O\
N
'H NMR (400 MHz, CDCl3, 8 ppm): 1.00-1.02 (d, 2H), (i)_me

1.07-1.09 (d, 2H), 1.21-1.25 (m, 4H), 1.64-1.75 (m, 8H), 2.1 (d, 1H),
2.39-2.41 (2H, m), 2.41-2.58 (m, 4H), 2.80 (m, 1H)
BCNMR (50 MHz, CDCls, & ppm): 21.6, 22.4, 23.8, 24.6, 25.0, 25.3, 32.6, 45.6,

46.8, 56.8, 62.1.

1.4.3h Synthesis of ()-trans-2-isopropyl-(4-methylpiperazinyl)cyclohexylamine

To the solution of (£)-trans-2-(4-methylpiperazinyl)cyclohexanol (1.98 g, 10
mmol) in dry CH3CN (20 mL) was added oven dried K,COs (3.4 g, 50 mmol), KI (0.08
g, 0.5 mmol) and isopropyl bromide (1.2 mL, 12 mmol). The contents were refluxed for
24 h and filtered. The acetonitrile was removed under vacuum and the crude was

dissolved in diethyl ether-H,O (3:1). The organic layer was separated and the aqueous
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layer was extracted with ether (2x10 mL). The combined organic extracts were washed
with water (SmL), brine (5mL) and dried over anhydrous K,CO;. The solvent was
evaporated and the residue was purified by column chromatography on neutral alumina

using hexane:EtOAc (99:1) as an eluent to afford (+)-112c¢.

H3C.__ CH3
|
Yield 1.56 g (65%) O;\NH
IR (neat) (cm’™") 3287, 2932, 2858, 2791, 1454 Nﬁ
N.
'H NMR (400 MHz, CDCls, & ppm): 0.82-1.18 (m, 4 H), (¥)-112¢ CHs

1.44-1.62 (m, 6H), 1.70-1.83 (m, 1H), 2.01-2.25 (m, 1H) 2.31-2.65 (m,
6H), 3.10 (br, s, 2H)

BCNMR (50 MHz, CDCls, 8 ppm): 21.5, 23.6, 24.9, 25.3, 34.6, 47.0, 52.6, 64.9

1.4.4 Resolution of (£)-trans-1,2-diamines with chiral resolving reagents
1.4.4a Resolution of (¥)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using O,0’-
dibenzoyl-L-tartaric acid
To the solution of (£)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a (1.68g, 10
mmol) in acetone (60 mL) was added O,0’-dibenzoyl-L-tartaric acid (1.79g, Smmol)
and the contents were stirred at 25 °C for 20 h and filtered. The precipitate was
suspended in a mixture of ethyl acetate and SN NaOH and stirred until dissolution
occurred. The organic layer was separated and the aqueous layer was extracted with
ethyl acetate (2x25 mL). The combined organic extracts were washed with brine (5
mL) and dried over anhydrous K,CO; The solvent was removed to obtain 101a
enriched in (R,R) isomer. The filtrate was concentrated and residue was digested as

outlined above to obtain the product 101a enriched in (S,S) isomer.
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After decomposition

From precipitate

(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine

Yield 0.55 g (32%)

Enantiomeric purity [a]? =(-) 56.5 (c 0.83, CHCL;)
82% ee from optical rotation

From filtrate

(S,5) trans-2-(1-pyrrolidinyl)cyclohexylamine

Yield 0.89 g (53%)

Enantiomeric purity [OL]ZDS =(+) 39 (¢ 0.92, CHCIs)

57% ee from optical rotation

1.4.4b Purification of nonracemic trans-2-(1-pyrrolidinyl)cyclohexylamine 101a

using O,0’-dibenzoyl-L-tartaric acid

To the solution of non-racemic 101a (0.42g, 2.5mmol) in acetone (25 mL), was
added DBTA (0.45g, 1.25 mmol) and the contents were stirred at 25 °C for 12 h and
filtered. The precipitate was suspended in a mixture of ethyl acetate and SN NaOH and
stirred until dissolution occurred. The organic layer was separated and the aqueous layer
was extracted with ethyl acetate (2x10 mL). The combined organic extracts were
washed with brine and dried over anhydrous K,COs; The solvent was removed to
obtain 101a enriched in (R,R) isomer (>99% ee). The filtrate was concentrated and
residue was digested as outlined above to obtain the product 101a enriched in (R,R)

isomer.
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From precipitate

(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine

Yield 0.13 g (31%)

Enantiomeric purity [()L]f)5 =(-) 68.6 (c 0.73, CHClI»)
>99% ee from HPLC analysis

From filtrate

(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine

Yield 0.164 g (42%)

Enantiomeric purity [(1]1235 =(-) 46.01 (¢ 0.85, CHCl;)

68% ee from optical rotation

1.4.5 Preparation of (S)-(-)-1,1’-bi-2-napthol and B(OMe); complex 111

A mixture of (S)-(-)-1,1’-bi-2-napthol (2.86g, 10 mmol), B(OMe); (0.61mL) was
refluxed in dichloromethane(20 mL) for 2 h. The dichloromethane was distilled out to
obtain the air stable complex 111 in quantitative yield (Scheme 41).

Scheme 41

~ X
o LI w I
OH B(OMe)3 0.-_0O
R B~
_OH CH,Cl, o o
g eea 0 T

(S)-(-)-1,1"-bi-2-napthol (S,9)-111

1.4.5a Resolution of (¥)-trans-2-(1-pyrrolidinyl)cyclohexylamine 101a using chiral
complex 111
To the solution of (S)-(-)-1,1’-bi-2-napthol-B(OMe); complex 111 (10 mmol) in

methanol (150 mL) was added (+)-101a (1.68 g, 10 mmol) and stirred for 12 h at 25 °C
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and filtered. The precipitate was suspended in a mixture of ethyl acetate (25 mL) and
2N HCI (10 mL), stirred until complete dissolution occurs. The (S)-(-)-1,1’-bi-2-
napthol (90%) was recovered from the organic layer. The aqueous layer was treated
with NaOH/EtOAc and the free diamine was extracted with EtOAc (2x25 mL). The
combined organic extracts were washed with brine, dried over anhydrous K,CO;. The
solvent was evaporated to obtain (-)-101a enriched in (R,R) isomer. The filtrate was
concentrated and the residue was digested as outlined above, to obtain the (+)-101a
enriched in (S,S) isomer.
After decomposition
From precipitate
(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine
Yield 0.62 g (37%)
Enantiomeric purity [OL]ZDS =(-)36.7 (c 1.01, CHCl)

54% ee from optical rotation
From filtrate
(S,S) trans-2-(1-pyrrolidinyl)cyclohexylamine
Yield 0.68 g (40%)
Enantiomeric purity [a]? = (+)32.6 (¢ 0.75, CHCl3)

48% ee from optical rotation

1.4.5b Resolution of (£)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d using
chiral complex 111
To the solution of (S)-(-)-1,1’-bi-2-napthol-B(OMe); complex 111 (10 mmol) in

methanol (180 mL) was added (£)-101d (1.96 g, 10 mmol) and stirred for 12 h at 25 °C
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and filtered. The precipitate was suspended in a mixture of ethyl acetate (25 mL) and
2N HCI (10 mL), stirred until complete dissolution occurs. The (S)-(-)-1,1’-bi-2-
napthol (90%) was recovered from the organic layer. The aqueous layer was treated
with NaOH/EtOAc and the free diamine was extracted with EtOAc (2x25 mL). The
combined organic extracts were washed with brine, dried over anhydrous K,COs. The
solvent was evaporated to obtain (-)-101d in enriched in (R,R) isomer. The filtrate was
concentrated and the residue was digested as outlined above, to obtain the (+)-101d
enriched in (S,S) isomer.

After decomposition

From precipitate

(R,R)-trans-2-(4-methylpiperazinyl)cyclohexylamine

Yield 1.12 g (57%)

Enantiomeric purity [(1]1235 =(-) 16 (c 0.91, CHCl3)

38% ee from optical rotation

From filtrate

(S,5)-trans-2-(4-methylpiperazinyl)cyclohexylamine

Yield 0.64 g (33%)

Enantiomeric purity [a]? = (+) 28 (¢ 0.75, CHCl;)

66% ee from optical rotation

1.4.5¢ Resolution of (¥)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine 112a
using chiral complex 111
To the solution of (S)-(-)-1,1’-bi-2-napthol-B(OMe); complex 111 (10 mmol) in

acetonitrile (150 mL) was added (£)-112a (3.48 g, 10 mmol) and stirred for 12 h at 25
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°C and filtered. The precipitate was suspended in a mixture of EtOAc (25 mL) and 2N
HCI (10 mL), stirred until complete dissolution occurs. The (S)-(-)-1,1’-bi-2-napthol
(90%) was recovered from the organic layer. The aqueous layer was treated with
NaOH/EtOAc and the free diamine was extracted with EtOAc (2x25 mL). The
combined organic extracts were washed with brine, dried over anhydrous K,CO;. The
solvent was evaporated to obtain (-)-112a enriched in (R,R) isomer. The filtrate was
concentrated and the residue was digested as outlined above, to obtain the (+)-112a
enriched in (S,S) isomer.
After decomposition
From precipitate
(R,R)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine
Yield 1.38 g (40%)
Enantiomeric purity [OL]ZDS =(-) 22 (c 0.94, CHCl,)

59% ee from optical rotation
From filtrate
(S,5)-trans-2-dibenzyl-(1-pyrrolidinyl)cyclohexylamine
Yield 1.32 g (38%)
Enantiomeric purity [a]? =(+) 19 (c 0.87, CHCl;)

52% ee from optical rotation

1.4.5d Resolution of (f)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine 101b using
chiral complex 111
To the solution of (S)-(-)-1,1’-bi-2-napthol-B(OMe); complex 111 (5 mmol) in

methanol (60 mL) was added (£)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine 101b
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(1.18 g, 5 mmol) and stirred for 12 h at 25 °C. The precipitate was filtered and
suspended in a mixture of ethyl acetate (25 mL) and 2N HCI (10 mL), stirred until
complete dissolution occurs. The S-(-)-1,1°-bi-2-napthol (90%) was recovered from the
organic layer. The aqueous layer was treated with NaOH/EtOAc and the free diamine
was extracted with ether (2x25 mL). The combined organic extracts were washed with
brine, dried over anhydrous K,COs;. The solvent was evaporated to obtain (-)-101b.
The filtrate was concentrated and the residue was digested as outlined above to isolate
the (+)-101b.

After decomposition

From precipitate

(-)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine

Yield 0.41 g (34%)

Optical rotation [(1]1235 =(-)29 (c 1.12, CHCIl3)

From filtrate

(+)-trans-1-(2-pyrrolidinyl)cyclohexylpiperazine

Yield 0.3 2(25%)

Optical rotation [OL]]ZJ5 =(+) 7 (c 1.2, CHCl5)

1.4.5¢ Resolution of (+)-trans-2-(4-methylpiperazinyl)cyclohexylamine 101d using
(R)-(-)-binapthylphosphoric acid (BNP)
To the solution of racemic-101d (1.96g, 10 mmol) in THF (180 mL) was added
(R)-BNP (3.48g, 10 mmol) and stirred for 12 h at 25 °C. The precipitate was filtered
and suspended in a mixture of EtOAc (25 mL) and 2N HCI (10 mL), stirred until

complete dissolution occurs. The (R)-BNP was recovered from the EtOAc layer. The
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aqueous layer was treated with NaOH/ EtOAc and the free diamine was extracted with
EtOAc (2x25 mL). The combined organic extracts were washed with brine, dried over
anhydrous K,CO;. The solvent was evaporated to obtain (-)-101d enriched in (R,R)
isomer. The filtrate was concentrated and the residue was digested as outlined above
and the (+)-101d enriched in (S,S) isomer was isolated.
After decomposition
From precipitate
(R,R) trans-2-(4-methylpiperazinyl)cyclohexylamine
Yield 1.08 g (56%)
Enantiomeric purity [a ]f)s =(-) 14 (c 0.93, CHCl3)
32% ee from optical rotation
From filtrate
(S,5) trans-2-(4-methylpiperazinyl)cyclohexylamine
Yield 0.64 g (33%).
Enantiomeric purity [OL]ZDS =(+) 24 (¢ 0.88, CHCls)

57% ee from optical rotation

1.4.6 Purification of non-racemic diamines using achiral acids
1.4.6a Purification of non-racemic trans-2-(1-pyrrolidinyl)cyclohexylamine 101a
using fumaric acid.
To the solution of partially resolved 101a (0.84g, 5 mmol, 58% ee) in acetone
(30mL) was added fumaric acid (0.33g, 2.9 mmol) and the contents were stirred at 25
°C for 12 h and filtered. The precipitate was suspended in a mixture of ether and 5N

NaOH and stirred until the dissolution occurred. The organic layer was separated and
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the aqueous layer was extracted with ether (2x10 mL). The combined organic extracts
were washed with brine (10mL), dried over anhydrous K,COs;  The solvent was
evaporated to obtain the (R,R)-(-)-101a isomer (87% ee, 63% yield). The filtrate was
concentrated and the residue was digested as outlined above to obtain the product
enriched in (R,R) isomer (22% ee, 28% yield).
After decomposition
From precipitate
(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine
Yield 0.53 g (63%)
Enantiomeric purity [(l]f)s =(-) 59 (c 1.21, CHCl3)
87% ee from optical rotation
From filtrate
(R,R) trans-2-(1-pyrrolidinyl)cyclohexylamine
Yield 0.23 g (28%)
Enantiomeric purity [(1]1235 =(-) 15 (c 0.75, CHCl3)

22% ee from optical rotation

1.4.6b Purification of non-racemic trans-2-(4-methylpiperazinyl)cyclohexylamine
101d using oxalic acid.

To the solution of non-racemic (+)-101d (0.49g, 2.5 mmol, 79% ee) in THF
(30mL) was added oxalic acid (0.05g, 0.53 mmol). The contents were stirred at 25 °C
for 12 h and filtered. The precipitate was suspended in a mixture of ether and 10M
Na,COj3 and stirred until the dissolution occurred. The organic layer was separated and

the aqueous layer was extracted with ether (2x10 mL). The combined organic extracts
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were washed with brine (20mL), dried over anhydrous K,COs. The solvent was
evaporated to obtain the (S,S) (+)-101d isomer (38% ee, 25% yield). The filtrate was
concentrated and the residue was digested as outlined above to obtain the product
enriched in (S,S) (+)-101d isomer (97% ee, 44% yield).
After decomposition
From precipitate
(S,5) trans-2-(4-methylpiperazinyl)cyclohexylamine
Yield 0.12 g (25%)
Enantiomeric purity [oc];5 =(+) 16 (c 0.97, CHCIs)
38% ee from optical rotation
From filtrate
(S,5S) trans-2-(4-methylpiperazinyl)cyclohexylamine
Yield 0.22 g (44%)
Enantiomeric purity [(x]f)5 =(+) 41.5 (¢ 1.02, CHCIl3)

97% ee from optical rotation

1.4.7 HPLC analysis of the diastereomeric amide derivatives of 101a and 101d
1.4.7a Preparation of 2-methoxy-N-(2-pyrrolidinyl)cyclohexylbenzamide 118

To the solution of 101a (0.168 g, 1 mmol) in CH,Cl, (10 mL) was added
pyridine (0.24 mL, 3 mmol), 2-methoxy benzoylchloride (0.15 mL, 1 mmol) at 0 °C.
The contents were warmed to 25 °C and stirred for 2 h. The reaction was quenched with
2 mL water. The organic layer was separated, washed with water (2x5 mL), brine (10
mL) and dried over anhydrous Na,SOs. The solvent was evaporated and the crude

product was purified by column chromatography on a silica gel using CHCIl;/MeOH
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(97:3) as eluent. The diastereomeric amide was analyzed by HPLC using chiralcel OD-

H analytical column, hexane:2-propanol (90:10) with flow rate 0.5 mL/min.

Yield 0.26 g (87%) HaCO__

IR (neat)  (cm’) 3380, 2934, 1701, 1651, 752 0@

'H-NMR (400 MHz, CDCls, § ppm): 1.19-1.82 (m, 12H), O:N\H
2.56-2.69 (m, 6H), 3.93 (s, 3H), 6.94 (d, 1H), 118 D

7.06 (t, 1H), 7.39 (m, 1H), 8.16-8.18 (m, 1H), 8.4 (br, s, 1H)
BC.NMR (100 MHz, CDCLs, & ppm): 23.3, 23.7, 23.9, 23.9, 23.97, 30.8, 48.1, 51.6,

55.8,62.2,111.3,121.0, 122.3, 131.8, 132.2, 157.4, 165.0

1.4.7b Preparation of  N-[2-(4-methylpiperazinyl)cyclohexyl]-2-napthalenyl-

acetamide 117

To the solution of 101d (0.197 g, 1 mmol) in CH,Cl, (10 mL) was added
pyridine (0.24 mL, 3 mmol), 1-acetyl napthylchloride (0.21 g, 1 mmol) at 0 °C. The
contents were warmed to 25 °C and stirred for 2 h. The reaction was quenched with 2
mL water. The organic layer was separated, washed with water (2x5 mL), brine (10
mL) and dried over anhydrous Na,SO4. The solvent was evaporated and the crude
product was purified by column chromatography on a neutral alumina using
hexane/EtOAc (98:2) as eluent. The diastereomeric amide was analyzed by HPLC

using chiralcel OD-H analytical column, hexane:2-propanol (95:5) with flow rate 1.0

mL/min.
(0]
Yield 0.29 g (80%) O:NH
IR (neat) (em™) 3294, 3047, 2930, 2854, 1653, 787 N
LN
. 117 CHs
H-NMR (400 MHz, CDCls, § ppm): 0.85-0.87
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(m, 1H), 0.98-1.07 (m, 3H), 1.22-1.25 (m, 2H), 1.63-2.43 (m, 15H), 3.40
(br, 1H), 3.74-4.09 (m, 2H), 7.46-7.56 (m, 4H), 7.82-7.84 (m, 2H), 8.09-
8.11 (m, 1H)

BC.NMR (100 MHz, CDCls, § ppm): 23.0, 24.4, 25.2, 32.2, 42.0, 42.2, 45.8, 50.1,
53.6, 54.3, 66.6, 124.2, 125.3, 125.6, 126.9, 127.6, 128.4, 128.7, 132.3,
170.9

LCMS (m/z) 366.3 (M+1)
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Chapter 2

Synthesis of chiral diphenyl pyrrolidine, diphenyl piperidine and

diphenyl thiolane and diphenyl tetrahydrothiopyran derivatives
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2.1 Introduction

Cy-symmetric compounds are widely used as chiral auxiliaries and ligands in
asymmetric tranformations.! Among these a few notable C,-symmetric derivatives such
as 2,5-disubstituted pyrrolidinesz, borolanes3, thiolanes4, and phospholanes5 have been
used extensively (Figure 1). Of these chiral compounds, 2,5-disubstituted pyrrolidines
constitute an important class of chiral auxiliaries used in a variety of transformations
including alkylation, radical cyclizations, Michael addition, enantioselective
deprotonation, Claisen rearrangements and addition to arene- manganese complexes.’

Figure 1

R=alkyl, aryl
Also, saturated nitrogen heterocycles, including pyrrolidines and piperidines,
occur in a wide variety of natural products, alkaloids and biologically active compounds
(Figure 2).
Figure 2

R’Z Ni'w/R \\“.ENj\ \\\‘.E[\]j\/\
H H

Ts

5 6 7
Pyrrolidine (-)- 197 B (-)-2,6-Lubetidine (+)-Epidihydropinidine

There have been numerous syntheses of substituted pyrrolidines and other

heterocycles reported in the literature.® A brief review on the preparation of compounds
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with C,-symmetric chiral auxiliary and their application in organic synthesis would
facilitate discussion.

In 1977, Whitesell and Felman’ first introduced chiral 2,5-dimethylpyrrolidine.
This derivative can be accessed as outlined in Scheme 1. The C,-symmetric chiral

ligand has been used as amine component in enamine alkylation with good

enantioselectivity.
Scheme 1
(-)-mandelic
?H acid (+)-9
CH [N Resolution
HoC™ > T S HCm N CHy
OH H L =~ ()9
8 (#)-9 (+)-mandelic
acid

[ ), 0 0
HoC™ N7 CHs CH3 \CH3
H©O CHl ) ’
12a 12b
11

90:10
(80% ee)

10

Later, Anderson and Gayet'® used the dimethylpyrrolidine diamine 13 in
combination with LDA as a stoichiometric base as a very selective catalyst (5 mol%) for
the kinetic resolution of racemic epoxides with enantioselectivity upto 99% ee (Scheme
2).

Scheme 2

1-@”\ :
A t
'‘Bu N By BuY, OH
13 ‘
C/O (5 mol%) _ o+

2. LDA (1.2 equiv.)

(x)- 14 3. DBU (50equiv.) 1l4a 14b
THF, 0°C 72% ee, 46 %y 99% ee
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Beak et al'' synthesized 2,5-disubstituted pyrrolidines 17 and 20 by asymmetric
deprotonation of N-Boc pyrrolidines using BuLi/(-)Sparteine and dimethylsulfate with

high enantioselectivity (Scheme 3).

Scheme 3
1.s-BuLi/(-)Sparteine
-78° 1.s-BuLi/(-)Sparteine . .
Ether, 78°C  _ 1 L 3 ()Sp . Me\\\Z Nﬁ/,Me
N 2. Me,SO0, Ether, -78 °C ‘
Boc Boc Boc
15 16 (S,9)-17
1.s-BuLi/(-)Sparteine / \ Me->SO
we > W Y 2 W 7
Ph" Ether, -78 °C Ph' N i —2=% pp N Me
éoc Boc Boc
18 19 (S.5)-20

syn:anti = 93:7
Yamamoto et al'? synthesized C,-symmetric 2,5-disubstituted pyrrolidines 22 by
the reaction of dimethyl-2,5-dibromoadipate with (S)-(-)-1-phenylethylamine and
chromatographic separation. Asymmetric addition reaction of diethylzinc with
arylaldehyde using C,-symmetric 2,5-disubstituted pyrrolidine derivatives 24A and 24B
affords products 26 with very good enantioselectivity (Scheme 4).

Scheme 4
NH,

)\ D‘“ Chromatographic
MeOZC\(ﬂrcone Ph MeO,C N CO,Me separation

Br Br /\
Ph

cis/trans-22

’ H,/Pd(OH ey LN,
MEOchQ I/COZME A»)Z Meozc //Cone 4» MeOZC N ’COZMe

21

MeOH, RT N
o H OH
Ph)\ 30 h, 80% ><R
trans-22 23

24A - R = Me (90% y)
24B - R = Ph (65% )
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O
24A or 24B (5mol%) OH
R— S H | Et,Zn o Q—*\La
= hexane, 0 °C -2 ¥
25 24 h R 26
R = H, p-Me, p-OMe, p-F,
m-F, p-Cl, m-Cl, o-Cl 61-96% ee

85-90% y

In 1999, Sasaki et al'’ prepared enantiopure trans and cis-2,5-disubstituted
pyrrolidines from bistriflate of (R)-1-O-benzylglycerol. The bistriflate was treated with
trilithiated chiral builing blocks to provide 2,3,5-trisubstituted pyrrolidines 28 which

gives 2,5-disubstituted pyrrolidine 30 on subsequent reductive desulfonylation (Scheme

5).
Scheme 5
SO,Ph 1. n-BuLi (3 equiv) SO,Ph 6% Na-Hg,
L THF, -70°C, 30 min_ gno or _ NaHPO,
~OR T MeOH, 0 °C
BocHN™ = 2Tf0” > "0Bn N Sl
oTf Boc
27 0
-70°C, 1h 28
BnO,_ O\/OR TFA _ BnO__ @\/OR
N RT,6h N _
Boc H,CF3CO,
29 30

In 1998, Takahata et al'* synthesized C,-symmetric trans o, o’-bis-
(hydroxymethyl)pyrrolidine and piperidine derivatives starting from symmetric o,o-
terminal dienes by double asymmetric dihydroxylation (AD) reaction as shown in

Scheme 6.
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Scheme 6
OH OH 1.TBDMSCI
AD-mix imidazole
n 2.TsCl, EtgN
o 32 90%
n=0,
OTs OTs BnNH
TBDMSO.__A__~__A_oTBDMS “"2 TBDMSO N ., OTBDMS
33 n 44% 'y
H
BnBr,
KOH TBDMSO OTBDMS
BnO ~, ~OBn <———HQO v, O
N 73% N
Bn
37 gg 35 26%y

Tokuda et al"® prepared trans-2,5-disubstituted pyrrolidines 39 following
intramolecular cyclization of N-chloroalkenylamine in the presence of tributyltin
hydride and azoisobutyronitrile with moderate yields (Scheme 7).

Scheme 7

R3
R _ 1.NCS ‘_O\/R3
1 > Rl\\\ N

NH Ry 2 BusSnH-AIBN

Me N/Ie Rz
38 39
Ry =H, CH3, CgHs 19-63%y
R, = H, CHg, CgHs; Rg = H, CHg 100% trans

In 1994, Higahiyama et al'® reported the synthesis of substituted pyrrolidines
from chiral aromatic imines derived from (R)-phenylglycinol. Diastereoselective
addition of Grignard reagent to the chiral imines and 1,3-oxazolines gave substituted

pyrrolidines 44 and 46 in moderate yields (Scheme 8).
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Scheme 8
H\\Ph
H Ph H Ph 3
S ArCHO N /A
HZN/\ — N —>5 H_N_O
OH o OH R
40 41 42
ArMg NaBH,, (3 equiv)
THFE.RT MeOH, RT, 2 h
Ar’<z>"”Ar<—i Ar’\Nj YIAr Ar™ CNE iy Ar’Q
H ~__OH . H
46 H H 44
62% ee 45 43 60% ee
i. a.PhSSPh (5 equiv), EtzP (5 equiv), THF, RT, 16 h Ar = Ph, 4-Me-CgH,

b.LIDBB (3.6 equiv), THF, -60 °C,15 min, 0 °C, 16 h

Chong et al'” prepared (2R,5R)-2,5-diphenylpyrrolidine 51 from 1,4-diphenyl-

1,4-butanedione 47 in four steps with high enantiomeric purity (>98% ee) (Scheme 9).

Scheme 9
(0] (-)-1pc,BCl (')H MsCI /(‘)Ms
Ph _ THF Ph  Et3N Ph
Er-S—— —
Ph)w e OC, - PhW\‘O/H Ph \/\‘/M
47 © RT, 10 h 48 a9 OMs
CH,=CHCH,NH, Ph(@, oy (PhaPRACI [\
> " —_— LN iy
Ph Ph
0°CtoRT, 12 h N CH3CN/H,0 N
CH,CH=CH, reflux H
98% 51

50

In 2006, Sames et al'® synthesized pyrrolidines 56 and piperidines by direct

arylation of sp® C-H bonds directed by Amidine protecting group 52 (Scheme 10).
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Scheme 10
g I"\ i e
Ph h But)LMe Gegiv) P ONT A
0,

N N or RU3(CO)12 (33 mol /0) A N 68.720%

o 150 °C, 6 h oy
NS 'B=A ' 55 trans/cis = 3:1
—Ar
52 AN A
o 5 NH,NH,, TFA
(o]
Ar = phenyl, pyridiny! EtOH, 140 °C

Ph=" >\~ Ar

H
56 72-80%y

Takasu et al' reported that the enantioselective deprotonation of ketone 58
using chiral lithium amide base 57, prepared using (2S,55)-2,5-diphenylpyrrolidine in

the presence of TMSCI gave the product enone in 29% ee after rearrangement (Scheme

11).
Scheme 11
o & OTMS o
Ph™"> " ~Ph
‘LI 57 Pd(OAc),
TMSCI, THF CH3CN
58 59 | 60 |
CO,CHj,4 CO,CHjg CO,CH3

Rawel et al’® investigated asymmetric thio-Claisen rearrangements using C,-
symmetric pyrrolidine as the removable chiral auxiliary. The rearrangements proceed

with high syn:anti selectivities with excellent asymmetric induction (Scheme 12).

Scheme 12

Ph o 1. n-BuLi, THF, Ph R® Ph g

: S 8 R! Rr2
JK/ -78 °C - N\ R? R
'1 N 1 — N
\/\(R N R
Ph Ph R®
7810RT R 63
61 62 89-100% y

77-99% ee
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Jorgenson et al*' reported the Michael addition of aldehydes to the methyl vinyl
ketone catalyzed by (2S,5S)-2,5-diphenylpyrrolidine 51 wunder organocatalytic
conditions with good enantioselectivity (Scheme 13).

Scheme 13
h\“‘O‘Ph 0 0

0] o P N
51 H (20 mol%
HMPh * \ACHg L chHs
64 65 RT, 18 h Ph 66
73% ee

Recently, the same authors reported organocatalytic asymmetric a-chlorination
and o-bromination of aldehydes 67 and ketones 70 respectively using the corresponding

halogenating agents 68 and 71 in the presence of trans-2,5-diphenylpyrrolidine 51 with

high enantioselectivity (Scheme 14).* %

Scheme 14

? Ph= l"”Ph O

ol
N
H H N-cl _5LH (Emosg o Cl
DCE
e} 95%
67 68

69
94% ee

Bu \%Bu Ph 'Ph o OH
51 H (20 mol%) Br NaBH,4 Br
H — N
1:1 CH,Cl,:pentane 72-95%
Bf 7 BF PhCOOH (20 mol%)

70
_ H,O (200 mol%) 2 73
R = 'Pr, 'Bu, n-Pr, n-Hex, up to 96% ee
Cyclohexyl, Allyl

Koga® and Sweet® prepared C,-symmetric 2,5-diphenylpyrrolidine derivative
74 and demonstrated enantioselective palladium catalyzed alkylations in

enantioselectivity up to 96% ee (Scheme 15).
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Scheme 15
ph ¢
=N
N
OAc 4 CH(CO;Me),
Ph (6 mol%) -
PhA\/SVPh oM, > Ph/\/76\/Ph
75 BSA, AcOK, RT 80% v, 96% ee

In recent years, phosphoramidites 77, 78”, and 79® containing chiral 2,5-
diphenylpyrrolidine moiety were used as catalysts in the copper, rhodium catalyzed
enantioselective conjugate addition of organometallic reagents to enones with moderate
to very good enantioselectivity (Chart 1).

Chart 1

Ph Ph Ph
N 3] 0 ) o )
- “P—N “P—N
@[ PN o G 0 G
o < < <
o L w (T w
7 79

77 8

o 1. Rh(acac)(CoH,), (2 mol%) o
PhA\)k 2. 77 (5 mol%) -~
80 3. (p-TolBO)3, H,O Ph

dioxane, 60 °C, 3 h 81
27%y, 33% ee

O 1. Rh(acac)(C,Hy), (2 mol%e) O
2. 77 (5 mol%)
3. (PhBO)3, H,0
dioxane, 60 °C, 3 h Ph

83 40%y, 77% ee

—
?

A)Ok 1. (CuOTf), (2 mol%) \' o
A + Et-Zn 2.79 (4,2mol%)
Ph Ph+ Eb > A)kph

toluene, -20 °C, 3 h Ph
84 85

88% vy, 68% ee,
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O
1. (CuOTf), (2 mol%)
0,
‘Bz 279(42mol)
toluene, -40 °C, 3 h
82

86
98% vy, 93% ee,
Knochel and Schwink®® prepared C,-symmetrical ferrocenyl amines 90 from the
diferrocenyl-1,4-diketone via the diol 88 and utilized in the diastereoselective
alkylations of the amide 91 (Scheme 16).

Scheme 16

(o
o) N-g/ OH

Me -
Fc (100 mol%) o~ F¢  Acy0, pyridine (@
Fc Fe : > Fc "Fe

BH3.SMe, = ag.NHg, CH5CN N
g7 O THE gg OH >R H
89
Fe Fc Fe
\ RCH,COCI 1 LDA (2equy) — O auncl o
NH _RCHCOCl NJ& dioxang, KCH3
EtzN, CH,Cl, R THE:HMPA (2: 1) _ g H,0 HO" %
- 2. R'X Fc g! 100°C CH,Ph
65-89% y 3h 93
% 92
R= Me, Et, Pr, Bn dr >97:3 75%, 98% ee

Otten et al*” synthesized (2R,5R)-trans-2,5-dimethylthiolane 96 from (2S,5S)-
2,5-hexanediol 95 as shown in Scheme 17 with >99% diastereoselectivity and >99% ee.
Scheme 17

o Saccharomyces ~ 9H
M cervisiace /k/\‘/ 1.Et3N, MsClI /@
> B “a
oy O OH 2Na;S.9H,0 S
95 DMSO 96
53%, >99% ee

We have undertaken studies on the synthesis of of 2,5-diphenyl and 2,6-diphenyl
substituted nitrogen and sulfur heterocycles. The results are discussed in the next

section.
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2.2 Results and discussion

2.2.1 Synthesis of disubstitued pyrrolidine, piperidine and thiolanes

The chiral auxiliaries with C, symmetry elements generally give a greater
stereochemical control compared to those totally lacking symmetry. Accordingly,
synthesis and methods which allow construction of these C, symmetry heterocycles
with stereoselectivity are valuable for synthetic chemists. As a part of our research
program, we have envisaged a convenient route to synthesize C,-symmetric chiral
compounds using methods developed from this laboratory. The synthetic strategies and

the reactions involved are outlined in Scheme 18.

Scheme 18
Q oh Asymmetric OH OMs
reduction X Ph -
phm Il g [
© OH OMs
n=1,2

Cyclization Na,S
R-NH,
({Xn\ N-debenzylation n A—gn\
A - e W
Ph™ 7 TPh Ph" N\~ Ph Ph™ g Ph

H |
R n=1,2

The 1,4-diphenylbutane-1,4-dione was readily prepared following a reported
procedure.’’ Friedel-Crafts acylation of benzene with fumaroyl chloride in the presence
of Lewis acid catalyst AICl; affords 1,4-diphenylbut-2-ene-1,4-dione. Subsequent
reduction of the olefinic moiety using SnCl,/HCl reagent system yielded 1,4-
diphenylbutane-1,4-dione (Scheme 19). After work up, the resideue was recrystallized

from methanol to obtain the product in good yields (76%).
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Scheme 19
e} O
COcClI
/:/ Benzene Ph)WPh SnCl,/HCI Ph)WPh
cloc AlICl3 (2.2 equiv) o EtOH e}
97 0°C-RT,2h 98 4

In 1995, Chong et al'’ reported the asymmetric reduction of 1,4-diphenylbutane-
1,4-dione using stoichiometric reagent (-)-diisopinocampheylchloro-borane Ipc,BCl
derived from (+)-pinene. However, the disadvantage of this method is the removal of
the chiral auxiliary which is tedious and requires considerable time. Later, Quallich®
and Aldous® have developed methods to reduce 1,4-diketones with oxazaborolidine
catalyst with BH3;-THF and BH;3-S(CHs),. Although these methods gave good
enantioselectivity, they involve handling of highly moisture sensitive reagents like BH;-
THF. Also, the BH3-THF is thermally unstable reagent, needs storing below 4 °C.
With this background, we have developed convenient route to synthesize chiral diols
using N,N-diethylaniline-borane which is relatively stable, less moisture sensitive and

3* We have decided to use these

easier to prepare and store without loss of hydride.
convenient and easy to handle reagent systems for the reduction of the ketone 47.
2.2.2 Asymmetric reduction 1,4-diphenylbutane-1,4-dione, 47

Recently, it was reported from this laboratory that asymmetric reduction of 1,4-
diphenylbutane-1,4-dione 47 using B-methoxyoxazaborolidine (10 mol%) prepared in

situ using (S)-0,0’-diphenylpyrrolidinemethanol, B(OMe); and NaBH4/TMSCI (Scheme

20). The (1R,4R)-diol 48 was obtained in good diastreoselectivity (93%).%
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Scheme 20

/Ph

N" XoH  THF N
H Ph RT,1h B- o “ph
99 MeO
100
O 1. Catalyst 100 OH
Ph 0 : Ph
Ph)w (10 mol%) . Ph/\/\;/
a7 THF, 10°C, 1 h (1R.4R)-48

70%, 93% ee
We have also developed a method for the preparation of the (1R,4R)- 1,4-
diphenylbutane-1,4-diol through the preparation of the oxazaborolidine in Situ using
a,a’-diphenylpyrrolidinemethanol and B(OMe); and N,N-diethylaniline-BH; as a
borane reagent. The 1,4-diketone 47 was added to a solution of B-methoxy
oxazaborolidine (10 mol %) prepared in situ using (S)-a,a’-diphenylpyrrolidine-
methanol and B(OMe); and N,N-diethylaniline-BH; (1 equiv.) to obtain the (1R,4R)-

1,4-diphenylbutane-1,4-diol 48 in good yield (74%) and diastereomeric ratio (92:8)

(Scheme 21).
Scheme 21
O 1. Catalyst 100 OH
PhM{Ph (10 mol%) - Ph/\/\-/ Ph
0] 2. Ph(C2H5)2N:BH3 éH
47 THF, 0-10°C, 1 h (1R,4R)-48
RT,Z2h 74%, 89% ee

2.2.3 Enrichment of (1R,4R)-1,4-diphenylbutane-1,4-diol wusing (S)-proline/-
B(OMe);
The chiral diol prepared in this way contains small amounts of (8-10%) of the

corresponding meso diol. However, the mixtures of (1R,4R)-diol and meso-diol can be
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readily purified using (S)-proline/B(OH); to obtain the samples of higher optical purity,
up to 98% ee (Scheme 22).*°

Scheme 22
OH

B(OH =

+
H Dean-stark H\ 3 (IR.4R)-48
toluene 0-B _
(S)-proline 12 h \,b toluene

reflux
12 h

Precipitate Filtrate

lTHF/HZO THF/HZOl
(1R.4R)-48 (1R,4R)-48 + meso-48
98% ee

The chiral 1,4-diol was purified following the above procedure to obtain
optically pure samples for the preparation of 2,5-diphenyl substituted pyrrolidines and
thiolanes.

2.2.4 Preparation of 1,5-diphenylpentane-1,5-dione

The 1,5-diphenylpentane-1,5-dione was readily prepared from the commercially
available glutaric anhydride. The reaction of glutaric anhydride 101 with PCls at reflux
condition gave pentanedioyl dichloride 102 in 82% yield. The subsequent Friedel-
Crafts acylation of 102 with benzene afforded 1,5-diphenylpentane-1,5-dione 103 in
very good yield (94%). The 1,5-diketone was recrystallized from hexane to afford the

product in crystalline form (Scheme 23).

Scheme 23
cocl o o
0”0 S0 e cocl 0°C-RT,2h  Ph Ph
101 24 h 102 94% 103

82%
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2.2.5 Asymmetric reduction 1,5-diphenylpentane-1,5-dione

We extended the same methodology, described earlier for the reduction of 1,4-
diketone to 1,5-diketone as well. The 1,5-diphenylpentane-1,5-dione 103 was reduced
using in situ prepared B-methoxy oxazaborolidine (10 mol %) and N,N-diethylaniline-
BH; (1 equiv.) afforded (1R,5R)-1,5-diphenylpentane-1,5-diol 104 in very good yield
(80%) and with good diastereomeric ratio (93:7) (Scheme 24). The asymmetric
induction observed for 1,5-diketone was comparable with the 1,4-diketone. The longer

carbon chain length has little effect on the diastereoselectivity.

Scheme 24
N on  THE N PN
H  Ph RT,1h B-O JPh
99 MeO
100
o ') 1. Catalyst 100 OH OH
w (10 mol%) - =
I > NN
Ph Ph 2 Ph(C,He),N:BH; 1 Ph
o]
103 THF, 0-10°C, 1 h (1R,5R)-104
RT, 2 h

80%, 93% ee

The 1,5-diol 104 obtained from this method was recrystallized from methanol to
obtain optically pure sample (>98% ee) with overall 68%yield. The diols 48 and 104
obtained using above mentioned methods were utilized for the synthesis of nitrogen

heterocycles and their sulfur analogues.

2.2.6 Synthesis of (25,55)-N-benzyl-2,5-diphenylpyrrolidine
Previously, the 2,5-diphenylpyrrolidine derivatives were prepared from the diol
via the cyclization of the corresponding dimesylates with allyl amine.'"” The (1R,4R)-

1,4-diphenylbutane-1,4-diol 48 was mesylated using MsCI/Et;N in CH,Cl, and then
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subjected to reaction with benzyl amine (excess) to obtain the corresponding (2S,5S)-N-
benzyl-2,5-diphenylpyrrolidine in 73% yield (Scheme 25). We have observed that
addition of benzyl amine to the dimesylate, without isolation and purification of the
dimesylate has not affected the reaction outcome.

Scheme 25

QH OMs
Ph/\/\;/Ph Et3N, MsCI /\/\/ph

PhCH,NH, O\
———— Ph""\ " Ph

I CH2C|2 — 0 OC, 12 h
OF " s00¢ 2h OMs ] RT,6h N
48 : Ph
73% 105

2.2.7 Synthesis of (2S,65)-2,6-diphenylpiperidine

The reactions were carried out in an identical fashion as described for the
preparation of N-benzyl-2,5-diphenylpyrrolidine as shown in the Scheme 25. The
(1R,5R)-1,5-diphenylpentane-1,5-diol was mesylated using MsCI/Et;:N in CH,Cl, and
then subjected to reaction with benzyl amine (excess) to obtain the corresponding

(2S,6S)-N-benzyl-2,6-diphenylpiperidine in 78% yield (Scheme 26).

Scheme 26
EtzN
OH oH MsCl oM OMS | PhcH,NH, Q
- - — NN —_— 8
Ph™ >">"pn CH,Cl, |Ph Ph| 0°c,12h Ph" 'N° "Ph
-20°C,2h RT,4h Ph
104 78% 106

It is noteworthy to mention that, the commonly employed methods for the
debenzylation include hydrogenolysis with catalytic Pd/C, and acid hydrolysis in
refluxing trifluroacetic acid, FeCls, lithium napthalemide. Although, these methods

give very good yields, they lack the experimental simplicity.*’
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Recently, Davies et al’®

reported the oxidative debenzylation of tertiary N-
benzylamines with ceric ammonium nitrate (CAN). We have followed this procedure
for deprotection of N-benzyl-2,6-diphenylpiperidine using ceric ammonium nitrate in
CH;CN-H,O (5:1) mixture at 25 °C. It was expected that the deprotection would be
problematic since the amine is tribenzylic. However, the reaction proceeds readily to
afford the 2,6-diphenylpiperidine in 65% yield along with starting material (15%) and

some unidentified products (Scheme 27).

Scheme 27

e
N~ YPh CH3CN-H,O (5:1) PhY >N

RT, 4 h H
Ph (2S,6S)-107

Ph Ph

106

2.2.8 Synthesis of sulfur analogs of nitrogen heterocycles
Enantiopure thioethers (3) have been used as chiral auxiliaries in asymmetric
and stereoselective syntheses such as the non-racemic preparation of epoxides via sulfur

3940 or the electrophilic sulfenylation of unsaturated carbon-carbon bonds.*

ylides
Metzner et al’®® and Otten et al'’ have reported the synthesis of chiral 2,5-dialkyl
substituted thiolane derivatives. We envisaged that compounds with bulky substituent
like phenyl group would provide better facial discrimination with prochiral substrates.

Accordingly, we have extended our work to the preparation of sulfur analogues of

nitrogen heterocycles.
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2.2.9 Synthesis of (2S,5S)-2,5-diphenylthiolane

The reported procedure for the synthesis of 2,5-dimethylthiolane involves either
harsh conditions (DMSO, 15 h, reflux) or long reaction periods (EtOH, RT, 15
days).39’19 Therefore, we have slightly modified the reaction with optimized conditions
for the synthesis of (2S,55)-2,5-diphenylthiolane. Indeed, we have obtained satisfactory
results under milder reaction conditions.

The (2S,5S)-2,5-diphenylthiolane was readily prepared from the 1,4-diol 48.
The (1R,4R)-1,4-diphenylbutane-1,4-diol was mesylated using EtsN/MsCl in anhydrous
dichloromethane (CH,Cl,) and the corresponding dimesylate was treated with sodium

sulfide (Na,S.9H,0) dissolved in dimethylsulfoxide (DMSO) to afford the product in

80% yield (Scheme 28).
Scheme 28
OH Et;N OMs
- Ph  MsCI - Ph| Na,S.9H,0
Ph/\/\;/ _ VSML Ph/\/\-/ #» “\‘O‘Ph
OH CH,Cl, = DMSO Ph" ~g
48 20°C, 2h OMs | RT, 24h
(2S,5S)-108
80%

The (2S,55)-2,5-diphenylthiolane 106 was crystallized from hexane to obtain
crystals suitable for X-ray analysis. The configuration of the 2,5-diphenylthiolane was
confirmed (2S,5S). The crystal structure data of the compound are summarized in Table
1 and Table 2 (Appendix II and III). The ORTEP diagram of the (2S,5S)-2,5-

diphenylthiolane is shown in figure 3.
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Figure 3 ORTEP diagram of the (2S,5S)-2,5-diphenylthiolane 108 (thermal ellipsoids

are drawn at 20% probablity)

2.2.10 Synthesis of (2S,65)-2,6-diphenyltetrahydrothiopyran
The dimesylate of (1R,5R)-1,5-diphenylpentane-1,5-diol was reacted with
Na;S.9H,O in dimethylsulfoxide yielded the condensed product (2S,65)-2,6-

diphenyltetrahydrothiopyran (Scheme 29).

Scheme 29
EtsN OMs OMs
oH oH  p ? ? Na,S.9H,0 Q
e e U el VA N g NG\ T ren N
Ph Ph CH,Cl, |Ph Ph DMSO  pp" s~ Yph
o]
102 -20°C,2h RT, 24 h (2S,65)-109

72%
Synthesis of 2,5-and 2,6-diphenyl substituted nitrogen and sulfur heterocycles

are summarized in table 1.
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Table 1 Preparation of nitrogen and sulfur heterocycles®

entr diol” reagent’ product® yield (%)°
y

o L
. Ph ,1 Ph
Ph

1 ph > PN PhCH,NH, 73
OH
(2S,5S)- 105
OH OH \Q
2 : : PhCH,NH, Ph™ "N" "Ph 78
Ph™ " ""ph §
Ph
(2S,6S)- 106
OH
3 ph P NaS9H0 Ph“"Q‘Ph 80
OH (2S,5S)- 108
O,
4 : : Na,S.9 H,0 PR >S5 Vph 72
Ph™ > ""pp
(2S,65)-109

“All the reactions were carried out in 10 mmol scale. "The optical purity diols were 98% ee, based on
optical rotation.** °Benzylamine was freshly distilled before use, and sodium sulfide used without further
purification (recrystallisation). “Products were identified using spectral data (IR, 'H, BC-NMR and
LCMS). °Yields are of isolated products.



83

2.3 Conclusion

Convenient methods were developed for the synthesis of (2S,6S)-trans-2,6-
diphenylpiperidine, (2S,5S)-trans-2,5-diphenylthiolane and (2S,6S)-trans-2,6-diphenyl-
tetrahydrothiopyran using readily accessible 1,4-diphenylbutane-1,4-dione and 1,5-
diphenylpentane-1,5-dione. The C,-symmetric ligands are expected to be useful in

asymmetric transformations.
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2.4 Experimental section

2.4.1 General information

Most of the information in the experimental section of chapter 1 are also
applicable to the experiments described in this chapter. The 1,4-diphenylbutane-1,4-
dione was prepared following a reported procedure. The a,0’-diphenylpyrrolidine-
methanol (DPPM) was purchased from Gerchem laboratory (Pvt) Ltd., India. The N,N-
diethylaniline:borane was prepared following the procedure developed in this
laboratory. Sodium borohydride, AICIl; and acetophenone were supplied by E.Merck
India was used. (S)-proline supplied by Lancaster Synthesis Ltd., UK and boric acid
from Sisco-Chemical (P) Ltd., were used.

The X-ray diffraction measurements for the respective compounds were carried
out at 293 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 program** without
applying absorption correction. The refinement for structure was made by full-matrix

least squares on F* (SHELX 97 or SHELXTL).*

2.4.2 Preparation of trans-1,2-dibenzoylethylene 98

To a mixture of finely powdered aluminium chloride (30 g, 225 mmol) in
benzene (200 mL), fumaryl chloride (11.5 g, 106 mmol) was added drop wise at 0 °C
during 30 min. The stirring was continued for 2 h at 25 °C and the mixture was
decomposed by pouring it upon ice. The benzene layer was separated and the aqueous
layer was extracted with ether (2x50 mL). The combined organic extract was washed

with aqueous sodium bicarbonate solution (2x25 mL), dried over anhydrous Na,SO4
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and evaporated to obtain the product as a reddish brown solid. The crude product was
recrystallized from ethyl alcohol to obtain 98.

Yield 20.2 g (80%) Mph
Ph

Mp 110-112 °C (1it* 111 °C) 98 O

IR (KBr)  (cm’) 1647, 1593, 1575, 1446, 1323, 1292, 1192, 1016, 763, 679

'H-NMR (200 MHz, CDCls, § ppm): 7.51-7.83 (m, 6H), 8.02-8.30 (m, 6H)

2.4.3 Selective reduction of trans-1,2-dibenzoylethylene

To a hot suspension of stannous chloride (8.7 g, 39 mmol) in 8N HCI (12 mL)
and ethyl alcohol (6 mL), a hot solution of trans-1,2-dibenzoylethylene 98 (8.7 g, 37
mmol) in ethyl alcohol (12 mL) was added carefully with stirring. The reaction was
quenched with H,O (5 mL), cooled and filtered. The filterate was washed with H,O (20

mL) and the resulting solid was recrystallized from methanol to obtain 47.

O

Yield 6.7 g (76%) Mph
Ph

Mp 145 °C (1it* 145-147 °C) 47 O

IR (KBr) (cm™) 2905, 1678, 1593, 1446, 1354, 1222, 989, 775, 736, 692
'H-NMR (200 MHz, CDCl3, & ppm): 3.60 (s, 4H), 7.42-7.64 (m, 6H), 8.06 (d, J=6
Hz, 4H)

PC-NMR (50 MHz, CDCl;, 6 ppm): 32.6, 128.1, 128.6, 133.1, 136.9, 198.6

2.4.4 Reduction of 1,2-dibenzoylethane with N,N-diethylaniline-BH; complex/B-
methoxy oxazaborolidine (10 mol %) system
To a solution of (S)- a,a’-diphenylpyrrolidinemethanol (0.25g, 1 mmol) in THF
(10 mL) at 25 °C, trimethylborate (0.15 mL, 1.25 mmol) was added and stirred for 1 h.

N,N-diethylaniline-BH3; (1M, 10 mL, 10 mmol) was added. 1,2-dibenzoylethane (1.19
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g, 5 mmol) dissolved in THF (25 mL) was added to this suspension at 0 °C during 1 h,
warmed to 25 °C and stirred further for 1 h. The reaction was carefully quenched with
2N HCI (5 mL) and the organic layer was separated. The aqueous layer was extracted
with ether (2x25 mL) and the combined organic extracts were washed with brine and
dried over anhydrous Na,SO4. The solvent was removed and the crude product was
purified by column chromatography on a silica gel (100-200 mesh) using hexane:ethyl

acetate (75:25) as eluent to obtain the 1,4-diol 48.

Yield 0.89 g (74%) OH
Ph/\/\./ Ph
Mp 62-64 OC 48 (__)H

IR (KBr)  (cm™) 3339, 3025, 1207, 990

'H-.NMR (200 MHz, CDCLs, & ppm): 1.82-2.05 (m, 4H), 2.68 (s, 2H), 4.73 (m,
2H), 7.21-7.38 (m, 10H)

BC-NMR (50 MHz, CDCls, & ppm): 35.0, 35.9, 74.0, 74.4, 125.9, 127.4, 128.4,
144.7

[a]? (+)54.2 (¢ 1.01, CHCL) [lit® [ ]} = (-)58.5 (¢ 1.01, CHCl3) >98% ee

for (1S,45)-48]

2.4.5 Purification of non-racemic diol 48 using (S)-proline and boric acid
(S)-Proline (0.26 g, 2.2 mmol) and boric acid (0.13 g, 2.2 mmol) were taken in
dry toluene (16 mL) and refluxed for 12 h and the water produced was removed using a
Dean-Stark apparatus. The non-racemic diol 48 (0.048 g, 2 mmol, 86% ee) dissolved in
dry toluene (16 mL) was added to the reaction mixture under nitrogen atmosphere
through cannula. The slurry becomes homogeneous and precipitation starts after 3 h.

The contents were further refluxed for 9 h and brought to room temperature. The
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precipitate was filtered in hot condition and was decomposed using a 1:1 mixture of
THF and water (20 mL). 3N HCI (10 mL) was added and stirred at 25 °C for 5 h. The
mixture was extracted with ethyl acetate (2x25 mL). The combined organic extract was
washed successively with water (3x10 mL), brine (10 mL) and dried over anhydrous
NaySO4. The solvent was evaporated under pressure and the crude was purified by
column chromatography on a silica gel (100-200 mesh) using hexane:ethyl acetate
(75:25) as eluent to obtain the (1R,4R)-diphenylbutane-1,4-diol 48 in 98% ee.

After decomposition:

From precipitate after decomposition:

Yield 0.4 g (84%)

n||o
T
o
>

Ph -
Mp 68-70 °C 48 OH

IR (KBr) (em™) 3339, 3025, 1207, 990
'H-NMR (200 MHz, CDCls, & ppm): 1.67-2.05 (m, 4H), 3.52 (br, s, 2H), 4.65
(br, s, 2H), 7.04-7.51 (m, 10H)
BC.NMR (50 MHz, CDCls, 8 ppm): 35.9, 74.2, 125.9, 127.3, 128.4, 144.7
[al? (+) 58 (¢ 0.11, CHCI;) [lit® [a]% = (-) 58.5 (¢ 1.01, CHCl3) >98% ee for

(1S,45)-48]

Absence of meso isomer was confirmed from the *C-NMR spectrum of the
sample. The filtrate obtained was evaporated and decomposed using THF-water
mixture. After work up as described above, the diol sample was isolated. It was

essentially meso isomer.
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2.4.6 Preparation of (1R,5R)-diphenylpentane-1,5-diol, 104
2.4 6a Preparation of pentanedioyl dichloride, 102

To the glutaric anhydride (23 g, 200 mmol) was added PCls (45.8 g, 220 mmol)
and refluxed for 24 h. The phosphorous oxychloride (POCl;) was removed. The crude
was distilled out to afford pentanedioyl dichloride under reduced pressure.

Yield 28 g (82%) C

IR (neat) (cm™) 1799, 1298

CocCl

CocCl
102

'H-NMR (400 MHz, CDCls, 8 ppm): 2.01-2.11 (m, 2H), 2.98-3.04 (m, 4H)

BC-.NMR (100 MHz, CDCls, & ppm): 20.3, 45.0, 172.9

2.4.6b Preparation of 1,5-diphenylpentane-1,5-dione, 103

To a mixture of finely powdered aluminium chloride (16 g, 120 mmol) in
benzene (150 mL), was added pentanedioyl dicholride 102 (7 mL, 54 mmol) in benzene
(50 mL) dropwise during 30 min. The stirring was continued for 2 h at 25 °C and the
mixture was decomposed by pouring it upon ice. The benzene layer was separated and
the aqueous layer was extracted with ether (2x50 mL). The combined organic extract
was washed with saturated NaHCOj3 solution (2x25 mL), water (25 mL), brine (10 mL)
and dried over anhydrous Na,SO,4. The solvent was evaporated to obtain the product as

a pale white solid. It was recrystallized from pure hexane.

Yield 12.8 g (94%)

Mp 59-61 °C Pthh

103

IR (KBr)  (cm’) 3065, 2970, 2889, 1680, 1597, 731, 688
'H-NMR (200 MHz, CDCLs, & ppm): 2.21 (m, 2H), 3.12 (m, 4H), 7.26-7.56 (m,

7H), 7.95-7.96 (m, 4H)
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BC.NMR (50 MHz, CDCls, 8 ppm): 18.7, 37.6, 128.0, 133.0, 136.9, 199.7

2.4.6c Reduction of 1,5-diphenylpentane-1,5-dione with N,N-diethylaniline-BHj;

complex/B-methoxy oxazaborolidine (10 mol %) system

To a stirred solution of (S)- a,a’-diphenylpyrrolidinemethanol (0.25g, 1 mmol)
in THF (10 mL) at 25 °C, B(OMe); (0.15 mL, 1.25 mmol) was added and stirred for 1 h.
N,N-Diethylaniline-BH; (1M, 10 mL, 10 mmol) was added. 1,5-diphenylpentane-1,5-
dione 103 (1.26 g, 5 mmol) dissolved in THF (25 mL) was added to this suspension at 0
°C during 1 h and the reaction mixture was brought to 25 °C, stirred further for 1 h. The
reaction was carefully quenched with 2N HCIl (5 mL) and the organic layer was
separated. The aqueous layer was extracted with ether (2x25 mL) and the combined
organic extracts were washed with brine and dried over anhydrous Na,SO4. The solvent
was evaporated, the crude was purified by column chromatography on a silica gel (100-

200 mesh) using hexane:ethyl acetate (70:30) as eluent to obtain thel,5-diol 104.

Yield 0.99 g (80%) OH OH
0 Ph™ > ""pp
M.p 89-91 °C 104

IR (KBr) (cm’") 3246, 3026, 2941, 2862, 1602, 1454, 758, 698

'H-NMR (400 MHz, CDCls, & ppm): 1.47-1.95 (m, 6H), 4.63 (t, 2H), 7.31 (m, 6H)

BC-NMR (100 MHz, CDCls, & ppm): 22.0, 38.6, 73.9, 74.1, 125.8, 127.2, 128.2,
144.8

[a]? (+) 18.5 (¢ 1.03, MeOH) [lit"" [a.]} =(-) 19.7 (¢ 1.01, CHCl3) >99% ee

for (1S,55)-104]
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2.4.7 Synthesis of N-substituted Pyrrolidines, Piperidines and Sulfur heterocycles
2.4.7a Preparation of (25,5S)-N-benzyl-2,5-diphenylpyrrolidine (105)

To a solution of (1R,4R)-1,4-diphenylbutane-1,4-diol 48 (2.42 g, 10 mmol) and
Et:N (4.2 mL, 30 mmol) in dry CH,Cl, (50 mL) was added methanesulfonyl chloride
(1.7 mL, 22 mmol) at -20 °C. The mixture was stirred for 2 h at -20 °C, and then
brought to 0 °C. To this (dimesylate was not isolated), benzylamine (40 mL) excess
was added and the resultant mixture was stirred at 0 °C for 12 h. After warming to 25
°C, stirring continued further for 4 h. The excess benzylamine was removed under
vacuum and the residue was dissolved in ether (50 mL). The contents were washed
with saturated NaHCOj; solution (3x20 mL), brine (10 mL) and dried over anhydrous
Na,SO4. The solvent was evaporated and crude product was purified by column

chromatography on a silica gel (100-200 mesh) using hexane as an eluent to obtain the

L

IR (neat)  (cm') 3061, 1602 105 PN

N-benzyl-2,5-diphenylpyrrolidine 105.

Yield 2.28 g (73%)

'HNMR (200 MHz, CDCls, § ppm): 1.98-2.22 (m, 2H), 2.43-2.81 (m, 2H), 3.15
(d, =14 Hz, 1H), 3.65 (d, J=14 Hz, 1H), 4.28 (m, 2H), 7.11-7.35 (m,
15H)

BCNMR (100 MHz, CDCls, 5 ppm): 32.8, 51.0, 65.2, 126.4, 126.9, 127.9, 128.1,

128.2,128.3, 140.1, 143.9

25
[a]; (-)126.4 (c 0.44, CHCI;)
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2.4.7b Preparation of (2S,6S)-N-benzyl-2,6-diphenylpiperidine, 106

To a solution of (1R,5R)-1,5-diphenylpentane-1,5-diol 104 (2.56 g, 10 mmol)
and EtzN (4.2 mL, 30 mmol) in dry CH,CL, (50 mL) was added methanesulfonyl
chloride (1.7 mL, 22 mmol) at -20 °C. The mixture was stirred for 2 h at -20 °C, and
then brought to 0 °C. To this (dimesylate was not isolated), benzylamine (40 mL)
excess was added and the resultant solution was stirred at 0 °C for 12 h. After warming
to 25 °C, stirring continued further for 4 h. The excess benzylamine was removed under
reduced pressure and the residue was dissolved in ether (50 mL). The contents were
washed with saturated NaHCO; solution (2x20 mL), brine (10 mL) and dried over
anhydrous Na,SO4. The solvent was evaporated and crude product was purified by
column chromatography on a silica gel (100-200 mesh) using hexane as an eluent to
obtain the N-benzyl-2,6-diphenylpiperidine 106.
Yield 2.5 g (78%)

IR (neat) (em™) 3065, 2931, 1602, 754

'H-NMR (400 MHz, CDCls, 8 ppm): 1.79-1.84 (m, 2H),
1.90-1.98 (m, 2H), 2.01-2.08 (m, 2H) 3.39-3.68 (m, 2H), 7-7.31 (m,
15H)

BC.NMR (100 MHz, CDCls, § ppm): 20.2, 27.21, 51.7, 58.4, 126.6, 128.2, 128.24,

128.3, 128.6, 128.69, 140.6, 144.2

25
[al; (-) 113.7 (¢ 0.94, CHCl)
Anal. calcd
for CosHasN  C, 88.03; H, 7.70; N, 4.28. Found: C, 88.12; H, 7.67; N, 4.29

LCMS (m/z) 327.65 (M+1)
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2.4.7¢ Preparation of (2S,6S)-trans-2,6-diphenylpiperidine, 107

The (2S,6S)-trans-N-benzyl-2,6-diphenylpiperidine 106 (0.33 g, 1 mmol) was
dissolved in CH3CN-H,O (5:1) mixture (5 mL). To this solution ceric ammonium
nitrite (CAN) (1.2 g, 2.1 mmol) was added in portion and stirred for 2 h. The
acetonitrile was removed and the contents were dissolved in ether (25 mL). The
contents were washed thoroughly with saturated NaCOj; solution (2x10 mL), water (5
mL), brine (5 mL) and dried over dry K,COs. The solvent was evaporated and the
crude product was purified by column chromatography on a silica gel (100-200 mesh)
using hexane:ethyl acetate (80:20) as an eluent to afford (2S,6S)-trans-2,6-

diphenylpiperidine 107.

Yield 0.15 g (65%) Ph\«(Nj\

H
IR (neat) (em™) 3321, 3061, 3028, 2926, 1601, 758, 698 107

Ph

'H-NMR (400 MHz, CDCls, § ppm): 1.71-1.75 (m, 2H), 1.93-2.05 (m, 4H), 2.4
(br, 1H), 4.15 (t, 2H), 7.25-7.46 (m, 10H)

BC-NMR (100 MHz, CDCls, & ppm): 20.8, 31.4, 54.8, 126.6, 126.7, 128.5, 144.2

25
[al; -68.4 (c 0.94, CHCL) [1it* [a.]* = (+) 70.1 (c 4.63, EtOH) (2R,6R)-107]

2.4.8 Preparation of (2S,5S)-trans-2,5-diphenylthiolane, 108

To a solution of (1R,4R)-1,4-diphenylbutane-1,4-diol 48 (1.21 g, 5 mmol) and
Et;N (2.1 mL, 15 mmol) in dry CH,Cl, (25 mL) was added methanesulfonyl chloride
(0.8 mL, 11.5 mmol) at -20 °C. The mixture was stirred for 2 h at -20 °C, and then
brought to 0 °C. To this (dimesylate was not isolated), was added Sodium sulfide
(Na,S.9H,0) (2.4 g, 10 mmol) dissolved in DMSO (10 mL). The reaction temperature

brought to 25 °C and stirring continued for 36 h. The solvents were removed under
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pressure and the crude was dissolved in ether (50 mL), washed several times with H,O
to remove any trace of DMSO. The organic layer was treated with brine (10 mL) and
dried over anhydrous Na,SO4. The solvent was evaporated and crude product was
purified by column chromatography on a silica gel (100-200 mesh) using hexane as an
eluent to obtain the trans-2,5-diphenylthiolane 108.

Yield 0.96 g (80%
8 (50%) Ph““Q‘Ph
IR (KBr) (cm™) 3054, 2932, 1601, 754, 698 108

'H-NMR (400 MHz, CDCls, § ppm): 2.12-2.19 (m, 2H), 2.55-2.62 (m, 2H), 4.83-
4.89 (m, 2H), 7.23-7.51 (m, 10H)

BC.NMR (100 MHz, CDCls, & ppm): 41.5, 54.8, 127.6, 128.1, 129.0, 142.9

[a ]} (+)15.4 (c 1.0, CHCl3)

LCMS (m/z) 241 (M+1)

2.4.9 Preparation of (25,65)-trans-2,6-diphenyltetrahydrothiopyran, 109

To a solution of (1R,5R)-1,5-diphenylpentane-1,5-diol 104 (1.28 g, 5 mmol) and
Et;N (2.2 mL, 15 mmol) in dry CH,Cl, (25 mL) was added methanesulfonyl chloride
(0.8 mL, 11.5 mmol) at -20 °C. The mixture was stirred for 2 h at -20 °C, and then
brought to 0 °C. To this (dimesylate was not isolated), was added Sodium sulfide
(Na,S.9H,0) (2.4 g, 10 mmol) dissolved in DMSO (10 mL). The reaction temperature
brought to 25 °C and stirring continued for 36 h. The solvents were removed under
reduced pressure and the crude was dissolved in ether (50 mL), washed several times
with H,O to remove any trace of DMSO. The organic layer was treated with brine (10

mL) and dried over anhydrous Na,SO4. The solvent was evaporated and crude product
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was purified by column chromatography on a silica gel (100-200 mesh) using hexane as

an eluent to obtain the trans-2,6-diphenyltetrahydrothiopyran 109.

Yield 0.91 g (72%) Q
S

PR
IR (neat) (cm'l) 3059, 3026, 2932, 1597, 1493, 756 109

Ph

'H-NMR (400 MHz, CDCL, & ppm): 1.70-1.76 (m, 2H), 2.18-2.35 (m, 4H), 4.06-
4.09 (m, 2H), 2.24-7.54 (m, 10H)

BC-NMR (100 MHz, CDCls, 8 ppm): 21.6, 32.9, 43.6, 126.7, 127.7, 128.4, 142.1

25
[a]; -12.1 (¢ 0.98, CHCL)

LCMS (m/z) 255.1 (M+1)
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3.1 Introduction

Diborane (B;Hg) is a useful reagent in organic and inorganic syntheses such as
hydroboration of carbon-carbon double and triple bonds, and reduction of various
functional groups.l’2 Diborane, a pyrophoric gas is not stable at room temperature and
hence it is normally generated in Situ in the glycol ethers and most commonly used as
borane-Lewis base complexes [BH;-THF, BH;3-S(CH;),], as they are safer and
convenient to handle. However, these commercially available reagents are expensive
and hazardous to store. On the other hand, sodium borohydride and other modified
borohydrides such as LiBHy, lithium aminoborohydride, and NaBH3;CN require solvents
like THF, dioxane and diglyme. However, each system has their advantages and some
limitations.

A brief literature is survey presented here on modified borohydride reagents to
facilitate the discussion. The first preparation of quaternary ammonium borohydride 3
by metathesis reaction of alkali metal hydrides 2 with ammonium salts 1 was reported in
1952 (Scheme 1)

Scheme 1

R,NX + NaBH, ———» R,NBH, + NaX
70-90%
1 2 3 4
R4 = (CHg)4-, (CoHs)a-

X = hydroxide, halide,
phosphate, carbonate
Sullivan and Hinckley® reported the synthesis of cetyl trimethyl ammonium
borohydride 5 and tricaprylmethyl ammonium borohydride 6 containing longer chain

hydrocarbon groups for increased hydrocarbon solubility. Reduction of representative
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organic compounds 7 and 9 were carried out with 50 to 100% excess borohydride in
benzene (Scheme 2).
Scheme 2

[C16H35(CH3)3N]BH, (5)
or
[(CgH17)3CH3NIBH, (6)

R-CHO Benzene, RT- 65°C RCH,OH
7 8
50r6
R-CO-R! —>  RCH(OH)R'
9 Benzene, RT- 65 "C 10

In 1972, Lamm et al’ reported that the generation diborane by addition of alkyl
halide like methyl iodide, ethyl bromide to an anhydrous solution of tetraalkyl

ammonium borohydride in dichloromethane (Scheme 3).

Scheme 3
RX (14)
Bu,NBH, — T » B,Hg + BugNX
11 CHoCl, 12 13
RX = CHgl, C,HgBr,
or DCE

The synthesis of exceptionally mild reagent tetrabutylammonium
cyanoborohydride (BuyNBH3CN) was reported by Hutchins and Kandasamy® (Scheme
4). This reagent reduces only primary iodides and to lesser extent bromides to the
corresponding hydrocarbons in hexamethylphophoramide (HMPA) solvent at 25 °C.
Scheme 4

BuNHSO, NaBH3;CN (16)=

5N NaOH
15 H,0

BusNBH;CN +  NaHSO,
17 19
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Raber and Guida’ used BusNBH, in dichloromethane for the reduction of
oxonium ions 22 to avoid the difficulties resulting from insolubility of the dioxaolanium
salts in ethereal solvents and from Lewis acidity of various reducing agents in the

synthesis of acetals 23 (Scheme 5).

Scheme 5
i (CoHs)30" .r\‘CHA 5
CoHs)30 BFy, 2 BF,
~ZZ S3Y T Ay, 4
R” “OCH,CH,OCHj; JKOCHz CH,
20 21

Later, the same authors reported that the reduction of aldehydes and ketones
with BuuNBH4 in dichloromethane. In order to achieve convenient rate of reduction of

ketones four equivalents of excess hydride was used (Scheme 6).*

Scheme 6
o)
R)KR O-BH;
RNBH; ——=—> |RCR | =, R>CHOH
3 H 26
o)
X 0-BH;
CH,CI R R L~ e
R{NBH, — 2 2= BHg—~ — » |R7GR — , R,CHOH
3 25 H 26

9

Sorrell and Pearlman” reported the selective reduction of aldehydes to the

corresponding alcohols in dichloromethane at 25 °C within 20h (Scheme 7).
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Scheme 7

+ -
ono  _EUNBHIICHCL oy o
7 25°C, 20 h 8
H202, NaOH

Wakamatsu et al'® reported the reduction of nitriles and amides to the
corresponding amines with tetrabutylammonium borohydride (BusNBH4) in

dichloromethane at refluxing conditions (Scheme 8).

Scheme 8
Bu,NBH
R-CN = R-CH,NH,
27 CH,Clp 28
reflux, 10 h R = CgH5-, 4-Me-CgHs-,
4-NO,-CgHs-CH,-
Bu,NBH
R-CO-R'R? i R-CH,-NR'R?
CH,CI,
29 reflux, 10 h 30

R = CgHg-, CgH5(CHy)2-, CH3-
RR? = CH3CH,-, CgHs-

Indole derivatives 31 were reduced with tetrabutylammonium borohydride 11 in

dichloromethane to the corresponding indulines 32 under reflux conditions (Scheme

9) 11
Scheme 9
R3 R®
R R*
X BuyNBH
R5 = N CH2C|2 R5 N
31 hl reflux, 10 h 32 ‘Rl

Rl=H, CHs-; R%=H, CHs-, -(CHy),-
R®=H, CHg-, ; R* = H, CH,0-
R5 = H, CHgo‘
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Preparation of Baccatin Il 34, a key component in studies on structure-activity
relationship in the Taxol, was achieved by reduction of Taxol la with
tetrabutylammonium borohydride in dichloromethane in 97% yield (Scheme 10)."

Scheme 10

Taxol 1a (33) Baccatin Il (34) NHCOR;
Rl = C6H5-, R2 = RS =H :
Rs = CHsCO : R, = OH CeHs~ ™~ ~OH
OH
In 1998, hydroboration of alkenes and alkynes with tetrabutylammonium

borohydride in chloroform at refluxing temperature were reported by Narasimhan et al

(Scheme 10). There was no selectivity observed in the hydroboration of dienes.

However, with enynes the reagent selectively reacts towards terminal double bonds and

triple bonds.
Scheme 10
o BuyNBH,/CHCl5
8 CH
HZC%\/\/\H/n _ reflux - HO,HZC/\/\//\W 3
dil. H,SO, n
35 H20,, NaOH 36
n=2,3
Bu,NBH,/CHCl3

7 N CH CH
HC¢\<C>)\/\<C2) 3 reflux . HOHZC/\<C>)\/\<C 3
H, H dil. H,SO, H, H
8 3 H,0,, NaOH 8 3
37 38
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More recently, oxazaborolidine catalyzed asymmetric reduction of prochiral
ketones with good enantioselectivity, upto 99% ee using BuuNBH4/CH3I in THF was
reported from this laboratory (Scheme 1 1).14

Scheme 11

Ph
[ A
~Ph
N OH

(6] ‘ C‘)H
H (5 mol %
Ar)kCH3 ( ), Ar” “CHs
39 BuyNBH,/CHgl/THF 40
RT, 30 min upto 99% ee

It was of interest to examine the preparation of reactive borane species from
tetrabutylammonium borohydride using other alkyl halides as additives since the methyl

iodide is carcinogenic. The results are described in the next section.
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3.2 Results and discussion

3.2.1 Preparation of tetrabutylammonium borohydride (BusNBH,)

The tetraalkylammonium borohydrides are readily soluble in organic solvents
and they have low reactivity as reducing agents. It is considerably easier to handle these
reagents compared to other metal borohydrides (eg., NaBH4, LiAlH4). For instance,
they can be recrystallized from the ethyl acetate. The tetrabutylammonium borohydride

was readily prepared following a reported procedure (Scheme 12).

Scheme 12
NaOH, NaBH,
BuyNHSO, — > Bu,NBH, + NaHSO,
2
15 RT, 30 min 11 19

3.2.2 Generation of diborane (B,Hg) from BuyNBH, using additives

As noted earlier, addition of alkyl halide to a solution of BusNBH,4 generates
diborane in THF. However, ether solvents have a high tendency to form peroxides.
Also, it is difficult to recover these solvents after aqueous work-up. Accordingly, we
carried out the reaction of tetrabutylammonium borohydride 11 with additives like
benzyl chloride 41 and iodine 42 in toluene. Indeed, the diborane was readily generated

in >90% yield in this way (Scheme 13).

Scheme 13
PhCH,CI (41)
BU4NBH4 EEE—— 1/2 BZHG + BU4NC|
11 toluene 12 13a
RT, 15-30 min
051, (42
BuyNBH, _08LG2)_ ), BoHg * BugNI
1 toluene, RT 12 13b
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We have observed that the addition of benzyl chloride to tetrabutylammonium
borohydride in THF at 25 °C for 30 min. followed by the addition of Ph;P 44 gives the
PhsP:BH; (''B NMR: -37.6 ppm) in 90% yield (in situ). This indicates the formation of

borane in the reaction of BuyNBH4 with PhCH,Cl (Scheme 14).

Scheme 14
PhCH,CI
BuyNBH, THF2 H3B:THF + Bu,NCl + 1/2 H,
RT, 15-30 min 43
lph3p (44)
PhSP:BHS

45, 90 % yield

3.2.3 Preparation of Lewis base-BH; complexes using the BusNBH./I, system

The BusNBH4/I, system provides a convenient source of diborane gas. This
reagent can be used for preparing various Lewis base-BH3; complexes. For example, the
Ph;P:BH; can be prepared (ex situ) in 70% yield by passing B,Hg, generated by
BusNBH4/I; in toluene, through a solution of PhsP in THF. Also, BusNBH4/I; can be

utilized to prepare the stock solution of N,N-diethylaniline-borane in toluene (Scheme

15).
Scheme 15
051 PhsP (44
Bu,;NBH, ————2——» 1/2 BZH6T+ BugNI PhaP (34) Ph3P:BH3
toluene, RT THF
11 12 45A
70%

. N,N-diethylanili >
BU4NBH4 % 1/2 BZHST + Bu4N| e yan| II’E @N:BHS

1 toluene, RT 12 toluene

45B
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3.2.4 Reduction of carbonyl compounds with Bus;NBH,/PhCH,Cl and
BusNBH4/I, reagent systems

We have observed that the diborane (in situ) generated in this way effectively
reduces various functional groups like aldehydes, ketones, carboxylic acids, and acid
chlorides readily at 25 °C (Scheme 16, Table 1 and 2). However, esters took 12 h for
the completion of the reaction. The general reactivity pattern of BuuNBH4/PhCH,Cl
towards various carbonyl compounds is in the order aldehyde > ketone > acid chloride >

carboxylic acids >> esters. The process is simple and amenable to scale up.

Scheme 16
Bu,NBH
(e) 4 4
iH BuyNBH,/ I, PhCH,CI i*
- _—

Ar” TR toluene, RT Ar~ R toluene, RT  Ar” R

R'=H, CHz R = H, CHs3, OH, OMe R'=H, CHy
Ar = C6H5, 4'C|C6H4, Ar = C6H5, 4'C|06H4, Ar = CGH5: 4'C|C6H4,

4'N02C6H4 4-MEOC6H4, 4'MEOC6H4
4-NO,CgH,

It is important to note that the BuyNBH4/PhCH,CI reagent system does not
reduce the carbonyl compounds at 0 °C in toluene even at prolonged reaction time (48

h). However, the reaction readily takes place at 25 °C.
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Table 1 Reduction of representative carbonyl compounds with BusNBH./-

PhCH,CI
a time b yield
entry substrate (min) product (%)°
CHO CH;0H
1 O/ 47 15 ©/ 56 86
CHO CH,OH
2 /©/ 48 15 /©/ 57 92
Cl Cl
CHO CH,OH
3 /©/ 49 30 /©/ 58 91
MeO MeO
e} OH
4 ©)‘\CH3 50 15 ©)\CH3 59 91
o) OH
5 /@J\CH?) 51 15 /©)\CH3 60 94
Cl Cl
6 <:>=o 52 90 <:>—OH 61 82
COOH CH,0H
7 ©/ 53 120 ©/ 56 89
CH,COCI CH,CH,0H
8 O/ 54 15 ©/ 62 90
CH,CO,Me CH,CH,OH
9 ©/ 55 720 ©/ 62 82

®All the reactions were carried out using 5 mmol substrate with 7 mmol of the BuyNBH,/PhCH,CI
reagent. "Products were characterized by IR, "H-NMR, *C-NMR and by comparison with reported data."®
“Yields of isolated products.

It is desirable to add the iodine at 0 °C to the solution of the BuyNBH, (in situ)
and the carbonyl compound in toluene and then warm to room temperature in order to

avoid the borane loss during the reduction with BiuNBH./I, reagent system.
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Table 2 Reduction of representative carbonyl compounds with BuyNBH4/I,

a time yield

entry substrate (min) product (%)

CHO CH,OH
1 [:::]/ 47 15 [:::I/ 56 90
CHO CH,OH
2 /J:::]/ 48 15 /J:::]/ 57 94
Cl Cl
CH,OH
63 15 64 89

w
9
z
O E
@]
I
O
@)
N
: 2

CHa 59 91

N
(@]
T
W
()]
[—}
p—
(9}

CH,OH
53 30

CH,COMe CH,CH,OH
6 55 720 62 86

*All the reactions were carried out using 5 mmol substrate with 6 mmol of the Buy,NBH,/I, reagent.
°Products were characterized by IR, '"H NMR, "*C NMR and by comparison with reported data."” °Yields
of isolated products.

56 &9

Q
QO

3.2.5 Hydroboration of alkenes using BusNBH4/PhCH,Cl reagent system

Hydroboration is one of the most important methods for the synthesis of
organoboranes from unsaturated compounds. Diverse hydroborating agents such as
BH;:THF, BH;:S(CHs),, 9-BBN and thexylborane are commercially available.
However, each of these reagents has limitations and all are air sensitive. Previously,
hydroboration of olefins has been reported using tetrabutylammonium borohydride in
chloroform under refluxing conditions."® The R4N"BH, /Me;SiCl system has been used
for the conversion of olefins to alcohols without any oxidizing agent.'®

In order to extend the scope and applicability of the BuuNBH4/PhCH,Cl reagent

system, we have carried out hydroboration reactions with olefins. We have observed
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that the BusNBH4/PhCH,Cl reagent system hydroborates olefins under ambient
conditions in toluene/THF mixture and the corresponding alcohols were obtained in
good yields after H,O,/OH™ oxidation (Scheme 17, Table 3). The regioselectivity of the

hydroboration is 92:8 (IH—NMR), favoring the terminal position of unhindered olefin

like phenylstyrene.
Scheme 17
OH
BusNBH, OH
X PhCH,Cl
Toluene (20 mL) "
THF (5mL)
65 RT, 4h 62 59
H,0,/NaOH 92% 8%
Table 3 Hydroboration of alkenes using BuyNBH,/PhCH,Cl
entry substrate® time (h) product” yield (%)°
OH
1 65 3 (j/V 62 86
OH
66 4 O/ 61 82

a-0OY

OH
67 4 é“‘\ 68 30

*All the reactions were carried out using 7.5 mmol substrate with 9 mmol of the BuyNBH,/PhCH,Cl
reagent. "Products were characterized by IR, '"H NMR, *C NMR and by comparison with reported data."®
“Yields of isolated products.

3.2.6 Hydroboration of prochiral olefins with chiral amine-borane complexes
Borane reagents continue to attract much interest owing to its versatile

chemistry. Previously, it was reported from this laboratory'’ that chiral amine-borane

complexes (69-73) hydroborate the prochiral olefins to the corresponding alcohols up to

19% ee after alkaline oxidation.



113

Figure 1

b L o

BH
BH3 /\ N O\ph D\
é N Ph N . BH3

\CHS BH, ) BHy KBH?’ Ph @

CHs3
70 71 72 73

The results obtained previously in hydroboration using chiral amine-borane

complexes with prochiral olefins (69-73) are summarized in Table 4 (Scheme 18).

Scheme 18
1. Ra*N-BH, (73 .
R™ R, 3 3(73) o R)h%/OH
RT, 4-12 h
74 2. NaOH/H,0
R = alkyl 2-2 75 15% ee, 72%
R1= Ph, Ar

Table 4 Hydroboration of prochiral olefins with chiral amine-borane complexes

entry R3*N:BHj substrate product % e  yield (%) Ref.
CH
CHs 7 OH
1 69 O O/ 4 70 17a
OH
2 69 ZO\B / \ 19 76 17a
(@)
H
CHs = 3 OH
3 70 O O/ 3 68 17a
OH
4 70 B / \ 12 69 17a
© (@)
OH
5 71 B / i 14 7 17b
© O
OH
6 72 JL )i 10 72 17b
Ph™ "CHs Ph™ “CHj
OH
7 73 JL )i 15 72 17¢
Ph™ "CHs Ph™ “CHj

“All the ee values are based on optical rotation. "Yields are of the isolated products.
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These results indicates that the hydroboration reaction may proceed via Syl
(eqn.1), Sx2 (eqn.2) or Sx2-type with m-complex (eqn.3) mechanistic pathway
depending on the nature of the olefin and the amine borane complex (Scheme 19).17’18
Scheme 19

Sn1-type mechanism

BH;: LB

H o ]#
J‘_BH2 — R-CH2CHzBH2
R

Sn2-type mechanism

I o]
RJ + HpBiLB T > R/LBHZ- -LB ﬁ R-CHaCHBH,  ------- eqn. 2
LB

Sn2-type mechanism with n-complex intermediate

| I |
J + HgBiLB L BH,
R < M
s R
-H #
RLBHZ —> R'CHchzBHz """""" eqn. 3

The racemic product would result if the dissociation of borane from the chiral
amine-borane complex (R3*N:BHj3) takes place before the hydroboration reaction in an
‘Sn1 like” mechanism or Sy2 reaction with n-complex intermediate.

We have investigated the hydroboration reaction using the borane complexes of

chiral amines prepared earlier (Chapter 2). Previously, it was observed that N-phenyl-
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2,5-diphenylpyrrolidine 76 does not form the amine-borane complex due to steric
hindrance around the nitrogen atom (Scheme 20).

Scheme 20

Oy e
Ph""\ " ~Ph < Ph' Ph

v toluene i ﬁ;::h
76 NaBH,/I; 268

With this background, we thought that the (2S,55)-N-benzyl-2,5-
diphenylpyrrolidine-BH; complex would be structurally similar to that of (S,S)-(-)-N-
benzyl-a,0’-dimethyl-dibenzylamine-BH; 71 (Figure 1) but has C,-symmetry and hence
would lead to improved facial discrimination resulting in better enantioselectivity.
Accordingly, we prepared (2S,5S)-N-benzyl-2,5-diphenylpyrrolidine-BH3; complex ex
situ for the hydroboration studies towards prochiral olefins like a-methylstyrene and
trans-stilbene.

The chiral amine-borane complex, 105B was readily prepared using BusNBH4/I,
in toluene (ex situ). The diborane gas was bubbled through an anhydrous toluene
solution of chiral amine 105. In order to examine the stoichiometry of the amine borane
in the solution, triphenyl phosphine (1 equiv) was added and Ph;P:BH; was obtained in
97% yield (Scheme 21).

Scheme 21

: BoHe O\ PhsP :
Ph" Q‘Ph > PhSN\TTPh o oo PhgP:BH;
toluene V4 k ' 45
k|:>h BH3 Ph 97%
U4NBH4/|2

105
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It was found that the (2S,55)-N-benzyl-2,5-diphenylpyrrolidine-BH; 105B
hydroborates the prochiral olefins such as a-methylstyrene and trans-stilbene at 25 °C to
the corresponding alcohol after alkaline oxidation in 80% yield, but the product was
found to be racemic (Scheme 22).

Scheme 22

1 PhJLCH OH
Lo

RT,2h Ph” “CH,

& B,Hs O\ 2.NaOH, H;0;  (4)- 79
PhY N3 Ph Ph" Ph —

N N 78%y
usNBH/1, /ﬁ Ph
105 105 B 1 /_<
h (80)
RT.8h Ph  OH
2.NaOH, H,0,  (¥)-81

80% y

Presumably, in the hydroborations using amine-borane complex 105B, no ee
was obtained because of the reaction taking the Sy1 or Sy2 pathway with m-complex
intermediate (Scheme 19) in which the crowded chiral amine moiety leaves from the
borane moiety before the hydroboration reaction.

Recently, Vedejs et al' reported the intramolecular hydroboration of
homoallylic amines and phosphine borane complexes using activating agents such as I,
Br, and TfOH (Scheme 23).

Scheme 23

OH

1.H3B:THF, 0 °C
RN > R R
NHBN 5 1, (50 mol%s) \)\/\NHBn + Y NHEn

82 CH,Cl, 83 OH 84
R=H, Me, Et, Ph 3 H,0,/NaOH

78-83%

83/84 = 11:1
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The proposed mechanistic pathway indicates that the intramolecular
hydroboration may take place via Sx1 like mechanistic path way through intermediate
IV or S\2 like mechanistic pathway through intermediate V in the transition state where

the iodide (I') act as a leaving group (Scheme 24).

Scheme 24
R\/\/\x BH3 R\/\/\)C?O Activation R\/\/\)((@
2 ’ , -
| HB=H " H-B=H
I H g
X=N, P,O

LG= Leaving group (I") a/// ¢ b

H-B—X, H=B—X
HO (Le
v LG

Also, Vedejs et al* reported intermolecular hydroboration of B-methylstyrene

using pyridine-BH; complex and 50 mol% I, at 25 °C (Scheme 25).

Scheme 25
BH;
N\
. @ 1 (0.5 equiv) OH OH
.~ 15 (0.5 equiv.
Ph/\/ p— > Ph/K/J' Ph\)\
85 222 86 87

2. H202/NaOH/MeOH
92%y, 86:87 = 15:1
It was of interest to examine whether the chiral amine 105 can be anchored to
the boron moiety and the iodide could serve as a leaving group in the case of chiral
amine borane 105B. In order to examine this possibility, we examined the

hydroboration of prochiral olefins after making the amine-BH,I complex.
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The amine-BH,I complex 110 was prepared by addition of 0.5 equivalents I, to
the amine-BH; 105B at 0 °C and warmed to room temperature till the solution became
colourless (scheme 26).

Scheme 26

O\ I, (50 mol%) &
PR S Ph —Z—— P Ph

(o] o
ps 0°C-RT,1h
BH3 kPh toluene IH2I§/ kPh
105B 110

We have carried out the hydroboration of prochiral olefins such as a-methyl-
styrene and trans-stilbene using the amine-BH,I complex 110 in toluene or CH,Cl, at
25 °C. However, the corresponding alcohols obtained after oxidation were found to be
racemic (Scheme 27). We have also observed that no hydroboration takes place at 0 °C.

Scheme 27

1.Ph 78 >—\

RT, 6 h Ph OH
O\ 2.NaOH, H,0,  (4)-79, 70-72% y
Ph“" SN Ph  toluene
Ve or
IHB ~pp, CH,Cl, Ph
110 /o o
1.
Ph 80 /—<
RT, 24 h Ph OH

2.NaOH, H,0,  (¥)-81,82-85%y

It was thought that addition of I, to the amine-borane complex would increase

the Lewis acidity of the boron which in turn would increase the strength of the N-B
coordination bond. Thus, the chiral amine would bind to the BH,I moiety strongly and
could lead to assosiative Sx2-like mechanistic pathway. Perhaps, along with stereo
electronic factors, the steric hindrance around the amino nitrogen atom weakened the

nucleophilicity of the amine. This could lead to displacing the crowded chiral amine
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instead of the iodide (I') resulting in the Sy1 like mechanism or SN2 like mechanism
with m-complex intermediate leading to racemic product. We have also examined the
(2S,55)-trans-2,5-diphenylthiolane as a chiral source for carrying the borane.
Accordingly, the (2S,5S)-trans-2,5-diphenylthiolane-BH; complex 108B in toluene was
prepared by bubbling the diborane into the solution of trans-2,5-diphenylthiolane in
toluene. However, the hydroboration of a-methylstyrene with 108B at 25 °C gave the
racemic product after alkaline oxidation (Scheme 28).

Scheme 28

Ph" s Ph Ph' Ph PhSP-BH3

S RT,6h
Toluene BI-)|/ 94%
108 3 108B
U4NBH4/|2

JL OH
Ph 78 CH; N /[

- Ph™ “CHj
RT, 4
NaOH, H,0, (®)-79,77%y
Ph
Ph“"D‘Ph trans-stilbene 80 /[
¥ S RT, 8 N Ph™ "OH
BH NaOH, H202
3 108B (+)- 81, 80% y
| RTIN o
O Ph” “CH;
s
Ph™ “CHj (¥)- 89, 70%y

Clearly, even here the chiral diphenyl thiolane seems to leave the borane moiety
before the hydroboration takes place (Scheme 18). Recently, it was observed in this
laboratory that optically pure a-methylbenzylamine-BHj, hydroborates the prochiral
olefins to the corresponding alcohols upon activation using 50 mol% iodine with up to

15% ee (Scheme 29).%"
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Scheme 29
BH3 BH,l
NH, B,H NH 50% I, NH
2Hg 2 2
CHCl o PN
Ph CH3 Q/2 2 Ph CH3 Ph CH3
9 91 92
Bu,NBH,/CHgl
A or
1.Ph CH J/
78 3 7
—_— '/,
25°C,1h Ph 20 CHs
2.NaOH/H,0,

15% ee, 22%y
Also, hydroboration of trans-stilbene using the relatively less hindered chiral
Trogers base:BH3; with catalytic amount of iodine (5 mol%) gave the corresponding

alcohol 81 with enantioselectivity up to 12% ee (Scheme 30).Zlb

Scheme 30
N BH3
CHs N
—
HsC N Ciluene HsC N
(-)-(5R,11R)- 102b NaBH,/l, 102c BH3
BH,l Ph
N CH _ HO Ph
0 3 \
15%1, ~ ‘ \‘/\/ N Ph/j) H
Toluene g J\) 4—)—“ Ph
HaC N 25°C,12h 81

102d B'Hzl 2.NaOH/H,0, 12% ee, 85% y

Recently, it has been reported that the diisopropylborane derivative 93 does not
hydroborate olefins under ambient conditions. Presumably, due to the mesomeric effect

of the nitrogen lone pair.**
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Systematic studies on preparation of the covalent borane derivative like 94
followed by activation by Bronsted acid 95 and Lewis acid 96 (Figure 2) may be helpful
in achieving higher selectivities in the asymmetric hydroboration reaction using these

chiral borane reagents.

Figure 2
Jd el (D o
N Ph™” N7 Ph Ph™” l:\l+ "Ph  Ph @M;(Ii’lh
BH2 BH2 BH2 2

93 94 95 96
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3.3 Conclusion

We have demonstrated the general applicability and successful utilization of
BusNBH4/PhCH,Cl as a borane source in the reduction of various carbonyl compounds
such as aldehydes, ketones, carboxlic acids, acid chlorides and esters. The
BusNBH4/PhCH,Cl reagent system is useful for the hydroboration reactions of olefins
as well. The yields of the products obtained with BusNBH4/PhCH,CI reagent system
are as high as the literature reports using other borane reagents. The BusNBH4/I,
reagent system is used effectively for the reduction of various carbonyl compounds,
also, it was used for generating diborane ex Situ to prepare stable Lewis base-BHj
complexes in toluene.

We have carried out hydroboration reactions using chiral C,-symmetric 2,5-
diphenylpyrrolidine-BH;, and 2,5-diphenylpyrrolidine-BH;I  complexes and 2,5-
diphenylthiolane-BH3; complex prepared ex situ using BusNBH4/I, with prochiral
olefins under various conditions. Though, these studies are somewhat inconclusive, it is
hoped that the results obtained here would help in developing more appropriate reagents

for asymmetric hydroboration of olefins.
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3.4 Experimental section

3.4.1 General information
Most of the information in the experimental section of chapter 1 are also
applicable to the experiments described in this chapter. Aldehydes, ketones and olefins

were obtained from commercial source were used without further purification.

3.4.2a Reduction of carbonyl compounds utilizing the BuyNBH4/PhCH,Cl reagent

system

The procedure for the reduction of benzaldehyde is representative: To a
solution of BuyNBH4 (1.54 g, 6 mmol) in toluene (25 mL) was added benzyl chloride
(0.84 mL, 7 mmol) at 25 °C. The substrate, benzaldehyde (0.5 mL, 5 mmol) was added
slowly and the reaction mixture was stirred until the starting material had disappeared
(15 minutes, TLC analysis). The reaction mixture was carefully quenched with 2N HCI
(5§ mL). The organic layer was separated and the aqueous layer was extracted with ether
(2 x 25 ml). The combined organic extracts was washed with brine (10 mL) and dried
over anhydrous Na,SO4. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography on silica gel (100-200 mesh) using
hexane/ethyl acetate (98:2) as eluent to obtain the benzylalcohol 56.

OH
Yield 0.46 g (86%) @A
56

IR (neat) (em™) 3331, 3030, 2932, 1606, 1018, 734

'H-NMR (400 MHz, CDCls, 5 ppm) 7.41-7.28 (m, SH), 4.70 (s, 2H), 1.95 (s, 1H)

BC.NMR (50 MHz, CDCls, 8 ppm) 140.8, 128.3, 127.3, 126.9, 64.7
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3.4.2b Reduction of 4-chloro benzaldehyde with BusNBH4/PhCH,Cl reagent

system

Yield 0.66 g (92%) /©/CH20H
Cl

IR (KBr)  (cm’)3312,2922, 1597, 1012, 644 57

'H-NMR (400 MHz, CDCls, & ppm) 7.36-7.26 (m, 4H), 4.67 (d, 6 Hz, 2H), 1.76 (t,
6 Hz, 1H)

BC-NMR (50 MHz, CDCls, 8 ppm) 139.1, 133.2, 128.5, 128.2, 64.1

3.4.2¢ Reduction of 4-methoxybenzaldehyde with BusNBH4/PhCH,Cl reagent

system

Yield 0.63 g (91%) QCHZoH
MeO

IR (neat) (em™) 3387, 3003, 1612, 1033, 817 58

'H-NMR (400 MHz, CDCls, & ppm) 7.28 (d, 2 Hz, 2H), 6.89 (d, 2 Hz, 2H), 4.59
(d, 4.8 Hz, 2H), 3.79 (s, 3H), 1.87 (t, 4.8 Hz, 1H)

BC-NMR (50 MHz, CDCls, 8 ppm) 159.0, 133.2, 128.5, 113.8, 64.5, 55.1

3.4.2d Reduction of Acetophenone with BuyNBH4+/PhCH,Cl reagent system

Yield 0.56 g (91%) OH
| CHs
IR (neat) (em™") 3348, 3030, 2974, 1602, 1078, 760 o

'H-NMR (400 MHz, CDCls, & ppm) 7.39-7.25 (m, 5H), 4.9 (q, 6.4 Hz, 1H), 1.89
(br, 1H), 1.49 (d, 6.4 Hz, 3H)

BC-NMR (50 MHz, CDCls, 8 ppm) 145.8, 128.3, 127.2, 125.3, 70.0, 25.0
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3.4.2¢ Reduction of 4-chloroacetophenone with BuyNBH4/PhCH,Cl reagent system

Yield 0.73 g (94%) OH

-1 CHS
IR (neat) (em™) 3328, 3031, 1608, 754
Cl 60

'H-NMR (400 MHz, CDCls, 8 ppm) 7.22-7.16 (m, 4H),

4.76 (q, 6.3 Hz, 1H), 2.27 (br, 1H), 1.36 (d, 6.3 Hz, 3H)

BC.NMR (50 MHz, CDCls, & ppm) 144.3, 133.0, 128.6, 126.8, 126.8, 69.7, 25.2

3.4.2f Reduction of Cyclohexanone with BuyNBH,/PhCH,Cl reagent system

IR (neat)  (cm’) 3342, 2932, 1068 O/el

'H-NMR (400 MHz, CDCls, 5 ppm) 3.65-3.59 (m, 1H), 1.91 (t, 5.2 Hz, 2H), 1.76-

1.70 (m, 3H), 1.57 (t, 4 Hz, 1H), 1.31-1.16 (m, 5H)

BC.NMR (50 MHz, CDCls, 8 ppm) 70.1, 35.4, 25.5, 24.1

3.4.2g Reduction of Benzoyl chloride with BuyNBH4+/PhCH,Cl reagent system

Yield 0.55 g (90%)

OH
IR (neat) (em™) 3339, 3028, 2943, 1602, 1045, 746 ©/:

'H-NMR (400 MHz, CDCls, § ppm) 7.37-7.21 (m, 5H), 3.88(q, 6.4 Hz, 2H), 2.88

(t, 6.4 Hz 2H), 1.50-1.1.45 (m, 1H)

BC.NMR (50 MHz, CDCls, 8 ppm) 138.5, 128.9, 128.3, 126.2, 63.3, 39.0

3.4.3 Reduction of benzoic acid with the BusNBH4/PhCH,Cl reagent system
To a solution of BuyNBHy4 (1.54 g, 6 mmol) in toluene (25 mL) was slowly
added benzoic acid (0.61 g, 5 mmol) at 10 °C. The mixture was stirred until the

evolution of gas ceases. Benzyl chloride (0.72 mL, 6 mmol) was added and the contents
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were further stirred for 2 h at 25 °C. The mixture was carefully quenched with 2N HCI
(5 mL). The organic layer was separated and the aqueous layer was extracted with ether
(3 x 25 ml). The combined organic extracts was washed with brine (25 mL) and dried
over anhydrous Na,SO4. The solvent was evaporated under reduced pressure and the
residue was purified by column chromatography on silica gel (100-200 mesh) using
hexane/ethyl acetate (98:2) as eluent to obtain the benzyl alcohol 56.

Yield 0.46 g (86%) @CHZOH
56

IR (neat)  (cm’) 3331, 3030, 1606, 734

'H.NMR (400 MHz, CDCls, & ppm) 7.41-7.28 (m, SH), 4.70 (s, 2H), 1.95 (s, 1H)

3.4.4 Reduction of carbonyl compounds utilizing the BuyNBH4/I, reagent system
The procedure for the reduction of 4-nitrobenzaldehyde is representative. To a
solution of BusNBH4 (1.54 g, 6 mmol) in toluene (15 mL) and THF (5 mL) in a two-
neck RB flask was added iodine (I) (0.76 g, 3 mmol) dissolved in toluene (10 mL) over
10 min at 0 °C. The substrate, 4-nitrobenzaldehyde (0.75 g, 5 mmol) was added and the
reaction mixture was warmed to 25 °C and stirred until the starting material had
disappeared (15 minutes, TLC analysis). The mixture was carefully quenched with 2N
HCI (5§ mL). The organic layer was separated and the aqueous layer was extracted with
ether (3 x 25 ml). The combined organic extracts was washed with brine (25 mL) and
dried over anhydrous Na,SO4. The solvent was evaporated under reduced pressure and
the residue was purified by column chromatography on silica gel (100-200 mesh) using
hexane/ethyl acetate (96:4) as eluent to obtain the 4-nitro benzyl alcohol 64.

Yield 0.68 g (89%) QCHZOH
o,N" > 64

IR (KBr)  (cm’)3306,2952, 1601, 754
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'H.NMR (400 MHz, CDCls, 5 ppm) 8.19(d, 8.4 Hz, 2H), 7.53 (d, 8.4 Hz, 2H),
4.83(d, 5.2 Hz, 2H), 2.53 (t, 5.2 Hz, 1H)

BC-NMR (50 MHz, CDCl;, 6 ppm) 148.3, 147.3, 127.0, 123.7, 63.9

3.4.5a Hydroboration-oxidation of olefins with the BuyNBH4/PhCH,Cl reagent
system
The procedure for the hydroboration-oxidation of styrene is representative. To a
solution of BuyNBH4 (2.31 g, 9 mmol) in toluene (20 mL) and THF (5 mL) was added
benzyl chloride (1.1 mL, 9 mmol) and the mixture stirred for 5 min at 25 °C. Styrene
(0.9 mL, 7.5 mmol) was added and the reaction mixture was further stirred for 4 h at
room temperature. The excess hydride was carefully destroyed by the dropwise
addition of H,O (2 mL) while cooling the reaction flask with ice-cold H,O. The
oxidation was carried out by the addition of 3N NaOH (5 mL) followed by dropwise
addition of H,O, (5 mL, 30%). The contents were further stirred at room temperature
for 4 h. The organic layer was separated and the aqueous layer was extracted with ether
(3 x 25 ml). The combined organic layer was washed with brine (20 mL) and dried over
anhydrous Na,SO4. The solvent was evaporated under reduced pressure and the residue
was purified by column chromatography on silica gel (100-200 mesh) using

hexane/ethyl acetate (97:3) as eluent to obtain 62 and 59.

Yield 0.78 g (86%) S OH
= 62

IR (neat) (em™) 3339, 3028, 2943, 1602, 1045, 746

'H.NMR (400 MHz, CDCls, 8 ppm) 7.37-7.21 (m, 5H), 3.88(q, 6.4 Hz, 2H), 2.88
(t, 6.4 Hz 2H), 1.50-1.1.45 (m, 1H)

PC-NMR (50 MHz, CDCl;, 6 ppm) 138.5, 128.9, 128.3, 126.2, 63.3, 39.0
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1-phenylethanol OH

Yield 0.06 g (7%) @ACHa

IR (neat)  (cm’) 3351, 3029, 2974, 1601, 1078, 748

'H.NMR (400 MHz, CDCls, & ppm) 7.39-7.25 (m, 5H), 4.9 (q, 6.4 Hz, 1H), 1.89

(br, 1H), 1.49 (d, 6.4 Hz, 3H)

3.4.5b Hydroboration-oxidation of cyclohexene with the BusNBH4«/PhCH,Cl
reagent system
OH
Yield 0.62 g (82%) O/
61
IR (neat) (em™) 3342, 2932, 1068
'H-NMR (400 MHz, CDCl3, 6 ppm) 3.65-3.59 (m, 1H), 1.91 (t, 5.2 Hz, 2H), 1.76-
1.70 (m, 3H), 1.57 (t, 4 Hz, 1H), 1.31-1.16 (m, 5H)

BC-NMR (50 MHz, CDCls, 8 ppm) 70.1, 35.4, 25.5, 24.1

3.4.5¢ Hydroboration-oxidation of a-pinene with the BuyNBH,/PhCH,Cl reagent
system

~OH
Yield 0.92 g (80%) ‘

IR (KBr) (cm™) 3327, 2905, 1043 =

'H-NMR (400 MHz, CDCls, 8 ppm) 2.35 (br, 1H), 1.94-1.50 (m, 8H), 1.22 (s, 3H),
1.14-1.02 (m, 3H), 0.92 (s, 3H)

BC-NMR (100 MHz, CDCLs, & ppm) 71.4, 47.8, 47.5, 41.7, 38.9, 38.1, 34.2, 27.6,

23.6,20.7
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3.4.6 Preparation (ex situ) of chiral amine-BH; and thiolane-BH; complexes

The procedure is representative: The trans (2S,5S)-N-benzyl-2,5-diphenyl-
pyrrolidine-BH; complex 105B (2 mmol) was prepared in situ by bubbling diborane gas
[generated by dropwise addition of I (0.77 g, 3 mmol) in toluene (10 mL) to BusNBH4
(1.54 g, 6 mmol) in toluene (5 mL) at 25 °C] into the solution of (25,55)-N-benzyl-2,5-

diphenyl-pyrrolidine (0.63 g, 2 mmol) in dry toluene (5 mL) for 15 min. at 0 °C.

3.4.7 Hydroboration reaction using chiral amine-BH; and thiolane-BH; complex
3.4.7a Hydroboration of trans-stilbene wusing (2S,55)-N-benzyl-2,5-diphenyl-

pyrrolidine-BH; 105B complex

To the amine-BH3 complex 105B (2 mmol) prepared (ex situ) in toluene was
added trans-stilbene (0.36 g, 2 mmol) in toluene (3 mL) at 0 °C and the reaction
warmed to 25 °C, stirred further for 8 h. The reaction was quenched with methanol (2
mL), cooled with ice water, SN NaOH (3 mL) was added followed by H,O, (5 mL) 30%
solution. The stirring continued for 2h at room temperature. The organic layer was
separated, and the aqueous layer was extracted with ether (2x10 mL). The combined
organic layer was washed with brine, dried over anhydrous Na,SO4. The solvent was
evaporated and the crude product was purified by column chromatography on silica gel

(100-200 mesh) using hexane:EtOAc (95:5) as eluent to obtain 81.

Yield 0.32 ¢ (80%) <Ph
y PH  OH
IR (KBr)  (cm) 3380, 3061, 2962, 1601, 748, 700 ()61

'H-NMR (400 MHz, CDCls, & ppm) 2.03 (br, 1H), 2.97-3.08 (m, 2H), 4.90 (t, 1H),

7.20-7.56 (m, 10H)
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BC.NMR (100 MHz, CDCls, 8 ppm) 46.1, 75.3, 126.0, 126.6, 127.6, 128.2, 128.4,

128.5,129.4,129.6, 138.2, 143.9

3.4.7b Hydroboration of a-methylstyrene using (2S,5S)-N-benzyl-2,5-diphenyl-

pyrrolidine-BH; 105B complex

To the amine-BH; complex 105B (2 mmol) prepared (ex Situ) in anhydrous
toluene was added o-methyl styrene (0.24 g, 2 mmol) at 0 °C and the reaction warmed
to 25 °C, stirred further for 4 h. The reaction quenched with methanol (2 mL), cooled
with ice water, SN NaOH (3 mL) was added followed by H,O, (5 mL) 30% solution.
The stirring continued for 2h at room temperature. The organic layer was separated,
and the aqueous layer was extracted with ether (2x10 mL). The combined organic layer
was washed with brine, dried over anhydrous Na,SO,. The solvent was evaporated and
the crude product was column purified on a silica gel (100-200 mesh) using
hexane:EtOAc (98:2) as eluent to obtain 79.

Yield 0.32 g (80%)

IR (neat)  (cm’) 3379, 3061, 3028, 2962, 2879, 1602, 760
'H.NMR (400 MHz, CDCls, & ppm): 1.28 (d, 3H), 1.83 (S, 1H), 2.92-2.98 (m,
1H), 3.67 (d, 2H), 7.24-7.36 (m, 5H)

PBC-NMR (100 MHz, CDCls, 6 ppm): 17.6, 42.4, 68.6, 126.6, 127.5, 128.6, 143.8

3.4.7c Hydroboration of a-methylstyrene using (2S,5S)-N-benzyl-2,5-diphenyl-
pyrrolidine-BH,I (110) complex
The procedure is representative: To the amine-BH; complex 105B (2 mmol)
prepared (ex situ) was added I, (0.254 g, 1 mmol) via solid addition funnel at 0 °C and

the reaction warmed to 25 °C, stirred until it became colourless (1 h). To this amine-
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BH,I complex 110 was added a-methylstyrene (0.24 g, 2 mmol) at 25 °C and stirred for
6 h. The reaction quenched with methanol (2 mL), cooled with ice water, SN NaOH (3
mL) was added followed by H,O; (5 mL) 30% solution. The stirring continued for 2h
at 25 °C. The organic layer was separated, and the aqueous layer was extracted with
ether (2x10 mL). The combined organic layer was washed with brine, dried over
anhydrous Na,SO4. The solvent was evaporated and the crude product was column
purified on a silica gel (100-200 mesh) using hexane:EtOAc (98:2) as eluent to obtain
79.

Yield 0.32 g (80%)

'H-NMR (400 MHz, CDCls, & ppm): 1.28 (d, 3H), 1.83 (S, 1H), 2.92-2.98 (m,

1H), 3.67 (d, 2H), 7.24-7.36 (m, 5H)

3.4.7d Preparation of Ph;P:BH; from amine borane complex 105B

The trans-(2S,5S)-N-benzyl-2,5-diphenylpyrrolidine-BH; complex 105B (2
mmol) was prepared in situ by bubbling diborane gas [generated by dropwise addition
of I (0.77 g, 3 mmol) in toluene (10 mL) to BusyNBH4 (1.54 g, 6 mmol) in toluene (5
mL) at 25 °C] into the solution of (25,5S)-N-benzyl-2,5-diphenylpyrrolidine (0.63 g, 2
mmol) in dry toluene (5 mL) for 15 min. at 0 °C. To this solution triphenyl phosphine
(0.53 g, 2 mmol) was added and stirred for 6 h at 25 °C. The solvent was removed
under vaccum and the residue was purified by column chromatography on silica gel
(100-200 mesh) using hexane as eluent to obtain 45 (Ph3;P:BH3).
Yield 0.54 g (97%)
IR (KBr) (em™) 3055, 2961, 2378, 2337, 2253

"BNMR  -37.6 ppm
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Representative Spectra Appendix |

Spectrum No 1 (Chapter 1, Section 1.4.3a) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 3 (Chapter 1, Section 1.4.3d) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 5 (Chapter 1, Section 1.4.3b) *H NMR Spectrum (200 MHz, CDCl5)
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Spectrum No 7 (Chapter 1, Section 1.4.3c) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 9 (Chapter 1, Section 1.4.3f) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 11 (Chapter 1, Section 1.4.3h) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 13 (Chapter 1, Section 1.4.7a) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 15 (Chapter 1, Section 1.4.7b) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 17 (Chapter 2, Section 2.4.7a) *H NMR Spectrum (200 MHz, CDCls)
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Spectrum No 19 (Chapter 2, Section 2.4.7b) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 21 (Chapter 2, Section 2.4.7c) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 23 (Chapter 2, Section 2.4.8) *H NMR Spectrum (400 MHz, CDCls)
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Spectrum No 25 (Chapter 2, Section 2.4.9) *H NMR Spectrum (400 MHz, CDCls)
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Appendix Il

Crystal data and structure refinement for compound 108

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 20 = 24.96
Refinement method

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

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

R indices (all data)

Largest diff. peak and hole

108

CI6 H16 S

240.36

298(2) K

0.71073 A

monoclinic, P2(1)
a=13.484(4) A, 0.=90
b=5.7240 A, B =99.658
c=17.464 (5) A, y=90
1328.8 (6) A’

29, 1.634 Mg M™

1.187 mm™

667

0.24 x 0.06 x 0.05 mm

1.18 to0 24.96 °

-16<h<15, -6<k<6, -20<1<20
12767 / 4627 [R(int) = 0.0889]
99.7 %

Full-matrix least-squares on F?
4627 /1 /307

0.968

R1=0.0659, wR2 =0.0990
R1=0.1553, wR2=0.1236

0.195and -0.124 . A
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Appendix 111

X-ray crystallographic data of compound (2S,55)-trans-2,5-diphenylthiolane 108

X y z U(eq)
C(1) -12(4) 4289(9) 8636(3) 61(1)
C(2) -1032(4) 4163(11) 8625(3) 74(2)
C(3) -1543(4) 5941(13) 8916(3) 74(2)
C(4) -1018(5) 7851(11) 9233(3) 77(2)
C(5) 8(4) 8017(9) 9251(3) 63(1)
C(6) 526(3) 6217(10) 8958(3) 57(1)
C(7) 1633(3) 6537(9) 8941(3) 65(1)
C(8) 1840(4) 7549(9) 8185(3) 74(2)
C(9) 2938(4) 7055(9) 8136(3) 83(2)
C(10) 3101(4) 4465(10) 8305(3) 73(2)
C(11) 4193(4) 3670(11) 8521(4) 75(2)
C(12) 4822(5) 4580(12) 9150(4) 97(2)
C(13) 5814(5) 3811(16) 9309(4) 111(2)
C(14) 6147(6) 2159(15) 8860(6) 121(3)
C(15) 5527(7) 1276(14) 8243(5) 121(3)
C(16) 4550(5) 2050(11) 8070(4) 90(2)
C(17) 5411(4) 6439(11) 6593(3) 74(2)
C(18) 4395(5) 6901(13) 6351(4) 94(2)
C(19) 4115(4) 8856(15) 5920(4) 96(2)
C(20) 4828(5) 10332(11) 5715(3) 89(2)
C(21) 5839(4) 9853(10) 5947(3) 75(2)
C(22) 6134(4) 7897(10) 6391(3) 58(1)
C(23) 7232(4) 7314(8) 6667(3) 60(1)
C(24) 7880(3) 9317(9) 7048(3) 68(1)
C(25) 8959(3) 8608(9) 7044(3) 60(1)
C(26) 9028(3) 7920(9) 6215(3) 59(1)
C(27) 9943(3) 6474(10) 6129(3) 55(1)
C(28) 10630(4) 7289(9) 5693(3) 65(2)
C(29) 11490(4) 6002(13) 5640(3) 81(2)
C(30) 11666(4) 3909(13) 6032(4) 87(2)
C(31) 10984(5) 3092(11) 6460(3) 82(2)
C(32) 10130(4) 4359(10) 6504(3) 67(2)
S(1) 2378(1) 3848(3) 9080(1) 78(1)
S(2) 7855(1) 6357(3) 5864(1) 79(1)
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