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Abstract

A^-heterocyclic carbenes (NHCs) have become the focus of much interest as ancillary

ligands for transition metal catalysts in recent years. Their structural variability and strong

cy-donation properties have led to the preparation of demonstrably useful organometallic

catalysts.

Among the three general structural types of NHCs (imidazolylidenes, imidazolinylidenes,

and benzimidazolylidenes), benzimidazolylidenes are the least investigated because of the

limitation of current synthetic approaches. The preparation of chiral analogues is even more

challenging. Previously, our group has demonstrated an alternative approach to synthesizing

benzimidazolylidenes with a tetracyclic framework in three steps from 1,10-phenanthroline.

This thesis is focused on approaches to chiral benzimidazolylidenes derived from

substituted 1,10-phenanthrolines. A key step in the preparation of these ligands involves a

reduction of the pyridyl rings in 1,10-phenanthrolines. Chirality can be introduced to

phenanthrolines before, during, or after the reduction as illustrated by three approaches: 1) de

novo construction of the phenanthroline from chiral ketones with endo and exo faces to provide a

degree of diastereoselectivity during subsequent reduction; 2) introduction of substituents into

the 2- and 2,9- position of phenanthroline by nucleophilic aromatic substitution, followed by a

reduction-resolution sequence; and 3) use of the protected octahydrophenanthroline as a

substrate for chiral induction a to nitrogen.
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1. Introduction

1.1 Types of Carbenes

Carbenes are neutral functional groups with a divalent carbon atom which has only six

valence electrons.''^ The carbene carbon centre is sp^ hybridized with the p^ orbital orthogonal

to the R-C-R' plane (Figure 1). There are generally two types of carbenes, singlet and triplet

carbenes, which are differentiated by the spin multiplicity and orbital occupancy of the lone pair

of electrons on the carbene carbon. In the singlet carbene, the two electrons are paired in a

nonbonding sp^ orbital leaving the p^-orbital empty, whereas in the triplet carbene, one of the

unpaired electrons occupies an sp orbital and the other one the p„-orbital (Figure 1). Singlet

•5

carbenes are more common than triplet carbenes.

Singlet Carbene Triplet Carbene

Figure 1. Orbital Diagrams of Triplet and Singlet Carbenes

Free carbenes possess both electrophilic and nucleophilic character and are usually highly

reactive. They can be stabilized by coordination to metals. The molecular orbital diagrams in

Figure 2 depict the bonding of Fischer (I), Schrock (II) and A^-heterocyclic carbenes (NHCs,

III).'* Fischer carbenes,^ named after Ernst Otto Fischer, produce a a bond to a metal but have





an empty p-orbital to accept electron density. At least one of the substituents, typically a

heteroatom, is able to act as a good 7i-donor to the carbenoid centre. The empty p-orbital of the

carbene centre is also stabilized by significant n donation from the filled d-orbital on the metal.

Fischer carbenes that complex with low oxidation state or middle and late transition metals such

as Fe(0), Mo(0), Cr(0) tend to be significantly stable. They are also found with 7t-donor

substituents such as alkoxy and alkylated amino groups on the carbene carbon.

A /d

?^"^^-A fc:^-" ^J^S

I II III U
Figure 2. Orbital Diagrams of a Fischer (I), Schrock (II), and A^-Heterocychc (III) Carbene

In contrast, Schrock carbenes (11)^, named after Richard R. Schrock, are usually triplet

carbenes. The unpaired electrons act as diradicals and make covalent bonds to triplet metals

which tend to be early transition metals in high oxidation states. If the d-orbitals on the metal

are empty, better 7t-donation from the partially filled p-orbital on the carbene to the d„ orbital of

the metal can be achieved, thereby reducing electron repulsion in the overlapping orbitals.

Schrock carbene complexes are found with non 7i-acceptor ligands and non 7t-donor substituents,

such as alkyl groups.^

Transition metal-NHCs (III, Figure 2) behave more like Fischer carbenes, and are being

more and more widely investigated because of their unique properties. NHCs bond to metals

primarily through o donation of the electrons from a filled sp^ orbital. The lone pairs in the p
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orbital of the adjacent nitrogen delocalize (k donate) into the empty p orbital of the carbenoid

carbon, reducing carbene electrophiUcity and increasing nucleophilicity. In addition, the

electronegative nitrogens withdraw electron density through the a bonds and, as a result, stabiUze

the carbene electron pair. NHCs have very little electrophilic character, although they maintain

significant nucleophilicity, and are relatively less reactive due to stabilization of the carbene

centre via the K and a electronic influence.

Phosphine coordination NHC coordination

Figure 3. Electronic Donor Properties of NHC and Phosphine Ligands

NHCs possess strong c donor character and form relatively strong metal-carbon bonds.

This strong a-bond affords metal-NHC complexes with stabihty towards heat, oxygen, and

moisture, and makes NHCs behave as better donors than the best phosphane donor ligands

(except for sterically hindered cases such as Arduengo's bulky bis-adamantyl imidazolylidene ).

Unlike metal-phosphine complexes where the electrons in a filled d orbital on the metal donate

back into the empty a* or d-orbital on the phosphine (Figure 3), metal-NHC complexes possess

relatively weak d„-p^backbonding due to the presence of 7r-donation from the nitrogen (Figure

3).^''° NHCs are not subject to the deactivating phosphine degradation reaction, which

sometimes necessitates an often large and costly excess (100 times) of the PR3 Ugand.

Deposition of elemental metals from NHC complexes is diminished.' '"'^ Because of the above
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advantages, NHCs are no longer considered as just "phosphane mimics", as often referred to in

the past. An enormous surge of research interest in NHCs has resulted, and various structural

types of NHCs have been investigated along with their applications as ligands and nucleophiUc

reagents
14

1.2 History and Structures of A^-Heterocyclic Carbenes

The first preparations and structures of NHCs were simultaneously and independently

published by Ofele'^ and Wanzlick'^ (Figure 4) in 1968. Wanzlick, although unsuccessful in

isolating any carbenes at that time, recognized that a carbene centre in the 2-position of an

imidazole ring would be stabilized by the electron donating effects of the adjacent nitrogen

atoms and thus provided the conceptual basis for the development ofNHC chemistry.

CH3

)^Cr(C0)5
N

CH3

CeHs

,N 2®

C:)=HgH:jl^M M—N
I

CgHs

N-
I

CgHs

2CI0®

Ofele Wanzlick

Figure 4. Early NHC Complexes by Ofele and Wanzlick

The first stable "free" NHC l,3-di(l-adamantyl)imidazol-2-ylidene (2) was isolated as a

crystalline compound by deprotonation of the corresponding imidazolium salt 1 in 1991 by

Arduengo (Scheme la).^ It was stable as a soUd in the absence of oxygen and moisture. The

-4-





reason for its sufficient kinetic and thermodynamic stability, apart from the a and n electron

interaction (vide supra), was proposed to be the additional steric hindrance offered by the

adamantyl groups. However, there is sufficient room at the carbene centre for chemical

reactions to take place.

f=\ r~<1 NaH, THF \V-v f=\

©CI 25 °C

H3C CH3 H3C CH3
\=^ NaH, THF V^

b H3C-N^N^CH3 cat.KO'Bu HgC-N^N^cHg
CI®

3 4

Scheme 1. The First Isolated A^-HeterocycUc Carbene

A year later Arduengo reported another stable carbene 4 which was isolated using the same

method (Scheme lb). The lack of significant steric hindrance of 4 starkly contrasts the

previous argument for the stabiUty of 2. It was concluded in the paper that "Steric factors are

unimportant in contribution to the stability of the imidazol-2-ylidenes."^

An air-stable crystalline carbene 6 was produced by Arduengo's group in 1997 from the

chlorination of l,3-dimesityUmidazol-2-ylidene (5) by 2 equiv of carbon tetrachloride (Scheme

2)}^ It exhibited enhanced stability toward air, moisture, and acidic halogenated solvents Uke

chloroform and methylene chloride. The influence of the chlorine substituents on carbene 6

may include both a ;r-donating component by the chlorine lone pairs and an inductive <T-electron

withdrawal by the electronegative chlorine. This serves to reduce the basicity of the lone pair at

-5-
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the carbene centre.

Mes Mes

T >: ^ 2CCI4 -^^^ T >: ^ 2HCCI3

Mes Mes

5 6
.

Scheme 2. The First Air-stable Carbene

In 1999, Grubbs generated a Ru-NHC complex 9 by treating the tetrafluoroborate salt 8

with fer/-butoxide in THF at ambient temperature followed by heating in the presence of

complex 7 at 60-80 °C (Scheme 3).'* This complex (9) appeared to retain the remarkable air

and water stability characteristics of the parent benzylidene ruthenium complex 7, but exhibited

higher ring-closing metathesis activity.'^ Furthermore, the catalyst loading for 9 (0.05 mol%)

was about 2 orders of magnitude lower than that for 7,'^ which is useful because Ru-based

compounds are generally expensive, and moderately toxic.
'^

.,;- ^ ;f^ .^Y>^,Ru=v 8 ^ Q|, I

^^^3
Cl*^

I
Ph

PCyg

7 9 -

Scheme 3. Grubbs' Second Generation Olefin Metathesis Catalyst

More than 30 years have passed since Wanzlick's first proposal of stable NHCs, and large

numbers of NHCs have been reported.^" Structural diversity is a great strength of NHCs.
-6-





Derived from four- to seven-membered rings, NHCs can bear a variety of substituents on the

nitrogen atoms. Depending on the position of chiral moieties relative to the carbene centre, a

wide range of steric, asymmetric and electronic functionality may also be accessed.^'

1.3 Types of NHCs

Depending on the degree of saturation of the backbone, NHCs with an imidazoline

framework can be classified as three general structural types (Figure 5). Imidazolylidenes (A)

have an unsaturated backbone, while imidazolinylidenes (C) have a saturated backbone. These

two subtypes are being extensively examined as ligands for catalysis. However

benzimidazolyUdenes (B) have not been explored to the same degree.^^ This may be because

current synthetic approaches to benzimidazole-based NHCs are more limited or less convenient

(see 1.4.1), making the preparation of chiral analogues more challenging.

R'O^R R'N^N^R R-N^N^R
• • • • . • •

PhL /h
A ' ^ A \ / I

—( 'Pr.

s •• V ^/-Pr

imidazolylidene benzimidazolylidene imidazolinylidenes

A B C

Figure 5. Examples of Imidazolylidenes (A), BenzimidazolyUdenes (B), and

Imidazolinylidenes (C).





NHCs can be generated by treating the corresponding imidazolium salt with an appropriate

base (e.g. liquid NHs,^^ KH^"* or KO'Bu^'^) and only rarely are isolated.^^ By reacting these

free carbenes with a broad variety of organometallic precursors MLnL', the corresponding

complexes can be obtained (e.g. Scheme 4). Transition metal complexes of NHCs are also

accessible by five additional routes which allow for the preparation of a broad variety of

transition metal-NHC complexes.^ One of the most commonly used methods is the treatment of

azolium salts with a base (sometimes the metal precursor itself) in the presence of a transition

metal precursor (Scheme 4).

f Vh " f ^MU or f ;^M-< 1
^N X® MLnL' or 1/2 (MLn)2 + base ^N ^N Lp-i N^

R' R" R' R

Scheme 4. Generation of Metal-NHC Complexes by in situ Deprotonation

1.4 Benzimidazolylidenes

1.4.1 General Structure and Synthetic Approach to Benzimidazolylidenes

Examples of chiral benzimidazolium salts, the precursors to NHCs by deprotonation, are

shown in Figure 6. a-Methylbenzyl derivatives 10 and 11, reported by Diver, ' were

prepared by Buchwald-Hartwig amination and acid catalyzed ring closure. Chiral ferrocenyl

salt 12 was synthesized by Bildstein by quatemization of the corresponding benzimidazole.

C2-symmetric salt 13 was prepared by simple elaboration of tartaric acid with

cyclohexylbenzimidazole by Marshall, although it contains remote chirality.^^ Binaphthyl 14





by Duan has been employed in Rh-catalyzed reductions. Acetonides 15 by Benaglia^' have

been tested in asymmetric benzoin reactions of benzylaldehyde.

.JL.,x,Ph^N^N^^Ph Ph^^N'^N'P'^

10

Q o

Cy 2bP 'Cy

13

C2-symmetric salt

® Me

12

Ph-^^

Me

15

chiral salt

O

Figure 6. Examples of Chiral Benzimidazolium Salts.

The above mentioned chiral benzimidazole-based NHCs are typically prepared by the

introduction of one or two chiral substituents a to nitrogen using aryl amination followed by

condensation with orthoesters (Scheme 5a, e.g. synthesis of 10, 11, 14, 15) or quatemization of

an imidazole nitrogen (Scheme 5b, e.g. synthesis of 12, 13).^^'^^ Existing methodology used to

prepare carbenes A and C is less applicable for the preparation of chiral benzimidazolylidenes.'^^

For example, chirality in the backbone of benzimidazolyUdenes, such as in Grubbs'

imidazoUnyUdene (C),^'* is precluded by the presence of a fused aromatic ring. In addition,

stereogenic centres cannot be introduced through de novo synthesis of a benzimidazolium salt by

condensation of chiral amines with 1 ,2-dicarbonyl compounds (e.g. glyoxal), as in the
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preparation of imidazolylidene (A).
24,35

/=\ Pd(0) /=\ (EtO)3CH ij
Br Br R*HN NHR* ^^

(b) \\ // ""^

e
X

Scheme 5. Aryl Amination (a) and Quatemization (b) Routes for the Preparation of

Benzimidazolium Salts

Apart from the synthetic challenges, chirality in many current benzimidazolyUdenes

generated by the above methods typically resides in freely-rotating acycHc substituents on the N

atoms (10, 11), or in remote positions (13) that may not give well-defind chiral environments in

catalytic processes. Therefore new approaches toward the preparation of chiral (and for that

matter achiral) benzimidazolium salts may lead to their structural diversification and increase

their utility in asymmetric processes.

1.4.2 Phenanthrolines as a Framework for Benzimidazolylidenes

Many researchers have reported the use of 1,10-phenantliroline and its derivatives as

nitrogen donor ligands in transition-metal catalysis. Less attention has been directed towards

the use of partially reduced phenanthrolines as precursors for new ligands. Previously, our

group has reported that 1,10-phenanthroline (16) can serve as a scaffold for a new class of rigid

tetracycUc benzimidazolylidenes by a reduction, cycUzation, deprotonation sequence (Scheme
-10-
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20,38
6). ' This synthesis is unique in that it uses reduced 1,2,3,4,7,8,9,10-octahydrophenanthroline

(17) as the key intermediate, rather than the fully aromatic phenanthroline (16) that is a common

bidentate nitrogen Ugand for transition metals?^ This achiral NHC has shown potential as a

ligand (19, 20) for Pd-catalyzed Suzuki-Miyaura and Heck couplings.^*

NaBHaCN
1 :2 MeOH/AcOH

reflux
*-

(60%)

16

0.5 equiv. Pd(0Ac)2

THF, reflux
»-

(84%)

N CI N

N
il

N

19

HC(0Et)3

1 equiv. HCI

80°C
(89%)

r<h.
18

'^—N N-^

Pd-CI

Scheme 6. Synthesis of a Palladium Complexed A^-Heterocyclic Carbene from

1 , 1 0-Phenanthroline

The ligand preparation involved a reduction of the pyridyl rings of 1,10-phenanthroline

using NaBHsCN in AcOH/MeOH which precluded the use of high pressure hydrogenation

method as the key step.^^ While it is known that nitrogen containing 7i-deficient hetero-

aromatics (pyridines, quinolines) undergo reduction to piperidines or tetrahydroquinoUnes under

a wide range of conditions,""^ among which catalytic hydrogenation using various transition

metals,'*''*^ and transfer hydrogenation'*^ have been frequently employed, methods for reduction

39
of phenanthrolines are far less prevalent.

This successful synthesis of a rigid tetracyclic benzimidazolylidene gives us an opportunity

-11-





to consider methods of introducing chirality on the heterocyclic ring for the purpose of preparing

rigid chiral benzimidazolylidenes without freely-rotating substituents. It is envisioned that

chirality may be introduced at one of three stages: before (eq. 1), during (eq. 2) or after (eq. 3)

reduction of the phenanthroline core. In the first instance, chiral groups can be introduced,

followed by a diastereoselective reduction (eq. 1) to give chiral diamines. In the second case,

achiral substituents can be introduced followed by asymmetric reduction, or reduction followed

by resolution (eq. 2).'*^ In the third instance, a protected octahydrophenanthroline can be used

as a substrate for chiral induction a to nitrogen (asymmetric a-induction, eq. 3). For each of

the above mentioned approaches, one or more synthetic methods can be envisioned. In our

laboratory, these sub-syntheses are being carried out simultaneously with the view of finding the

most practical route. This thesis will describe aspects of these three approaches.

(1) Diastereoselective Reduction (before):

(2) Reduction-Resolution or Asymmetric Reduction (during):

R (R)

(3) Asymmetric a-Induction (after):

PG PG R PG PG (R)

Scheme 7. Three Stages of Introducing Chirality to Phenanthrolines
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1.5 Aims and Objectives

It has been demonstrated that 1,10-phenanthroUne can be readily reduced with NaBHsCN in

AcOH/MeOH in useful yield (Scheme 6) and that complexes derived from it showed activity in

C-C bond forming reactions. We seek now to introduce substituents to the 2, 2,3 and 2,9

positions of the 1,10-phenanthroline core to identify the most practical route to the preparation of

chiral analogues with potential appUcation in asymmetric synthesis.

One of the methods to introduce chiraUty (route 3, after reduction of the phenanthroUne

core) involves asymmetric lithiation of A^-Boc-piperidine (21) followed by electrophilic

substitution which has been described by Peter Beak (Scheme 8)."*^ Lithiation of Boc-

piperidine (21) with s^c-BuLi/(-)-sparteine (23) at -78 °C required 16 h for completion and,

following addition of an excess of trimethylsilyl chloride, only 8% of

2-trimethylsilyl-Boc-piperidine (22) was detected.

1 ) sec-BuLi/(-)-sparteine

COa'Bu

'N' ''^TMS

COg'Bu (-)-sparteine

EtgO/oCeHia

-78°C, 16h

2) (CH3)3SiCI

21 22 23

Scheme 8. Asymmetric Lithiation Followed by Electrophilic Substitution of A^-Boc-piperidine

In our laboratory, this method has been applied to the synthesis of chiral benzimidazoUum

salts (27) with up to 68% ee by introducing /-PrLi, however, this approach is also plagued by low

yields (25-30%) (Scheme 9)
46
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C«3 1 equiv triphosgene

2 equiv NEta

THF
(80-96%)

17

^—N N—

^

T
o
24

1

.

2.2 equiv /-PrLi/(-)-sparteine

2. 3.5 equiv Mel
fc-

Et20/-78 °C

(25-30%), (68% ee)

/=\ HI

1.LiAIH4,THF/ Y^ \ HC(0Et)3
"*" N MN WM '

Me 2- 5M_HCI "^^ 80 C

W //

Y
o
25

N^%
-.

I

Me
(50%)

"
(73%)

26 27

Scheme 9. Asymmetric Synthesis of a Phenanthroline-derived Benzimidazolium Salt

Alternatively, substituents may be introduced a to nitrogen via an anodic oxidation
47

48
followed by introduction of chirality using Evans oxazolidinone (Scheme 10). The key step

in this scheme is a C-C bond forming reaction between Evans imides 29 and A^,0-acetal 28.

Removal of the chiral auxiliary, esterification of the acid and finally deprotection of the nitrogen

results in the desired product 31a. This reaction proceeds with very high diastereo- (89%) and

enantioselectiveties (>99%) in 54% yield. This method has been successfully applied to the

preparation of methylphenidates (31b-d) by using p-substituted phenylacetyloxazoUdinones

29b-d (Scheme 10).'*^ The best selectivity obtained in these reactions was >99% ee and 88% de

in 52% yield.
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C02Me

28

OMe

O
TiCU

O

N

7-Pr

30

aX=H
b X=p-MeO

c X=p-Br

d X=p-CF3

iV'
COpMe 1) LiOOH

2) CH2N2, r.t

3) MeaSil

C6H4X

31

Scheme 10. C-C Coupling Reaction of Piperidine

This thesis will describe this approach to a-induction. An analogue of a-methoxy

piperidine (32, Scheme 11) will be synthesized and reacted with oxazolidinones. This reaction

may provide us an opportunity to introduce chiral substituents gc to nitrogen by a C-C bond

forming reaction.

TiCU, /-PrgEtNO O

,
, \^_/ -78°C^rt

PG PG OMe c
/-Pr

32 33

P O

PG PGp,/ ^IJtAq

34 i-Pr

1) LiOOH O (EtO)3CH

2)CH2N2, rt ^ ^ r "OMe HCI

3) MegSil, CH2CI2 ^^
OMe

35 36

Scheme 11. A Proposal of C-C Coupling Reaction of a Phenanthroline Based Substrate
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The introduction of chiraiity before and during reduction involves an issue as to whether the

substituted phenanthrolines can be reduced to octahydrophenanthrolines by the same method

(NaBHaCN, Scheme 6). To make this determination, a series of 2- and 2,9-substituted

phenanthrolines will be sjmthesized and subjected to reduction (Scheme 12).

NaBHaCN

AcOH/MeOH

R" R' R" R'

Scheme 12. Reduction of Substituted Phenanthrolines

Chiral 2,3-disubstituted octahydrophenanthrolines will be also synthesized via de novo

construction of the phenanthroUnes followed by diastereoselective reduction. Chiral tetracyclic

benzimidazohum salts 37 and 38 (Figure 7) are expected after cyclization.

37 38

Figure 7. Chiral 2,3-Disubstituted Octahydrophenanthroline Based Salts
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2. Results and Discussion

Two general approaches are to be used to prepare chiral diamines with a partially reduced

phenanthroline core. These diamines will be needed for the preparation of rigid chiral

benzimidazolium salts and NHCs.

Of the two approaches, the first to be explored involves an attempt to introduce chirality a

to nitrogen by addition of a chiral nucleophile to a hemiaminal. The second approach will

examine reduction of achiral phenanthrolines and a diastereoselective reduction of already chiral

phenanthrolines.
,

2.1 An Approach to Protected 2-Methoxy-l,10-octahydrophenanthroline

Introduction of chirality a to nitrogen in A^-protected piperidines normally involves anodic

oxidation (Scheme 13) followed by nucleophilic displacement (39-30a). Attempts were made

to use this procedure on biscarbonylmethoxy protected octahydrophenanthroline 40, but no

oxidation to the hemiaminal 41 was observed (Scheme 13). In fact, it was not possible to

reproduce the original Shono oxidation (39-28) as reported in Organic Syntheses."*^ For these

reasons, a non-electrochemical route to 40 or a close anologue was investigated.

-17-





2e"

N
I MeOH
C02Me

39

COgMe

28

OMe
1

TiCU, DIPEA

A
I

Ph }~^
C02Me /Lpr

30a

MeOgC COgMe

40

OMe
MeOzC COgMe

41

Scheme 13. Anodic Oxidation of A^-Protected 1,10-Octahydrophenanthroline

_49
In 1927 Mayer reported a simple 2 step synthesis of 44 from phenylenediamine (42) by

protection with p-chloropropionyl chloride followed by Friedel-Crafts cyclization (Scheme 14).

This procedure worked well in our hands, providing 2,9-dione 44 in multi-gram quantities.

2 equiv CI

O

CI
\ // ^r^::::^^ :_ oWo

2.5 equiv EtgN, Cl''^^^' m"^^^^^HgN NHg

42

CH2CI2

(66%)

~N N
H H

43

CI

AICI3

melt

(95%)

Scheme 14. Synthesis of 2,9-Dione 44

18-



'-i'l' -J

.* , -,j:

1 '
."".;.-'

'^l

»., - . : *^



Since it is known that imides of the type 45 can be reduced regioselectively in the ring with

LiEtsBH or DIBAL-H to give 46 (Scheme 15)/° attempts were made to adapt this method to 44.

Three different protections were attempted with ClCOaMe, BOC2O, and Cbz-Cl (Scheme 16).

Treatment of 44 with ClC02Me by deprotonation of the amide nitrogens with NaH followed by

addition of the electrophile was problematic and sometimes gave A^-methylated by-products 47.

The addition of BOC2O also couldn't give the bis-BOC protected analogue 51. The lack of

solubility of 44 in common solvents such as THF or CH2CI2 may have been partially to blame for

these results. However, treatment of 44 with NaH in a dilute DMF solution followed by

addition of Cbz-Cl did provide bis-A^-protected material 49, although this procedure was not

always reproducible. Sometimes an unsymmetrical product with N and O protection (50) was

obtained instead of 49 (NMR spectra shown in Figure 9). The best way to isolate 49 or 50 in

relatively pure form involved precipitation of the products with absolute EtOH.

LiEtaBH

^N "O 89% N OH
Cbz Cbz

45 46

Scheme 15: Selective Reduction of Imide
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1 . Base, DMF

2. CICOgMe

1. Base DMF

2. CICOaCHgPh

(27%)

or

BnOaCO

49 50

51

Scheme 16. Protection of 2,9-Dione 44
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JL
-T—r-

7.5

a 40 7nn —I—

^

6.5
—I

—

<-

5.5

-1 1 1

PPM7.0 6.5 60 5.5 5.0

Figure 8 Downfield region (8 to 4.5 ppm) of the 'H NMR spectra of 50 (top) and 49 (bottom).

Both samples in acetone-rfg.

Both of these compounds were subjected to reduction with LiBHEta or DIBAL-H 50

Unfortunately, 49 afforded a product that wasn't identifiable. Compound 50 was reduced to the

corresponding hemiaminal 52 with loss of the Cbz group from O (Scheme 17). Methoxylation

of 52 was performed in refluxing MeOH with a catalytic amount of /?-toluenesulfonic acid

51
pyridinium salt (PPTSA). The desired product 53 was obtained along with by-product 54

which resulted from a ring-opening to the aldehyde, although the ratio of the two products could

be optimized by limiting the reaction time. The best yield of 53 (75%) was obtained by

refluxing the reaction mixture for 3.5 h.
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Bn02C0

3 equiv. DIBAL or LiBHEta

THF, -78 °C

(60%)

50

PPTSA

MeOH 65 °C y





the presence of TiCLj.

It is known^^ that benzyloxycarbonyl-protected piperidine 56 yields allylation product 57

when treated with allyltrimethylsilane (Scheme 19). hi the presence of 0.1 equivalents of the

chiral Lewis acid 58, the alkene (/?)-57 was obtained with 56% ee in 82% yield.

^N' ^OMe 58 (q.i equiv)
I^-^-"//^

O^OBn (82%) O^OBn

56 (fl)-57 (56%ee)
CMe^

XMeg

V\/°
Ph

58

Scheme 19. Ti-Catalyzed Asymmetric Allylation

Allylation of 53 without chiral catalyst 58 proceeded smoothly to give 59 in 78% yield

after hydrogenolysis and hydrogenation of the alkene (Scheme 20). Given the above

demonstration, asymmetric allylation is worth considering in the future.
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,SiMe3 TiCU
1. <^
CH2CI2, -78°C— 0°C

O"^®
2. Pd, H2, 75 psi rt

(78%)
53

Scheme 20. AUylation of 53 Using Trimethylallylsilane

2.2 Reduction of 2-, 2,9-, 2,3-Substituted Phenanthrolines

2.2.1 Synthesis and Reduction of 2- and 2,9-Substituted Phenanthrolines

Previously, researchers in our group have reduced phenanthroline to

octahydrophenanthroline with NaBHsCN in AcOH/MeOH. In order to prepare chiral analogues

using this methodology, two questions needed to be answered. 1) Could substituted

phenanthrolines be reduced as easily as unsubstituted phenanthrolines, and 2) could chiral

phenanthrolines be reduced with high diastereoselectivity? To answer these questions, 2-, and

2,9- substituted phenanthrolines were prepared by nucleophilic aromatic substitution followed by

oxidation (Scheme 21).^^ Thus, treatment of phenanthroline with 1.1 equivalents or 3

equivalents of organolithium (MeLi, BuLi, j-PrLi, PhLi or r-BuLi) in THF or toluene followed

by Mn02 oxidation of the dihydro products provides the 2- (60) and 2,9-substituted (61)

phenanthrolines respectively.
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\\ 1. 1.1 equivRLi //

THF or PhMe

2. MnOg

1 3 equiv RLi

THF or PhMe

2. Mn02

R = Ph, Me, n-Bu, /-Pr, f-Bu

Scheme 21. Preparation of 2- and 2,9-Substituted Phenanthrolines

Reduction of these 2- and 2,9-substituted phenanthrolines to the corresponding

octahydrophenanthroUnes was accomplished with NaBH3CN in either 7:3 or 8:2 AcOH/MeOH

at reflux (Scheme 22).^"^ This reduction gives useful yields for most cases (Scheme 22), except

55
for the 2-rer?-butyl-octahydrophenanthroUne (62e), which can be attributed to steric factors.

Racemic 2-substituted octahydrophenanthroUnes were obtained in yields ranging from 57% for

2-Me to 70% for 2-/-Pr (62a-d Scheme 22). For the reduction of 2,9-disubstituted systems,

octahydrophenanthroUnes 62f-i were obtained in 62-73% yields as mixtures of meso and rac

isomers.
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NaBHaCN,

70:30 or 80:20

"" 60 or 61
"' A«=H/MeOH. b^ r.

reflux

Compound





CHa DMFDMA /=
DMF140°C \

(95%)

NalO.̂ -^

-N NO2 "^TJ-""
"" ^N NO2 ""/.is^ ^f^ ^Q^

THF/H2O \
(86%)

CHO

63

Fe/HCI

(69%)

CHO

64

O

65

66

'BuOK/BuOH
100°C

sealed tube

(86%)

Cr°
*BuOK/'BuOH 100°C

sealed tube

(77%)

eio
69

'BuOK/BuOH 100°C
sealed tube

(85%)

O

*BuOK/BuOH 100°C

sealed tube

(19%)

70

Scheme 23. Synthesis of Substituted Phenanthrolines

The introduction of chiral moieties into otherwise flat phenanthrolines normally involves de

57
novo construction of the phenanthrolines from chiral ketones, analogous to the preparation of

achiral cyclohexanone adduct 67. The typical procedure for Friedlander condensations involves

refluxing a mixture of the aminoaldehyde and ketone in a saturated ethanolic KOH solution. '

The yields for these reactions are usually low (40% for 70^^, 5% for 7l"). The low yield by
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Thummel's procedure may be partially attributed to the volatility of the ketones, thus a closed

reaction system might improve the yield. Furthermore KOH, as a nucleophilic base, may cause

a Cannizzaro reaction^'^ of the aldehyde. A non-nucleophilic base is expected to avoid this side

reaction.

Thus, using KO'Bu as the base and performing the condensation in a sealed tube gave much

better yields (85% for 70, 19% for 71) of products than reported previously (Scheme 23). For

the camphor adduct (71), the yield was only slightly improved from the literature result, possibly

because the quaternary carbon centre sterically hinders the formation of the product. However,

the same method gave the chiral norcamphor adduct 68 in 77% yield (Scheme 23).
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2.2.3 Reduction of Chiral 2,3-Disubstituted Phenanthrolines 67, 68, 70.

NaBHgCN

1:1 AcOH/MeOH
«

reflux

(54%)
72 (syn/anfi mixture)

68

NaBHgCN

1:1 AcOH/MeOH

reflux

(84%)

NaBHaCN
4:1 AcOH/MeOH

73

74 (27%)

+ 73

(33%)

NaBHsCN
1:1 AcOH/MeOH

(45%)

NaBHaCN ^

4:1 AcOH/MeOH

75

+ 75

76 (23%) (34%)

Scheme 24. Reduction of 2,3-Disubstituted Phenanthrolines

It is expected that (+)-norcamphor adduct 68 will undergo hydride attack and protonation

primarily from the exo face to afford the syn diastereomer. Likewise, reduction of the

(+)-nopinone adduct 70 ought to occur mainly from the endo face due to the exo geminal methyl

groups, also resulting in the selective formation of a syn diastereomer. By using the standard
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conditions (NaBHsCN, 1 : 1 AcOH/MeOH, Scheme 24) for reduction of 67, 72 was isolated as a

mixture of syn and anti isomers in 54% yield. As mentioned above, chiral bicyclic ketones with

endo and exo faces would be expected provide a degree of stereoselectivity during subsequent

reduction to the octahydrophenanthrolines. This would avert the potentially tedious task of

having to separate syn and anti diastereomers, as formed in the reduction of 67 (Scheme 24).

The (+)-norcamphor-derived phenanthroline 68 and (+)-nopinone adduct 70 afforded only the

corresponding tetrahydrophenanthrolines 73 and 75 respectively under standard reduction

conditions. Treatment of 68 with NaBHsCN in 4: 1 AcOH/MeOH, however, provided 73 (33%),

along with the desired octahydrophenanthroline 74 (27%) as a single diastereomer as determined

by 'H and '^C NMR analysis. Reduction of 70 under the same conditions afforded the

analogous products 75 (34%) and 76 (23%). Again, 'H and '^C NMR analysis revealed that the

reduction had been completely stereoselective, with only one product discernible. Apart from

steric or strain considerations, the lower yields of 74 and 76 may result from competing

disproportionation reactions of intermediate dihydrophenanthrolines, as reported for

dihydroquinoUnes.^' Performing the reduction in neat acetic acid resulted only in the formation

of the corresponding N-ethylated tetrahydrophenanthrolines (77, Scheme 25).

NaBHgCN

neat AcOH

reflux

(45%)

68

Scheme 25. Reductive Ethylation in Neat Acetic Acid
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For the (+)-camphor adduct (71, Scheme 26), even with 4:1 AcOH/MeOH, the reduction

gave corresponding tetrahydrophenanthroline 78 as the sole product.

NaBHaCN
4:1 AcOH/MeOĤ

-

(47%)
71 '78

Scheme 26. Reduction of (+)-Camphor Adduct

2.2.4 Synthesis of Chiral Benzimidazolium Salts and Thioureas, and Stereochemistry of 74

and 76

BenzimidazoUum salts 79 and 81 were formed by condensation of diamines 74 and 76 with

triethyl orthoformate (Scheme 27).^^ Both 79 and 81 are precursors to chiral

benzimidazolylidenes, as indicated by the following trapping experiments with sulphur: salts 79

and 81 were deprotonated with NaH in THE, and the resulting putative free NHCs were trapped

by elemental sulfur to deliver thioureas 80 and 82 (Scheme 27).
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Scheme 27. Synthesis of Thioureas 80 and 82

That the reduction of nopinone adduct 70 had occurred exclusively from the endo face to

give the syn diastereomer 76 could be inferred by comparing the chemical shifts of the geminal

methyl signals in the 'H NMR spectrum of diamine 76 with that of benzimidazolium salt 81

(Figure 9). In diamine 76, the geminal methyl singlets were observed at a typical chemical shift

of 5 1.21 and 5 1.04. After cyclization with triethyl orthoformate, the same methyl singlet

appeared at 5 1.29 and 5 -0.05. The large difference in chemical shift upon cyclization may be

explained by the rigid framework of salt 81, which places one of the methyl groups over the

newly formed imidazole ring. This shielding region results in the methyl protons shifting

upfield. An MCCM-minimized molecular model of benzimidazolium salt 81 with the expected

syn stereochemistry (Figure 10) supports this assessment. More conclusive evidence of the

stereochemistry of 74 and 76 was provided by COSY and NOESY NMR experiments on

thioureas 80 and 82 (Figure 11).
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Figure 9. Region (6 to -0.4 ppm) of the 'H NMR spectra of diamine 76 (top) and

benzimidazolium salt 81 (bottom). Both compounds in acetone-Jg without TMS.

Figure 10. MCCM-Minimized Molecular Model of Benzimidazolium Salt 81.
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d) NOESY (5 to -0.5 ppm) of Thiourea 82

Figure 11. COSY and NOESY Experiments of Thioureas 80 and 82

Specifically, the COSY spectum of thiourea 80 (Figure 1 1 a) clearly shows that the doublet

of doublets at 4.50 ppm which integrates for 1 proton is H\ H^ resonates at 2.85 ppm

overlapping with two other protons as a multiplet, and H^ and H'* resonate as two doublets at

1.72 ppm and 1.54 ppm respectively. The NOESY spectum of 80 (Figure lib) shows that H*

and rf have an nOe which indicates that they are syn to each other. Furthermore both H' and

H^ have nOe with H but not with H indicating that H and H are both on the exo face of the
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molecule. In addition, 80 was also made from thiophosgene (Scheme 28), which confirmed

that the reduction of 68 gave the syn product 74 and the previous method of generating the

thiourea (74-79-80) maintained this stereochemistry.

thiophosgene

EtgN, THF

(58%)

74

Scheme 28. Synthesis of 80 by Thiophosgene

Similarly, for thiourea 82 (Figure lie, d), H', which has a resonance at 4.84 ppm, has an nOe

with H^ at 3.21 ppm, indicating that they are syn to each otiier. Neither H* nor H^has an nOe

with the geminal methyl signal (Me') which is at 0.19 ppm, indicating that H' and H are both on

the endo face of molecule.

Crystals of 80 suitable for X-ray crystallographic analysis were grown, and the molecular

structure (Figure 12) was obtained to verify the stereochemical assignment made by the COSY

and NOESY experiments.
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Figure 12. ORTEP® Plot of 80 at 30% Probability.

2.3 Coordination Chemistry and Reactivity of Chiral Benzimidazolylidenes.

2.3.1 Syntliesis of Pd-NHC Complexes 84, 86 and 88.

Unlike the preparation of Pd-benzimidazolylidene complex 19 and 20, where two NHCs

ligate one Pd atom, it was of interest to introduce only one NHC ligand per metal centre (Scheme

29) in the transition metal complexes derived from chiral benzimidazolium salts 81 and 87.
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Pd(0Ac)2
fc-

Kl, THF

(77%)

-^_ ./l^_ /"

I V-

N

83

\ M M /

PPhg, CH2CI2

N. .N-

Y
l-Pd-PPhg

I

84

r.t.

(100%)

H " CI©
81

Kl, THF
(73%)

mixture of stereoisomers

PPh3, CH2CI2

r.t.

(25%)

CI©Ph

1)Pd(0Ac)2, KI.THF
1

2) PPh3, CH2CI2
rt

(53%)

l-Pd-l

PPha

88

Scheme 29. Coordination Chemistry of Benzimidazolium Salts 18, 81 and 87

During the writing of this thesis C2-symmetric Ugand 87 was prepared by resolution of
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racemic 2,9-diphenyloctahydrophenanthroline based on Herrmann's procedure for the resolution

of 2,2'-bipiperidine (Scheme 30).'*^

62f

I.PCI3, PhN(Me)2,

CH2CI2, rt
>-





formation of more soluble products.

For complex 84, the 'H NMR spectrum showed that the methylene protons on the two

heterocyclic rings were non-equivalent, however, the methylene carbons were equivalent in '^C

NMR. This indicates that 84 may possess cis coordination geometry.

For complex 86, as expected, the molecule was not symmetrical. Both 'H and '^C NMR

showed two sets of peaks which were in a ratio of approximately 10:1. This indicated the

presence of cis and trans coordination isomers.

Complex 88 was formed by deprotonation and in situ cleavage by PPhs (Scheme 29). It

preferred trans geometry where the methine protons on the two heterocyclic rings were

equivalent judging by the 'H NMR spectrum.

2.3.2 Pd Catalyzed Hydrosilylation. ,

NHCs have been employed in a wide variety of reactions including C-C and C-N cross

coupling, ^ polymerization, ^^ hydrogenation, ^ hydrosilylation, ^' hydroboration, ^^ hydro-

formylation, allylic substitution, and olefin metathesis.

The hydrosilylation of alkenes is one of the most atom economic processes for the

formation of alkylsilane derivatives. Industrially, this reaction is performed under aerobic

conditions and sometimes even accelerated by oxygen. Therefore NHC complexes,

considering their stability towards air, would be worth investigating in this context.

To establish the feasibility of this reaction, achiral complex 83 was tested in hydrosilylation.

The bridged Pd-NHC complex 83 is similar to the bridged Pd complex [PdCl(7r-C3H5)]2 which
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was used as a precursor to chiral monodentate phosphine palladium complexes in hydrosilylation

by Hayashi/'*''^ Pd-NHC complex 83 was tested for activity in hydrosilylation under the same

condition (excess HSiCls as solvent) using norbomylene (89 Scheme 31). Interestingly, instead

of getting norbomanol (92), dimer 91 was always obtained, even when dilute conditions were

used, or when the starting material was added slowly by syringe pump.

^.SiCIa

HSiClg, 83, 0°C
-- ' ^

89 90

H2O2, KF, KHCO3

91 (46%) 92

Scheme 31. Bridged Pd Dimer Catalyzed Hydrosilylation

These results are similar to what has been observed in the W-catalyzed dimerization of

cycUc olefms.^^ Although different mechanisms may operate for the dimerization reaction of

cyclic olefins in this case,^^'^^ a mechanistic rationale based on the observed results is depicted

in Scheme 32. Thus, the splitting of iodine bridges in 83 may be accompanied by the reduction

of Pd(n) to Pd(0) by excess HSiCb (Scheme 32). Oxidative addition of HSiCla followed by

coordination of two norbomylenes to Pd forms a bisolefin complex III. Insertion of the Si-H

bond into the olefinic linkage leads to the palladium(II) derivative IV which, after reductive

eUmination of 90, regenerates the palladium species I.
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HSiCIa

lU

Scheme 32. Proposed Catalytic Cycle for the Hydrosilylation of Norbomylene Catalyzed by

Palladium Complex 83

2.3.3 Pd Catalyzed Synthesis of Oxindoles by Amide a-Arylation

78,79
Oxindoles are important substructures in many biologically active molecules, ' such as

9-oxygenated rhynchophyllonoids/° Friedel-Crafts cyclizations of a-haloacetanilides and

Fischer indole syntheses are the classical methods of oxindole preparation. Metal-catalyzed

81

routes to oxindoles include palladium catalyzed cyclocarbonylations of 2-aminostyrenes,

Aodium-catalyzed carbonylations of 2-alkynylanilines, ^^ rhodium- and Nafion-H-catalyzed

cycUzations of a-diazoamides,^^'^'* and intramolecular Heck couplings of 2-haloacryloyl-

anilides^^ Although there are a variety of methods for synthesizing these structures, methods

that form oxindoles with complete regioselectivity are rare.
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.85
In 2001, Hartwig reported a palladium-catalyzed synthesis of oxindoles (Scheme 33) by

amide a-arylation using Cz-symmetrical carbene ligands (95 and 96 Table 1, entries 1 and 2).

Cyclization of 93 at 25 °C using a 1 : 1 ratio of Pd(dba)2 and carbene ligand 95 as catalyst (10 mol

%) gave 34% ee. The analogous reaction using carbene 96 occurred with 57% ee.

Me
Q Pd precursor/Ligand

^
^^ base

solvent

Ph

93 94

Scheme 33. Palladium-Catalyzed a-Arylation Using Carbene Ligands

Table 1. Published Results of Pd-Catalyzed a-Arylation of 93

Entry Ligand %Pd Base Solvent Condition
Yield ee of

of 94 94

1

BF4-

95

10%Pd(dba)2 NaO'Bu DME 25 °C, 24 h 94% 34%

^ BF4"^„ii^*''

96

5%Pd(dba)2 NaO'Bu DME 25°C,24h 74% 57%

Ph, Ph

r~\ +

Ad ^^^M

97

)-N^N-/
.Bu .^^^ Vbu

98

10%Pd(OAc)2 NaO'Bu DME 100°C, 12h 14% 67%

10%Pd(dba)2 NaO'Bu DME 20°C, 14h 95% 43%
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86Most recently, Kondo and co-workers reported the same reaction shown in Scheme 33

using 10 mol % of Pd(OAc)2, 20 mol % of a imidazolium salt 97 (Table 1, entry 3) and 2 equiv

of NaO'Bu in DME at 100 °C for 12 h. Oxindole 94 was generated in 67% ee.

To perform this reaction substrate 93 was synthesized in three steps from 2-bromoanaline

(101) and acid 99 (Scheme 34).85.87,88,89 -j^^ ^^j^-^.^ j^^^^ ^^^^^^ ^^ ^^^^ ^^^ ^^^^^^ gj ^^

a C2-synmietric NHC ligand 87 were used in the synthesis of oxindole 94. The results are

shown in Table 2.

socio

101

OH Benzene

(89%)

1

.

n-BuLi, THF

2. Mel, -50 °C

(85%)

EtgN

CH2CI2

(87%)

102

Scheme 34. Synthesis of a-Arylation Precursor 93

Br
O

N
I

93

Ph

46-



M'.^-.
T*^:,.-^



Table 2. Asymmetric Synthesis of Oxindole 94.

^ . , . . „j „ o , X T Time Yield ee'' of Absolute
Entry Ligand Pd Base Solvent (o^

(h) of94(%) 94 (o/„) configuration

1 18 Pd(0Ac)2 NaO'Bu 1,4-dioxane 50 67 15*^

2 81 Pd(OAc)2 KO'Bu 1,4-dioxane 100 14 10"= 14 S

3 87 Pd(0Ac)2 KO'Bu 1,4-dioxane 100 17 16*= 26 R

4 87 Pd(0Ac)2 NaO'Bu 1,4-dioxane 50 44 8'= 20 R

5 87 Pd(0Ac)2 NaO'Bu DME 50 44 14*= 17 r ,:

6 87 Pd(dba)2 NaO'Bu DME 50 16 44"= 20 R

7 87 Pd(dba)2 NaO'Bu DME 25 20 12*= 23 R

8 87 Pd(dba)2 ko'Bu DME 50 15 25"= 48 R

^ The reactions of 93 were performed using 1 mol % of Pd precursor, 1 mol % of tfie ligands and 1 .5

equiv of the bases.

'' Determined by HPLC analysis with Chiral Daicel OD-H.

^ Remainder of mass balance was the unreacted starting amide 93.

Reactions were carried out with amide 93, 10 mol % of Pd precursors, 10 mol % of imidazolium

salts 18, 81 and 87, and 1.5 equiv of base (NaO'Bu or KO'Bu) in 1,4-dioxane or DME at an

appropriate temperature. The most satisfactory result was obtained using the Ca-symmetric

ligand 87, Pd(dba)2, and KO'Bu in DME at 50 °C (entry 8), which gave 94 in 48% ee. While this

result is promising and better than Glorius' 43% ee using ligand 98 (table 1, entry 3), further

optimization is required to surpass the 67% ee reported by Kondo.
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3. Conclusions and Future Work

A 2-methoxyoctahydrophenanthroline was synthesized, but the subsequent introduction of

oxazohdinone proved to be problematic. However, this compound successfully underwent

achiral allylation, and as a result this methodology may hold some promise as a potential route to

chiral benzimidazolylidenes. Asymmetric allylation using chiral Lewis acid^^ would be an

obvious next step.

We were successful in synthesizing variously substituted 2- and

2,9-octahydrophenanthroline derivatives. Chiral groups were introduced to the 2,3 positions of

phenanthroline by de novo synthesis of the phenanthroline from chiral ketones. During the

reduction of chiral 2,3-disubstituted phenanthroUnes, the hydride attack occurred predominantly

from the less hindered face to provide chiral octahydrophenanthrolines as single diastereomers

which were converted to benzimidazolium salts. The deprotonation of the salts and generation

of the thioureas indicated the formation of the putative intermediate carbene. While this

approach allowed relatively facile access to single diastereoisomers of the reduction products,

there are limited bicyclic ketones with bona fide endo and exo faces that may be incorporated in

Friedlander reactions. The more general approach, such as resolution of 2,9-disubstituted

products, holds promise.

Several palladium NHC complexes were synthesized and preliminary results for catalytic

hydrosilylation with an achiral complex were obtained. Chiral nopinone adduct 81 and

C2-symmetric 2,9-diphenyloctahydrophenanthroline benzimidazolium salt 87 were used as

ligands in palladium catalyzed a-arylation. Ligand 87 showed promise in this reaction,
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although the ee does not yet surpass the literature benchmark of 67%. This effort needs to be

followed up with optimization studies, such as introducing different bases, adjustment of the

catalyst loading, or using previously prepared metal complexes rather than generating them in

situ.

In the future it can be expected that more C2-symmetric benzimidazolium salts derived from

2,9-diaryloctahydrophenanthrolines will be synthesized. Presumably, bulkier substituents a to

nitrogen will provide an increase in enantioselectivity for oxindole synthesis.

Ph

1^

ajp5 mol %
O "^^^--^N 105 O

I , rf^H 5mol%DBU Ph ^^ Ph
,

T
Ph-^ + Jl A. + Ph^^

Ph"^ PhOH, toluene Ph ^
rac-103 104 Sel. = 4.8 at 40 % conv. ^^ 5.^03

Scheme 35. Kinetic Resolution of Secondary Alcohols.

One of the other comprehensive investigations of NHC's concerns their behaviour as

nucleophilic catalysts. BenzimidazoUum salt 105 has shown promise in the kinetic resolution

of racemic 1-phenylethanol (103) with cinnamaldehyde (104, Scheme 35).^° Since salt 87 is

more rigid than 105, it could be tested in similar reactions.
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4. Experimental

General: All reagents were purchased from Aldrich, Fisher Scientific, Acros or Strem and used

as received unless otherwise indicated. THF was freshly distilled and dried over

sodium/benzophenone ketyl under a nitrogen atmosphere. Dichloromethane was freshly

distilled over CaH2 under a nitrogen atmosphere. Toluene was distilled over sodium under a

nitrogen atmosphere. Organolithium reagents were titrated against A'^-benzylbenzamide^' to a

blue endpoint. All reactions were performed under argon in flame- or oven-dried glassware

using syringe-septum cap techniques unless otherwise indicated. Column chromatography was

performed on SiHcycle silica gel 60 (70-230 mesh). NMR spectra were obtained on a Bruker

Avance DPX-300 or 600 instrument and are referenced to TMS or the residual proton signal of

the deuterated solvent for 'H spectra and to the carbon multiplet of the deuterated solvent for '^C

spectra according to the values given in Spectrometric Identification of Organic Compounds,

Seventh Edition, p. 200 and p. 240. FTIR spectra were recorded on an ATI Mattson Research

Series spectrometer as KBr pellets for solids, or neat on NaCl or KBr plates for liquids. Low

and high-resolution mass spectral data were obtained on a Kratos Concept IS Double Focusing

spectrometer. Optical rotations were measured on a Rudolph Research Autopol HI automatic

polarimeter. Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA,

USA. Melting points were determined on a Kofler hot-stage apparatus and are uncorrected.
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3-ChIoro-N-[2-(3-chloro-propionylamino)-phenyI]-propionamide (43)

1^
This compound was prepared by a modification of a literature

N ^^ "CI
H

'-'

procedure."*^ To a well stirred solution of phenylenediamine (10.0 g,

90 mmol) in CH2CI2 (200 mL) was added EtsN (19.6 g, 0.19 mol) at rt

under argon. The reaction mixture was cooled to °C and treated with 3-chloropropionyl

chloride (23.5 g, 0.18 mol) dropwise via syringe. The mixture was warmed to rt and stirred for 2

h. The solvent was evaporated under reduced pressure and the residue was washed with IM HCl

and H2O. The crude product was recrystallized from 194 mL of 95% EtOH to afford 43 (17.1 g,

66%) as colourless needle crystals; mp 180 °C (95% EtOH); IR (KBr) Vmax 3277, 3134, 3079,

3023, 2972, 2658, 1 151, 759 cm"'; 'H-NMR (300 MHz, acetone-Jg) S 9.07 (s, 2H, NH), 7.59 (dd,

2H, 2Ar-H, J = 6.2, 3.5 Hz), 7.22 (dd, 2H, 2Ar-H, J = 6.0, 3.5 Hz), 3.91 (t, 4H, 2CH2, J = 6.2 Hz)

2.89 (t, 4H, 2CH27 = 6.3 Hz,); '^C NMR (75.5 MHz, acetone-Jg) 5 169.3, 131.6, 126.2, 125.7,

41.1, 40.3; EIMS [m/z{%)] 288(M^ 31), 290(21), 252(18), 198(35), 181(36), 145(48), 135(84),

108(91), 55(100); HRMS (EI) calcd for C12H14N2O2CI2: 288.0422; found 288.0422.

l^,4,7,8,10-Hexahydro-l,10-phenanthroIine-2,9-dione(44)

This compound was prepared by a modification of a literature

procedure.'* To a flame dried 1 L round-bottomed flask was added a

O finely ground mixture of diamide 43 (17.1 g, 60 mmol) and AICI3 (67.7 g,

0.51 mol). The mixture was stirred under argon and heated to 140 °C to produce a

yellow-brown melt from which gas evolution could be observed. After 18 h the mixture was

cooled to rt and crushed ice (300 mL) and IM aqueous HCl (140 mL) was added. The
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precipitated product was collected and washed with ice cold MeOH (40 mL). The crude crystals

were recrystallized from ACOH/H2O to give 44 (12.2 g, 95%) as light brown crystals; mp >230

°C (ACOH/H2O); IR (KBr) Vmax 3326, 2935, 1655 cm'; 'H NMR (300 MHz, DMSO-^d) 6 9.69

(s, 2H, NH), 6.78 (s, 2H, Ar-H), 2.82 (t, 4H, J = 7.0 Hz, 2CH2), 2.40 (t, 4H, J = lA Hz, 2CH2);

'^C NMR (75.5 MHz, DMSO-Jg) 5 170.8, 124.7, 123.8, 121.5, 30.6, 25.4; EIMS [m/z(%)]

216(M^ 100), 187(17), 145(13), 57(23); HRMS (EI) calcd for C12H12N2O2: 216.0899; found

216.0897.

9-Benzyloxycarbonyloxy-2-oxo-3,4,7,8-tetrahydro-2H-[l,10]phenanthroline-l-carboxylic

acid benzyl ester (50)

A solution of 44 (2.16 g, 10 mmol) and NaH (60% in mineral oil)

(0.960 g, 40 mmol) in dry DMF (300 mL) in a flame dried 1 L

BnOgC
I

^b

Bn02C round-bottomed flask was stirred at rt. Gas was observed to evolve

for 20 min. After 1 h, the reaction mixture was cooled to °C and benzyl chloroformate (6.82 g,

40 mmol) was added slowly by syringe. The mixture was then warmed to rt and stirred for 48 h.

The solution was cooled to °C and H2O (250 mL) was added. The aqueous solution was

extracted with CH2CI2 (6 x 100 mL). The combined organic layers were washed with H2O (6 x

100 mL), brine, dried over anhyd Na2S04, filtered and the solvent was evaporated under reduced

pressure to leave a brown oil. The crude material was crystallized from abs. EtOH and EtOAc

to afford 50 (1.30 g, 27%) as an off-white solid; mp 124-125 °C (abs. EtOH); IR (KBr) Vmax 2957,

1781, 1740, 1454, 1208, 1026 cm''; 'H-NMR (600 MHz, acetone-rfg) 5 7.50-7.29 (m, lOH, Ar-H),

7.07 (d, IH, Ar-H, J = 7.6 Hz), 6.97 (d, IH, Ar-H, J = 7.6 Hz), 5.33 (s, 2H, CH2), 5.16 (s, 2H,
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CHz), 2.98-2.93 (m, 4H, 2CH2), 2.67-2.64 (t, 2H, CH2, J = 8.2 Hz), 2.61-2.58 (m, 2H, CH2); "C

NMR (150.9 MHz, acetone-J^) 6 169.8, 162.9, 152.9, 151.8, 136.5, 135.7, 134.0, 132.8, 129.6,

129.5, 129.4, 129.3, 129.2, 129.1, 129.0, 127.2, 126.5, 124.6, 71.8, 69.5, 33.9, 26.4, 25.5, 25.2;

EMS [m/z(%)] 484(M^ 1), 349(1), 214(19), 201(100), 91(77). URMS (EI) calcd for

C28H24N2O6: 484. 1 685; found 484. 1 644.

2-Hydroxy-9-oxo-3,4,7,8,9,10-hexahydro-2H-[l,10]phenanthroline-l-carboxylic acid benzyl

ester (52)

To a stirred solution of carbamate 50 (121 mg, 0.25 mmol) in dry THF (1

mL) at -78 °C under argon was added DEBAL (0.75 mL, 1 M solution in

O 0=(^ OH CH2CI2, 0.75 mmol) dropwise over 10 min. The reaction mixture was

stirred for 3 h and treated with another portion of DIBAL (0.50 mL, 1 M

solution in CH2CI2, 0.50 mmol). The solution was stirred at -78 °C for another 2 h and then

quenched with a saturated aqueous solution of sodium acetate (1 mL). The solution was

transferred to a flask containing saturated aqueous NHtCliether (5 mL, 1:3, v/v). The solution

was warmed to rt and stirred until a thick white gel formed at the bottom which was filtered

through Celite. The aqueous layer was extracted with CH2CI2 (3x3 mL), and the combined

organic layers were washed with H2O (5 mL), brine (5 mL), dried over anhyd Na2S04, filtered

and concentrated under reduce pressure. Column chromatography (silica gel, 60:38:2

EtOAc:hexane:Et3N, Rf = 0.21) gave 52 (53 mg, 60%) as a colourless soHd; mp 162-167 °C

(after column); IR (KBr) v^ax 3423, 3203, 2953, 1709, 1664, 1389, 1259, 1008 cm ^ 'H-NMR

(300 MHz, acetone-Je) 6 8.40 (b, IH, NH), 7.32 (s, 5H, Ar-H), 6.99 (d, IH, Ar-H, J = 7.2 Hz),
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6.82 (d, IH, Ar-H, J = 7.6 Hz), 6.20 (t, IH, N-CH, J = 6.4 Hz), 5.14 (ABq, 2H, Ph-CHi, / = 30.1,

11.8 Hz), 4.89 (b, IH, OH), 2.91 (t, 2H, CH2, 7 = 7.7 Hz) 2.61-2.32 (m, 5H, aliphatic), 1.53-1.42

(m, IH, aUphatic); '^C NMR (75.5 MHz, DMSO-tie) S 170.5, 153.5, 136.5, 136.2, 134.4, 128.8,

128.4, 128.1, 125.4, 123.8, 123.7, 120.3, 78.1, 67.6, 34.1, 31.0, 25.3, 25.1; EIMS [m/z{%)]

352(M^ 5), 244(84), 108(100), 91(51), 79(95), 43(88); HRMS (EI) calcd for C20H20N2O4:

352.1423, found 352.1441.

2-Methoxy-9-oxo-3,4,7,8,9,10-hexahydro-2H-[l,10]phenanthroline-l-carboxylicacid

benzyl ester and [7-(3,3-dimethoxy-propyl)-2-oxo-l,2^,4-tetrahydro-

quinolin-8-yl]-carbaniic acid benzyl ester (53 and 54)

A solution of 52 (200 mg, 0.55 mmol) in abs. MeOH (10 mL) was treated with pyridinium

p-toluenesulfonate (15 mg, 0.055 mmol). The reaction mixture was stirred at 70 °C for 3.5 h

with a CaCl2 drying tube attached to the condenser. The solvent was evaporated under reduced

pressure, and the residue was partitioned between EtOAc (3 mL) and saturated aqueous NaHCOa

solution (4 mL). The aqueous layer was extracted with EtOAc (3x2 mL). The combined

organic layers were washed with H2O (4 mL), brine (4 mL), dried over anhyd Na2S04, filtered

and concentrated under reduced pressure. Column chromatography (silica gel 50:48:2

EtOAc:hexane:Et3N) gave sequentially, 2-methoxy-9-oxo-3,4,7,8,9,10-

hexahydro-2H-[l,10]phenanthroline-l-carboxylic acid benzyl ester 53 (151 mg, 75%, Rf = 0.25)

and [7-(3,3-dimethoxy-propyl)-2-oxo-l,2,3,4-tetrahydro-quinolin-8-yl]-carbamic acid benzyl

ester 54 (43 mg, 19%, Rf = 0.18).
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53: Colourless solid; mp 120-125 °C (after column); IR (KBr) v^ax 3238,

2953, 1710, 1619 cm"'; 'H-NMR (300 MHz, acetone-Jg) 5 8.53 (b, IH,

O 0=( OMe NH), 7.32-7.28 (m, 5H, Ar-H), 6.99 (d, IH, Ar-H, J = 7.5 Hz), 6.78 (d,

O

IH, Ar-H, J = 7.6 Hz), 5.85 (t, IH, N-CH, 7 = 5.1 Hz), 5.20 (ABq, 2H,

Ph-CH2,7 = 18.2, 12.4 Hz), 3.39 (s, 3H, CH3), 2.90 (t, 2H, CH2, J = 7.7 Hz) 2.58-2.34 (m, 5H,

aUphatic), 1.61-1.52 (m, IH, aliphatic); '^C NMR (75.5 MHz, acetone-rfg) 5 171.1, 155.3, 137.2,

136.1, 135.2, 129.2, 128.7, 128.6, 126.2, 124.5, 124.1, 121.1, 86.8, 68.6, 55.9, 32.9, 31.6, 26.4,

25.4; EIMS [m/z(%)] 366(M^ 7), 258(28), 227(34), 91(42), 43(100); HRMS (EI) calcd for

C21H22N2O4: 366.1580, found 366.1581.

54: Colourless solid; mp 135.5-137.0 °C (after column); IR (KBr) Vmax

-NH NH O— 3349, 2857, 1725, 1679, 1477, 1232 cm"'; 'H-NMR (300 MHz,
6' 0=(

°^"
acetone-Jg) 6 8.41 (b, IH, NH), 7.90 (b, IH, NH), 7.42-7.32 (m, 5H,

Ar-H), 7.07 (d, IH, Ar-H, J = 8.2 Hz), 6.87 (d, IH, Ar-H, J = 7.9 Hz), 5.16 (s, 2H, Ph-CH2), 4.03

(t, IH, OCH, J = 6.0 Hz), 3.23 (s, 6H, 2CH3O), 2.91 (t, 2H, CH2, J = 6.8 Hz) 2.61 (t, 2H, CH2 7

= 7.9 Hz), 2.46 (t, 2H, CH2,7 = 7.8 Hz), 1.82 (dt, 2H, CH2,7 = 10.8, 5.7 Hz); '^C NMR (75.5

MHz, acetone-^e) 5 170.7, 156.0, 139.7, 138.0, 136.5, 129.2, 128.7, 128.6, 127.3, 123.7, 123.6,

122.8, 104.6, 67.3, 52.7, 33.7, 31.4, 27.2, 26.2; EIMS [m/zi.%)] 398(M^ 4), 366(2), 149(96),

108(58), 91(40), 43(100); HRMS (EI) calcd for C22H26N2O5: 398.1842, found 398.1821.
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9-PropyI-3,4,7,8,9,10-hexahydro-lH-[l,10]phenanthrolin-2-one(59)

A flame-dried 3 mL round-bottomed flask under argon was charged

with 2-methoxy benzyl ester 53 (54 mg, 0.15 mmol). Dry CH2CI2 (1

mL) was added, and the solution was cooled to -78 °C.

AUyltrimethylsilane (0.06 mL, 0.40 mmol) and TiCU (0.05 mL, 0.42 mmol) were added, and the

resulting red mixture was slowly warmed to °C and stirred at this temperature for 2 h. Brine

(1.5 mL) was added to work up the reaction. The aqueous phase was extracted with CH2Cl2(3

X 2 mL). The combined organic layers were washed with H2O (2 mL), brine (2 mL), dried over

anhyd Na2S04, filtered and concentrated to give 40 mg of white soHd. This crude material was

dissolved in a combination of solvents (2 mL, abs. EtOH : /-PrOH : EtOAc = 2:1:1) and 10%

Pd/C (4 mg) was added. The reaction mixture was treated with H2 (75 psi, rt, 24 h) filtered

through a pad of Celite, and concentrated under reduced pressure. Column chromatography

(silica gel, 70:30 hexane:Et20 , Rf = 0.07) gave 59 (28 mg, 78%) as a colourless solid; mp

195-197 °C (after column); IR (KBr) v„^ 3408, 3227, 2951, 1665, 1258, 792 cm'; 'H NMR

(600 MHz, acetone-Jfi) S 8.71 (b, IH), 6.59 (d, IH, J = 7.2 Hz), 6.42 (d, IH, J = 7.8 Hz), 4.56 (b,

IH), 3.30-3.29 (m, IH), 2.82 (ABq, 2H), 2.79-2.76 (m, IH), 2.72 (dt, IH, 7= 16.2, 4.2 Hz), 2.46

(ABq, 2H), 1.97-1.95 (m, IH), 1.64-1.62 (m, IH), 1.55-1.49 (m, 4H), 0.96 (t, 3H, J = 7.2 Hz);

'^C NMR (150.9 MHz, acetone-J^) S 171.7, 132.9, 124.6, 123.9, 123.0, 121.6, 166.4, 52.5, 39.4,

31.8, 28.4, 27.4, 26.5, 19.4, 14.5; EIMS [m/z(%)] 244(M^ 29), 201(100), 159(28); HRMS (EI)

calcd for C15H20N2O: 244.1576; found 244.1570.

•56-



«
.'



2-Methyl-l^^,4,7,8,9,10-octahydro-l,10-phenanthroIine(62b)

Typical Procedure: A round-bottomed flask containing a rapidly stirred

solution of 60b (550 mg, 2.83 mmol) in glacial acetic acid (18 mL) and

^^ methanol (7 mL) was treated with an equal mass of NaBHsCN (550 mg,

8.8 mmol) in portions over 5 min. A reflux condenser was attached, and the resulting deep red

mixture heated to reflux. After 2 h, an additional 550 mg portion of NaBHsCN was added, a

process that was repeated every 2 hours for 4 more hours (2.2 g of NaBHsCN was added in total).

Two hours after the last addition of NaBHsCN, a colour change from deep red to orange was

observed, indicating completion of the reduction. The solution was cooled to rt and the

majority of the methanol was removed on a rotary evaporator. The resulting mixture was

treated with 6M aqueous NaOH (50 mL), and the whole was extracted with CH2CI2 (4x10 mL).

The combined organic layers were washed with water, brine, dried over anhyd Na2S04, filtered

and concentrated in vacuo. Column chromatography (silica gel, 85:15 hexanes:EtOAc Rf =

0.24) gave diamine 62b (315 mg, 57%) as a clear oil; IR (KBr, neat) 0^ 3342, 2924, 2843, 1581,

1485, 1331, 1255 cm"'; 'H NMR (600 MHz, acetone-Jg) 8 6.25 (d, IH, J = 12 Hz), 6.23 (d, IH,

7= 9.0 Hz), 3.65 (b, IH), 3.56 (b, IH), 3.29-3.23 (m, 3H), 2.82-2.71 (m, IH), 2.65-2.57 (m, 3H),

1.89-1.84 (m, IH), 1.80 (quintet, 2H, J = 6.0 Hz), 1.48-1.41 (m, IH), 1.20 (d, 3H, J = 6.3 Hz);

'^C NMR (150.9 MHz, acetone-J6) S 133.6, 133.0, 119.9, 119.4, 119.0, 118.8, 48.4, 43.1, 31.3,

27.9, 27.6, 23.3, 22.8; EIMS [m/z(%)] 202(M'', 100); HRMS (EI) calcd for CoHigNj: 202.1470;

found 202.1466.
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2-PhenyI-l,2^,4,7,8,9,10-octahydro-l,10-phenanthroline(62a)

' ' "-..)

According to the Typical Procedure, a solution of 60a (256 mg, 1.00 mmol)

in glacial acetic acid (8 mL) and MeOH (2 mL) was treated with NaBHsCN

^^ (256 mg, 4.07 mmol), and the reaction mixture was heated to reflux.

Three subsequent additions of NaBHsCN (256 mg each) were made every 2 hours over 6 hours

total. Standard workup and column chromatography (silica gel, 90:10 hexanes:EtOAc, Rf =

0.15) gave diamine 62a (150 mg, 57%) as a colourless soUd; mp 90-91 °C (after column); IR

(KBr) Vrru^x 3347, 3283, 3023, 2935, 2922, 2839, 1614, 1581, 1492, 1439, 1331, 1252 cm"'; 'H

NMR (300 MHz, acetone-f/6) S 7.41 (d, 2H, J = 7.6 Hz), 7.32 (t, 2H, J = 8.7 Hz), 7.25 (t, IH, J =

7.2 Hz), 6.31-6.28 (ABq, 2H), 4.39 (d, IH, 7= 8.9 Hz), 3.95 (b, IH), 3.92 (b, IH), 3.31-3.22 (m,

2H), 2.85-2.80 (m, 2H), 2.70-2.65 (m, 2H), 2.58 (dt, IH, J = 15.6, 5.6 Hz), 2.03-2.01 (m, IH),

1.91-1.85 (m, IH), 1.81 (quintet, 2H, J = 6.0 Hz); '^C NMR (75.5 MHz, acetone-f/g) S 146.4,

133.5, 132.9, 129.1, 127.8, 127.4, 120.3, 119.3, 119.2, 118.8, 57.1, 43.1, 31.8, 28.0, 27.2, 23.3;

EMS [m/zi%)] 264(M+, 100), 187(15); HRMS (ED calcd for C18H20N2: 264.1626; found

264.1627.

2-/i-Butyl-l,23,4,7,8,9,10-octahydro-l,10-phenanthroIine(62c)

According to the Typical Procedure, A solution of 60c (365 mg, 1.54

mmol) in glacial acetic acid (7 mL) and MeOH (3 mL) was treated with

"^^ NaBHsCN (365 mg, 5.8 mmol), and the reaction mixture was heated to
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reflux. Three subsequent additions of NaBHsCN (365 mg each) were made every 2 hours over

6 hours total. Standard workup and column chromatography (silica gel, 90:8:2

hexanes:EtOAc:Et3N, Rf = 0.67) gave diamine 62c (236 mg, 63%) as a pale yellow oil; IR (KBr,

neat) v„ujx 3337, 2926, 2853, 1583, 1486, 1348, 1252 cm"^ 'H NMR (300 MHz, acetone-fifg) S

6.27-6.22 (ABq, 2H), 3.77 (b, IH), 3.50 (b, IH), 3.27-3.24 (m, 2H), 3.14-3.12 (m, IH), 2.77-2.55

(m, 4H), 1.93-1.86 (m, IH), 1.81 (quintet, 2H, / = 6.0 Hz), 1.58-1.30 (m, 7H), 0.92 (t, 3H, J =

7.2 Hz); '^C NMR (75.5 MHz, acetone-Jg) S 133.5, 133.1, 120.0, 119.7, 119.0, 118.8, 52.8, 43.1,

37.2, 29.2, 28.7, 27.9, 27.4, 23.6, 23.3, 14.4; EIMS [/n/z(%)] 244(M^, 55), 187(100); HRMS (EI)

calcd for C16H24N2: 244.1939; found 244.1935.

2-Isopropyl-l,23,4,7,8,9,10-octahydro-l,10-phenanthroline(62d)

According to the Typical Procedure, a solution of 60d (105 mg, 0.47 mmol)

in glacial acetic acid (7 mL) and MeOH (3 mL) was treated with

''^'^ NaBHsCN (105 mg, 1.67 mmol), and the reaction mixture was heated to

reflux. Three subsequent additions of NaBHsCN (105 mg each) were made every 2 hours over

6 hours total. Standard workup and column chromatography (silica gel, 88:10:2

hexanes:EtOAc:Et3N, Rf = 0.22) gave diamine 62d (76 mg, 70%) as a pale yellow oil; IR (KBr,

neat) v^ 3339, 3037, 2954, 2927, 2870, 2841, 1583, 1485, 1437, 1347, 1256 cm"'; 'H NMR

(300 MHz, acetone-Je) S 6.26 (d, IH 7 = 7.8 Hz), 6.23 (d, IH 7 = 8.1 Hz), 3.81 (b, IH), 3.48 (b,

IH), 3.31-3.18 (m, 2H), 2.98-2.92 (m, IH), 2.72-2.62 (m, 4H), 1.90-1.69 (m, 4H), 1.55-1.50 (m,
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IH), 1.00 (d, 3H, / = 6.9 Hz), 0.98 (d, 3H, 7 = 6.9 Hz); '^C NMR (75.5 MHz, acetone-Jg) 3 133.8,

133.1, 120.1, 119.8, 119.0, 118.8, 58.5, 43.1, 33.3, 27.9, 27.6, 25.5, 23.3, 19.0, 18.6; EMS

[m/z(%)] 230(M^ 28), 187(100); HRMS (EI) calcd for C15H22N2: 230.1783; found 230.1795.

2-feit-Butyl-l,2^,4,7,8,9,10-octahydro-l,10-phenanthroline(62e)

According to the Typical Procedure, a solution of 60e (171 mg, 0.75 mmol)

in glacial acetic acid (8 mL) and MeOH (2 mL) was treated with

'"^" NaBHsCN (177 mg, 2.82 mmol), and the reaction mixture was heated to

reflux. Three subsequent additions of NaBHaCN (177 mg each) were made every 2 hours over

6 hours total. Standard workup and column chromatography (silica gel, 90:10

hexanes:EtOAc:Et3N, Rf = 0.32) gave diamine 62e (42 mg, 23%) as a colourless solid; mp 71-72

°C (after column); IR (KBr) v„uvc 3346, 3300, 2955, 2933, 2851, 1614, 1582, 1475, 1429, 1335

cm-'; 'H NMR (300 MHz, acetone-Jg) 6 6.27 (d, IH, J = Hz), 6.24 (d, IH, J = Hz), 3.82 (b, IH),

3.44 (b, IH), 3.28-3.21 (m, 2H), 2.86 (dt, IH, J = Hz), 2.79-2.56 (m, 4H), 1.99-1.93 (m, IH),

1.83-1.74 (m, 2H), 1.53-1.41 (m, IH), 0.99 (s, 9H); ^^C NMR (75.5 MHz, acetone-^e) S 134.3,

133.2, 120.3, 120.0, 119.0, 118.7, 62.2, 43.1, 34.1, 28.3, 27.9, 26.3, 24.2, 23.3; EIMS [m/zi%)]

244(M^ 18), 187(100); HRMS (EI) calcd for C,6H24N2: 244.1939; found 244.1942.

2,9-Diphenyl-l,2^,4,7,8,9,10-octahydro-l,10-phenanthroline(62f)

According to the Typical Procedure, a solution of 61a (250 mg, 0.75 mmol)

in glacial acetic acid (8 mL) and MeOH (2 mL) was treated with
Ph
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NaBHsCN (250 mg, 3.98 mmol), and the reaction mixture was heated to reflux. Three

subsequent additions of NaBHsCN (250 mg each) were made every 2 hours over 6 hours total.

Standard workup and column chromatography (silica gel, 96:4 hexanes:EtOAc, Rf = 0.38) gave a

diamine 62f (161 mg, 63%), a pale yellow solid, as a 1:1 mixture of meso and rac stereoisomers;

mp 107-110 °C (after column); IR (KBr) v^mx 3339, 3030, 2944, 2919, 2835, 1580, 1473, 1420,

1335, 1252 cm"'; 'H NMR (300 MHz, acetone-^e) S 7.39 (d, 4H, J = 7.0 Hz), 7.30 (t, 4H, J = 7.0

Hz), 7.22 (d, 2H, J = 7.2 Hz), 6.35 (s, 2H), 4.43-4.40 (m, 2H), 4.25 (b, 2H), 2.91-2.75 (m, 2H),

2.61 (dt, 2H, J = 15.9, 5.2 Hz), 2.05-1.92 (m, 4H); '^C NMR (75.5 MHz, acetone-c?6) S 146.3,

132.8, 129.0, 127.7, 127.4, 119.6, 118.9, 57.0, 31.4, 26.9; EIMS [m/zi%)] 340(M^ 54); HRMS

(EI) calcd for C24H24N2: 340.1939; found 340.1942; Anal, calcd for C24H24N2: C, 84.67; H, 7.11;

found C, 84.35; H, 7.10.

2,9-Dimethyl-l,23,4,7,8,9,10-octahydro-l,10-phenanthroline(62g)

According to the Typical Procedure, a solution of neocuproine 61b (217

mg, 1.00 mmol) in glacial acetic acid (3.5 mL) and MeOH (1.5 mL) was

Me treated with NaBHaCN (217 mg, 3.45 mmol), and the reaction mixture

was heated to reflux. Three subsequent additions of NaBHsCN (217 mg each) were made every

2 hours over 6 hours total. Standard workup and column chromatography (silica gel, 92:8

PhMe:Et3N, Rf = 0.22) gave 62g (158 mg, 73%), a colourless sohd, as a 1:1 mixture of meso and

rac stereoisomers; mp 63-65 °C (after column); IR (KBr) v^ax 3324, 3036, 2959, 2918, 2839,

1582, 1480, 1446, 1334, 1255 cm"'; 'H NMR (300 MHz, acetone-Jg) S 6.23 (s, 2H), 3.64 (b, IH),
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3.55 (b, IH), 3.31-3.23 (m, 2H), 2.78-2.54 (m, 4H), 1.87-1.82 (m, 2H), 1.48-1.38 (m, 2H), 1.18

(d, 3H, J = 6.3 Hz), 1.17 (d, 3H, J = 6.3 Hz); '^C NMR (75.5 MHz, acetone-J^) S 133.1, 133.0,

119.4, 119.3, 118.8, 118.7, 48.4, 48.3, 31.2, 27.5, 27.5, 22.9, 22.7; FABMS [m/z(%)] 216(M^

100); HRMS (FAB) calcd for C14H20N2: 216.1626; found 216.1619.

2,9-Di-n-butyl-l,2^,4,7,8,9,10-octahydro-l,10-phenanthroline(62h)

According to the Typical Procedure, a solution of 61c (236 mg, 0.81

mmol) in glacial acetic acid (7 mL) and MeOH (3 mL) was treated

""^" "-^" with NaBHsCN (236 mg, 3.76 mmol), and the reaction mixture was

heated to reflux. Three subsequent additions of NaBHsCN (236 mg each) were made every 2

hours over 6 hours total. Standard workup and column chromatography (silica gel, 94:5:1

hexanes:EtOAc:Et3N, Rf = 0.14) gave 62h (156 mg, 65%), a colourless oil, as a 1:1 mixture of

meso and roc stereoisomers; IR (KBr, neat) v^ax 3339, 3038, 2953, 2926, 2869, 2855, 1584, 1482,

1438, 1347, 1258 cm"'; 'H NMR (600 MHz, acetone-Jg) S 6.26 (s, IH), 6.25 (s, IH), 3.57 (b, IH),

3.48 (b, IH), 3.16-3.11 (m, 2H), 2.79-2.67 (m, 2H), 2.63-2.59 (m, 2H), 1.92-1.89 (m, 2H),

1.57-1.34 (m, 12H), 0.92 (t, 6H, J = 6.9 Hz); '^C NMR (75.5 MHz, acetone-Jg) S 133.2, 133.2,

120.0, 119.9, 119.0, 118.8, 52.9, 52.8, 37.2, 37.1, 29.1, 29.0, 28.9, 28.7, 23.6, 23.6, 14.4; EIMS

[m/z{%)] 300(M^, 72), 243(89), 239(100); HRMS (EI) calcd for C20H32N2: 300.2565; found

300.2561.
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2,9-Diisopropyl-l,23,4,7,8,9,10-octahydro-l,10-phenanthroIine(62i)

According to the Typical Procedure, a solution of 61d (233 mg, 0.88

/ ^!

—

^ \ mmol) in glacial acetic acid (8 mL) and MeOH (2 mL) was treated with

)—NH HN—
<^

''^^ '"'''' NaBHsCN (233 mg, 3.71 mmol), and the reaction mixture was heated to

reflux. Three subsequent additions of NaBHsCN (233 mg each) were made every 2 hours over

6 hours total. Standard workup and column chromatography (silica gel, 94:5:1

hexanes:EtOAc:Et3N, Rf = 0.22) gave a diamine 62i (149 mg, 62%), a colourless solid, as an

unequal mixture of meso and rac stereoisomers; mp 49-50 °C (after column); IR (KBr) Vmax 3352,

3041, 2959, 2915, 2873, 2836, 1586, 1483, 1432, 1336, 1261 cm'; 'H NMR (300 MHz,

acetone-Jfi) <5 6.27 (s, 2H), 3.45 (b, 2H), 2.92 (b, 2H), 2.70-2.63 (m, 4H), 1.90-1.80 (m, 2H).

1.78-1.69 (m, 2H), 1.60-1.44 (m, 2H), 1.02 (d, 6H, / = 6.9 Hz), 0.98 (d, 6H, J = 6.6 Hz); '^C

NMR (75.5 MHz, acetone-^<5) S 133.6, 133.5, 120.2, 118.9, 118.8, 58.6, 58.5, 33.3, 33.1, 27.5,

27.4, 25.4, 25.3, 19.3, 19.0, 18.7, 18.4; EIMS [m/z(%)] 272(M^ 33), 229(79), 126(100), 98(90);

HRMS (FAB) calcd for CigHigNz: 272.2252; found 272.2242.

7-p-Trans-(N^-dimethylaniino)ethenyl-8-nitroquinoline(64)

According to a Uterature procedure,^^ a solution of 7-methyl-8-
/

-N

//~k__f~' ^ nitroquinoline (10.3 g, 0.055 mol) and DMFDMA (9.6 g, 0.066 mol) in

DMF (5 mL) was heated at 140 °C under argon for 7 days. The solution

was concentrated under reduced pressure, and the residue was washed with hexane (2x10 mL)

to afford 64 (12.7 g, 95%) as an orange sohd; mp 97-99 °C (Ut.''^ 98-100 °C); 'H-NMR (300
-63-
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MHz, CDCI3) 6 8.83 (dd, IH, Ar-H, J = 4.2, 2.4 Hz), 8.01 (dd, IH, Ar-H, J = 8.0, 2.0 Hz), 7.60

(dd, 2H, Ar-H, J = 25.7, 8.8 Hz), 7.28 (d, IH, Ar-H, J = 3.8 Hz), 7.08 (d, IH, Ar-CH, J = 12.4

Hz), 5.05 (d, IH, N-CH, 7= 13.6 Hz), 2.92 (s, 6H, 2CH3); EMS [m/z{%)] 243(M^ 15), 196(23),

129(18), 44(100).

8-Nitro-7-quinolinecarbaldehyde (65)

According to a literature procedure,^^ a solution of enamine 64 (6.4 g,

CHO
0.026 mol) and sodium periodate (17.0 g, 0.079 mol) was stirred in 50%

aqueous THF (300 mL) at rt for 3 h. The insoluble material was removed

by filtration and washed with EtOAc (100 mL). The organic layer was washed with H2O (3 x

50 mL), satd aqueous NaHCOs (2 x 100 mL) and dried over anhyd Na2S04 and filtered. The

solvent was removed under reduced pressure to provide 65 as a brown solid (4.5 g, 86%) which

was used without further purification; mp 172-174 °C (lit.^^ 172-174 °C); 'H-NMR (300 MHz,

CDCI3) 5 10.23 (s, IH, CHO), 9.12 (d, IH, Ar-H, J = 4.0 Hz), 8.32 (d, IH, Ar-H, J = 8.3 Hz),

8.09 (ABq, 2H, Ar-H), 7.68 (dd, IH, Ar-H, J = 8.5, 4.2 Hz); EIMS [m/z{%)] 202(M*, 54),

172(61), 128(100), 116(82).

8-Aimno-7-quinolinecarbaldehyde(66)

According to a literature procedure,^^ a mixture of nitroaldehyde 65 (4.5 g,

/;—CHO
// 0.022 mol), iron powder (9.3 g, 0.165 mol), cone HCl (2 drops) in EtOH,

NH2

HOAc and H2O (2:2:1, 230 mL) was refluxed for 45 min and then stirred

at rt for 1 h. The solution was filtered, diluted with water (200 mL), and extracted with EtOAc
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(4 X 100 mL). The organic layer was washed with H2O (3 x 100 mL), satd aqueous NaHCOa (2

X 100 mL), dried over anhyd Na2S04, filtered and concentrated under reduced pressure.

Column chromatography (siUca gel, CH2CI2, Rf = 0.18) gave 66 (2.62 g, 69%) as a yellow solid;

mp 96-98 °C (lit.^^ 97-100 °C); 'H-NMR (300 MHz, CDCI3) 8 10.00 (s, IH, CHO), 8.77 (d, IH,

Ar-H, J = 4.2 Hz), 8.04 (b, 2H, NH2), 8.03 (d, IH, Ar-H, J = 8.4 Hz), 7.54-7.48 (m, 2H, 2Ar-H),

6,99 (d, IH, Ar-H, 7 = 9.1 Hz); EIMS [m/zi%)] 172(M^, 100), 144(99), 128(4), 1 17(30).

8,9,10,ll-Tetrahydro-benzo[b][l,10]phenanthroline(67)

This compound was prepared by a modification of a literature

procedure. A solution of aminoaldehyde 66 (300 mg, 1.74 nmiol) and

cyclohexanone (167 mg, 1.74 mmol) in satd f-BuOK/f-BuOH (3 mL)

was heated to 100 °C in a sealed tube for 2.5 h. After cooUng to rt, the solvent was removed in

vacuo and the residue was taken up in CH2CI2 (10 mL). The organic phase was washed with

water (2x5 mL), brine, dried over anhyd Na2S04 and concentrated in vacuo. Column

chromatography (neutral alumina, 98:2 EtOAciEtsN, Rf = 0.50) gave the phenanthroUne 67 (343

mg, 1.47 mmol, 86%) as a yellow powder; mp 116-117°C (after column); 'H-NMR (300 MHz,

CDCI3) S 9.18-9.20 (m, IH), 8.22 (dd, J = 9.0, 1.5 Hz), 7.90 (s, IH), 7.70 (ABq, 2H), 7.59 (dd,

IH, J = 8.1, 4.5 Hz), 3.40 (t, 2H, J = 6.3 Hz), 3.05 (t, 2H, J = 6.3 Hz), 2.08-1.92 (m, 4H); EIMS

[m/z(%)] 234(M^, 100).

^'•'S ;'» :>'
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2^-(Bicyclo[2.2.1]heptanyl)-l,10-phenanthroline(68)

A solution of aminoaldehyde 66 (600 mg, 3.49 mmol) and

(+)-norcamphor^^ (386 mg, 3.50 mmol) in saturated t-BuOK/t- BuOH

(6 mL) was heated to 100 °C in a sealed tube for 5 h. After cooling to

rt, the solvent was removed in vacuo and the residue was taken up in CH2CI2 (20 mL). The

organic phase was washed with water (3x5 mL), brine, dried over anhyd Na2S04 and

concentrated in vacuo. Column chromatography (neutral alumina, 98:2 EtOAciEtsN, Rf = 0.43)

gave phenanthroline 68 (658 mg, 77%) as a pale yellow solid; mp >200 °C (after column,

sublimes) ; [ajo'^ = +78.4 (c = 1.0, CHCI3); IR (KBr) v^ax 2973, 2869, 1499, 1383 cm';

'H-NMR (300 MHz, CDCI3) S 9.21-9.19 (m, IH), 8.25 (dd, IH, 7 = 8.1, 1.0 Hz), 7.88 (s, IH),

7.75 (ABq, 2H), 7.59 (dd, IH, J = 8.1, 4.5 Hz), 3.89 (s, IH), 3.62 (s, IH), 2.17-2.09 (m, 2H),

2.02-1.98 (m, IH), 1.79-1.76 (m, IH), 1.54 (t, IH, J = 7.2 Hz), 1.36 (t, IH, J = 6.9 Hz); "C

NMR (75.5 MHz, CDCI3) 5 170.7, 149.8, 145.8, 143.6, 142.1, 136.0, 128.0, 127.7, 126.0, 126.2,

124.8, 122.1, 47.5, 45.6, 42.4, 27.1, 25.5; EIMS [m/z(%)] 246(M% 93), 218(100); HRMS (EI)

calcd for Ci7H,4N2: 246.1157; found 246.1158; Anal, calcd for C17H14N2: C, 82.91; H, 5.73;

found C, 82.67; H, 5.78.

(lR^S)-(+)-Nopinone (69)

According to a literature procedure, ^"^
(-)-p-pinene (12.6 mL, 79.6 mmol) was

dissolved in methanol (24 mL) and CH2CI2 (24 mL). The mixture was exhaustively

O
ozonized at -78 °C in a dry ice/acetone bath. The flask was flushed with argon and

treated with excess dimethyl sulphide (30 mL) at -78 °C. The flask was allowed to warm to
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ambient temperature over 1.5 h until the peroxide test was negative. The volatiles were

removed under reduced pressure. The resulting yellow oil was treated with ether (10 mL), then

5% aqueous FeS04 (20 mL) and stirred at rt for 10 min. The organic layer was removed, and

the aqueous layer was extracted with ether (2 x 10 mL). The combined organic layers were

washed with satd aqueous NaHCOa, dried over anhyd Na2S04, filtered and concentrated under

reduced pressure to afford a red liquid. Vacuum distillation (bp 24-28 °C, 0.2 mmHg) of the

crude material furnished (-i-)-nopinone 69 (6.36 g, 58%) as a pale yellow oil; [a]^^D +35.6 (c 4.0

MeOH) [lit.^^ [a]^^D +36.5 (c 4.0 MeOH)]; IR (KBr, neat) v^ax 2950, 1712 cm'^ ^H-NMR (300

MHz, CDCI3) 5 2.53-2.45 (m, 3H), 2.33-2.18 (m, 2H), 2.01-1.91 (m, 2H), 1.52 (dd, IH, 7= 9.9,

2.4 Hz), 1 .08 (s, 3H, exo CH3), 0.80 (s, 3H, endo CH3).

(l/f,55)-(2^,-6)-Pineno-l,10-phenanthroline (70)

This compound was prepared by a modification of the procedure of

\) Thummel.^^ A solution of aminoaldehyde 66 (1.00 g, 5.81 mmol) and

(+)-nopinone (803 mg, 5.81 mmol) in saturated r-BuOK/r-BuOH (10 mL)

was heated to 100 °C in a sealed tube for 5 h. After cooling to rt, the solvent was removed in

vacuo and the residue was taken up in CH2CI2 (20 mL). The organic phase was washed with

water (3 x 10 mL), brine, dried over anhyd Na2S04 and concentrated in vacuo. Column

chromatography (neutral alumina, 60:40 hexanesiEtOAc Rf = 0.18) gave phenanthroline 70 (1.35

g, 85%) as a pale yellow solid; mp 167-169 °C (after column, lit.^^ 168-170°C); [alo^* = +78.4 (c

= 1.0, CHCI3), IR (KBr) Vmax 2973, 2869, 1499, 1383 cm"'; 'H-NMR (300 MHz, CDCI3) 6

9.18-9.16 (m, IH), 8.24-8.21 (m, IH), 7.95 (s, IH), 7.73 (ABq, 2H), 7.57 (dd, IH, 7 = 8.1, 4.5
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Hz), 3.62 (t, IH, J = Hz), 3.20 (s, 2H), 2.85-2.82 (ra, IH), 2.43-2.41 (m, IH), 1.48 (s, 3H), 1.41

(d, IH, y = 9.9 Hz), 0.73 (s, 3H).

l,2^,4,7,7a,8,9,10,ll,lla,12-Dodecahydro-benzo[i>][l,10]phenanthroline(72)

According to the Typical Procedure, a solution of 67 (117 mg, 0.50

mmol) in glacial acetic acid (3.5 mL) and MeOH (1.5 mL) was treated

with NaBHaCN (117 mg, 1.86 mmol), and the reaction mixture was

heated to reflux. Three subsequent additions of NaBHaCN (117 mg each) were made every 2

hours over 6 hours total. Standard workup and column chromatography (silica gel, 90:10

hexanes:EtOAc, Rf = 0.33) gave diamine 72 (66 mg, 54%), a pale yellow solid, as a mixture of

syn and and isomers; mp 95-105 °C (after column); IR (KBr) Vmwc 3345, 3033, 2921, 2851, 1581,

1487, 1433 cm"'; 'H NMR (6(X) MHz, acetone-rfg, major diastereomer as determined by HSQC)

S 6.26 (s, 2H), 3.73 (b, IH), 3.49 (b, IH), 3.26-3.22 (m, 2H), 2.84-2.80 (m, IH), 2.73 (td, IH, 7 =

10.8, 3.6 Hz), 2.63 (t, 2H, J = 6.6 Hz), 2.52 (dd, IH, J = 15.6, 5.4 Hz), 2.36 (dd, IH, J = 16.2,

11.4 Hz) 1.99-1.96 (m, IH), 1.81-1.70 (m, 5H), 1.40-1.31 (m, 4H); '^C NMR (150.9 MHz,

acetone-Jg, major diastereomer as determined by HSQC and DEPT) S 133.2, 132.8, 119.9, 119.8,

119.0, 118.7, 57.2, 43.0, 38.6, 35.6, 34.3, 32.9, 27.9, 26.8, 25.6, 23.3; EMS [m/z(%)] 242(M^

100); HRMS (EI) calcd for C,6H22N2: 242.1783; found 242.1777.

Reduction of norcamphor adduct 68

According to the Typical Procedure, a solution of 68 (96 mg, 0.39 mmol) in glacial acetic acid (4

mL) and MeOH (1 mL) was initially treated with NaBHsCN (96 mg 1.53 mmol), and the
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reaction mixture was heated to reflux. Three subsequent additions of NaBHsCN (96 mg each)

were made every 2 hours over 6 hours total. Standard workup and column chromatography

(silica gel, 9:1 hexanes:EtOAc) gave, sequentially, tetrahydrophenanthroUne 73 (32 mg, 33%, Rf

= 0.30) and octahydrophenanthroUne 74 (27 mg, 27%, Rf = 0. 16).

73: pale yellow solid; mp 95-96 °C (after column); [a]u^ = +79 (c = 1.0,

acetone); IR (KBr) v„utx 3404, 3048, 2936, 2923, 2868, 2812, 1517, 1490,

1335 cm"'; 'H NMR (600 MHz, acetone-Jg) d 7.64 (s, IH), 6.99 (d, IH,

y = 8.4 Hz), 6.85 (d, IH, J = 8.4 Hz), 6.02 (b, IH), 3.50-3.47 (m, 3H), 3.35 (b, IH), 2.84 (t, 2H, J

= 6.6 Hz), 2.05-2.02 (m, 2H), 1.98 (quin, 2H, J = 6.0 Hz), 1.83-1.81 (m, IH), 1.70 (d, IH, / = 9.0

Hz), 1.32-1.27 (m, 2H); '^C NMR (150.9 MHz, acetone-Je) S 167.6, 141.7, 139.9, 136.1, 128.2,

127.4, 126.2, 116.1, 113.9, 47.3, 46.0, 42.9, 41.9, 28.2, 27.7, 26.5, 22.9; EIMS [m/z{%)] 250(M^

100), 221(21); HRMS (EI) calcd for C17H18N2: 250.1470; found 250.1475.

74: colourless glass; [a]^^ = -37.9 (c = 0.71, acetone); IR (KBr) v^ax

^ 3423, 3033, 2941, 2870, 1093 cm''; ^H NMR (300 MHz, acetone-J^) S

6.34 (d, IH, J = 7.8 Hz), 6.27 (d, IH, J = 7.8 Hz), 4.03 (b, IH), 3.31 (dd,

IH, J = 10.3, 3.0 Hz), 3.28-3.22 (m, 2H), 2.84 (b, IH), 2.68 (t, 2H, J = 6.5 Hz), 2.41 (dd, IH, J =

13.4, 6.4 Hz), 2.29-2.22 (m, 2H), 2.15-2.10 (m, 2H), 1.92-1.86 (m, IH), 1.80 (quin, 2H, J = 5.2

Hz), 1.68-1.64 (m, IH), 1.48-1.47 (m, IH), 1.39-1.37 (m, IH), 1.33-1.28 (m, IH), 1.25-1.18 (m,

IH); '^C NMR (150.9 MHz, acetone-rfg) d 136.0, 132.5, 125.2, 120.9, 119.4, 117.8, 57.4, 43.20,

43.18, 41.8, 41.3, 38.8, 28.4, 28.1, 23.6, 23.4, 21.0; EMS [m/z{%)] 254(M% 100), 185(44),
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84(80); HRMS (EI) calcd for C17H22N2: 254.1783; found 254.1781.

Reduction of nopinone adduct 70 r

According to the Typical Procedure, a solution of 70 (100 mg, 0.36 mmol) in glacial acetic acid

(4 mL) and MeOH (1 mL) was initially treated with NaBHaCN (100 mg 1.59 mmol), and the

reaction mixture was heated to reflux. Three subsequent additions of NaBHsCN (100 mg each)

were made every 2 hours over 6 hours total. Standard workup and column chromatography

(silica gel, 95:5 hexanes:EtOAc) gave, sequentially, tetrahydrophenanthroline 75 (35 mg, 34%,

Rf = 0.21) and octahydrophenanthroline 76 (24 mg, 23%, Rf = 0.07).

75: off-white solid; mp 155-157 °C (after column); [a]'^D +23.0 (c 1.0,

CHCI3); IR (KBr) Vmax 3407, 2968, 2951, 2927, 2833, 1568, 1514,

1489, 1381, 1348, 1325 cm"'; 'H NMR (300 MHz, acetone-Jg) S 7.73

(s, IH), 6.99 (d, IH, y = 8.1 Hz), 6.84 (d, IH, 7 = 8.1 Hz), 6.03 (b, IH), 3.49-3.45 (m, 2H),

3.09-3.08 (m, 2H), 3.02 (t, IH, J = 5.4 Hz), 2.86-2.75 (m, 2H), 2.39-2.33 (m, IH), 2.02-1.94 (m,

2H), 1.44 (s, 3H), 1.30 (d, 2H, J = 9.6 Hz), 0.65 (s, 3H); '^C NMR (75.5 MHz, acetone-J6) S

164.1, 141.4, 135.2, 134.5, 128.7, 128.4, 127.6, 116.0, 113.1, 51.9, 41.8, 41.0, 40.1, 31.6, 31.3,

27.7, 26.4, 22.8, 21.7; EIMS [m/z{%)] 278(M*, 100); HRMS (EI) calcd for C,9H22N2:

278.1783 ;found 278.1787.

76: off-white solid; mp 103-105 °C (after column); [a]\ -73.0 (c =

1.0, acteone); IR (KBr) 0^ 3421, 3298, 2933, 2856, 1473 cm"'; 'H
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NMR (300 MHz, acetone-Jfi) S 6.36 (d, IH, / = 7.5 Hz), 6.27 (d, IH, J = 7.5 Hz), 4.00-3.50 (b,

2H), 3.51 (dd, IH, J = 9.6, 4.4 Hz), 3.23 (m, 2H), 2.75 (dd, IH, / = 13.7, 7.0 Hz), 2.67 (t, 2H, J =

6.6 Hz), 2.60-2.20 (m, 5H), 1.94 (m, IH), 1.79 (quin, 2H, 7= 5.5 Hz), 1.66 (dd, IH, / = 13.8, 8.4

Hz), 1.32 (d. IH, / = 8.6 Hz), 1.21 (s, 3H), 1.04 (s, 3H); "C NMR (150.9 MHz, acetone-rfg) S

136.8, 132.4, 124.2, 120.7, 119.6, 117.7, 59.5, 47.3, 43.1, 42.5, 39.2, 34.7, 34.4, 30.6, 28.5(2C),

28.1, 23.4, 23.3; EIMS [ni/z{%)] 282(M\ 100), 278(49), 211(39); HRMS (EI) calcd for C19H26N2:

282.2096 ;found 282.2093.

Benzimidazolium tetrafluoroborate (79)

A solution of diamine 74 (77 mg, 0.30 mmol) in (EtO)3CH (10 mL) was

H

treated with NH4BF4 (32 mg, 0.30 mmol). A reflux condenser was

attached and the mixture was stirred at 80 °C under argon for 13 h.

After cooling to rt, ether (10 mL) was added to induce precipitation of the product, which was

collected by Biichner filtration on medium porosity (slow-flow) filter paper. After washing

with ether, the product was dried thoroughly under high vacuum to give 79 (78 mg, 74%) as a

colourless solid; mp 62-63 °C (precipitated from EtiO); [a]D^^ = +22.4 (c = 0.58, CHCI3); IR

(KBr) v„,ax 3134, 2295, 2922, 2870, 1510, 1084 cm"^ 'H NMR (600 MHz, CDCI3) d 9.33 (s,

IH), 7.28 (d, IH, J = 7.4 Hz), 7.26 (d, IH, J = 8.0 Hz), 4.91 (dd, IH, J = 10.5, 5.4 Hz), 4.68-4.60

(m, 2H), 3.21 (dd, IH, J = 18.9, 9.7 Hz), 3.09-3.05 (m, 3H), 2.99-2.95 (m, 2H), 2.44-2.42 (m,

IH), 2.42-2.35 (m, 2H), 1.84 (d, IH, J = 9.9 Hz), 1.65 (d, IH, J = 10.3 Hz), 1.42-1.31 (m, 2H),

1.14-1.09 (m, IH). 0.34-0.29 (m, IH); '^C NMR (150.9 MHz, CDCI3) d 138.3, 127.4, 127.2,

124.4, 123.9, 122.3, 121.2, 55.5, 45.0, 43.4, 43.3, 38.7, 36.8, 22.7 (2C), 22.2, 21.8, 21.7; FARMS
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[m/z{%)] 265(M-BF4", 100); HRMS (FAB) calcd for CgHziNz: 265.1705; found 265.1691.

Benzimidazolium chloride (81)

A solution of diamine 76 (40 mg, 0.14 mmol) in (EtO)3CH (3 mL) was

treated with concentrated HCl solution (12 mL, 0.14 mmol). A reflux

^^ condenser was attached and the mixture was stirred at 80 °C under argon

for 15 h, after which the condenser was removed and heating was continued in air for an

additional 2 h. After cooling to room temperature, the solvent was carefully decanted off and

the precipitated residue washed repeatedly with Et20 and dried thoroughly under high vacuum to

give 81 (39 mg, 81%) as a hygroscopic amorphous solid foam; mp >250 °C (precipitated from

Et20); [ajo'^ <1 (c = 0.5, acetone); IR (KBr) O;«„3088, 2994, 2917, 2866, 1634, 1509, 1470,

1329 cm"'; 'H NMR (600 MHz, acetone-^g) S 11.59 (b, IH), 7.40 (d, IH, J = 7.0 Hz), 7.35 (d,

IH, 7 = 7.1 Hz), 5.25 (b, IH), 4.86 (b, IH), 4.63 (b, IH), 3.42-3.36 (m, 3H), 3.10 (m, 2H), 2.93

(d, IH, J = 15.9 Hz), 2.42-2.39 (m, 2H), 2.32 (b, IH), 2.19 (quin, IH, J = 7.6 Hz), 1.97 (b, IH),

1.91 (d, IH, y = 10.5 Hz), 1.68 (t, IH, J = 13.1 Hz), 1.27 (s, 3H), -0.05 (s, 3H); '^C NMR (150.9

MHz, acetone-rffi) S 128.8, 128.4, 125.4, 124.8, 124.1, 122.2, 58.3, 46.0, 45.7, 41.9, 40.4, 32.4,

27.9, 27.7, 27.6, 26.0, 24.1, 23.6, 19.1; FABMS [m/z(%)] 293(M-Cr, 100); HRMS (FAB) calcd

for C20H25N2: 293.2018 ; found 293.2075.

Thiourea 80

A flame-dried 25 mL round-bottomed flask under argon was charged

with tetrafluoroborate 79 (20 mg, 0.057 mmol), sodium hydride (3.7 mg,
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60% dispersion in mineral oil, 0.091 mmol) and Sg (1.8 mg, 0.057 mmol). Dry THF (2 mL) was

added, and the resulting suspension was stirred at ambient temperature for 45 min. The

reaction mixture was worked up with water (2 mL), and the product extracted with Et20 (3x2

mL). The combined organic layers were washed with water (2 mL), brine (2 mL), dried over

anhyd Na2S04, filtered and concentrated in vacuo. Column chromatography (silica gel, 5:1

hexanes:EtOAc, Rf = 0.34) gave 80 (10.5 mg, 63%) as a colourless powder; mp 156-158 °C

(after column); [a]% +130.7 (c = 0.82, CHCI3); X-Ray analysis was performed on a pale yellow

prism fragment (0.30 x 0.27 x 0.19 mm) which was obtained by crystallization from MeOH:

C18H20N2S: M = 296.42 g/mol, tricUnic, Pi, a = 9.067(5) A, b = 9.5590(6) A, c = 10.3151(6) A, a

= 63.723(1)°, p = 65.662(1)°, y = 76.558(1)°, V = 729.03(7) A^ Z = 2, Dc = 1.350 g/cm^ F(OOO)

= 316, T = 295(2) K. Data were collected on a Bruker APEX CCD system with graphite

monochromated Mo Ka radiation (k = 0.71073 A); 6057 data were collected. The structure was

solved by Patterson and Fourier (SHELXTL) and refined by full-matrix least squares on F^

resulting in final R, Rw and GOF [for 3294 data with F > 2a(F)] of 0.0648, 0.01083 and 1.934,

respectively; IR (thin film, NaCl) u^ 2951, 2875, 1493, 1406, 1365 cm"'; 'H NMR (300

MHz, CDCI3) S 6.89 (d, IH, J = 7.8 Hz), 6.85 (d, IH, J = 7.5 Hz), 4.50 (dd, IH, J = 10.5, 3.9 Hz),

4.15-4.02 (m, 2H), 3.60 (s, IH), 3.05-2.77 (m, 5H), 2.32 (s, IH), 2.26-2.16 (m, 2H), 1.72 (d, IH,

J= 10.2 Hz), 1.54 (d, IH, J = 10.2 Hz), 1.32-1.21 (m, 3H), 0.63-0.55 (m, IH); '^C NMR (75.5

MHz, CDCI3) S 166.6, 128.2, 128.0, 120.1, 119.5, 117.5, 117.3, 53.6, 44.0, 41.6, 40.1, 38.4, 37.4,

23.3, 23.0, 22.8, 22.2, 21.7; EIMS [m/z(%)] 296(M^ 100); HRMS (EI) calcd for C18H20N2S:

296.1347; found 296.1355. •
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Thiourea 82

A flame-dried 25 mL round-bottomed flask under argon was charged

with vacuum-dried salt 81 (72 mg, 0.22 mmol), sodium hydride (13.8

S mg, 60% dispersion in mineral oil, 0.35 mmol) and Sg (7.1 mg, 0.22

mmol). Dry THF (7 mL) was added, and the resulting suspension was stirred at ambient

temperature for 2.5 h. The reaction mixture was worked up with water (3 mL), and the product

extracted with Et20 (3x3 mL). The combined organic layers were washed with water (2 mL),

brine (2 mL), dried over anhyd Na2S04, filtered and concentrated in vacuo. Column

chromatography (silica gel, 5:1 hexanesrEtOAc, Rf = 0.35) gave 82 (38.3 mg, 54%) as a clear

colourless glass; [a]\ +125 (c = 0.5, CHCI3); IR (NaCl, thin film) O;^ 2997, 2937, 1493, 1373,

1352 cm'; 'H NMR (300 MHz, CDCI3) S 6.88 (ABq, 2H), 4.81 (dd, IH, 7 = 7.2, 5.4 Hz), 4.30 (q,

IH, J = 5.7 Hz), 4.05 (t, 2H, J = 5.7 Hz), 3.24-3.12 (m, IH), 3.06-2.98 (m, IH), 2.93-2.80 (m,

2H), 2.68 (d, IH, 7 = 16.2 Hz), 2.33-2.26 (m, IH), 2.22-2.03 (m, 3H), 1.97-1.91 (m, IH),

1.80-1.68 (m, 2H), 1.25 (s, 3H), 0.17 (s, 3H); '^C NMR (75.5 MHz, CDCI3) S 166.3, 129.1,

128.0, 120.3, 120.0, 117.7, 117.1, 57.0, 41.8, 41.5, 40.6, 39.0, 32.6, 28.1, 27.6 (2C), 25.2, 23.3,

22.9, 18.8; EMS [m/zi%)] 324(M^ 95), 291(75), 203(100); HRMS (EI) calcd for C20H24N2S:

324.1660; found: 324.1653.

NHCPdIiPPha (84)

To a well stirred suspension of Pd dimer 83 (50 mg, 0.045 mmol) in dry

-N N^ CH2CI2 (1 mL) was added 2 equiv of PPha (25 mg, 0.094 mmol) at rt under

I
^ Argonatmosphere. The mixture changed from a brown suspension to a
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transparent brown solution within seconds. The reaction mixture was stirred at rt for an

additional 10 min. Removal of the solvent in vacuo afforded 84 (73 mg, 100%) as a greenish

brown soUd; mp >250 °C (after removing the solvent); IR (KBr) v^ax 3049, 2944, 1480, 1434,

1397, 696 cm-'; 'H-NMR (600 MHz, CD2CI2) 6 7.61 (dd, 6H, 7 = 1 1.4, 7.8 Hz), 7.41 (t, 3H, J =

7.2 Hz), 7.30-7.27 (m, 6H), 6.88 (s, 2H), 4.45-4.41 (m, 2H), 3.77-3.73 (m, 2H), 2.86-2.82 (m,

2H), 2.74-2.96 (m, 2H), 2.16-2.10, (m, 2H), 1.94-1.90 (m, 2H); '^C NMR (150.9 MHz, CD2CI2)

5 169.4, 134.3 (d, J = 12.1 Hz), 131.4 (d, 'yi3c.3ip= 49.8 Hz), 130.89 (d, Vi3c-3ip= 1.5 Hz),

130.86, 128.2 (d, J = 10.6 Hz), 120.2, 111.0, 45.2, 22.9, 22.8, FABMS [m/z (%)] 693(-I, 24),

566(-2I, 4), 432(-PPh3, 23), 294(100); HRMS (FAB) calcd for C3iH29lN2PPd^: 693.0147; found:

693.0173.

Bridged palladium iodide NHC dimer (85)

An oven-dried 5 mL round-bottomed flask fitted with a reflux

condenser was charged with benzimidazolium chloride 81 (11

mg, 0.033 mmol), Pd(0Ac)2 (8 mg, 0.03 mmol) and KI (28

// mg, 0.17 mmol). The apparatus was entirely flushed with

argon before dry THE (2 mL) was added by syringe. The

resulting yellow suspension was stirred at reflux (80 °C) for 2.5 h, during which time the colour

changed to dark brown with black particulates. The mixture was cooled to room temperature

and CH2CI2 (4 mL) was added. The organic layer was washed with water (3x3 mL), brine,

and dried over anhyd Na2S04. Gravity filtration gave a dark brown solution. The solution

was concentrated in vacuo and redissolved in a minimum amount of CH2CI2 (0.5 mL). Pentane

-75-



1:; \:



(~4 mL) was added to induce precipitation of the product. The mother liquid was decanted, and

the solid was washed 3 times with pentane, and collected by decanting off the solvent. The

solid was dried under high vacuum to give 85 (16 mg, 73%), a dark brown powder as a mixture

of stereoisomers; mp >250 °C (CH2Cl2/pentane), IR (KBr) v^ax 2913, 1476, 1384 cm"'; 'H-NMR

(600 MHz, CDCI3) 5 6.98 (ABq, 4H), 5.81-4.51 (m, 8H), 3.31-3.28 (m, 2H), 3.18-3.15 (m, 2H),

2.99-2.96 (m, 4H), 2.82 (d, 2H, 7.59 7 = 16.8 Hz), 2.62-2.52 (m, 2H), 2.35-2.22 (m, 5H),

2.03-2.86 (m, 7H), 1.55 (s, 6H), 0.25 (s, 6H); '^C NMR (150.9 MHz, CDCI3) 5 160.8, 132.0,

130.8, 121.2, 120.7, 119.9, 118.9, 58.7, 48.3, 47.6, 45.7, 41.6, 39.4, 33.3, 27.5, 213, 11. \, 26.4,

23.4, 19.9; FABMS [m/z (%)] 1 179(-1, 5), 293(100). . ^

Nopinone based NHCPdl2PPh3 (86)

To a well stirred solution of Pd dimer 85 (54 mg, 0.042 mmol) in dry

CH2CI2 (2 mL) at rt under argon was added PPhs (22 mg, 0.084 mmol).

The reaction mixture was stirred at rt for 1 h and the solvent was

removed in vacuo. Column chromatography (silica gel, 70:26:4

hexanes:CH2Cl2:MeOH, Rf = 0.07) gave 86 (19.4 mg, 25%) as a yellow soHd; mp 185-187 °C

(after column); [a]^°D +118.8 (c = 0.16, CHCI3); IR (KBr) v^ax 3422, 2919, 1434, 695 cm"';

'H-NMR (600 MHz, CDCI3) 5 7.51-7.46 (m, 6H), 7.30 (t, 3H, J = 7.2 Hz), 7.16 (m, 6H), 6.85 (d,

IH, J = 7.2 Hz), 6.81 (d, IH, J = 7.2 Hz), 4.98-4.94 (m, IH), 4.44 (q, IH, J = 5.4 Hz), 4.10 (dd,

IH, / = 8.4, 5.4 Hz), 4.07-4.04 (m, IH), 2.93 (m, IH), 2.83-2.78 (m, 2H), 2.57-2.54 (m, 2H),

2.48 (m, IH), 2.29 (m, IH), 2.10 (m, IH), 2.06 (m, IH), 1.92 (q, IH, 7 = 4.8 Hz), 1.74 (t, IH, 7 =

7.8 Hz), 1.64 (d, IH, J = 10.2 Hz), 1.41 (s, 3H), 0.33 (s, 3H); '^C NMR (150.9 MHz, CDCI3) 5
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169.5, 135.3 (d,/= 10.6 Hz), 132.1 (d,/= 10.6 Hz), 130.6, 128.0 (d, 7= 10.6 Hz), 120.5, 120.3,

119.5, 118.2, 57.3, 47.5, 45.6, 41.6, 39.4, 33.8, 27.4, 26.7, 26.6, 25.9, 23.2, 23.1, 20.0; FABMS

[An/z (%)] 914 (M^ 5.6) 787(-I, 80), 293(100). .::

(-)-(3S,5S)-Diphenyl-l,2,3,5,6,7-hexahydro-3a-aza-cyclopenta[def]phenanthren-4a-

azonium chloride (87) , .

A stirred solution of diamine (-)-62f (48 mg, 0.14 mmol) in (EtO)3CH (4

© / mL) was treated with cone HCl solution (12 |J,L, 0.14 mmol) under argon,

CI® Ph
and heated to 80 °C. After 1 h the septum was removed and the mixture

heated at 80 °C for an additional 2 h, then cooled to ambient temperature. Et20 (6 mL) was

added to induce precipitation of the product, which was collected on a Hirsch funnel, washed

with cold ether and dried under high vacuum to give 87 (41 mg, 75%) as a beige powder; mp

244-245 °C (precipitated from Et20); [ajo'^ = -205 (c = 1.0, CHCI3); IR (KBr) v„^ 3155, 3035,

2926, 2854, 1629, 1499, 1454, 1175 cm"; 'H NMR (600 MHz, CDCI3) S 9.46 (s, IH), 7.48-7.23

(m, 12H), 6.28 (b, 2H), 3.20-3.18 (m, 2H), 3.08-3.05 (m, 2H), 2.66 (b, 2H), 2.52 (b, 2H); '^C

NMR (150.9 MHz, CDCI3) S 138.7, 136.8, 129.5, 129.3, 128.3, 127.0, 124.6, 123.0, 60.0, 31.9,

21.7; FABMS [m/zi%)] 351(M-Cr, 100), HRMS (FAB) calcd for C25H23N2: 351.1861; found

351.1807
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2,9-Diphenyl octahydrophenanthroline based NHCPdIiPPha (88)

An oven-dried 10 mL round-bottomed flask fitted with a reflux condenser

pj^' N/ Y^ was charged with benzimidazolium chloride 87 (20 mg, 0.05 mmol),

l-Pd-l

PPhg Pd(OAc)2 (12 mg, 0.05 mmol) and KI (43 mg, 0.26 mmol). The

apparatus was entirely flushed with argon before dry THF (3 mL) was added by syringe. The

resulting yellow suspension was stirred at reflux (80 °C) for 2.5 h, during which time the colour

changed to dark brown. The mixture was cooled to rt and CH2CI2 (5 mL) was added. The

organic layer was washed with water (3x5 mL), brine, and dried over anhyd Na2S04. Gravity

filtration gave a dark brown solution. The solution was concentrated in vacuo and redissolved

in a minimum amount of CH2CI2 (0.5 mL). Pentane (~4 mL) was added to induce precipitation

of the product. The solvent was carefully decanted off and the precipitated residue washed

repeatedly with pentane and dried thoroughly under high vacuum. This crude material was

dissolved in dry CH2CI2 (1 mL), to which was added PPha (7 mg, 0.03 mmol) under argon. The

reaction mixture was stirred at rt for 0.5 h and the solvent was removed in vacuo. Column

chromatography (sihca gel, 85:14:1 EtOAc:CH2Cl2:MeOH, Rf = 0.19) gave 88 (26 mg, 53%) as

a yellow solid; [a]^°D -266.7 (c = 0.12, CHCI3); mp >250 °C (CH2CI2); IR (KBr) v^ax 3447,

2921, 1435, 694 cm"^ 'H-NMR (300 MHz, CDCI3) 5 7.39-7.27 (m, 20H), 7.25-7.24 (m, IH),

7.15-7.13 (m, 4H), 7.01 (s, 2H), 6.34 (t, 2H, J = 3.9 Hz), 2.86-2.83 (m, 4H), 2.54-2.50 (m, 2H),

2.41-2.35 (m, 2H); '^C NMR (150.9 MHz, CDCI3) 6 170.6 (d, 7 = 187.1 Hz), 139.8, 135.2 (d, J =

10.6 Hz), 132.5 (d, '7i3c.3ip= 43.8 Hz), 131.6, 129.9, 128.4, 127.8, 127.6, 127.5 (d, 7 = 9.1 Hz),

120.34, 120.30, 60.0, 31.6, 20.1; FABMS [m/z (%)] 972(M^2.7), 845(-L 26), 351(100); HRMS

(FAB) calcd for C43H36lN2PPd: 844.0693; found: 844.0696.
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[2,2']Bi[bicyclo[2.2.1]heptyl]-3-yI-trichIoro-silane(90)

gjQI
To a flame dried 5 mL round-bottomed flask was added norbomylene 89

(500 mg 5.31 mmol) and bridged palladium iodide NHC dimer 83 (6 mg,

0.0053 mmol). The apparatus was entirely flushed with argon and cooled to

°C before HSiCls (0.7 mL, 6.6 mmol) was added by syringe. The reaction mixture was then

warmed to room temperature and stirred over 20 h. The excess HSiCls was removed in vacuo.

The residue was filtered through Celite and washed with Et20. The filtrate was concentrated to

give 90 (761 mg, 50%) as a brownish clear oil; IR (film) Vmax2953, 2871 cm"'; 'H-NMR (300

MHz, CDCI3) 6 2.82 (s, IH), 2.46 (s, IH), 2.27-2.19 (m, 2H), 1.73-1.48 (m, 9H), 1.36-1.05 (m,

8H); '^C NMR (75.5 MHz, CDCI3) 6 55.5, 45.3, 44.3, 40.8, 40.5, 40.3, 36.8, 35.5, 35.3, 32.8,

30.0, 29.7, 29.0, 22.5; EMS [/n/z(%)] 322(M% 2), 227(5), 189(4), 95(100).

[2^']Bi[bicyclo[2.2.1]heptyl]-3.oI(91)

Ql^
To a mixture of trichlorosilane 90 (739 mg, 2.3 mmol), KF (800 mg, 13.7

mmol) and KHCO3 (2.06 g, 20.6 mmol) was added THF (10 mL) and MeOH

(lOmL). The resulting suspension was cooled to °C and treated with 35%

aqueous H2O2 (6 mL) dropwise. The reaction mixture was warmed to rt and stirred overnight.

Satd aqueous Na2S03 was added, which was diluted with H2O (-30 mL). The aqueous phase

was extracted with Et20 (4 x 30 mL). The combined organic layers were washed with H2O (2

X 15 mL), brine, and dried over anhyd Na2S04 and filtered. Evaporation of solvent gave 91

[503 mg, 46% (overall yield from norbomlyene)] as a white solid; mp 58-60 °C (after removing

the solvent); IR (KBr) Vmax3293, 2942, 2868, 1452, 1056 cm"'; 'H-NMR (300 MHz, CDCI3) 6
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3.85-3.53 (m, IH), 2.57 (b, IH), 2.27-0.97 (m, 20H); '^C NMR (75.5 MHz, CDCI3) 5 55.4, 44.8,

41.6, 40.8, 40.2, 39.2, 39.0, 37.2, 35.5, 32.8, 30.3, 29.9, 29.0, 23.9; EIMS [m/z(%)] 206(M^ 23),

188(21), 95(100); HRMS (EI) calcd for C14H22O: 206.1671; found: 206.1670.

2-Phenylpropionyl chloride (100)

This compound was prepared according to a literature procedure.^^ To a

O

CI well stirred solution of racemic 2-phenylpropanoic acid (2.85 g, 19 mmol) in

benzene (2.8 mL) was added thionyl chloride (3.73 g, 31 mmol). The

mixture was stirred at room temperature for 30 min and then warmed to reflux (70 °C) for 2.5 h.

The benzene and excess thionyl chloride were removed by distillation at 1 atm to leave a dark red

oil. Vacuum distiUation (bp 60-65 °C, 10 mmHg; Ut.^^ 118-121 °C, 23 Torr) gave the acid

chloride 100 (2.84 g, 89%) as a Ught pink liquid; IR (KBr, neat) v^ax 3032, 2986, 1786, 1495,

1453, 920, 710 cm'; 'H-NMR (300 MHz, CDCI3) 6 7.42-7.29 (m, 5H), 4.13 (q, IH, J = 6.9 Hz),

1.60 (d,3H, 7 = 6.9 Hz).

2-Broino-Ar-methyIaniIine (102)

This compound was prepared according to a literature procedure.^^'^^ A

K,^ Me solution of 2-bromoaniline (101) (2.0 g, 11.6 mmol) in THF (10 mL) was\-^ N'
H

treated with BuLi (2.63 mL, 1.77 M solution in hexanes, 4.65 mmol) at -50

°C (CHCls/liq. N2). The reaction mixture was stirred for 30 min at this temperature then allowed

to warm to room temperature and stirring was continued for 45 min. The reaction mixture was

re-cooled to -50 °C and Mel (0.29 mL, 4.65 mmol) was added. After 15 min at this temperature,
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the mixture was allowed to warm up to room temperature and stirring was continued for 4.5 h.

After hydrolysis with water (20 mL) and extracting with EtOAc (3 x 30 mL), the combined organic

layers were washed with water (30 mL) and satd aqueous NaHCOs (30 mL), dried over anhyd

Na2S04, filtered and concentrated under reduced pressure. Column chromatography (siUca gel,

98:2 hexanesrEtOAc Rf = 0.24) gave 102 (0.74 g, 85%) as a pale yellow oil; IR (KBr, neat) v„ax

3420, 2908, 1599, 1513, 1319, 1019, 741 cm'; 'H-NMR (300 MHz, CDCI3) 5 7.43 (dd, IH, 7 =

7.8, 1.5 Hz), 7.28-7.21 (m, IH), 6.67-6.57 (m, 2H), 4.39 (b, IH), 2.92 (s, 3H).

A^-(2-BromophenyI)-A^-methyl-2-phenylpropanainide(93)

This compound was prepared according to a Uterature procedure.^^ To

,Ph a mixture of 2-Bromo-A^-methylaniline (102) (0.60 g, 3.2 mmol), EtaN^\'
(0.49 g, 4.8 mmol) and CH2Cl2(10.8 mL) in a 100 mL round-bottomed

flask was added acid chloride 100 (0.65 g, 3.9 mmol) dropwise by a pipette. The mixture was

allowed to stir at rt for 8 h. The reaction mixture was then diluted with EtiO (18 mL) and

quenched with 10% NaOH (12 mL). The organic layer was washed with brine (lOmL), dried

over anhydNa2S04, filtered, and concentrated at reduced pressure. Column chromatography

(siUca gel, 95:5 hexanes:EtOAc Rf = 0.20) gave 93 (0.90 g, 87%) as a colourless oil; IR (KBr,

neat) v^ax 1667cm"'; 'H-NMR (300 MHz, CDCI3) 5 7.70 (dd, IH, J = 8.0, 1.6 Hz, 0.7H), 7.56 (dd,

7= 8.1, 1.2 Hz, 0.3H), 7.43 (td, 7 = 7.8, 1.2 Hz, 0.3H), 7.35 (dd, 7 = 7.8, 1.8 Hz, 0.3H), 7.25-7.12

(m, IH, 3.8H), 7.03-6.99 (m, 0.3H), 6.97-6.94 (m, 2.3H), 6.69 (dd, 7 = 7.5, 1.8 Hz, IH), 3.53 (q,

7 = 6.9 Hz, 0.3H), 3.35 (q, 7 = 6.9 Hz, 0.7H), 3.18 (s, 0.9H), 3.16 (s, 2.1H), 1.43 (d, 7 = 6.6 Hz,

2.1H), 4.41 (d, 7 = 6.3 Hz, 0.9H); EIMS [m/z(%)] 238(M^-Br, 74), 214(24), 185(16), 155(2),
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132(4), 105(100), 77(22), 51(7).

General Procedure for the Synthesis of l^-Dimethyl-3-phenyloxindoIe (94)

General Procedure: In a flame dried 10 mL round-bottomed flask, Pd catalyst

^Q [Pd(OAc)2 or Pd(dba)2 0.032 mmol], and benzimidazolium salt (0.032 mmol)

^^ ,Ph

N
^ was combined 93 (100 mg, 0.32 mmol) under argon. The appropriate solvent

(3.2 mL) was added. The resulting mixture was allowed to stir at rt for 2 min. at which time

KO'Bu or NaO'Bu was added. The flask was placed in an oil bath at the appropriate

temperature for appropriate time (see Table 2). After this period, the reaction mixture was

poured into 8 mL of saturated aqueous NH4CI and extracted with EtiO (3 x 10 mL). The

combined organic layers were washed with brine (10 mL), dried over anhyd Na2S04, and filtered.

The solvent was removed under reduced pressure. Column chromatography (siUca gel, 85:15

hexanes:EtOAc Rf = 0.14) followed by preparative TLC gave 94 as a colourless oil; IR (KBr,

neat) v^ax 1714 cm'; 'H-NMR (300 MHz, CDCI3) 6 7.35-7.29 (m, 5H), 7.27-7.22 (m, IH),

7.20-7.18 (m, IH), 7.09 (td, IH, J = 7.5, 9.0 Hz), 6.91 (d, IH, J = 7.5 Hz), 3.24 (s, 3H), 1.79 (s,

3H); '^C NMR (75.5 MHz, CDCI3) 5 179.4, 143.2, 140.8, 134.8, 128.5, 128.1, 127.2, 126.6,

124.2, 122.8, 108.3, 52.1, 26.5, 23.8; EMS [m/zi%)] 237(M^ 100), 222(97), 208(16), 194(17),

178(6), 165(11), 152(6), 130(3), 117(5), 102(6), 91(7), 77(35), 51(12). HPLC analysis with a

chiral column (Chiral Daicel OD-H, 25 cm x 16 cm; hexane/i-PrOH = 98:2, UV-vis 254 nm)

gave two separate peaks (flow rate: 1.3 mL/min, ?r= 8.86 min, ts = 10.87 min). Reactions as

shown in Table 2, entry 8 gave gave 48% ee (HPLC), [a]^°D = -33.1° (c = 0.64, CH2CI2).
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