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Abstract

This thesis described two catalytic reactions: (1) Pd(II)-catalyzed ring-expansion of cyclic
2-azidoalcohols for synthesis of azaheterocycles; (2) Cu(ll)-catalyzed aerobic oxidation

of benzyl cyanides for synthesis of carboxylic acids.

In part I, a Pd(Il)-catalyzed ring expansion of cyclic 2-azidoalcohols was described to
synthesize azaheterocycles such as pyridine, isoquinoline, y-carboline and pyrrole
derivatives. This transformation was involved a sequence of an unprecedented C—C bond
cleavage and C—N bond formation as shown in Scheme 1.
- OH PdClz(d}EpCf)-ool?fcélzgif)mol %)
ji‘;}j""'Ns 2CO3 (1 eq _ \/Cij
R? CICH,CH,CI, 80 °C R2
1) C-C bond cleavage
2) C-N bond formation

Scheme 1. Pd(II)-catalyzed ring expansion of cyclic 2-azidoalcohols for synthesis of

pyridine derivatives.

In part II, a Cu(Il)-catalyzed aerobic oxidation of primary benzyl cyanides for synthesis
of corresponding aromatic carboxylic acids was developed. In this process, the C—H bond
oxygenation of benzyl cyanides occurred to generate the benzoyl cyanide intermediates,
which were hydrolyzed to provide the corresponding benzoic acids as shown in Scheme 2.
Compared to classical basic hydrolysis of nitriles by nucleophilic addition of hydroxyl
group to nitrile group, this oxidative hydrolysis of benzyl cyanides was initiated by
deprotonation at the C—H bond adjunct to the nitrile providing one-carbon shorter benzoic
acids. Moreover, this reaction has potential application to prepare ketone from the

secondary benzyl cyanide.



Cu(OAc), (20 mol %)
bpy (20 mol %) o

K2CO;3 (1 equiv) CO,H
% DMF or DMSO, 80 °C, O, R _ %

Scheme 2. Cu(Il)-catalyzed aerobic oxidation of benzyl cyanides for synthesis of

aromatic carboxylic acids.
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Chapter 1 General Introduction

Applications of metal-mediated C—C bond cleavage in organic synthesis

Transition metal—catalyzed C—C bond cleavage has attracted attention as a versatile tool
in organic synthesis.' Initially research on transition metal-mediated C—C bond cleavage
and its applications focused on stoichiometric reactions to synthesize organometallic
complexes.'? As research into C—C bond cleavage has advanced, more and more catalytic
reactions have been reported. The focus of this introductory chapter is to review typical
catalytic C—C bond cleavages, such as the direct oxidative addition of a C—C bond to
transition metals and transition metal-catalyzed -carbon elimination. Other typical C-C
bond cleavages, such as rearrangement of vinyl cyclopropanes (VCPs),® decarboxylation®

and retro-allylation’ are beyond the scope of this introduction.

1.1 Oxidative addition of a C—C bond to a transition metal

The transition metal-catalyzed direct cleavage of C—C bonds involving their oxidative
addition to low-valence metals (C—C + [M] — C—[M]—C) generally occurs in strained
carbocycles such as cyclopropyl and cyclobutyl skeletons.® Most studies of these
reactions indicate that they are driven by release of ring-strain energy in the 3- or
4-membered ring, generating 4- or 5-membered metallacycles, respectively.” In other
words, the ring-strained molecules in these catalytic reactions are converted into the

ring-opened or ring-expanded compounds.



Chirik reported the selective catalytic cleavage and functionalization of a C—C bond in
cyclopropane derivative 1.1 using RhCI(PPhs); as the catalyst (Scheme 1-1).® The
reaction produced compound 1.2 when conducted in air and compound 1.3 when
conducted in a hydrogen atmosphere. Initially, the sterically unhindered C-C bond in
molecule 1.1 underwent addition by RhCI(PPhs)s to generate the rhodacyclobutane [Rh™]
complex I. Subsequent B-hydride elimination and reductive elimination gave a branched

alkene derivative 1.2 that could be reduced to alkane derivative 1.3.

_ RhCI(PPh H,/[Rh!
B\/OSIM63 ( ok > )k/OSiMe3 L’ )\/OSiMeZ”
1.1 1.2 1.3

toluene, 130 °C
H, (4 atm)

lthI] T[ —Rh]l
2R B-H-elimination N
Rh OSiMe3
OSiMe;

II
Scheme 1-1. RhCI(PPhs)s-catalyzed cleavage and functionalization of a C—C bond in a

cyclopropane derivative.

Cyclobutanone derivatives can undergo a similar selective oxidative addition of a C-C
bond to transition metals, as recently demonstrated by Murakami and Ito. They reported
the production of ring-opened alcohol 1.5 in 47% yield from bicyclic cyclobutanones 1.4
through regioselective oxidative addition of a C—C bond to Rh' via the 5-membered

acylrhodium (II) intermediate I (Scheme 1-2).°

H o H O H
[Rh(cod)Cl]>-dppe H OH
- RAT | — 2 »
toluene, 140 °C H Me
Ph ; H, (50 atm), 47% Ph H Ph
1.4 I 1.5

Scheme 1-2. Rh(I)-catalyzed hydrogenolysis of cyclobutanones.



When the cyclobutanone carried an o-phenol group such as substrate 1.6 (Scheme 1-3), '
the six-membered lactones 1.7 and 1.8 were obtained via formation of the
five-membered acylrhodium species I followed by lactone formation to generate
intermediate II. This intermediate underwent reductive elimination to give lactone 1.7 or

consecutive B-hydride elimination and isomerization to give lactone 1.8.

5 mol % [Rh(cod),]BF,

RR lactone
12 mol % PCyPh, formation
> E———
(@]
1) OH m-xylene, 140 °C HO
1.6 76%, 1.7: 1.8 = 68: 32 I
Me
reductive
elimination
H~pplll >
Rh o o
] 1.7
o 1. B-hydride Me
elimination . N
o >
2. isomerization
1] o o
1.8

Scheme 1-3. Rh-catalyzed C-C bond cleavage of cyclobutanone to synthesize lactone.

When it carried an o-styryl group, the five-membered acylrhodium intermediate I
generated from compound 1.9 could undergo successive intramolecular insertion of olefin

and reductive elimination to give the bicycle[3.2.1]octanone 1.10 in 81% yield (Scheme

1-4)."



5 mol % [Rh(nbd)dppp]PFg

V 10 mol % BHT, m-xylene O
0o 1.9 135 °C, 90 min, 81% 1.10

oxidative reductive
addition elimination

olefin insertion

>

O

Rh

Il
nbd = 2,5-norbornadiene; dppp = Ph,PCH,CH,CH,PPh,;
BHT = 2,6-Di(tert-butyl)-4-methylphenol

Scheme 1-4. Intramolecular insertion of olefin into a C—C bond of cyclobutanone.

1.2 Oxidative addition of C-CN bond to transition metals

Insertion of transition metals into the C—CN bond has recently attracted much attention
because of its important potential applications in synthetic chemistry.'*"> C—CN bond
cleavage could be applied to the cross-coupling of benzonitriles with various nucleophiles

and to the carbocyanation of unactivated alkenes and alkynes.

While palladium complexes are among the most effective catalysts for cross-coupling aryl
halides, nickel complexes are more effective catalysts for cleaving the C—CN bond of aryl
cyanides. Miller and co-workers reported a series of nickel-catalyzed cross-couplings of
benzonitriles using Grignard reagents, alkynylzinc reagents, and secondary amines as
nucleophiles (Scheme 1-5)."* These cross-couplings involved the oxidative addition of a
C-CN bond to a low-valence nickel(0) complex, with the less hindered and

electron-donating PMes serving as ligand.



5 mol % NiCly(PMe3),

p-TolMgBr, t-BuOLi
THF, 60 °C, 88%

CN 112

n-C4Hg—=——2nBr —
'< /> — C4H9-n
THF, rt, 95%
1.13
1.1
5 mol % Ni(CN),, CsF @ C>
( NLi, THF, reflux
1.14 79%

Scheme 1-5. Ni-catalyzed cross-coupling of aryl nitrile.

In fact, nickel-catalyzed C—CN bond activation of aryl cyanides has proven useful as a
novel strategy in organic chemistry. Nakao and Hiyama have developed arylcyanation of
alkynes catalyzed by low-valence nickel(0) complexes as shown in Scheme 1-6."> The
nickel(Il) complex II was formed through oxidative addition of benzonitrile 1.15 to
nickel(0) via hypothetical n-coordinating intermediate I. Subsequent insertion of alkyne

and reductive elimination afforded o.,3-unsaturated nitrile 1.17 in 84% yield.

. FsC
Pr 10 mol % Ni(cod),
CN 20 mol % PMes
+ - CN
FsC py  tolene, 100 °C, 84% —
1.15 1.16 Lo P
reductive
elimination
oxidative alkyne MeP,
MeP, 'T‘r additon ~ MeP, /Ar insertion :Ni/Ar CN
Ni=j; ' KN ™ MeP” )=
MeP N MeP™  CN P Pr
I II I

Scheme 1-6. Ni-catalyzed arylcyanation of alkyne.

In further studies, these researchers successfully cleaved not only arylnitriles but also



similar C~CN bonds in alkenyl,'® alkylnyl,"” and allyl"® carbonitriles and performed facile
addition of alkynes to give the corresponding o,p-unsaturated nitriles. They found that
using a Lewis acid as co-catalyst dramatically expanded the scope of the reaction to
include alkyl cyanides (Scheme 1-7)."*" In the Lewis acid/nickel catalyst system, the
Lewis acid accelerates oxidative addition of the C—CN bond to Ni(0) by coordinating

with the cyano group.

5 mol % Ni(cod),
Pr 10 mol % PPhy(t-Bu)

20 mol % AlMe Me CN
MeCN + || it B —
Pr tolene, 80 °C, 71% Pr Pr
1.1 6 1.18
reductive
elimination
oxidative LA alkyne a1
o 1 . . Me Ni“-CN
C
Me—CN---LA M ] N Lemon, >:< LA
M e/NiH Pr Pr
I I 111

Scheme 1-7. Ni-catalyzed alkylcyanation of alkyne.

The arylcyanation of alkenes has also been reported.”® For example, Nakao and Hiyama
achieved the intramolecular arylcyanation of alkenes using the Ni-AlMe,Cl catalytic
system (Scheme 1-8).*' This reaction has proven to be a versatile protocol for

synthesizing a range of synthetically interesting nitriles with a benzylic quaternary

carbon.
5 mol % Ni(cod), Me
MeO CN 10 mol % PMe; Meo\©\)§\CN
\©i 20 mol % Me,AICI
N - N
Me Me toluene, 100 °C, 76% Me
1.19 1.20

Scheme 1-8. Intramolecular arylcyanation of alkenes.



In this approach, C(O)-CN bonds are more easily cleaved than C—CN bonds owing to
their polarized character. Decarbonylation of aroyl cyanides to yield benzonitriles has
been described,”? and acylcyanation of alkynes and alkenes has also recently been

. 2324
achieved. =

The catalytic insertion of terminal alkynes into the C(O)—CN bond of aroyl cyanides was
reported by Nozaki and Takaya (Scheme 1-9).” The proposed mechanism is different
from the related nickel-catalyzed arylcyanation of internal alkynes described above.
Oxidative addition of the C(O)—CN in acyl cyanide 1.21 to the palladium(0) is proposed
to generate the acylpalladium intermediate I, which reacts with phenylacetylene to form
the alkynyl ketone 1.24 along with palladium hydride II. Subsequently, hydrocyanation of
the alkyne 1.24 with palladium hydride II provides the E-alkene 1.25, which isomerizes

to the Z-product 1.23 in 70% yield.

20 mol % Pd(OAc),

20 mol % PPh,
CN 10 mol % dppb CN O
+ =———Ph > Ph/JQEV/u\Ph

CICH,CH,CI, 70 °C, 70%

_CN Ph
Ph)J\Pd . 12:‘ = NG pp
I
NC. . H 1.25
Pd
10

Scheme 1-9. Pd-catalyzed insertion of alkyne into the C(O)—CN bond in acyl cyanide.

Takemoto and co-workers reported the intramolecular cyanoamidation of alkynyl

cyanoformamides to form tetrasubstituted alkene derivatives (Scheme 1-10).%



P CN
R{T\%\l 10 mol % Pd(PPhs), R2_ [/
XK ] °

R¥ "N” 0 xylene, 130 °C R3 N
R4 45 - 99% R%
1.26 1.27

Scheme 1-10. Intramolecular cyanoamidation of alkynyl cyanoformamides.

Cyanoesterification of the C—C m-bond, a process also termed cyanocarboxylation, is
rare” because cyanoformate esters are more reactive than aryl nitriles and
cyanoformamides. Douglas reported palladium-catalyzed C-CN activation for
intramolecular cyanoesterification of alkynes 1.28, providing butenolides 1.29 in good to

excellent yields (Scheme 1-11).%°

0
o—\ 10 mol % Pd(PPh;), NC
0 — Ar - )\&/O
CN DMF, microwave Ar \
I.zs 200 °C, 50 - 96% 1-29T
o)
o OYO Nne O
/Pd,,,// Pd S O
NC //”/ | Ar
Ar NC~ TAr
I I

Scheme 1-11. Pd-catalyzed intramolecular cyanoesterification of alkynes.

1.3 Chemistry of B-carbon elimination

-Carbon elimination of carbon-metal species ([M]-C—C,—Cp) or heteroatom-metal

species {[M]-X—C,—Cgs (X = O, N)} is another approach for cleaving C—C bonds.



1.3.1 B-Carbon elimination of carbon-metals ([M]-C—C,~Cs~» C=C,+

M—Cj)

Transition metal-catalyzed B-carbon elimination of methylenecyclopropane and its
derivatives has been developed.”” Yamamoto reported that Pd-catalyzed hydrocarbonation
of methylenecyclopropanes with pronucleophiles generated ring-opened compounds via
B-carbon elimination (Scheme 1-12).%* The reaction began with oxidative addition of the
C-H bond of pronucleophile 1.30 to Pd(0) to form palladium hydride species I. This
species hydropalladated the methylenecyclopropane derivative 1.31, affording an
alkylpalladium complex II, which underwent a highly regioselective -carbon elimination
to generate an allylpalladium III. Subsequently, reductive elimination of allylpalladium
III yielded the olefin 1.32 in 82% yield and Pd(0). The driving force of this process was

release of the ring strain in II.

Me Pd(PPh,), NC Me
H—'—CN + > NC |
Me
CN Ph  THF, 100 °C, 82% Ph

1.30 1.31 1.32
l Pd(0) Pd(0) reductive
H-Pd—Nu eliminaton
I B-carbon

N Me Ph elimination Nu_ Me
o MR P T N

I Nu = CMe(CN),

Scheme 1-12. Pd-catalyzed ring opening in the hydrocarbonation of

methylenecyclopropanes by pronucleophiles

Murakami and co-workers have reported two examples of double cleavage of C—C bonds

in the same compound. One example is thodium-catalyzed successive double cleavage of

9



C-C bonds in strained spiro cyclobutanone 1.33 to produce the cyclohexenenone
derivative 1.35 (Scheme 1-13).% In the first C—C bond cleavage, oxidative addition of a
C—C bond in spirocyclobutanone 1.33 to Rh(I) gave the 5-membered acylrhodium (III)
intermediate I. In the second C—C bond cleavage, 3-carbon elimination of another
cyclobutyl group generated the 7-membered acylrhodium(III) ring intermediate I1. This
intermediate underwent reductive elimination to provide the B,y-unsaturated carbonyl

compound 1.34, which isomerized to the cyclohexenone derivative 1.35.

Ph 2nd 5 mol % Ph

p-carbon
~w Cleavage [Rh(dppp).]CI elimination

cleavage Xylene, reflux RF,
133 © 89% :

reductive
Al ellmlnatlon lsomerlzat|on
I|
/ I

Scheme 1-13. Rh-catalyzed double cleavage of C—C bonds in spiro cyclobutanones.

The second example of double cleavage of C—-C bonds is rhodium-catalyzed
carbonylation of spiropentanes. This reaction was used in the concise synthesis of
(£)-B-cuparenone 1.38 (Scheme 1-14).* In this process, the 5-membered acylrhodium(III)
ring intermediate II was generated via oxidative addition of the C—C bond to the Rh(I)
followed by insertion of CO. Intermediate II then underwent a sequence of B-carbon
elimination, reductive elimination, and isomerization to give the cyclopentenone 1.37 in
82% yield. This compound underwent 1,4-addition with Me,Zn in the presence of

Ni(acac), as catalyst to produce the (+)-f3-cuparenone 1.38.

10



5 mol % [RhCl(cod)], RhCO Rh

10 mol % dppp CO insertion o
Me > Me
p-Tol P-xylene, CO, 130 °C ol p-Tol” Me
1.36 82% P I
O @] Q
B-carbon o reductive MeyZn
elimination R elimination Ni(acac),
_— _— > JE—
. L Me Me
Me isomerization M$ I Me Et,0, rt p-Tol Me
-Tol -1o
P I P 75%  (+)-B-cuparenone

1.37 1.38

Scheme 1-14. Rh-catalyzed carbonylation of spiropentanes and its application.

1.3.2 B-Carbon elimination of metal alcoholates (|[M]-O—C,—C; — O=C

+ [M]-Cp)

Transition-metal alcoholates have been extensively explored due to their interesting

reactivity and structural variety.’'

In fact, B-carbon elimination of transition-metal
alcoholates ([M]-O—-C,—Cy — O=C + [M]-Cp ) is an important application in organic

chemistry. In most of these reactions, the release of ring strain or formation of a relatively

stable bond is a primary driver of the C—C bond cleavage.

1.3.2.1 B-Carbon elimination of strained metal alcoholates

B-Carbon elimination in cyclobutanol derivatives easily occurred in the presence of
transition metals as a ca‘[alyst.32 Uemura and co-workers reported the Pd(II)-catalyzed
oxidative ring cleavage of tert-cyclobutanols and 3-carbon elimination of the palladium(II)

alcoholate species to afford the corresponding f3,j—unsaturated ketones (Scheme 1-15).%
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In this reaction, cyclobutanol derivative 1.39 underwent ligand exchange with
palladium(Il) complex to generate palladium(II) alcoholate intermediate I, which then
underwent the key step of B-carbon elimination to afford the less hindered primary
alkylpalladium(Il) intermediate II. This intermediate underwent 3-hydrogen elimination
to produce the f,j—unsaturated ketone 1.40 in 97% yield along with Pd(0), which was

reoxidized to Pd(II) by molecular oxygen to maintain the catalytic cycle.
Ph 10 mol % Pd(OAc), O
Pyridine, ethyl acrylate
@OH d yaewerE. Ph
toluene, MS 3A
1.39 80 °C, Oy, 97% 1.40

ligand pH
exchange elimination

Ph O

B-carbon
OZ,W'/\Q elimination Ph
PdXL, PdXL,

I I

Scheme 1-15. Pd-catalyzed ring opening of cyclobutanols.

Uemura further reported the Pd-catalyzed arylation of tert-cyclobutanols using aryl
bromide (Scheme 1-16).34 This reaction began with oxidative addition of bromobenzene
1.41 to Pd(0)-phosphine complex to generate the active palladium(II) species 1 in situ.
Subsequent ligand exchange and B-carbon elimination afforded the intermediate III,
which underwent reductive elimination to produce the y-arylated ketone 1.42 in 96%
yield along with Pd(0). The ligand was shown to play two important roles in this process:
(1) Pd(II) alcoholate II underwent P-carbon elimination to form the alkylpalladium
intermediate III instead of undergoing reductive elimination to give ether product; (2)
alkylpalladium intermediate II1 underwent reductive elimination to provide the arylation

product 1.42 instead of undergoing -hydrogen elimination.
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1 mol % Pd,(dba); (0]

Ph 2 mol % BINAP
OjéOH + PhBr - Ph
K,COg3, 1,4-Dioxane Ph

1.39 141 100 °C, 96% 1.42

~P O
(O)Pd., >
" p Ph
Ph

PhBr
1.41

oxidative reductive 1.42
addition elimination
Ph
&P
Pd
Ph™ " p>
1II
B-carbon
elimination

Scheme 1-16. Pd-catalyzed arylation of fert-cyclobutanols.

Cyclopropanol derivatives can also undergo P-carbon elimination in the presence of
transition metals to release ring-strain energy.’ For example, Cha described a
Pd(II)-catalyzed conversion of cyclopropanols to o,pB-unsaturated ketones (Scheme
1-17).** The key step was again p-carbon elimination of the palladium-alcoholate I to
afford the alkylpalladium intermediate II. This intermediate underwent [-hydrogen
elimination to produce the o,p-unsaturated ketone 1.44 in 88% yield along with Pd(0),

which could be oxidized by molecular oxygen to regenerate Pd(II).

13



10 mol % Pd(OAc),

O
OTIPS Pyridine (2 equiv.)
HO - W
toluene, MS 4A TIPSO
1.43 80 °C, O,, 88% 1.44
)
ligand P! - Pd(0) B-Hydrogen
exchange elimination
oTIPS B-Carbon o
pd'o elimination Wpdll
TIPSO
1 I

Scheme 1-17. Pd-catalyzed ring opening of a cyclopropanol derivatives.

Murakami described a nickel-catalyzed intermolecular alkyne insertion into
cyclobutanones to afford 2-cyclohexenones, the mechanism of which probably involved
B-carbon elimination.’® A feasible mechanism is shown in Scheme 1-18: the
oxanickelacyclopentene Il forms by oxidative cyclization of the carbonyl group of
cyclobutanone 1.45 and 4-octyne with Ni(0). The 4-membered ring of the intermediate 11
then opens by B-carbon elimination and expands to give 7-membered nickelacycle III.

Finally, reductive elimination gives the 2-cyclohexenone derivative 1.46 in 95% yield and

regenerates Ni(0).
0 Pr 10 mol % Ni(cod), o
20 mol % P(c-Hex); Pr
" ‘ | g Ph
I 100 °
P Me Pr to uene,0 00 °C M Pr
1.45 1.16 95% 1.46
reductive
elimination
. Pr
O\\\\\\N'(O)/,,U,/ oxidative B-Carbon
/// cyclyzation _elimination \ Pr
M Pr
ph M€
I Me II 'V'e il

Scheme 1-18. Ni-catalyzed intermolecular alkyne insertion into cyclobutanone.
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1.3.2.2 B-Carbon elimination of unstrained metal alcoholates

Unlike C—C bonds in strained cyclic molecules, the same bonds in unstrained cyclic and
acyclic molecules rarely undergo p-carbon elimination. Nevertheless, such p-carbon

cleavage can routinely be achieved in tertiary alcoholates.

For example, a,o-disubstituted arylmethanols can undergo B-carbon (aryl) elimination in
the presence of transition metals.’’ Miura and co-workers reported that the
2-methylphenyl-2-propanol 1.47 smoothly reacted with bromobenzene in the presence of
Pd(OAc), as catalyst to produce the 2-methylphenylbiphenyl 1.48 (Scheme 1-19).*® The
key step was B-carbon (aryl) elimination of the Pd(II) alcoholate I, forming a very stable

arylpalladium(II) species II and releasing acetone.

Me
Me OH Ph
Me , PhBr  Pd(OAckp, PPhs e
1.41 Cs,CO3, 0-xylene, reflux
7%
1.47 1.48
1. oxidative additon
reductive
2. ligand exchange elimination
Me
Me O | eliminati Pd/Ph
" \\;Pd—Ph p-aryl elimination — M
e \‘ e
Me,CO
I 1I

Scheme 1-19. Pd-catalyzed arylation of aryl halide via -carbon (aryl) elimination of

a,a-disubstituted arylmethanol.

Uemura reported that using tertiary propargylic alcohols as the alkynyl source to react

with ethyl acrylate in the presence of palladium catalyst gave enyne compounds as shown
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in Scheme 1-20.%° In the key step of this process, p-carbon (alkynyl) elimination of
palladium alcoholate I gave the alkynyl-palladium intermediate II. This intermediate
subsequently underwent a Heck-type reaction with ethyl acrylate 1.50 to produce the

enyne compound 1.51 in 57% yield.

Pd(acac),
OH pyridine OPdX  B-carbon
>~ elimination _
Ph Z MeMe MS 3A, toluene = MMe N\
80°C, 0, (Latm) Ph € Me,CO
1.49 I
X COEt
X CO,Et
Ph—==—PdX 15 N ) e
I 151, 57%

Scheme 1-20. Pd-catalyzed alkynylation of alkene via B-alkynyl elimination.

C—C bond cleavage of unstrained cyclic alcoholates is quite rare. Tamaru reported
[-decarbopalladation instead of B-carbon elimination, in a process in which Pd(0)
catalyzed the ring opening of 4-vinyl cyclic carbonates to furnish w-diene aldehydes and
ketones (Scheme 1-21).*° In their study, 6-vinyl cyclic carbonate 1.52 underwent
oxidative addition and decarboxylation to form 2-oxa-l-palladacyclopentane I or
n-allylpalladium intermediate II, which the authors assumed could undergo
[-decarbopalladation to furnish the w-diene aldehyde 1.53. The driving force of this

process might be generation of the m-allylpalladium intermediate and conjugated diene.
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MeCN, rt - 55 °C, 82%

N0 — Ry

Scheme 1-21. Formation of w-diene aldehyde via B-decarbopalladation.

@Q\gb 5 mol % Pda(dba)s ©;\/\”/
o
153

1.3.3 B-Carbon elimination of iminyl metals

B-Carbon elimination of iminyl metal species ([M]-N=C,—Cs — N=C, + Cs—[M]) has
also been studied throughout the years. Uemura’s group described a Pd(0)-catalyzed
reaction in which carbonitriles were generated from cyclobutanone O-acyloximes by
B-carbon elimination, as shown in Scheme 1-22.*' In their proposed mechanism, oxidative
addition of the N—O bond of ketone O-acyloxime 1.54 to a Pd(0) complex affords the
intermediate cyclobutaniminopalladium(I) species I, which undergoes f-carbon
elimination to give y-cyanoalkylpalladium species I1. Subsequently, f-hydride elimination
produces [,y-unsaturated carbonitrile 1.55, which isomerizes to the o,fB-unsaturated
carbonitrile 1.56. The driving force for this process is the release of ring strain energy in

intermediate I by S-carbon elimination.
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N\, - - -
Ph@:N/ OCOPh elimination

N~ocoph

Ph 1.54

oxidative
addition

Pd

I

5 mol % Pda(dba),
7.5 mol % BINAP

isomerization

/

1 GQUiV K2CO3 JJ\/ Me
~ CN + Ph)\VCN

THF, reflux, 24 h

B-Carbon

4% 1.55

B-hydrogen
elimination
d

J/\/\OCOPh
N
Ph c

II

84% 1.56

Scheme 1-22. Pd-catalyzed ring cleavage of cyclobutanone oxime leading to nitrile

formation via B-carbon elimination.

Hawtig and co-workers reported the direct observation of S-aryl elimination from the

iminyl ligand of an isolated Rh(I) iminyl complex (Scheme 1-23).* This reaction

generated Rh(I) aryl complexes 1.58 and free aromatic nitriles 1.11. Formation of both the

relatively stable Rh(I) complex II and aryl nitrile 1.11 might be the driving force of this

process.

Ph )
EtsP,, PEt; (1equiv) -
‘Rh Ph C<D o
= 612
EtsP 85 °C, 30 min
1.57
H -PEt;3
EtsP, b-aryl
Rh—N elimination
\
EtsP Ph
Ph>—

EtsP, Ph
SRR 4

EtsP°  “PEts
1.58
68%

PEt,

EtsP,,
Gy
EtsP°  “ph
I

N///

PhCN

1.11
88%

Ph

Scheme 1-23. f-Aryl elimination of an Rh(I) iminyl complex

Recently, our group reported a copper-catalyzed fragmentation of a-azido carbonyl

compounds under an oxygen atmosphere. This process generated carbonitriles via C—C

bond cleavage of a transient iminyl copper intermediate.* A plausible mechanism
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involving P-carbon elimination was proposed (Scheme 1-24). Denitrogenation of 1.59
leads to iminyl copper species I, which is oxidized by O, to afford peroxycopper(III)
species II. This species undergoes [-carbon elimination to form nitrile 1.60 and
acylcopper III, which isomerizes to acylperoxy copper IV. Protonation of acylperoxy

copper IV yields carboxylic acid 1.61 and regenerates Cu(Il) salts.

Na 20 mol % Cu(OAc),
R2 K>CO3 (1 equiv) 2
Ny - R . MOyR
o DMF (0.1 M), 60 °C O
1.59 under O, (1 atm) 1.60 1.61
A
[Cu']
.
N2 l OO H
N TCu' [CU”'] o o [Cy')
B-carbon . ) \
R1J\WR2 Q2 % r2 _elimination Jcu ]\H/R_> O\O}\
R2
0] © O
I R' = aryl, alkyl i v

R2 = alkoxy, aryl
Scheme 1-24. Cu-catalyzed fragmentation of a-azido carbonyl compounds under an O,

atmosphere, providing carbonitriles via C—C bond cleavage of iminyl copper.

1.4 Motivation for this thesis

Recently, our group described a Cu(Il)-catalyzed synthesis of polysubstituted N-H
pyrroles from a-ethoylcarbonyl vinyl azides and ethyl acetoacetate through 1,4-addition

of the acetoacetate to the vinyl azides (Scheme 1-25).4
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Cu(NTf;) (5 mol %) R CO,Et

N3 )
H,0 (5 equiv)
+
1.62 1.63

CH3CN, 40 °C N
1.64
protonation
1,4-addition dehydration
isomerization
CO,Et CO,Et
0 0
R ) R CO,Et
N= N%‘ )Me MMe I}
g COZEt N2 EtOC N\Cu” EtO,C™ Ny~ ~O-Cu

Scheme 1-25. Cu-catalyzed pyrrole formation from ethyl acetoacetate and vinyl azides

through 1,4-addition.

In this process, the reaction might be initiated by 1,4-addition of ethyl acetoacetate 1.62 to
vinyl azide 1.63 to generate the a-azidocarbocupper species I. Migration of copper from
C to N via releasing N, afforded iminyl copper(Il) intermediate II, which underwent
intramolecular nucleophilic attack to the carbonyl group to give the fefra-substituted

pyrrole 1.64 with elimination of water.

Inspired by the finding that copper could migrate from C to N with elimination of N, the
author focused on exploring other methods to generate the alkylideneaminometal
{R'R’C=N-[M]} intermediate species via this kind of migration. Given that metal
alcoholates easily undergo B-carbon elimination, the author reasoned that readily
available 2-azidoalcohols would be sufficiently reactive to act as starting material in metal

migration reactions.

The author hypothesized the transition metal alcoholates B generated from
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2-azidoalcohols A would undergo S-carbon elimination to give a-azidocarbometal species
C. Subsequent metal migration from C to N with elimination of dinitrogen might afford
iminyl metal species D, which could be used to form additional C—N bonds (Scheme
1-26). Coordination of the internal nitrogen of the azido moiety to the metal center*> may

promote these processes.

N N N
+H‘I v N " ,,,l’:“v i
HO N Q2 (N p-carbon o! ]\;;N o N
Ca=Cyp _IMEX Ci-Cy  __elimination  C, ¢ ... ~ G G
\ , -HX ‘ ; ) ; N, ' ;
A B e D

Scheme 1-26. Hypothesized mechanism to generate iminyl metal species from

2-azidoalcohols.

Based on this hypothesis, a Pd-catalyzed ring expansion of cyclic 2-azidoalcohols is
described in Chapter 2 as a way to synthesize certain azaheterocycles such as pyrrole,
pyridine, isoquinoline, y-carboline and pyrazine derivatives (Scheme 1-27).** Among
them, synthesis of 3,4-disubstituted pyridines* is still challenging. This ring expansion
involves an unprecedented C—C bond cleavage step (B-carbon elimination of palladium(II)
alcoholate) followed by C—N bond formation. The f-carbon elimination of palladium(II)

alcoholate in this process differs from that described in section 1.3.2.
] OH PdCly(dppfy CH,Cly(15 mol %) R’
Rjéj K,COs (1 equiv) @
|||||N3 >
R2 CICH,CH,CI, 80 °C R?
1.65 1.66

1) C-C bond cleavage
2) C-N bond formation

Scheme 1-27. Pyridine formation from 2-azidoalcohols via ring expansion.
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Our group has also explored the intriguing chemical reactivity of iminyl copper species in

4348

aerobic oxidation reactions. For example, benzylic C-H oxygenation with

carbonitriles and Grignard reagents has been achieved under an oxygen atmosphere using

an iminyl copper species as an intramolecular directing group (Scheme 1-28).*%

Ph "O___cu Ph.__O
. Ph._ O O
R-MgBr 10 mol % Cu(OAc), N
> > - > R
Et,0,60°C DMF, 80 °C, O, R
in sealed tube  then H;O*
1.67 then MeOH ) L 1.68

Scheme 1-28. Cu-catalyzed benzylic C-H bond oxygenation.

This C-H bond oxygenation has been combined with Gokel’s oxidative hydrolysis of
primary nitriles mediated by potassium fert-butoxide, with carboxylic acids produced as a
result (Scheme 1-29).%° The success of this approach led to the proposal that Cu-catalyzed
C—H oxygenation of benzyl cyanides could be used to synthesize benzoic acids under an
O, atmosphere as shown in Scheme 1-30. This transformation may involve C-H bond
oxygenation to form the intermediate benzoyl cyanides, which subsequently hydrolyze.
The details of this study are described in Chapter 3. This method appears capable of
providing a much broader array of functionally substituted benzoic acids from benzyl
cyanides than can be obtained through traditional methods based on classic reagents such

50 51
as KMnOy”" and Jones reagent.

t-BuOK (4 equiv) 0]
O/\CN 18-Crown-6 (5 mol %) H,0 O/COZH
> —_—
THF, 25 °C, 48 h, O,

1.69 85% A 1.70

Scheme 1-29. Oxidative hydrolysis of primary nitriles mediated by -BuOK.
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copper(ll) catalyst

X CN base @/C%H
Ry > RL
4 ! —
1.71

conditions, O, 1.72

l PON

Cu(lly 0" ~Cu(ll)

O
O,
RL\ CN % X CN — » X CN
L —>RT/ RT/
i 11

I

Scheme 1-30. Hypothesized procedure for synthesizing benzoic acids by Cu-catalyzed

aerobic oxidation of benzyl cyanides.
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Chapter 2
Pd(II)-Catalyzed Ring Expansion of Cyclic 2-Azidoalcohol Derivatives:

Synthesis of Azaheterocycles

2.1 Introduction

Studies over the last 20 years have demonstrated iminyl metal species to be an important
intermediate in C—N bond formation in the synthesis of nitrogen-containing compounds.
This section describes methods typically used to generate iminyl metal species, as well as

the application of these methods in organic chemistry.

2.1.1 Generation of iminyl transition metal species from N-H imines

Iminyl metal species are easily generated from N-H imines, which have been used in a
palladium-catalyzed Buchwald-Hartwig reaction to synthesize the corresponding

. .. 52
nitrogen-containing compounds.

Bolm reported a palladium-catalyzed N-arylation of sulfoxyimines with aryl halides via
the iminyl palladium(II) species I (Scheme 2-1).” 4 1n this process, oxidative addition and
ligand exchange generated aryl-Pd-sulfoximide I, which underwent reductive elimination

to provide the coupling product 2.23 in 93% yield.
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NG 5 PAOAC); (5 mol %)
" BINAP (7.5mol %) [ ar—pq Are

+ 241 Cs,CO;3 (1.4 equiv) \hl N
H. g S-me | /S ~Me
E toluene, 110 °C, 93% O bh b
“<~Me I
bh 22 23

Scheme 2-1. Pd-catalyzed N-arylation of sulfoximines with halides.

Miura-Satoh reported Rh(IIl)-catalyzed coupling of aromatic imines 2.4 with internal
alkynes 2.5 (Scheme 2-2).* Nucleophilic substitution of N-H imine 2.4 onto the in
situ-generated rhodium(IIl) acetate complex gave the iminyl rhodium species 1.
Subsequent C—H bond activation, alkyne insertion, and reductive elimination produced
isoquinoline 2.6 in 90% yield and generated Rh(I). The generated Rh(I) was reoxidized to

Rh(IIT) complex by Cu(OAc)s,.

[CP*RNhClyl, (1 mol %) Ph
Cu(OAc), (2 equiv) xo-Ph
NH 4 pp Ph - N
o =
54 PN 25 DMF, 80 °C, 90%
. 2.6 Ph
\ -HX -RhX
Ph
Rh Alkyne Ph
actlvatlon @E( insertion = .-
/Nl
Ph 1

Scheme 2-2. Rh-catalyzed oxidative coupling of aromatic imines and alkynes.

Buchwald described a new Cu-catalyzed synthesis of benzimidazole 2.8 from the readily
obtained amidine 2.7 under an oxygen atmosphere. The synthesis involved C-H
functionalization and C—N bond formation, during which the iminyl copper species I was

presumably generated (Scheme 2-3).>*
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H Cu(OAc), (15 mol % H
N

) H

Ph  AcOH (5 equiv) N._Ph N
Y ISR S,

NH DMSO, 100 °C, O, “CuOAc N

2.7 I 2.8

Scheme 2-3. Synthesis of benzimidazole from amidine via iminyl copper.

Our group recently reported a series of studies involving iminyl copper species formed by
treating copper salts with N—H imines. These imines were obtained through nucleophilic

addition of Grignard reagents to carbonitriles, followed by protonation with MeOH.

For example, phenanthridine derivatives 2.10 were synthesized starting from
biaryl-2-carbonitriles 2.9 and Grignard reagents in a Cu-catalyzed one-pot reaction under

* The process involved two steps: (1) formation of N-H imines I

an oxygen atmosphere.
from biaryl-2-carbonitriles 2.9 and Grignard reagents; (2) copper-catalyzed aromatic C—H
bond functionalization/C—N bond formation via iminyl copper species II and III (Scheme
2-4).

O R-MgBr [ T
Et,0, 60 °C
NH

in sealed tube Cu(OAc), (10 mol %)

C . -
> R >
O then MeOH O DMF, 80 °C, O,

I

2.9
| 0-0
C If
O K‘: 0, O E”
—_—
O R O R |‘
II II1 210

Scheme 2-4. Cu-catalyzed one-pot synthesis of phenanthridine derivatives starting from

biaryl-2-carbonitriles and Grignard reagents under an O, atmosphere.

26



Iminyl copper species generated from N-H imines have also been applied as

intramolecular directing groups in Cu-catalyzed one-pot benzylic C—H oxygenation

reactions under an oxygen atmosphere (Scheme 2-5).*%

R-MgBr
Ph Et,0,60°C | PN NH
CN in sealed tube Cu(OAc), (10 mol %)
then MeOH DMF, 80 °C, O,
2.1 I then H;O*
cu" O, _cu"
| Ph. Ol Ph.__O
Ph N N (@)
0, .
R R R
- II III - 212

Scheme 2-5. Cu-catalyzed one-pot benzylic C—H oxygenation reactions involving N—H

imines as intramolecular directing group.

2.1.2 Generation of iminyl metal species from O-acyl oximes

Iminyl metal species can be generated conveniently through oxidative addition of the

N-O bond of oximes to low-valence transition metals.>>

This approach generates an iminyl palladium (R'R*C=N-Pd) intermediate, which
Narasaka and co-workers have used in intramolecular Mizoroki-Heck reactions with
alkenes to synthesize a wide range of azaheterocycles.”® For example, y,d-unsaturated
ketone O-(pentafluorobenzoyl)oxime 2.13 was converted into substituted pyrroles 2.14
following treatment with a catalytic amount of Pd(PPh;)4 (Scheme 2-6).”” The reaction

began with oxidative addition of the N-O bond of acyloxime 2.13 to Pd(0), forming the
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iminyl palladium species 1. Subsequent consecutive steps of intramolecular

aminopalladation, B-H-elimination and isomerization led to pyrrole 2.14.

0COCeFs 1) Pd(PPha),, oy 0088, intramolecular
N~ ° / . .
)W Et;N, DMF, 80 C=) N ammopalladatlon=
R 2) Me;SiCl R)W B-H-elimination
213 I
Me
N isomerization "5\‘:\5
| > —
R R
II 2.14

Scheme 2-6. Pd(0)-catalyzed amino-Heck reaction of O-pentafluorobenzoyloximes.

Zhu’s group trapped an iminyl palladium(II) species in an intermolecular C=C bond.’® In
this process, oxidative addition of the N—O bond of O-pentafluorobenzoyloxime 2.15 to
Pd(0) led to iminyl palladium(II) species I, which reacted with alkyne or benzyne to
afford isoquinolines and phenanthridine derivatives 2.17 via (i) intermolecular
aminopalladation, (ii) intramolecular C—H activation of intermediate II, and (iii)
reductive elimination (Scheme 2-7).

/OCOCGFs B . PdI\I
N N"  "OCOC4Fs

Pd(0 aminopalladation
R _(). RJK@ + |© P -~
2.15 - I 2.16
Q C-H activation N \i
N Pd! reductiv elimination |
OCOCgF5 ™R
R
L I _ 217

Scheme 2-7. Synthesis of phenanthridine by "catching" iminyl palladium with benzyne.
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Liebeskind and co-workers achieved Cu-catalyzed C-N bond formation by
cross-coupling arylboronic acids and O-pentafluorobenzoyloximes using iminyl copper
species (R'/R*C=N—-Cu).”” They used this cross-coupling procedure to synthesize highly
substituted pyridines 2.20 (Scheme 2-8).%" This transformation involved a reaction
cascade including (i) C—N cross-coupling of alkenyl boronic acids at the N—-O bond of
the o, f-unsaturated ketoxime O-carboxylate 2.18, (ii) a 6m-electrocyclization generating

3-azatrienes II’, and (ii1) aerobic oxidation.

X OCOCg4Fs
NOCOCeFs  on ~cu)
B cat. Cu(OAc),| N
R1J\/\R3+ HO Y RY ———— —
R2 Rs R1 ~ R3
2.18 2.19 R? 1
RS RS R®
4 R4
R\/\N N R a)heat N7
_— - . | _
R N7 R? R1JH/\R3 byair R’ R
R2 R? R?
11 I 2.20

Scheme 2-8. Synthesis of substituted pyridines through cross-coupling of iminyl copper

and alkenyl boronic acid.

Recently, Hartwig reported Pd-catalyzed amination of aromatic C—H bonds by oxime
esters, leading to synthesis of the corresponding indoles (Scheme 2-9).°' In this process,
cyclization occurred by oxidative addition of the N-O bond to Pd(0) to generate iminyl
palladium species I, followed by successive C—H activation, tautomerization and
reductive elimination to yield the indole product 2.22. Alternatively, the C—H cleavage

step could also occur after the tautomerization.
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OAc Pd(dbay), (1 mol %)

H
N Cs,CO; (1equiv) N
M > / Me
e
toluene, 150 °C, 69%

221 Ph 222 Ph
PdHLn
@ @g/m @Am
11 m Ph

Scheme 2-9. Pd-catalyzed cyclization of oxime acetates via iminyl palladium species.

Hartwig carried out mechanistic studies of this reaction, during which they reported the
first X-ray diffraction structural characterization of iminyl palladium intermediate I. Their
studies also confirmed that oxidative addition of the N-O bond to Pd(0) does occur

(Scheme 2-10) .

CeFsOCO_ PCy;

\-OCOCeFs Pd(PCys), Cs,CO5 H
- (1 equiv) Jd (1equiv) N
Me > CysP N —_— ) Me
Ph toluene, rt Ph toluene
2.23 65% I8 Mel 1s0°c 222 PP
I 31%

Scheme 2-10. Isolation of iminyl palladium I in mechanistic studies.

2.1.3 Generation of iminyl metal species from organic azides

Our group has focused on developing new methods to synthesize azaheterocycles starting
from organic azides. In a series of studies, we have described the synthesis of
nitrogen-containing compounds via iminyl metal species derived from vinyl azides and

a-azido carbonyl compounds.
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Our group has found that polysubstituted N-H pyrroles can be prepared by
Cu(Il)-catalyzed reactions of vinyl azides and 1,3-dicarbonyl compounds (Scheme
2-11).* The reaction was initiated by 1,4-addition of copper enolate I to vinyl azide 2.24,
the internal nitrogen of which probably coordinated with the copper center. Simultaneous
elimination of N, gave iminyl copper(Il) intermediate II, which underwent intramolecular
nucleophilic attack at the carbonyl group to give the tetra-substituted pyrrole 2.26 with

elimination of water.

N3 @ . i
R.__~_ _OEt \'}12 EtO
Cu(NTf,), (5 mol %) @N 2 )
224 O H20 (5 equiv) cil N oy
+ - “, "\ o
O ©° CH4CN, 40 °C 0~ “OEt N,
Me
OFt L 2.24 I ]
2.25
CO,Et protonation
R .O/‘ R CO,Et dehydration R CO,Et
MMe isomerization T
Me —> -
EtO,C N\)CuII EtO,C \N o-Cu" EtO,C N Me
. I 2.26

Scheme 2-11. Cu-catalyzed synthesis of polysubstituted pyrrole from vinyl azide.

A more general method was developed to generate pyrrole from vinyl azides and
1,3-dicarbonyl compounds. In this approach, catalyzed by Mn(IIl) salts, a variety of
1,3-dicarbonyl compounds can be used, including [B-keto esters and 1,3-diketones
(Scheme 2-12).% Tt has been proposed that the catalytic reaction begins with addition of
Mn(III) enolate I to vinyl azide 2.27, generating iminyl radical Il and releasing Mn(II)
species and dinitrogen. The iminyl radical II is then reduced by the released Mn(II)

species to form iminyl-Mn(III) III. Intramolecular nucleophilic attack at the carbonyl
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group yields addition intermediate IV. Subsequent protonation, dehydration and

isomerization produce pyrrole and regenerate the Mn(III) species.

Bh Mn(OACc)3*2H,0 (10 mol %) CO,Et
O (@] i
: N )J\/U\ AcOH (2 equiv) _ /ﬂ\
N3 Me OEt Ph N Me
MeOH, 40 °C, 94% H

2.27 2.25 2.28

2.27 \6‘“: i\:\\( ™n"] [Mn”] N,
© N
oNY
ACOH N COzEt
Mn(OACc); Ph 0o
N Me
I
AcOH
COLEt CO,Et
2 O
CO,Et /d /i\/() Mn"]
Ph/& N (' Me
N m \[Mnul]
v \)\‘ v ['V'” ] I
HO0" 508

Scheme 2-12. Mn(III)-catalyzed pyrrole formation from vinyl azides.

This method was extended to synthesize pyridine derivatives from vinyl azides and
monocyclic cyclopropanols as a precursor of B-carbonyl radicals (Scheme 2-13).% In this
process, one-electron oxidation of 1-phenylcyclopropanol generated the [-carbonyl
radical I, and subsequent addition of radical I to vinyl azide afforded the iminyl radical II
species, which was reduced by Mn(II) to form the iminyl Mn(III) intermediate III. The
carbonyl group of IIl underwent intramolecular nucleophilic addition, ultimately giving

the pyridine 2.30 in 84% yield.
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Ph Mn(acac); (1.7 equiv)

HO__Ph  then AcOH (2 equiv) B
: Ph™ "N~ “Ph
2.27 2.29 MeOH, rt, 84% 230
[Mnlll] T
[Mn“] H+ T
Ph ”
;,5 Ph [Mn ]
ON)
Kll [Mnlll]

Scheme 2-13. Mn(III)-catalyzed pyridine formation.

The iminyl copper species generated from oa-azido carbonyl compounds has also been
used to produce nitrogen-containing structures. As described in Chapter 1, our group
reported the generation of iminyl copper species from o-azido compounds and their
catalytic C—C bond cleavage under an O, atmosphere, giving the corresponding

carbonitriles and carboxylic acids (Scheme 2-14).43

N3 20 mol % Cu(OAc), _[Cu R'-C=N
R K,CO5 (1 equiv) N 2.32
R1 > R1JJ:F( R2 e +
231 O DMF (0.1 M), 60 °C TC])/ O
R = aryl, alkyl under O, (1 atm) I RZJKOH
R? = alkoxy, aryl 2.33

Scheme 2-14. Generation of iminyl copper species from a-azido compounds and their

catalytic C—C bond cleavage.

More interestingly, exposing a-azido-N-arylamide 2.34 to similar reaction conditions
provided the azaspirocyclohexadienone 2.35 without C—C bond cleavage (Scheme
2-15).*" This reaction began with denitrogenative formation of iminyl copper species I,

followed by oxidation of the iminyl copper I with O,-generated peroxycopper(IIl)
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intermediate II. This intermediate underwent intramolecular imino-cupration to form
C—N and C—Cu bonds concurrently at the ipso and para position of the benzene ring
respectively, affording intermediate III. Subsequent isomerization of III to peroxydiene

IV followed by elimination of the [Cu(II)-OH] species yielded azaspirodienones 2.35.

20 mol % Cu(OAc),

N3 Zh K3PO, (1 equiv) Q
Ph)\ﬂ/ "Me
/l\« ~Me
2.35

DMF (0.1 M), 80 °C

2(;4 under O, (1 atm)
2.35 oM base, Cu(OAc),, 2.34
7/’ &,Nz
(/)/[CU"]
I
O _H [Cu"
N
o Ph)J\WN\Me
)\«N Me [Culll] / O i
g’
Ph [Cu ] / o,
N-—--
N\Me N\M
e
O I O 1

Scheme 2-15. Cu-catalyzed synthesis of azaspirocyclohexadienone 2.35 from

o-azido-N-arylamide 2.34.

2.2 Project hypothesis

The potential chemical reactivity of readily available 2-azidoalcohols has drawn our
attention. We hypothesized that it may be possible to generate iminyl metal species from

2-azidoalcohols by combining (-carbon elimination of transition metal alcoholates with
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the generation of iminyl metal species from organic azides.

We hypothesized that 2-azidoalcohols A could be used to generate metal alcoholates B,
which would then undergo f-carbon elimination to give a-azidocarbometal species C
(Scheme 2-16). Subsequent metal migration from C to N with elimination of dinitrogen
would afford iminyl metal species D, which could be used for further C—N bond forming
reactions. We speculated that these processes would be promoted by coordination of the

internal nitrogen of the azido moiety to the metal center.**

N N N

I 11
R - Ny M)

_ ML M]3y
HO N MIX \ N~ p-carbon O Ty O, N

- / . . . \

Ca=Cp M c,AG, elimination C, A -~ Cu g
S HX L Lo N
A B ¢ b

Scheme 2-16. Hypothesized generation of iminyl metal species from 2-azidoalcohols.

To test this hypothesis, we studied whether a palladium-catalyzed ring expansion of cyclic

2-azidoalcohols could be used to synthesize a series of azaheterocycles such as pyridine,

isoquinoline, y-carboline, pyrrole and pyrazine derivatives (Scheme 2-17).
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OH

R1 R1
N Pd-catalyst | ~N
3 »
2 2N\F
R 2.36 R 2.37
R/ N3 (OH) Pd-catalyst = | XN
> R—
Y
""OH (N3) A Z
2.38 or 2.38' 2.39
N; OH H
: Pd-catalyst N
- || p
2.40 2.4
R OH N
X Pd-catalyst A
. - o
“Ns Y
242 2.43

Scheme 2-17. Hypothesized reactions for synthesizing azaheterocycles from

2-azidoalcohols.

2.3 Synthesis of cyclic 2-azidoalcohols

2.3.1 Synthesis of cyclic azidoalcohols 2.36

The trans-2-azidocyclopenten-1-ol  derivatives 2.36 were synthesized from

cyclopenten-1-ones 2.44 via o-bromination, selective reduction of a carbonyl group and

nucleophilic substitution (Scheme 2-18).

. O Method A Rt P . OH
Rb TMSOTF (cat.) NBS b’B 1) CeCls+ 7H,0, NaBH, R f
- r -
- llIIIN3
R2 Method B R? 2) NaNj R2
244 1) LDA, TMSCI 2.45 2.36

2) NBS

Scheme 2-18. Synthesis of azidoalcohols 2.36.
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2.3.1.1 Synthesis of substituted cyclopenten-1-ones 2.44
Cyclopenten-1-ones 2.44 were prepared by Methods I-I1I as described below.

Method I:

The 2-substituted cyclopenten-1-ones 2.46b% and 2.46c*® were prepared according to the
literature. Nucleophilic addition of phenyl lithium to 2.46 provided the corresponding
allylic alcohols 2.47. Treatment of the allylic alcohols with pyridinium chlorochromate

(PCC) yielded the cyclopenten-1-ones 2.44e, 2.44i and 2.44j (Scheme 2-19).

o) HO

R Ph-Li  R! R®  pcc R
T D e

THF, -78 °C CH,Ch it ph

2.46 2.47 244

R = Me, 2.46a

=Cl, 2.46b

= Br; 2.46¢

0] O 0]
Me: [f Clj [f Br\/ (f
Ph Ph Ph
2.44e 2.44i 2.44j

44% from 2.46a 63% from 2.46b 53% from 2.46¢

Scheme 2-19. Synthesis of 2.44e, 2.44i and 2.44j.

Method II:
Most cyclopent-2-enones 2.44, specifically 2.44a-2.44d and 2.44k-2.44p, were
synthesized by Suzuki coupling reactions of 2-bromo-cyclopent-2-enones and aryl

boronic acids (Table 2-1).
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Table 2-1. Preparation of 2.44 by Suzuki coupling reactions.

0 O  R'-B(OH),, Na,CO4 ., O
Brjé Bfﬁ Pd(PPha), (cat.)
or >
Toluene - H,O or EtOH 9
Ph . R
2.44j 2.46¢ reflux 2.44
R = Aryl
R?=PhorH
Entry  2.44j or 2.46j R’ 2.44  Yield (%)?
1 0O Ph a
Br 93
2 4-Me-C6H4 b 88
3 4-Cl-CgH c 77
Ph” 2 44j o
4 R2 = Ph 4'F'C6H4 88
5 Ph k 76
6 O 4Me-CeH
Br -Me-CgHy I 50
7 2-Me-CgH,4 m 34
8 2.46¢ 4-Cl-CeH, n 47
9 R2 = H 4-F-CgHy ) 58
10 4-CF3-CgHy4 o] 54

2 |solated yield.

Method II1I:

The compounds 2-methyl-3-methoxy-cyclopent-2-enone®”’ and
2-allyl-3-methoxy-cyclopent-2-enone® were prepared according to the literature. Then
they were treated consecutively with Grignard reagents and 2 N aqueous HCI in one pot

(Table 2-2). Cyclopentenones 2.44f, 2.44g and 2.44h were synthesized by this method.
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Table 2-2. Synthesis of cyclopentenones 2.44f, 2.44g and 2.44h.

0 0
R! (f 1) R2-MgBr, THF, 0 °C - rt R! /f
2.48 2.44
Entry R R2 244  Yield (%)?
1 Me 3,5-Mex-CgHy f 69
2 Ally Ph g 42
3 Me PhCH,CH, h 57

2 |solated yield.

2.3.1.2 a-Bromination of cyclopentenones 2.44

5-Bromocyclopenten-1-ones 2.45 were prepared from cyclopentenones 2.44 by Method

A or B as described below.

Method A:

5-Bromocyclopenten-1-ones 2.45¢ and 2.45h were synthesized in two steps.” First the
corresponding cyclopentenones 2.44 were treated with LDA and TMSCI to afford crude
trimethylsilyl enol ethers, which were then treated with N-bromosuccinimide (NBS) in

the presence of a catalytic amount of NaOAc at 0 °C (Scheme 2-20).

@] O
R! /f o R zf
1) LDA, TMSCI, THF, -78 °C
Br
R2 2) NBS, NaOAc (10 mol %) R2
2.44 2.45

R' = Ally, R? = Ph: 2.45g 59%
R' = Me, R? = PhCH,CH,: 2.45h 47%

Scheme 2-20. Synthesis of 2.45g and 2.45h in two steps.
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Method B:

Treating cylcopentenones 2.44 with N-bromosuccinimide (NBS) in the presence of a

catalytic amount of TMSOT{"’ generated most 5-bromocyclopenten-1-ones 2.45, namely

2.45a-2.45f and 2.45i-2.45p (Table 2-3).

Table 2-3. a-Bromination of cyclopentenones 2.44 catalyzed by TMSOTHT.

Rt TMSOTf(10mol%) Rt
NBS (1.1 equi

r{ T
MeCN, rt

R2 R?
2.44 2.45
Entry R! R2 2.44  Yield (%)?
1 Ph Ph a 65
2 4-Me-CgHy Ph b 67
3 4-Cl-CgH,4 Ph c 60
4 4-F-CgH, Ph d 63
5 Me Ph e 79
6 Ph 3,5-Me,-CgHy f 76
7 Cl Ph i 84
8 Br Ph j 83P
9 Ph H k 70
10 4-Me-CgH, H I 36
11 2-Me-CgHy4 H m 30
12 4-Cl-CgH, H n 61
13 4-F-CgHy H ) 49
14 4-CF3-CgHy H p 50

2 |solated yield; P Ratio of 5- to 4-brominated product was 13:1.

2.3.1.3 Synthesis of trans-azidoalcohols 2.36

Luche reduction’’ of 5-bromocyclopenten-1-ones 2.45 generated cis-bromohydrins 2.49,

which underwent nucleophilic substitution with NaNs to yield the trans-azidoalcohols
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2.36 (Table 2-4).

Table 2-4. Synthesis of trans-azidoalcohols 2.36 from 2.45.

0 NaBH, OH OH
R! CeCly7H,0 R NaN;  R!
>—Br > —Br > N4
R2 MeOH,rt 2 DMF, 70 °C 2
2.45 2.49 2.36
Entry = R? 2.36  Yield (%)?
1 Ph Ph a 74
2 4-Me-CgH, Ph b 69
3 4-Cl-CgHy4 Ph c 53
4 4-F-CgH,4 Ph d 50
5 Me Ph e 80
6 Ph 3,5-Me,-CgHg f 78
7 Ally Ph g 73
8 Me PhCH,CH, h 83
9 Cl Ph i 78
10 Br Ph i 32°
11 Ph H k 56
12 4-Me-CgH,4 H I 75
13 2-Me-CgHy4 H m 50
14 4-CI-CgH,4 H n 69
15 4-F-CgHy H o 64
16 4-CF3-CgHy H p 70

2 |solated yield for 2 steps from 2.45 ; ° Yield for 3 steps from 2.44j

2.3.1.4 Synthesis of cis-azidoalcohols 2.36a-cis

cis-Azidoalcohol (2.36a-cis) was prepared from 5-bromocyclopenten-1-one 2.45a via

nucleophilic substitution with NaN; followed by Luche reduction (Scheme 2-21).
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o) o NaBH, OH

Ph NaNg Ph CeCly7H,0  Ph £
BI’ _— N3 = I> mn N3
DMF,70°C  p,

Ph MeOH, rt Ph
2.45a 92% 2.50 92% 2.36a-cis

Scheme 2-21. Synthesis of cis-azidoalcohol (2.36a-cis) from 2.45a.

2.3.1.5 Synthesis of 2,3-diphenylcyclopenten-1-ol 2.51

For control experiments to test the role of azido group, 2,3-diphenylcyclopenten-1-ol 2.51
was prepared from 2,3-diphenylcyclopentenone 2.44a in 96% yield by Luche reduction

(Scheme 2-22).

0 NaBH, OH
Ph: jj CeCly*7H,0 Ph: f
Ph MeOH, rt Ph
2.44a 96% 2.51

Scheme 2-22. Synthesis of 2,3-diphenylcyclopenten-1-ol 2.51.

2.3.2 Synthesis of a-azidoalcohol 2.38 and 2.38’

2.3.2.1 Synthesis of 1-azido-2-indanols 2.38

1-Azido-2-indanols 2.38 were prepared from the corresponding indenes using Method A
or B as shown in Table 2-5. The indenes were generally obtained from the corresponding
indanones by consecutive reduction with NaBH4 and dehydration in the presence of a

catalytic amount of TsOH.
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Table 2-5. Synthesis of 1-azido-2-indanols 2.38.

method A
1) NBS, THF-H,0
0o 2) KOH, THF
_ 1) NaBH,, MeOH = 3) NaN3, DMF- HZO
R_\ | > R_\ | |||||OH
2) TsOH (cat.) method B
R'  toluene, reflux R' 1) mcpba, CH,Cl,
2.52 2.53 2) NaN3, NH,CI
EtOH-H,0
Entry 2.53 (yield) & Method 2.38 (yield) °
MeO,C MeO,C
1 ‘ method B mOH
25t 1 C LA 238a(79%). ........
3
o o)
2 < method A ( mOH
o o)
2.53b (95%) © 2.38b (44%)
Cl
3 O‘ method B \@...oH
Cl
2.53e (95%) Cl) 38e (82%)
3
4 method B ©:>....0H
Ph

Ph
2.38f (88%)

N3
S Ph method B ~OH
Ph

d
2.53g (57%) 2.38g (83%)

2 yield from 2.52; ® yield from 2.53; ¢ THF as solvent in dehydration;
d prepared by Heck reaction from indene and bromobenzene.

Substrate 2.38b was prepared by Method A as follows. The indene 2.53b was treated

with NBS in THF-H,O to give frans-bromohydrin, which was treated with KOH to give
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the peroxide. The peroxide then reacted with NaN; to produce substrate 2.38b. Substrates
2.38a and 2.38e-g were prepared by Method B as follows. The indenes 2.53 were treated
with 3-chloroperbenzoic acid (mcpba) to yield the corresponding peroxides, which

reacted with NaNj to produce the corresponding substrates 2.38b.

(1R*2R*)-1-azido-1,2,3,4-tetrahydronaphthalen-2-ol ~ (2.38i) was prepared from
commercially available 1,2-dihydronaphthalene (2.53i) in 78% yield by epoxidation with

mcpba followed by azidation with NaNj3, as described in Method B above (Scheme 2-23).

method B N
1) mcpba, CH,Cl, @i)\\“\OH
2) NaN,, NH,CI
2.53i EtOH-H,O
2 2.38i, 78%

Scheme 2-23. Synthesis of 2.38i.

2.3.2.2 Synthesis of 2-azido-1-indanols 2.38’

Most of the 2-azide-1-indanols 2.38” were prepared from the corresponding indanones
2.52 in 3 steps: a-bromination of indanones 2.52 with CuBr2,72 reduction of the
a-bromoketone with NaBH4 to give cis-bromohydrins, and finally substitution of

cis-bromohydrins with NaNj to yield the 2-azide-1-indanols 2.38’ as shown in Table 2-6.
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Table 2-6. Synthesis of 2-azide-1-indanols 2.38°.

. 0 R 0 R OH
/\/ CUBrZ /\/ 1) NaBH4, EtOH, 0 °C /\/
BI’ > |||||N
NN | EtOAc, reflux X 2) NaN3, DMF, 70°C XX | s
2.52 2.54 2.38'
2.54 (yield) 2 2.38 (yield) ° 2.54 (yield) 2 2.38 (yield) °

o} OH o OH
@) O MeO MeO
< mBr < :©§HHIN3 mBr KjémuN3
O 0 cl Cl

2.54b (83%) 2.38b' (52%) 2.54c (88%) 2.38c’ (65%)

Me o) Me OH

(o) OH
Ph Ph
Br |||||N3 | Br | |||||N3
N
'INS Ts

2.54d (83%) 2.38d" (63%) 2.54h (81%) 2.38h" (81%)

2 yield from 2.52; ° yield from 2.54.

Hydroxylbromination of indene 2.53a by NBS followed by substitution with NaN; gave

2.38a’-cis, which then underwent a Mitsunobu reaction” to produce 2.38a’ (Scheme

2-24).
OH
MeO,C O 1) NBS, THF/H50, rt MeO,C §
: IIIIIN
‘ ' 2) NaN3, DMF-H,0, 70 °C \©:> 3
2.53a 2.38a'-cis, 51%

1) 4-O,NCgH4COOH, PPh;
i-PrO,C~ N -CO2i-Pr OH

THF, 0°C - rt MeO,C
: mn N3

2) MeONa, MeOH-CH,Cl, rt
: 2.38a’, 36%

Scheme 2-24. Synthesis of the 2-azido-1-indanol 2.38a’.
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2.3.3 Synthesis of 2-azido-1-phenylcyclobutanol 2.43

2-Azido-1-phenylcyclobutanol 2.40 as a known compound was prepared from

1-phenyl-cyclobutene 2.55 "** in 23% yield as published procedure 74b (Scheme 2-25).

CH5COzH N

Na,CO o0 NaN ’
O | OX O

CH,Cl, Ph | bMF-H,0, 80 °C Ph
2.55 2.56 2.40, 23%

Scheme 2-25. Synthesis of 2-azido-1-phenylcyclobutanol 2.40.

2.3.4 Synthesis of a-azidocyclopentanol derivatives 2.42

a-Azidocyclopentanol 2.42a was synthesized from cis-bromohydrins 2.49k. Due to
coordination of the hydroxyl group to the palladium atom, 2.49k underwent
stereoselective hydrogenation to yield 2.57, which underwent substitution with NaN3; to

produce the a-azidocyclopentanol 2.42a (Scheme 2-26).

OH
Ph H2 Pd/C Ph, NaN3 Ph, oH
Br ' mn
ES EtOH, rt E§_ DMF, 70 °C Na
2.49k 53% 2.57 77% 2.42a

Scheme 2-26. Synthesis of ai-azidocyclopentanol 2.42a.

Cyclic a-azidoalcohols 2.42b-d were synthesized from a-(bromomethyl)styrene 2.59 and
the corresponding 2.58 (Scheme 2-27). Treatment of 2.59 and 2.58 with K,CO; provided
diene derivatives 2.60, which were transformed into cyclic compounds 2.61 in the

presence of Grubbs catalyst II. Compounds 2.61 were subjected to Method A (described
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in section 2.3.2.1) to yield the corresponding cyclic a-azidoalcohols 2.42b-d.

/\/XH Ph
2.58b-d K2CO3 \LF’h]/ Grubbs catalyst Il <:S
+ >
5 MeCN, reflux CH,Cl,, reflux X
' 5 60b-d 2.61b, 58%
2.59 Ph ' 2.61c, 68%
2.61d, 68%
for 2 steps
1) NBS, THF-H,0
2) KOH, THF 2Ph Me /—\ Me
N_ N
3) NaN3, DMF- Hzo Ve Cl
2.42b, 39% Me i _Me Me
2.42c, 62% /:
’ CI = Ph
2.42d, 54% PCy,
'X = b: C(CO,Me), Grubbs catalyst II:
¢ NTs ! (Benzylidene[1,3-bis(2,4,6-trimethylphenyl)- 2-
! d. NCbz | imidazolidinylidene]dichloro(tricyclohexylphosp

______ hine)ruthenium)

Scheme 2-27. Synthesis of cyclic a-azidoalcohols 2.42b-d.

2.4 Results and discussion

2.4.1 Optimization of reaction conditions for metal-catalyzed pyridine

formation from azidoalcohols 2.36a-trans and 2.36a-cis

In order to test whether we could use transition metal-catalyzed ring expansion of cyclic
2-azidoalcohols to synthesize azaheterocycles, (1R*,5R*)-5-azido-2,3-
diphenylcyclopent-2-enol (2.36a-trans) was chosen to carry out initial tests using 10 mol %
Pd(OAc), as the catalyst with 1 equiv of K,COs in 1,2-dichloroethane (Scheme 2-28).
While this amount of Pd(OAc), by itself did not exhibit any reactivity to 2.36a, it showed

some catalytic effect in the presence of 20 mol % PPh; at 60 °C, giving the ring expansion
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product 3,4-diphenylpyridine (2.37a) in 44% yield with 51% recovery of 2.36a. These

results indicate that the ligand plays an important role in promoting the reaction.

Pd(OAc), (10 mol %)

OH PPh; (x mol %)
Ph K,COs (Lequiv) PRy
IIIIINS > |
7
Ph CICH,CH,CI Ph
2.36a-trans conditions 2.37a

0 mol % PPh3: 60 °C, 3 h, 0% 2.37a + 91% 2.36a-trans
20 mol % PPhj: 60 °C, 6.5 h, 44% 2.37a + 51% 2.36a-trans

Scheme 2-28. Preliminary tests of Pd(Il)-catalyzed ring expansion of 2.36a-trans.

Table 2-7. Optimization of Reaction Conditions

metal catalyst

OH ligand
Ph K>CO3 (1 equiv) Ph N
Ph CICH,CHCI Ph” F
2.36a-trans conditions 2.37a
entry metal catalyst (mol %) ligand (mol %) conditions yield (%)?P
1 Pd(OAc), (20) PPh; (40) 60°C, 6 h 55 (5)
2 Pd(OAc), (10) P(t-Bu)z (20) 60°C,6h 0(79)
3 Pd(OAc), (10) dppp (10) 60°C,5h 38 (51)
4 Pd(OAc), (10) dppb (10) 60°C,6h 62 (12)
5 Pd(OAc), (15) dppb (15) 60°C,5h 72
6 Pd(OAc); (15) dppf (15) 80°C,2.5h 70
7 PdCl,(dppb) (15) — 64 (11)
8 PdCl,(dppf) (15) — 60°C,6h 71 (13)
9¢ PdCl,(dppf) (15) — 80°C,8h 88
10 Pd(OAc);, (15) 2,2"-bipyridine (15) 80 °C, 0.5h 80
11 Pd(OAc), (15) TMEDA (15) 80°C,8h 69 (19)
12 Pd(PPh3)4 (15) — 80°C,6h 20 (18)
13 NiCl, 6H,0 (15) dppf (15) 80°C,6h 7 (68)
14 [RhCl(coe),], (7.5) dppf (15) 80°C,6h 30 (44)
15 AuCl (15) dppf (15) 80°C,6h 7(82)
16 Cul (15) dppf (15) 80°C,6h 0(87)

2 jsolated yield; ® Recovery yield of 2.36a is in parentheses; ° TONs = 6.7, TOFs = 0.83 h™.

Encouraged by these preliminary results, we attempted to optimize pyridine formation by
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reacting (1R*,5R*)-5-azido-2,3-diphenylcyclopent-2-enol (2.36a-trans) in the presence of
some transition metal catalysts and 1 equiv of K;COs in 1,2-dichloroethane (Table 2-7).
Higher catalytic loading (20 mol % of Pd(OAc),(PPhs),, however, did not improve the
chemical yield of 2.37a (entry 1). The reaction with the bulky P(#-Bu); ligand did not
proceed at all (entry 2). B-Carbon elimination needs interaction between metal and its
B-carbon, that is usually called as agostic interaction.” Such interaction could be
achieved in the palladium-alcoholates bearing cis-coordination of phosphine ligands such
as A’ in the Figure 2-1, while the agostic interaction might be impossible in the reaction
with the P(#-Bu); ligand because of the steric hindrance. The bidentate phosphine ligands
dppb and dppf proved to be optimal ligands for pyridine formation (entries 3-9) since the
generated cis-coordination intermediates make the agostic interaction smooth (B in
Figure 2-1). Using 15 mol % PdCl,(dppf) at 80 °C gave 2.37a in the best yield (88%)
(entry 9), while the reaction did not go to completion at lower temperature (entry 8).
Interestingly, bidentate nitrogen ligands such as 2,2’-bipyridine and TMEDA with
Pd(OAc), also exhibited good catalytic activity (entries 10 and 11). The palladium(0)
complex Pd(PPh;)4 gave inferior results (entry 12). Other metal complexes like Ni(Il),

Cu(I), Rh(I), and Au(I) were not viable catalysts for this transformation (entries 13-16).

PR3 PR3
ph,b( Rs ,d( X
A N
(Agostic interaction) (Agostlc interaction) Agostlc interaction)

Figure 2-1: Possible intermediate A (or A’) and B with mono- and bidentate-phospine

ligands respectively.
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The reactivity of cis-azidoalcohols 2.36a-cis was investigated under the optimal reaction
conditions. Although the reactions of cis-azidoalcohols 2.36a-cis can proceed (Scheme
2-29), it was found the yield of pyridine 2.37a was lower (59%) than that from
trans-azidoalcohol 2.36a-trans. Even when cis-azidoalcohols 2.36a-cis were allowed to
react in the presence of the Pd(OAc),-2,2’-bipyridine catalyst system, pyridine 2.37a was
obtained in only 30% yield and with 44% recovery of 2.36a-cis. The reason may be that
the cis-azido group prevents agostic interaction (see intermediate C) between the
azido-substituted carbon and Pd center in the palladium alcoholate intermediate generated

during the reaction.

OH catalyst (15 mol %) 0 L ]
Ph < K2CO;3 (1 equiv) Phj@\l Ph,a ’l‘épd‘\,\, ‘>
|||||N3 Ph - Vi " L
p _
Ph CICH,CH,CI, 80°C  Ph ‘\OAC

2.36a-cis 2.37a
PdCl,(dppf): 4 h, 59%
Pd(OAc),-2,2'-bipyridine: 6 h, 30% + (44% 2.36a-cis)

Agostic interaction)
was prevented

Cc ‘ -

Scheme 2-29. Formation of pyridine from cis-azidoalcohols 2.36a-cis.

2.4.2 Synthesis of pyridines

Once reaction conditions had been optimized, the generality of this catalytic method for

the synthesis of substituted pyridines was examined, using trans-azidoalcohols 2.36

(Table 2-8).
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Table 2-8. Synthesis of pyridines.

OH PdCl,(dppf) CH,Cl,(15 mol %)

1 1
R K5>CO3 (1 equiv) R SN
|||||N3 > ’ _
R2 CICH,CH,CI, 80 °C R?
2.36 2.37
Substrate Product Substrate Product
R3 R3 OH Me
SIS U s
3 _— Ph
O O 2.36h 2.37h, 6 h, 65%
2.36a: R3=H 2.37a, 6 h, 88%
2.36b: R = 4-Me 2.37b, 2 h, 78%
2.36¢c: R = 4-Cl 2.37c, 3 h, 88%
2.36d: R®=4-F 2.37d,1.5 h, 89%
OH
Me Me l ~N
' |||||N3 /
2.36e 2.37e,6 h, 83%
OH Me
Me I >N
' |||||N3 Me /
Me l
M
Ve, f 237f25h 74%
.......... 2361 L ASTESSh TN aek i R3= H 2.37k, 3 h, 83%P
OH X N 2.361 : R®=4-Me 2.371, 4 h, 64%
A l P 2.36m: R3 = 2-Me 2.37m, 5 h, 66%
' ""Ng 2.36n : R® = 4-Cl 2.37n, 2 h, 84%
O 2360 : R3= 4-F 2.370, 2 h, 86%
2.36g 2.379, 6 h, 80% 2.36p : R®=4-CF, 2.37p, 1 h, 93%

2 pd(OAC),-2,2-bipyridine (10 mol %) was used; ® PdCl,(dppf) (20 mol %).

Diaryl substituted pyridines were smoothly synthesized in good to excellent yield from
the corresponding 2-azidoalcohols (2.36a-2.36d); these pyridines carried not only alkyl
groups but also halides such as fluoride and chloride on the benzene ring. The reaction

also allowed the installation of methyl and allyl moieties at C-3 on the pyridine ring
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(2.37e-2.37g) in good yield. 3,4-Dialkylsubstituted pyridine 2.37h was synthesized in 65%
yield. Importantly, 3-chloro-pyridine 2.37i was prepared under the optimized reaction
conditions in 90% yield and with the C—Cl bond intact, and 3-bromopyridine 2.37j was
also generated in 72% yield and with the C-Br bond intact using the
Pd(OAc),-2,2’-bipyridine catalyst system. In addition to disubstituted pyridines,
3-arylpyridines with some substituents (2.37k-2.37p) were prepared in good to excellent
yield using this method. The yield of pyridine 2.37 from substrates bearing an
electron-donating group was lower than that from substrates bearing an
electron-withdrawing group such as F, Cl and CF;. This is consistent with the mechanism
proposed in Scheme 2-31, in which the formyl group of the iminyl palladium(II) species

II is expected to be more reactive when it contains an electron-withdrawing group.

2.4.3 Synthesis of Isoquinolines and »~Carboline

In addition to synthesis of pyridines, this catalytic ring expansion was extended to provide

substituted isoquinolines and j~carboline derivatives (Table 2-9).

52



Table 2-9. Synthesis of isoquinolines and j~carboline

N3 (OH) PdCl,(dppf)*CH,Cly(10 mol %)
= \ K,COj3 (1 equiv) N SN
R'© | OH (N3) -R |
X X2 CICH,CH,CI, 80 °C X /\Rz
2.38 (2.38") 2.39
Azidoalcohols Product (yields %) Azidoalcohols Product (yields %)
N3 \N3
( OH <o P
2.39a,06h,81| O
2.38a E = CO,Me 2.38b 2.39b, 1 h, 76
E § S oH
O O e, ST
N
0 >0 Z

2.38e 2.39¢,2h, 90 2.38f 2.39f,2h, 73
N3 OH
§OH NN | XN
‘ | N3 NS
=
Ph "|\'IS Ts
2.38¢g 2.39g, 24 h, 64° 2.38h' 2.39h,2h, 93

210 mol % Pd(OAc),-dppf as catalyst at rt. ® 20 mol % PdCl,-dppf was used.

It is noted that the reactions of both frans-1-azido-2-indanol 2.38 and 2-azido-1-indanol
2.38’ proceeded to obtain the same isoquinolines in good yields using 10 mol % catalyst
(for 2.39a and 2.39b). The reactions of 2-azido-1-indanols 2.38a’-¢’ proceeded at room

temperature using a Pd(OAc),—dppf catalytic system in excellent yields, perhaps because
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the benzaldehyde system generated from 2-azido-1-indanols is a more stable intermediate
than the aliphatic aldehyde system generated from 1-azido-2-indanols via C—C bond
cleavage. (See section 2.4.4 below for details of the proposed mechanism.) Both
electron-donating and -withdrawing groups were incorporated into the isoquinoline ring
in the products 2.39a-d. Chloride substituents on the benzene ring were tolerated,
allowing production of 2.39¢ and 2.39e; it was also possible to synthesize some alkyl- and
aryl-substituted isoquinolines such as 2.439d and 2.39f. In terms of substrate scope,
azidoalcohol 2.38f bearing a phenyl group at C-3 and tertiary alcohol 2.38g bearing a
phenyl group at C-2 were converted into the corresponding isoquinolines in good yields
using 20 mol % PdCl,(dppf) as catalyst. Moreover, azidoalcohol 2.38g” was converted

into j~carboline 2.39g in 93% yield using this method.

2.4.4 Proposed mechanism for ring expansion of cyclic 2-azidoalcohols

During the course of this study, reactions were conducted with certain substrates that
provided significant mechanistic information about this expansion reaction. For example,
2-azidocyclobutanol 2.40 gave the desired 2-phenylpyrrole 2.41 in 62% yield along with
the side product y-keto nitrile 2.62 (19% yield). In this process, B-carbon elimination
generated an iminyl palladium species, which underwent B-hydride elimination to
produce 2.62. In contrast to substituted tert-cyclobutanol rings, which normally undergo

33, 34

cleavage via P-elimination of a sterically less hindered carbon, compound 2.40

underwent selective C—C bond fission involving the azido-substituted carbon (Scheme

2-30).
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H
1) Pd(OAC),-dppf (10 mol %) N
K,COj3 (1 equiv), 5 h - E/)*Ph + Pd(ll)

[Pd']
é}g“OH 2) AcOH, 1 h J /N o 2.41, 62%
' H Ph
Ph 1, 4-dioxane-MeOH, 60 °C L U ™1
, + H-Pd(Il)-OAc
2.40 A R

2.62, 19% l
Pd(0) + HOAc

Pd(ll)-catalyzed ring cleavage of tert-cyclobutanol by Uemura
Pd(OAc), (10 mol %)

Pyridine, MS 3A O
OH ethyl acrylate, toluene _ @Ph
o Ph 80 °C, 0,,93%
2.63 \ 2.64

elimination of a sterically
less hindered B-carbon

Scheme 2-30. Two contrasting types of C—C bond cleavage.

Based on Scheme 2-30, a 19% yield of nitrile 2.62 is more than the amount of 10 mol %
Pd(OAc)—dppf used. This scheme proposes that nitrile 2.62 is formed by p-hydride
elimination from the iminyl Pd(II) intermediate with generation of [H-Pd(II)-OAc],
which then affords Pd(0) via reductive elimination. However, formation of the pyrrole
2.41 is more likely to be catalyzed by the Pd(II) complex. To obtain more detailed
information about which Pd species catalyzes formation of nitrile 2.62, the catalyst
Pd(OAc),—dppf was replaced with 10 mol % Pd(PPhs); in the reaction of
2-azido-1-phenylcyclobutanol 2.40. The major product of this reaction was nitrile 2.62 in
38% yield and the pyrrole 2.41 in 16% yield (eq 2-1). This result tentatively suggests that
the  Pd(0) species catalyzes the formation of  nitrile 2.62 from

2-azido-1-phenylcyclobutanol 2.40.
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Nj 1) Pd(PPh3), (10 mol %) 2) AcOH, 1 h

H
OH KiCO;(1equiv), 24 h N CN O
K - O UL e
Ph Ph

1, 4-dioxane-MeOH, 60 °C
2.40 2.41, 16% 2.62, 38%

This conclusion was supported by a control experiment in  which
2,3-diphenylcyclopent-1-enol 2.51 was allowed to react under the optimal conditions for
pyridine formation (eq 2-2). No C—C bond cleavage was observed, indicating that an

azido moiety plays a significant role in the present process.

OH PdCly(dppf)*CH,Cly(15 mol %)

Ph i
K2CO3 (1 equiv) no reaction (2-2)

Ph CICH,CH,CI, 80 °C 97% 2.51 recovery
2.51

Based on these mechanistic findings, Pd(II)-catalyzed ring expansion of cyclic
2-azidoalcohols to synthesize azaheterocycles was proposed as shown in Scheme 2-31. In
this process, reaction of azidoalcohol 2.36 with a Pd(II) complex in the presence of a base
generate palladium(Il) alcoholate I. Then, in the key step, alcoholate I undergoes
f-carbon  elimination, followed by elimination of dinitrogen to give
alkylideneaminopalladium(II) species II. The iminyl palladium part of II acts as an
intramolecular nucleophile to attack the resulting formyl group, generating the cyclized
intermediate III. Protonation of III by 2.36 or H,O followed by dehydration affords
6-membered azaheterocycles 2.37 along with the Pd(II) complex. Alternatively,
elimination of the hydroxyl palladium(Il) species from III yields azaheterocycles 2.37

directly.
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OH  PdCly(dppfy CH,Cly(15 mol %)

1
R K,CO;3 (1 equiv) N
IllIIN3 > l /
R2 CICH,CH,CI, 80 °C R?
2.36 2.37
OH OH
R1 A N R1 R1
| |||||N3
2 2
H2O [Pd"] R™ 236
[Pd”] . .
H H —rpyll
K . O—[Pd']
[Pd"]-OH W....Ns
R2

R2
\ f/[Pd“]

Scheme 2-31. Proposed mechanism of Pd(II)-catalyzed ring expansion of cyclic

2-azidoalcohols to synthesize azaheterocycles.

2.4.5 Reactions of other ring systems

To examine the substrate scope of the reaction, we tried to apply this method to other ring
systems. However, no C—C bond fission was observed when the reaction was performed
with 6-membered ring azidoalcohols 2.36i (eq 2-3). In addition, 2.36i was recovered in 66%

yield.

N
® on PdCly(dppf) (20 mol %), K,COs (1 equiv) _
. no reaction (2-3)
CICH,CH,CI, 80 °C, 6 h 66% recovery of 2.36i

2.36i
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The saturated 5-membered ring azidoalcohols 2.42 were tested in this catalytic ring
expansion. Reaction of 2-azidocyclopentanol 2.42a produced pyridine 2.37k in 34% yield.
In this transformation, intermediate II was generated by [-carbon elimination, which
upon treatment with excess AcOH under an oxygen atmosphere underwent protonation
followed by dehydration to give dihydropyridine intermediate III. This compound was

further oxidized to pyridine 2.37k (Scheme 2-32).

OH 1) PdCly(dppf) (15 mol %) 2) AcOH, MeOH

Ph,, K,CO3 (1 equiv) (2 h) under O, 3h) PP~
|||||N3 > | /
CICH,CH,CI, 80 °C, 34%

2.42a 237k
Ligand Exchange
B-Carbon Elimination [O]
[Pd{]
P PN TN
J ! N\ |
I 11 H0 I

Scheme 2-32. Formation of 3-phenylpyridine 2.37k from 2.42a.

This reaction was also used to synthesize pyridine 2.43b and pyrazine 2.43¢ from the
saturated 5S-membered ring azidoalcohols 2.42b-¢ (Table 2-10). PdCI,(dppf) did not show
any reactivity towards 2.43b in 1,2-dichloroethane (entry 1), but Pd(OAc),-bpy catalyzed
the reaction to give pyridine 2.43b in 38% yield (entry 2). Neither PdCl,(dppf) nor
Pd(OAc),-bpy exhibited any reactivity to 2.43c in 1,2-dichloroethane (entries 4-5).
Interestingly, N,N-dimethylimidazolidinone (DMI) served as a general solvent to
synthesize pyridine 2.43b and pyrazine 2.43c¢ in moderate yields from the corresponding

2-azidoalcohols 2.42b-d (entries 3, 6-7).
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Table 2-10. Synthesis of 2.43.

Pd-catalyst (20 mol %)

N
Hoy_2, K,COs (1 equiv) Ng_-Ph
-
X solvent, conditions Y
2.42 243
Entry  Substrate Catalyst Solvent Conditions  product  Yield (%)?
1 HO_ N3 paci(dppf)  CICH,CH,CI  80°C,24h | NP 0(82)
2 Pd(OAC)-bpy CICH,CH,Cl  80°C. 50h 38
MeO,C~ 'CO,Me COMe

2.4%b PdCl,(dppf) DMI 120°C,6h  2.43p 21
4 HO N3 on PdCl,(dppf)  CICH,CH,Cl 80°C,24h 0 (95)
5 2 3 Pd(OAc),-bpy CICH,CH,ClI  80°C, 24 h 0 (99)

N

5 Ts PACl,(dppf) DMI 120°C,6h A\ 28 (41)

2.42¢ [ ]\

............................................................. -
HO 5‘3 N Ph

Z—Tph 2.43c

7 N PdCl,(dppf) DMI 120 °C, 6 h 37
Cbz
2.42d

@ Recovery yield of 2.42 is in parentheses. DMI: 1,3-Dimethyl-2-imidazolidinone

On the basis of the mechanism proposed in 2-31, possible synthetic routes to 2.43b and
2.43¢c were developed (Scheme 2-33). In the proposed transformation of 2.42b into
pyridine 2.43b, the generated azadiene I undergoes consecutive hydrolysis and
decarboxylation to afford azadiene I, which is then oxidized to pyridine 2.43b (Scheme
2-33a). The substrate 2.42c is converted into pyrazine 2.43c¢ via elimination of
4-methylbenzenesulfinic acid from azadiene III (Scheme 2-33b). In the conversion of
2.42d into pyrazine 2.43c, the generated azadiene IV undergoes hydrolysis to form

another azadiene intermediate V, which is oxidized to pyrazine 2.43¢ (Scheme 2-33c).
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N .
HO 3 pp N_ _Ph (1) hydrolysis N. _Ph N
| = (2) decarboxylation || o1 | A
- = > —_— = (a)
MeOZC COZMe MeOZC COZMe COZME COzMe
2 42b I ! 2.43b
N Ph
(L
H N Ph
N
> [/j/ (b)
N
2.43c

(©

N
HO} 5’3 Ph
N 0
Ts Me S,
OH
Me I
PN [T
V

2.42c
N5 N
Ph [ \j/ hydrolysis [
2.43c

HO
N N
Chz
IV

Cbz
2.42d
Scheme 2-33. Transformations to generate 2.43b and 2.43¢

2.5 Summary
we have described a Pd(Il)-catalyzed ring expansion of cyclic

In summary,

2-azidoalcohol derivatives for the synthesis of azaheterocycles. This process involves a
series of reactions including an unprecedented C—C bond cleavage and C-N bond

formation via an iminyl palladium(II) species. Although this method requires multi-step

preparation of substrates, it can provide various substituted azaheterocycles such as

pyridines, isoquinolines, pyrrole and pyrazine

60



Chapter 3
A Copper-Catalyzed Aerobic Oxidation of Benzyl Cyanides for

Synthesis of Carboxylic Acids

3.1 Introduction

Aromatic carboxylic acids and their derivatives exist widely in nature, and their
usefulness has been extended to a broad range of various fields such as food components,
pharmacophores and synthetic precursors.”® As a consequence, the synthesis of aromatic
carboxylic acids occupies a significant place in organic chemistry and diverse approaches
have been explored to synthesize aromatic carboxylic acids. Traditional synthetic routes
include the following: oxidation of substituted arenes,’’ aryl alcohols,78 and aldehydes,79
as well as oxidative cleavage of aromatic alkenes,80 alkynes,81 diols*? and diketones;83
hydrolysis of aryl nitriles® and acyl derivatives, such as anhydrides,* benzoyl halides,*
esters®’ and amides;™ and addition of arylmetallic reagents (such as Grignard reagent,"
organolithium,” arylzinc’' and arylboron®® reagents) or transition metal complexes® to

carbon dioxide.

Each of these conventional methods has its drawbacks, such as many incompatible
functional groups, limited scope, or the need for expensive catalysts and ligands. Thus,
although diverse conventional approaches to the synthesis of carboxylic acids have been
developed, efficient synthesis under aerobic conditions remains a challenge. A patentail

method involves oxygenation of the C—H bond. The following sections give a brief
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introduction to C—H bond oxygenation in which O, serves as both oxidant and oxygen

source.

3.1.1 Palladium-catalyzed oxygenation of the C—H bond

Recently, Ritter reported the dinuclear Pd(II)-catalyzed chemo- and regioselective
a-hydroxylation of carbonyl compounds using molecular oxygen or air as the only
oxidant (Scheme 3-1).”* In this oxygenation of C—H bonds, the dinuclear Pd(II) catalyst
3.3 behaved as a dioxygenase: oxygen transferred from O, to the product 3.2 via

hydroxylation of the substrate 3.1 under an O, atmosphere.
3.3 (5 mol %)
Q 3.4 (30 mol %) Q o
Ph)K(Ph - Ph&
THF, 0-6°C Md OH
3.1 1 atm 02 99% 3.2

szhpp4 3.3

Scheme 3-1. Dinuclear palladium-catalyzed a-hydroxylation of carbonyls with O,.

Yu’s group developed a Pd(Il)-catalyzed ortho-hydroxylation of benzoic acids using
molecular O, (Scheme 3-2).” Although the details of the process remain unclear,
mechanistic investigations by the Yu group point to direct oxygenation of the aryl-Pd

species by molecular O,.
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Pd(OAc), (10 mol %)

CO,H KOAc (2 equiv), BQ (1 equiv) CO,H
Me/©/ DMA, 115 °C, 1 atm O, 82% Me/C[OH

3.5 3.6

Scheme 3-2. Pd(II)-catalyzed hydroxylation of arene with 1 atm O,.

3.1.2 Non-metal-catalyzed oxygenation of the C—H bond

Murphree and co-workers described an aerobic oxidation of primary sulfones to lead
carboxylic acids without any transition metal as catalyst (Scheme 3-3).”® They postulated
that, in the first step, treatment of the primary sulfones 3.7 with strong base provided the
sulfonyl dianions I, which have been described in the literature and form easily under
conventional conditions.”” Subsequently, the sulfonyl dianions I reacted with O to form
the peroxide intermediates I1, which lost a potassium-stabilized oxide moiety to afford the
a-sulfone intermediates III. Hydrolysis of oa-sulfone intermediates III followed by

protonation produced the carboxylic acids 3.8.

0
2.5 equiv. KHMDS O

“>80,Ph a . 2 - )k

3.7 THF, - 78 °C 3.8

k), e
< N i
R/\sozPh R§L802Ph )J\SOZPh \92Ph

Scheme 3-3. Aerobic oxidation of primary sulfones to generate carboxylic acids

Another example of the non-metal-catalyzed oxygenation of C—H bonds is potassium

tert-butoxide-mediated penultimate oxidative hydrolysis of primary nitriles to yield
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carboxylic acids, as reported by Gokel’s group (Scheme 3-4).** This transformation

involved the intermediate acyl cyanide A.

t-BuOK (4 equiv) 0]
i _ 0,
O/\CN 18-Crown-6 (5 mol %) R : | on| Hz0 O/COZH
THF, 25 °C, 48 h, O,
3.9 85% A 3.10

Scheme 3-4. Potassium fert-butoxide-mediated oxidative hydrolysis of nitriles.

3.1.3 Copper-catalyzed oxygenation of the C—H bond

A facile aerobic Cu-catalyzed a-oxygenation of aryl thioacetamides to synthesize a-keto
aryl thioamides was described by Mirjafary and co-workers (Scheme 3-5).” Their
proposed mechanism involves a free radical pathway: base-promoted thioenolation of
substrate 3.11 generates copper thioenolate I, which tautomerizes to give free radical 11
species that coordinate with the resulting Cu(I). In the presence of molecular O,, oxygen
incorporation by II occurs to provide the a-hydroperoxide equivalent III and regenerate

Cu(II). Intermediate III undergoes dehydration to yield the a-keto aryl thioamide 3.12.

CuCl,-2H,50 (1 mol %)

©\)SL K,COj (1 equiv) @
N owF, 0,, 80 °C, 3 h, 94% N7

3.11 Lo 312 © Lo

K,COs, Cu" H,0, Cu'"
H003'\/J/\ 2 ; "

cu'. Cu',,,/ cu'
Ph - —— Ph —_—
N/\ - ; N/\ O%N
| K/O K/O Ph @

Scheme 3-5. Aerobic Cu-catalyzed a-oxygenation of aryl thioacetamide.
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Fu’s group developed a copper-catalyzed aerobic oxidative synthesis of aromatic
carboxylic acids (Scheme 3-6).”” In this efficient one-pot cascade reaction, aryl halides
and malononitrile were transformed into the corresponding aromatic carboxylic acids
using inexpensive Cul/L-proline as the catalyst. The process involved a sequence of

Ullmann-type coupling, aerobic oxidation and hydrolysis reactions.

Method A
(1) Cul/L-proline, Cs,CO3
DMSO, air, 140 °C, 48 h

| H
/©/ . oy @1MHC /@COZ
Me + ~ } Me

Method B
. A4 . .
313 3 (1) Cul/L-proline, Cs,CO3 34

DMSO, N 130 °C, 24 h

J Ullmann-type

coupling (2) air, 140 °C, 12 h TM HCI
(3) 1 M HCI
CN o
OCs
. CN v
hydrolysis hydrolysis
+ or
oxidation oxidation
G ’
Me COCs TN - Me'@"«
CO,Cs
1Cs0.C () HOCO,Cs = CsHCO, I

Scheme 3-6. Cu-catalyzed aerobic oxidative synthesis of aromatic carboxylic acids.

Recently, our group explored the intriguing chemical reactivity of the iminyl copper

47 For example, copper-catalyzed benzylic C—-H

species in aerobic oxidation reactions.
oxygenation under an O, atmosphere was described in which the iminyl copper species
acted as an internal directing group.'’® One mechanism proposed for this C—H

oxygenation is described in Scheme 3-7. In this proposal, addition of Grignard reagent to

carbonitrile 3.15 followed by protonation with MeOH affords N-H imine 3.16, which
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reacts with the Cu(Il) catalyst to give the transient iminyl copper(II) species I, which can
be oxidized with O, to form peroxycoper(IIl) II. The peroxycoper(Ill) II undergoes an
intramolecular 1,5-H shift to generate benzylic radical III, which is converted into
peroxycopper(Il) species IV. Elimination of [Cu(II)-OH] species gives keto imine V,

which is hydrolyzed to yield the diketones 3.17.

R-MgBr
il Et,0,60°C | N NH Ph._O
CN in sealed tube 10 mol % Cu(OAc),
> R > R
then MeOH DMF, 80 °C, O,
3.15 3.16 then H;O" 347
Ph.__O
3.16? [Cu—OH] <_<\* NH
R
o [Clull] O/[CU”]
N H 6 v \
Ph NH
R
o [Cu"] R 3.17
of 0
I ‘ o v
H [Cu") 9
N ’ NH
R ” R
1 III

Scheme 3-7. Cu-catalyzed benzylic C—H oxygenation.

3.2 Project hypothesis

Inspired by the C-H bond oxygenation described above, we wondered about the
implications of combining our group’s benzylic C—H bond oxygenation (Scheme 3-7)
with Gokel’s potassium tert-butoxide-mediated penultimate oxidative hydrolysis of

primary nitriles to yield carboxylic acids (Scheme 3-4) and Fu’s copper-catalyzed aerobic
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oxidative synthesis of aromatic carboxylic acids (Scheme 3-6). We designed a process to
synthesize benzoic acids via Cu-catalyzed C-H oxygenation of benzyl cyanides under an

O, atmosphere (Scheme 3-8).

copper(ll) catalyst

RISy TCN base N CO-H
A N - R

3.18 conditions, O, 3.19

| 1

Cu(ll) / “Cu(ll)

=

I

Scheme 3-8. Hypothesized Cu-catalyzed aerobic oxidation of benzyl cyanides to

synthesize benzoic acids.

3.3 Synthesis of benzyl cyanides

3.3.1 Substitution of benzyl bromides

A conventional method to synthesize benzyl cyanides is to convert benzaldehydes into

benzyl bromide through successive reduction and bromination, then to substitute the

benzyl bromide with KCN or other CN source (Table 3-1). Most of the benzyl cyanides

(3.18a-1 and 3.18r) were prepared by this method.
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Table 3-1. Synthesis of benzyl cyanides from benzaldehydes.

| T T
= 2) PBry pyrldlne (cat) I MeCN, 60 °C
3.20 CH,Cl,, 0 3.21 3.182
CN /@/\ Me0:©/\CN
MeO
3.18a, 96% 3.18b, 70% 3.18¢, 42%
Cl
| CN CN
C N /@/\ ©\A
Br
3.18d, 49% 3.18e, 59% 3.18f, 97%°
oo o
Ph Ph
3.189, 78% 3.18h, 64% 3.18i, 52%
CN N Ph CN
- Ph
3.18j, 30% 3.18k, 53% 3.18r, 93% "

2 yield from 3.20 for 3 steps; ° yield from 3.21f; © yield from 3.21r and n-Bu,NCN in DMF

The 4-hydroxymethylbenzyl cyanide 3.181 and 4-formylbenzyl cyanide 3.18m were
prepared from 4-methoxycarbonylbenzyl bromide 3.221 (Scheme 3-9). Selective
reduction of the 4-methoxycarbonylbenzyl bromide 3.221 by DIBAL-H gave
4-hydroxymethylbenzyl bromide 3.221, which reacted with KCN to produce
4-hydroxymethylbenzyl cyanide 3.18l. Treatment of the 4-hydroxymethylbenzyl cyanide

3.181 with MnO, gave the 4-formylbenzyl cyanide 3.18m.
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Br DIBAL-H 5 KCN
MeO > \/@/\ r - .
CH,Cl,, -78 °C, 4 h HO MeCN, 60 °C, 49 h

0,
O 321 92% 3.211 87%
Mn02
\/@/\CN . /@/\CN
HO CH,Cly, reflux, 4 h oy
3.18l 36% 3.18m

Scheme 3-9. Synthesis of 3.181 and 3.18m.
3.3.2 Coupling of bromobenzyl cyanides

The substrates 3.18n-q with an alkynyl group on the aromatic ring were prepared by the
Sonogashira coupling reaction from the corresponding terminal alkyne 3.22 and

4-bromobenzyl cyanide 3.18e or 2-bromobenzyl cyanide 3.18f (Scheme 3-10).

i-Pr,NH, PdCI,(PPh3),

X CN Cul, PPh3 TN CN
Bro- + R— >, R—
Pz P

3.18e or 3.18f 322  Toluene, rt-80°C 3.18n-q

CN o CN CN CN  oH
= = N A
3.18n, 88%

3.180, 91% 3.18p,80% Ph 3.18q, 84%

Ph

Scheme 3-10. Synthesis of 3.18n-q by the Sonogashira coupling reaction.

The substrate 3.18s was synthesized by the Suzuki coupling reaction from 2-bromobenzyl

cyanide 3.18f and 2-hydroxyphenyl boronic acid 3.23 (Scheme 3-11).

CN Pd(OACc), (5 mol %) CN
d @EB(OH)Z Na,CO; (1 equiv)
+ >
DMF - H,0, rt, 36 h O
o on 4280/ HO
3.18f 3.23 0 3.18s

Scheme 3-11. Synthesis of 3.18s by the Suzuki coupling reaction.
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3.4 Results and discussion

3.4.1 Optimization of reaction conditions

To test the hypothesis of Cu(Il)-catalyzed C—H bond oxygenation of benzyl cyanides for
synthesis of carboxylic acids (Scheme 3-8), a test reaction was conducted using benzyl
cyanide 3.18t with 20 mol % of Cu(OAc), and 1 equiv K,CO3 at 80 °C under an O,

atmosphere (Scheme 3-12). The desired benzoic acid 3.19t was obtained in 78% yield.

Cu(OAc), (20 mol %)

©/\CN K>CO3 (1 equiv.) R ©/COZH
DMSO, 80 °C, 5 h, O,

3.18t 78% 3.19t

Scheme 3-12. Test reaction to achieve Cu(Il)-catalyzed aerobic C—H bond oxygenation.

Inspired by these preliminary results, the 2-naphthyl acetonitrile 3.18a was chosen as the
model substrate for further optimization of the reaction conditions as shown in Table 3-2.
In the presence of only 20 mol % Cu(OAc), with 1 equiv K,COs3 in DMF at 80 °C under
an O atmosphere, the 2-naphthoic acid 3.19a was obtained in 67% yield, along with a
recovery yield of 27% of the substrate 2-naphthyl acetonitrile 3.18a (entry 1). Other
copper catalysts were tested (entries 5-10), with Cu(OTfY), giving good yield (86%) (entry
8), but none gave better yield than Cu(OAc),. Using 2,2’-bipyridine as ligand gave the
best yield (93%) of 2-naphthoic acid 3.19a (entry 4). The reaction was not effective at all

when 10 equiv H>O were used as additive (entry 2), nor did other bases improve the yield

(entry 3).
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The model reaction was also used to investigate the effect of solvent. The transformation
of substrate 3.18a was notably accelerated in DMSO, which gave the 2-naphthoic acid
3.19a in 81% yield after only 1 hour (entry 11). The reaction proceeded in MeCN, giving
2-naphthoic acid 3.19a in 68% yield along with a recovery yield of 8% for 3.18a and of
12% for 2-naphthaldehyde (entry 12). However, the reaction did not proceed at all in the

nonpolar solvent CICH,CH,Cl due to solubility issues (entry 13).

Table 3-2. Optimization of reaction conditions.

catalyst (20 mol %)
ligand (20 mol %)
K>COs5 (1 equiv)

CN N OO CO2H
Solvent, 80 °C, O,

3.18a 3.19a

Entry Catalyst Ligand Solvent Time (h) Yield (%)@

1 Cu(OAc), — DMF 24 67 (27)
2° Cu(OAc), — DMF 24 67 (32)
3¢ Cu(OAc), - DMF 6 64

4 Cu(OAc), bpy DMF 12 93

5 CuCN bpy DMF 10 76

6 CuClp bpy DMF 12 62 (9)
7 CuBr, bpy DMF 12 69

8 Cu(OTf), bpy DMF 12 86

9 Cu(OCOCF3),  bpy DMF 12 68
10 CuSOy bpy DMF 12 62
11 Cu(OAc), bpy DMSO 1 81
12 Cu(OAc), bpy MeCN 24 60 (8), (12)°
13 Cu(OAc), bpy CICH,CH,CI 24 0(97)

2 Recovery yield of 3.18a in parentheses; © 10 equiv H,O as additive were added;
¢ Ag,CO; used as base instead of K,COj5; @ 2-Naphthaldehyde was obtained;
©TONs = 5, TOFs = 0.42 h™'. bpy: 2,2"-bipyridine.
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3.4.2 Copper-catalyzed synthesis of aromatic carboxylic acids

Once the optimal reaction conditions had been defined, the scope of copper-catalyzed

synthesis of benzoic acids from benzyl cyanides was investigated (Table 3-3).

Table 3-3a. Copper-catalyzed synthesis of aromatic carboxylic acids.

Cu(OAc), (20 mol %)
bpy (20 mol %)

CN K>CO3 (1 equiv) ©/COZH
> R—
DMF or DMSO, 80 °C, O, &

;
Y /i
/

3.18 3.19
Substrate Product Substrate Product
CN OO CO,H /@/\CN D/COZH
3.18a 3.19a 3.18b 3.19b
12 h, 93% 2@ 48 h, 65% @ (32%) ©
e eeeeeeeeeeeeanannaeeeaas ThB1%b ... 180 99%0
MeO CN MeO CO,H Cl Cl
Cl Cl CO,H
MeO MeO
3.18¢ 3.19¢c
24 h, 62% 2 (35%)° 3.18d 3.19d
12 h, 96% P ' 16 h, 88% 2
Br Br Br Br
3.18e 3.19¢ 3.18f 3.19f
12 h,87%°2 10 h, 79% @ .
o oo o
Ph 218 Ph Ph or ™
.18g 3.19¢g ) .
12 h, 95% 2@ 3.18h 30 h,73% 2 (10%) ©
12 h, 81% °

2 In DMF; ® In DMSO; ° Recovery yield of 3.18 in parentheses.

Various substituted groups were installed on the benzene ring of aromatic carboxylic

acids as shown in Table 3-3a. Both electron-donating and -withdrawing groups were
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incorporated onto the benzene ring (3.19b-f). Whereas substrates containing an
electron-donating group did not react in DMF, the corresponding benzoic acid was
obtained in excellent yield in DMSO (3.19b-¢). Importantly, the reaction allowed halide
groups such as CI and Br to be installed on the benzene ring (3.19d-f). The benzoic acids
bearing a phenyl group (3.19g-h), whether in the ortho- or para-positions, were obtained

in excellent yield, as was benzoic acid bearing an alkyl moiety (3.19b).

We also examined the ability of the reaction to handle certain substrates bearing special
functional groups (Table 3-3b). It was possible to install an allyl group on the aromatic
ring (3.19i and 3.19j), while keeping the double bond intact. When the substrate
contained a triple bond, the reaction gave different results depending on the type and
position of the substituents: (1) the substrate with a propargyl group (3.19k) gave only
approximately 30% vyield of the corresponding benzoic acid; (2) substrates with an
alkynyl group at the para-position of the benzene ring provided the corresponding
benzoic acids in good yields (3.19m-0); (3) benzyl cyanides bearing a 2-alkynyl
substitution gave low yields of the lactones 3.19p’-q’, the carboxyl moieties of which
reacted with an intramolecular alkyne to afford intermediate I (from 3.18p) or II (from
3.18q), which in turn gave the corresponding lactones after protonation (Scheme 3-13).
More importantly, the hydroxyl group (3.191 and 3.190) and formyl group (3.19m) were
tolerated in this oxidative process, even though 4-formyl benzoic acid 3.19m was
produced in only 37% yield. To extend the scope of this catalytic reaction for the
synthesis of alkyl carboxylic acids, 4-phenylbutylnitrile 3.18r was examined, but the

reaction did not work: no 3.19r was obtained and only 3.18r was recovered.
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Table 3-3b. Copper-catalyzed synthesis of aromatic carboxylic acids.

Cu(OAc), (20 mol %)
bpy (20 mol %)

. @A(:N K>CO3 (1 equiv) ©/COZH
o > R-—+—
/ !
DMF or DMSO, 80 °C, O, =

3.18 3.19
Substrate Product Substrate Product
CN
N N x._Ph
3.18i 3.19i X Ph 3.19j
20 h, 72% @ (15%) © 3.18i 24 h, 70%2 9
10 h, 78% ° 19 5 h, 72% 9
CN COﬁ Ph CN CO,H
R = HO HO
3.18k 3.19k 3.18l 3.191
. 12 h, 31% 2@ ’ o/ b
R = Ph—=——CH, 2 h 30% bd 6 h, 65%
CN CO,H CO,H
R
3.18m 3.19m 348n 7 310n
4h, 37% R= Ph 8 h, 92% 2
/@/\CN OH
R = CO,H
3.180
s 3.190 3.18p 3. 19p
R =HO(CH,)——== 48 h, 67% 2 R = Ph—— 16 h, 26% 2
8 h, 80%"° 5 h, 35%
O A o~ o~ .
CN o OH o WCN |
: 318r |
R = 3.21r oooooToTETRReees
3.18q 3.19¢' + 3.19r
R =HO(CH,);—— 8 h 359% a n-BuysNCN 24 h, 0% (93%) ©

2 In DMF; ® In DMSO; © Recovery yield of 3.18 in parentheses; ¢ Without bpy; ¢ One-pot
reaction from 3-phenylpropyl bromide (1 equiv) and n-Bu4sNCN (1 equiv) in DMF at 80 °C
for 2 h, then added Cu(OAc), (20 mol %) and K,CO3 (1 equiv) for 24 h.
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Cu(OACc); (20 mol %)
bpy (20 mol %)

KoCO3 (1 equiv) ©)\;\/(
DMSOQ, 80 °C, O,

319p 319q

Protonatlon
(0]
H
o 0]
=
(i cu"
11

Scheme 3-13. Process of lactone transformation starting from 3.18p and 3.18q.

3.4.3 Proposed mechanism

In order to propose a mechanism for this oxidative hydrolysis of benzyl cyanides, a
control experiment was performed under the standard reaction conditions as shown in
Scheme 3-14. The 2-(2-hydroxyphenyl)benzyl cyanide 3.18s converted into the lactone

3.19s’ in 75% yield, suggesting that the intermediate acyl cyanide A was generated.

Cu(OAc), (20 mol %) 0 0
CN bpy (20 mol %)
K,COj5 (1 equiv) CN @
=S —_—
HO DMF, 80 °C, O, O O
75% HO

3.18s A 3.19s'

Scheme 3-14. Formation of lactone 3.19s’ from benzyl cyanide 3.18s.

On the basis of these results, a mechanism for the Cu-catalyzed synthesis of benzoic acids
from benzyl cyanides via C—H bond oxygenation was proposed in Scheme 3-15. In this

process, treating 2-naphthyl acetonitrile 3.18a with K,CO; in the presence of catalytic
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Cu(OAc); leads to intermediate I, which is oxidized by O, to generate the
peroxycopper(IIl) species II. Isomerization of II forms the peroxycopper(Il) species III.
Subsequently, the acyl cyanide IV is delivered by elimination of [Cu(Il)-OH] species V,
which can be used to participate in the next cycle. The acyl cyanide IV is finally

converted into 2-naphthalic acid 3.19a by hydrolysis.

Cu(OAc), (20 mol %)
bpy (20 mol %)
K>,CO3 (1 equiv)

OO .
DMF, 80 °C, O,

3.18a 93% 3.19a

Scheme 3-15. Proposed mechanism for copper-catalyzed synthesis of benzoic acids from

benzyl cyanides

To examine the generality of this Cu-catalyzed oxygenation of C—H bonds in benzyl
cyanides, a secondary nitrile diphenylacetonitrile 3.18u was tested under the standard
reaction conditions and the expected benzophenone 3.19u was obtained in 52% yield via

intermediate cyanohydrins I (Scheme 3-16).'"
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Cu(OAc), (20 mol %)

CN 2,2'-bipyridine (20 mol %) NC OH O
K,CO3 (1 equiv)
OA® OO T
DMF, 80 °C, O,
3.18u 52% I 3.19u

Scheme 3-16. Transformation of diphenylacetonitrile 3.18u into benzophenone 3.19u.

3.5 Summary

In summary, we have described a Cu-catalyzed synthesis of the "one carbon shorter"
benzoic acids from the corresponding benzyl cyanides under an O, atmosphere. The
oxidative hydrolysis of benzyl cyanides tolerated diverse functional groups, including
alkyl, aryl, double bond, triple bond, C—Cl, C—Br, hydroxyl and formyl groups. Moreover,
although the method proved unsuitable for preparing alkyl carboxylic acids, we were able

to extend it to the synthesis of ketones.
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Chapter 4
Experimental section

4.1 General

'H NMR (500 MHz) spectra were recorded on a Bruker Avance 500 apparatus. 'H NMR
(400 MHz) spectra on a Bruker Avance 400 and a JEOL-AL400 spectrometers in CDCl;
[using CDClI; (for 'H, § = 7.26) as internal standard] unless otherwise mentioned. "*C
NMR (125 MHz) spectra were recorded on a Bruker Avance 500. °C NMR (100 MHz)
spectra on a Bruker Avance 400 and a JEOL-AL400 spectrometers in CDCl; [using
CDCl; (for °C, 6 = 77.00) as internal standard] unless otherwise mentioned. The
following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t
= triplet, q = quartet, br = broad. IR spectra were recorded on a Shimadzu IR Prestige-21
FT-IR Spectrometer. High-resolution mass spectra were obtained with a Q-Tof Premier
LC HR mass spectrometer. Melting points are uncorrected and were recorded on a Buchi
B-54 melting point apparatus. Flash column chromatographs were performed using
Silicycle 60 silica gel and distilled eluting solvents. Methanol (MeOH) was distilled from
sodium under N, and stored over MS 4A. Tetrahydrofuran (THF), 1,4-dioxane and diethyl
ether (Et,0), when used as solvents for the reactions, were distilled from sodium and
benzophenone under N,. N, N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
were distilled from CaH, under N, and stored over MS 4A. Toluene and dichloromethane
(CH,Cl,) were dried by passing over a column of activated alumina (A-2, Purify)
followed by a column of Q-5 scavenger (Engelhard). 1,2-Dichloroethane were distilled

from CaH, and stored over MS 4A. Acetonitrile (MeCN) was distilled from P4O,¢ and
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stored over MS 4A.

4.2  The safety issues for handling of azide compounds '*"'**

4.2.1 Sodium azide (NaN3)

Sodium azide is toxic (LDsg oral = 27 mg/kg for rats) and can be absorbed through skin.
Appropriate golves are necessary when using it. It decomposes explosively upon heating
to above 275 °C. Sodium azide are relatively safe especially in aqueous solution, unless

acidified to form HN3, which is volatile and highly toxic.

4.2.2 Organic azides

Organic azides are potentially explosive substances that can decompose with the slight
input of energy from external sources (heat, light, pressure, etc). When designing the
organic azides used for the project, we keep in mind the following equation. It is noted
that this equation takes into account all nitrogen atoms in the organic azide, not just those

in the azido group.

> 3 (N: number of the atom)

All organic azides prepared in this work are satisfied with the equation above, and they
are enough stable to be stored under —20 °C at least for 6 months. We have never

experienced a safety problem with these materials.
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4.3 Synthesis of azidoalcohols 2.36

trans-2-Azidocyclopenten-1-ols 2.36 were synthesized by the following scheme.

r1 ) Method A R o OH
jé TMSOTf (cat.) NBS wBr 1) CeCl3* 7H,0, NaBH, \:l/
> > IIIIIN
2 2 ) 3

Method B R 2) NaN; R
2.44  1)LDA, TMSCI 2.45 2.36
2) NBS

4.3.1 Synthesis of substituted cyclopenten-1-ones 2.44
Cyclopenten-1-ones 2.44 were prepared by following Method I-III as shown below.

Method I:°° (2.44e, 2.44i and 2.44j were prepared by this Method).
A typical procedure: synthesis of 2-bromo-3-phenylcyclopent-2-enone (2.44j):66
HO O

Ph—Li Br Ph PCC Br
_—
THE, T8°C CH,Cl, 1t

Ph
2.46c 2.47c 2.44

To a solution of bromobenzene (5.35 mL, 50.8 mmol) in 80 mL THF in a dry flask was

added dropwise n-BuLi (1.6 M in hexane) (30.0 mL, 48.0 mmol) at —78 °C. After the

addition was completed, the regent mixture was stirred for 2 h at —=78 °C and the solution

of 2-bromo-2-cyclopentenone® (6.45 g, 40.0 mmol) in THF (20 mL) was slowly added.

The mixture was stirred at the same temperature for 4 h before quenched with water (100

mL). The layers were separated, and the aqueous phase was extracted with EtOAc (3 x

80



100 mL). The combined organic phases were washed with brine, dried over MgSQO,, and
then evaporated. The crude product was purified by flash chromatography (silica gel,
hexanes/EtOAc =7 : 1) to give 2-bromo-1-phenyl- 2-cyclopenten-1-ol 2.47¢ (6.69 g, 28.0

mmol) in 70% yield.

To a solution of 2.47¢ (6.69 g, 28.0 mmol) in CH,Cl, (50 mL) was added PCC (9.27 g,
43.0 mmol), and the mixture was stirred at room temperature for 24 h. The solution was
diluted with ether (100 mL) and filtered through a pad of silica gel. The filtrate was
concentrated and the resulted crude product was purified by flash chromatography (silica
gel, EtOAc/hexanes = 9 : 1) to give 2-bromo-3-phenylcyclopent-2-enone (5.10 g, 21.3
mmol) in 76% yield (53% in 2 steps). 'H NMR (400 MHz, CDCl3) & 2.67-2.70 (2H, m),
3.07-3.10 (2H, m), 7.48-7.51 (3H, m),7.87-7.90 (2H, m); °C NMR (100 MHz, CDCls)

630.7,32.5,121.7, 127.7, 128.6, 131.0, 134.0, 167.5, 201.6.

2-Methyl-3-phenylcyclopent-2-enone (2.44¢): 103

O

-

Ph

44% yield (2 steps) from 2-methylcyclopent-2-enone and phenyl lithium; White solid; 'H
NMR (400 MHz, CDCl3) 6 1.96 (3H, s), 2.53-2.55 (2H, m), 2.90-2.93(2H, m), 7.39-7.53
(5H, m); C NMR (100 MHz, CDCl3) § 9.9, 29.2, 34.0, 127.5, 128.6, 129.4, 136.4, 136.5,

166.6, 209.8.
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2-Chloro-3-phenylcyclopent-2-enone (2.44i): 65

O

0

Ph

63% yield (2 steps) from 2-chlorocyclopent-2-enone and phenyl lithium; White solid; mp
93-95 °C; IR (KBr) 3019, 2934, 2402, 1710 (C=0), 1275, 962, 665 cm™; "H NMR (400
MHz, CDCl;) 6 2.64-2.66 (2H, m), 3.06-3.08 (2H, m), 7.48-7.50 (3H, m), 7.90-7.92 (2H,
m); °C NMR (100 MHz, CDCl3) & 28.4, 32.4, 127.8, 128.7, 130.1, 131.3, 133.3, 163.3
(C-C1), 201.1 (C=0); HRMS (ESI): Found: m/z, 193.0429, Calcd for C;;H,,CIO [M+H]":

193.0420.

Method II (Suzuki coupling): (2.47a-d, 2.47k-p were prepared by this method).

A typical procedure: synthesis of 2,3-diphenylcyclopent-2-enone (2.44a):'"
(@) Ph—B(OH)z, N32CO3 (@]
Br?@ Pd(PPha), (act.) Ph b
Ph Toluene - H,O or EtOH Ph
2.44j reflux 2.44a

2-Bromo-3-phenylcyclopent-2-enone 2.44j (5.55 g, 23.2 mmol), phenylboronic acid (4.28
g, 34.9 mmol), Pd(PPh;)4 (511 mg, 0.40 mmol), and Na,CO; (4.94 g, 46.6 mmol) were
dissolved in toluene (75 mL) and water (75 mL), and the mixture was stirred at the reflux
temperature for 24 h. The aqueous layer was extracted with EtOAc (3 x 75 mL), and the
combined extracts were washed with brine, and dried over MgSO,. The solvent was
removed under reduced pressure, and the resulting crude product was purified by column

chromatography on silica gel with EtOAc/Hexane (1 : 5) to give 2,3-diphenylcyclopent-

82



2-enone (2.44a) (5.09 g, 21.7 mmol) in 93% yield. '"H NMR (400 MHz, CDCl3) &
2.70-2.73 (2H, m), 3.05-3.07 (2H, m), 7.20-7.22 (2H, m), 7.27-7.33 (8H, m); *C NMR
(100 MHz, CDCl3) & 29.5, 34.8, 127.8, 128.0, 128.4, 128.5, 129.4, 129.8, 132.3, 135.7,

139.6, 168.0, 207.6.

3-Phenyl-2-p-tolylcyclopent-2-enone (2.44b):

88% yield from 2-bromo-3-phenylcyclopent-2-enone and p-tolylboronic acid; White solid;
mp 99-101 °C; IR (KBr) 3012, 2922, 2395, 1689 (C=0), 1606, 1510, 1352, 1159, 1096
cm™; 'H NMR (400 MHz, CDCl3) & 2.33 (3H, s, CH3), 2.68-2.71(2H, m, CH,), 3.03-3.05
(2H, m, CHy), 7.10 (2H, d, J= 8.0 Hz, 8-H), 7.14 (2H, d, J = 8.0 Hz, 7-H), 7.27-7.36 (5H,
m, Ar-H); >C NMR (100 MHz, CDCl;) & 21.3 (CH3), 29.5 (4-C), 34.8 (5-C), 128.0,
128.4, 129.2, 129.3, 129.7 (overlap), 135.9, 137.6, 139.8, 167.4, 207.8 (C=0); HRMS

(ESI): Found: m/z, 249.1249, Calcd for CgH;7;0 [M+H]': 249.1279.

2-(4-Chlorophenyl)-3-phenylcyclopent-2-enone (2.44c¢):

77% yield from 2-bromo-3-phenylcyclopent-2-enone and p-chlorophenylboronic acid;
Pale yellow oil; IR (KBr) 3016, 2917, 2396, 1691 (C=0), 1489, 1340, 1157, 1091 cm™;

'"H NMR (400 MHz, CDCl) § 2.70-2.72 (2H, m, CH>), 3.04-3.07 (2H, m, CH,), 7.14 (2H,
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d, J= 8.4 Hz, Ar-H), 7.28-7.37 (7H, m, Ar-H); °*C NMR (100 MHz, CDCl;) & 29.6 (4-C),
34.8 (5-C), 128.0, 128.6, 128.7, 130.0, 130.6, 130.9, 133.8, 135.4, 138.6, 168.7, 207.2

C=0); HRMS (ESI): Found: m/z, 269.0730, Calcd for C;7H;4OC1 [M+H]": 269.0733.
(C=0) (ESI) [ ]

2-(4-Fluorophenyl)-3-phenylcyclopent-2-enone (2.44d):

88% yield from 2-bromo-3-phenylcyclopent-2-enone and p-fluorophenylboronic acid;
White solid; mp 89-91 °C; IR (KBr) 3016, 2917, 2409, 1680 (C=0), 1592, 1350, 1158,
1043 cm™; 'H NMR (400 MHz, CDCl;) & 2.69-2.72 (2H, m, CH>), 3.04-3.06 (2H, m,
CH,), 6.99-7.03 (2H, m, Ar-H), 7.17-7.21 (2H, m, Ar-H), 7.26-7.36 (5H, m); >*C NMR
(100 MHz, CDCls) 6 29.6 (4-C), 34.7 (5-C), 115.4 (d, J=21.4 Hz, 8-C), 128.0, 128.1 (d,
J =3.5 Hz, 6-C), 128.5, 129.9, 131.2 (d, J = 8.0 Hz, 7-C), 135.6, 138.8, 161.2 (d, J =
245.7 Hz, 9-C), 168.3, 207.4 (C=0); HRMS (ESI): Found: m/z, 253.1023, Calcd for
Ci7H4OF [M+H]": 253.1029.

2-Phenylcyclopent-2-enone (2.44k): 103

s

76% yield from 2-Bromocyclopetenone’ and phenylboronic acid; '"H NMR (400 MHz,

CDCl;) & 2.58-2.61 (2H, m), 2.69-2.72 (2H, m), 7.30-7.40 (3H,m), 7.67 (2H, d, J = 7.6
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Hz), 7.81-7.83 (1H, m); °C NMR (100 MHz, CDCl;) & 26.2, 35.8, 127.0, 128.3, 128.4,
131.6, 143.5, 158.9, 207.6.

2-p-Tolylcyclopent-2-enone (2.441): 103
Me

¢
50% yield from 2-bromocyclopetenone and p-tolylboronic acid; '"H NMR (400 MHz,
CDCl) 6 2.35 (3H, s), 2.57-2.59 (2H, m), 2.69-2.71 (2H, m), 7.18 (2H, d, J = 7.9 Hz),
7.58 (2H, d, J = 7.9 Hz), 7.77 (1H, m); *C NMR (100 MHz, CDCl3) & 21.3, 26.1, 35.8,

126.9, 128.8, 129.1, 138.2, 143.3, 158.1, 207.8.

2-0-Tolylcyclopent-2-enone (2.44m):

10

34% yield from 2-bromocyclopetenone and o-tolylboronic acid; Pale yellow oil; IR (KBr)
3010, 2934, 2401, 1696 (C=0), 1380, 1250, 937, 666 cm™; 'H NMR (400 MHz, CDCl;) &
2.23 (3H, s, CH3), 2.57-2.59 (2H, m, CH»), 2.76-2.78 (2H, m, CH,), 7.12-7.25 (4H, m,
Ar-H), 7.60 (1H, m, Ar-H); >C NMR (100 MHz, CDCl3) & 20.2 (CH3), 26.8 (4-C), 34.8
(5-C), 125.6, 128.2, 129.3, 130.2, 131.9, 136.2, 146.3, 161.1, 207.8 (C=0). HRMS (ESI):

Found: m/z, 173.0969, Calcd for C;,H;30 [M+H]+: 173.0966.
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2-(4-Chlorophenyl)cyclopent-2-enone (2.44n): 103

M

47% yield from 2-bromocyclopetenone and p-chlorophenylboronic acid; 'H NMR (400

Cl

MHz, CDCl3) § 2.59-2.61 (2H, m), 2.71-2.73 (2H, m), 7.3 (2H, d, J = 8.1 Hz), 7.64 (2H,
d, J = 8.1 Hz), 7.82 (1H, m); *C NMR (100 MHz, CDCl3) & 26.2, 35.7, 128.3, 128.6,
130.0, 134.2, 142.3, 159.2, 207.4.

2-(4-Fluorophenyl)cyclopent-2-enone (2.440): 106

F

QW;
58% yield from 2-Bromocyclopetenone and p-fluorophenylboronic acid; "H NMR (400
MHz, CDCIl;) 6 2.58-2.61 (2H, m), 2.68-2.72 (2H, m), 7.04-7.08 (2H, m), 7.67-7.70 (2H,
m), 7.78-7.79 (1H, m); *C NMR (100 MHz, CDCls) & 26.1, 35.7, 115.4 (d, J = 21.4 Hz),

127.7 (d, J=3.9 Hz), 128.7 (d, /= 8.0 Hz), 142.4, 158.5, 162.8 (d, J = 246.8 Hz), 207.5.

2-(4-Trifluoromethylphenyl)cyclopent-2-enone (2.44p):

54% yield from 2-bromocyclopetenone and p-trifluoromethylphenylboronic acid; Pale

yellow solid; mp 97-99 °C; IR (KBr) 3018, 2934, 2398, 1696 (C=0), 1326, 1173, 1068,
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840 cm™; "TH NMR (400 MHz, CDCls) § 2.61-2.64 (2H, m, CH,), 2.74-2.77 (2H, m, CH>),
7.62 (2H, d, J = 8.2 Hz, 7-H), 7.80 (2H, d, J = 8.2 Hz, 8-H), 7.91-7.93 (1H, m, 3-H); "*C
NMR (100 MHz, CDCls) 8 26.3 (4-C), 35.7 (5-C), 124.1 (q, J = 270.4 Hz, CF3), 125.3 (q,
J =3.8 Hz, 8-C), 127.3, 130.2 (q, J = 32.3 Hz, 9-C), 135.0, 142.3, 160.5, 207.0 (C=0).

HRMS (ESI): Found: m/z, 227.0686, Calcd for C;,H;oF;0 [M+H]+: 227.0684.

Method III: (2.44f-h were prepared by this method).

A typical procedure: synthesis of 2-allyl-3phenyl-2cyclopenten-1-one (2.44g):

0 0

\/jb 1) Ph-MgBr, THF, 0 °C - rt \/jb
MeO 2) 2N HCI, rt oh

2.48g 2.44g

To a solution of phenylmagnesium bromide prepared from magnesium turnings (0.63 g,
26.1 mmol) and bromobenzene (2.6 mL, 24.8 mmol) in THF (30 mL) was added
dropwise a solution of 2-ally-3-methoxy-2cyclopenten-1-one® (1.88 g, 12.4 mmol) in
THF (20 mL). The resulting yellow-brown suspension was stirred at room temperature
overnight, then quenched carefully with 2 N aqueous HCI (70 mL) and stirred at room
temperature for further 30 min. The mixture was poured into water and extracted with
Et,0 (4 x 50 mL). The combined extract was dried over MgSQy, filtrated and then the
filtration was evaporated under reduced pressure. The resulting residue was purified by
flash column chromatography on silica gel with EtOAc/Hexane (1 : 4) to afford the
2-allyl-3phenyl-2cyclopenten-1-one 2.44¢g (1.03 g, 5.20 mmol) in 42% yield.

Pale yellow oil; IR (KBr) 3022, 2068, 1684 (C=0), 1613, 1361, 915, 755 cm™; '"H NMR
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(400 MHz, CDCls) & 2.55-2.57 (2H, m), 2.96-2.97 (2H, m), 3.15 (2H, brs), 5.00-5.07 (2H,
m), 5.88-5.98 (1H, m), 7.40-7.52 (5H, m); >C NMR (100 MHz, CDCl5) & 28.3, 29.7, 34.1,
115.7, 127.4, 128.6, 129.7, 134.8, 136.1, 138.1, 168.4, 209.0 (C=0); HRMS (ESI): Found:

m/z,199.1115, Caled for C14H;50 [M+H]": 199.1123.

2-Methyl-3-(3, 5S-dimethylphenyl)cyclopent-2-enone (2.44f):

69% yield from 2-methyl-3-methoxy-2cyclopenten-1-one®” and 3,5-dimethylphenyl
magnesium bromide; Pale yellow needle; mp 118-120 °C; IR (KBr) 3010, 2934, 2409,
1683 (C=0), 1446, 1348, 1102, 1044 cm™'; "H NMR (400 MHz, CDCl3) § 1.95 (3H, t, J =
2.0 Hz, 6-H), 2.37 (6H, s, 11-H), 2.51-2.53 (2H, m, CH,), 2.87-2.90 (2H, m, CH,), 7.06
(1H, s, 10-H), 7.12 (2H, s, 8-H); °C NMR (100 MHz, CDCl;) & 9.9 (6-C), 21.3 (11-C),
29.4 (4-C), 33.9 (5-0), 125.2, 131.1, 136.2, 136.4, 138.1, 167.1 (3-C), 209.9 (C=0);

HRMS (ESI): Found: m/z, 201.1273, Calcd for C14H;70 [M+H]": 201.1279.

2-Methyl-3-phenethylcyclopent-2-enone (2.44h): 107

0O

s
Ph

57% yield from 2-methyl-3-methoxy-2-cyclopenten-1-one and 2-phenylethylmagnesium

bromide; 'H NMR (400 MHz, CDCly) & 1.58 (3H, s), 2.34-2.37 (2H, m), 2.45-2.47 (2H,
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m), 2.71-2.75 (2H, m), 2.82-2.87 (2H, m), 7.16-7.30 (5H, m); *C NMR (100 MHz,

CDCl3) 6 7.8, 29.4, 33.0, 33.3, 34.1, 126.3, 128.2, 128.5, 136.8, 140.7, 172.2, 210.0;

4.3.2 Synthesis of 5-bromocyclopeten-1-ones 2.45

5-Bromocyclopenten-1-ones 2.45 were prepared from 2.44 by Method A or B.
Method A: (2.45¢g and 2.45h was prepared by this method).
A typical procedure:69

Synthesis of 5-bromo-2-allyl-3-phenylcyclopent-2-enone (2.45g):

O O
X X
1) LDA, TMSCI, THF, -78 °C B
r
Ph 2) NBS, NaOAc (10 mol%) Ph
2.44g 2.45¢g

To a stirred solution of diisopropylamine (309 mg, 3.05 mmol) in THF (8 mL) was added
dropwise n-BuLi (1.6 M in hexane) (1.8 mL, 2.88 mmol) at 0 °C. The mixture was stirred
at 0 °C for 0.5 h, and then cooled to -78 °C. A solution of enone 2.47g (400 mg, 2.02
mmol) in THF (4 mL) was added dropwise and the mixture was stirred at the same
temperature for 2 h. Then a solution of TMSCI (325 mg, 2.99 mmol) in THF (3 mL) was
slowly added, and the reaction mixture was stirred 6 h at -78 °C. The reaction was
quenched by saturated aqueous NaHCOs, and organic materials were extracted with Et,O
(3 x 30 mL). Combined extracts were washed with water, brine and dried over MgSQOs,.
The solvents were evaporated off to yield a crude material including trimethylsilly enol

ether, which was used in the next step without further purification.
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To a stirred solution of the trimethylsillyenol ether prepared above and NBS (534 mg,
3.00 mmol) in THF-H,O (20 mL, 1 : 1) was added NaOAc (17 mg, 0.20 mmol) at 0 °C,
and the reaction was stirred 2 h at the same temperature. After the reaction was quenched
with water (50 mL), the mixture was extraced with Et,O (3 x 30 mL). The combined
extracst were washed with water, brine, and dried over MgSQ,. After evaporation of the
solvents, the residue was purified by flash column chromatography with EtOAc/Hexane
(1 : 8) to give 5-bromo-2-allyl-3-phenylcyclopent-2-enone (2.45g) (327 mg, 1.18 mmol)
in 59% yield for 2 steps.

Yellow oil; IR (KBr) 3018, 2400, 1702 (C=0), 1429, 1361, 923 cm™'; "H NMR (400 MHz,
CDCls) 6 3.20 (2H, d, J = 5.5 Hz), 3.25 (1H, dd, J = 2.2, 18.6 Hz), 3.59 (1H, dd, J = 6.9,
18.6 Hz), 4.51 (1H, dd, J = 2.2, 6.9 Hz, CHBr), 5.04-5.12 (2H, m), 5.89-5.99 (1H, m),
7.46-7.53 (5H, m); >C NMR (100 MHz, CDCl;) & 28.5, 41.1, 41.3, 116.2, 127.5, 128.8,
130.5, 133.9, 134.8, 135.8, 165.7, 201.9 (C=0); HRMS (ESI): Found: m/z 277.0228,

Calcd for C14H,BrO [M+H]": 277.0228.

5-Bromo-2-methyl-3-phenethylcyclopent-2-enone (2.45h):

Me 0O
/\ﬂ\ Br
Ph

47% yield from 2.47h; Pale yellow oil; IR (KBr) 3018, 2934, 2251, 1693, 1389, 1089,
917, 652 cm™; "H NMR (400 MHz, CDCl5) & 1.62 (3H, s), 2.69-2.88 (5H, m), 3.11 (1H,
dd, J = 6.6, 18.9 Hz), 4.30 (1H, dd, J = 1.8 Hz, 6.6 Hz, CHBr), 7.15 (2H, d, J = 7.6 Hz),

7.20-7.31 (3H, m); °*C NMR (100 MHz, CDCl3) & 8.2, 32.9, 33.0, 41.1, 41.3, 126.5,
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128.2, 128.6, 134.9, 140.0, 169.7, 202.5 (C=0); HRMS (ESI): Found: m/z 279.0392,

Calcd for C4H 6BrO [M+H]": 279.0385.

Method B: (2.48a-f, 2.48i-p were prepared by this method).
A typical procedure:

Syntehsis of 5-bromo-2,3-diphenylcyclopent-2-enone (2.48a):"

O TMSOTf (10 mol%) O
Ph NBS (1.1 equiv) PN
> Br
Ph MeCN, rt Ph
2.44a 2.45a

To a stirred solution of 2,3-diphenylcyclopent-2-enone (2.44a) (3.52 g, 15.0 mmol) and
N-bromosuccinimide (NBS) (2.94 g, 16.5 mmol) in MeCN (80 mL) was added TMSOTT
(332 mg, 1.5 mmol), and the mixture was stirred for 12 h at room tempetature. The
reaction mixture was diluted with ether (200 mL), washed with H,O. The separated
organic phases was dried over Na,SO, and the solvents were concentrated under reduced
pressure. The resulting crude product was purified by flash column chromatography with
EtOAc/Hexane (1 : 7) to give 5-bromo-2,3-diphenylcyclopent-2-enone (2.45a) (3.05 g,
7.00 mmol) in 65% yield.

Yellow solid, mp 122-123 °C; IR (KBr) 3018, 2399, 1708 (C=0), 1620, 1352, 1157 cm™;
'H NMR (400 MHz, CDCl;) & 3.37 (1H, dd, J = 2.4, 18.9 Hz, CH,), 3.72 (1H, dd, J= 6.9,
18.9 Hz, CH>), 4.65 (1H, dd, J = 2.4, 6.9 Hz, CHBr), 7.23-7.38 (10H, m, Ar-H); "°C

NMR (100 MHz, CDCls) & 41.0 (CH»), 41.8 (CHBr), 128.2, 128.4, 128.61, 128.64, 129.4,
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130.6, 131.4, 134.5, 137.2, 164.8, 200.5 (C=0); HRMS (ESI): Found: m/z 313.0227,

Calcd for Ci7H4,BrO [M+H]": 313.0228.

5-Bromo-3-phenyl-2-p-tolylcyclopent-2-enone (2.45b):
Me

O 0
' Br
Ph
67% yield from 2.44b; White solid; mp 116-118 °C; IR (KBr) 3028, 2351, 1703 (C=0),
1604, 1352, 1155, 1039 cm™; "H NMR (400 MHz, CDCl3) & 2.35 (3H, s, CH3), 3.32 (1H,
dd, J =23, 18.8 Hz, CH,), 3.68 (1H, dd, J = 6.9, 18.8 Hz, CH,), 4.63 (1H, dd, J = 2.3,
6.9 Hz, CHBr), 7.12-7.17 (4H, m, Ar-H), 7.28-7.39 (5H, m, Ar-H); >*C NMR (100 MHz,
CDCl;3) & 21.4 (CH3), 40.9 (CH,), 41.9 (CHBr), 128.2, 128.3, 128.6, 129.30, 129.35,
130.5, 134.7, 137.2, 138.2, 164.2, 200.7 (C=0); HRMS (ESI): Found: m/z 327.0382,

Calcd for CisH;¢BrO [M+H]": 327.0385.

5-Bromo-2-(4-chlorophenyl)-3-phenylcyclopent-2-enone (2.45¢):

g
[ s

Ph
60% yield from 2.44c; Pale yellow solid; mp 145-146 °C; IR (KBr) 3016, 2399, 1707

Cl

(C=0), 1620, 1290, 1157, 1089 cm™'; "H NMR (400 MHz, CDCl3) & 3.34 (1H, dd, J = 2.2,
18.8 Hz, CH>), 3.69 (1H, dd, J = 6.9, 18.8 Hz, CH}), 4.63 (1H, dd, J=2.2, 6.9 Hz, CHBr),
7.18 (2H, d, J = 8.4 Hz, Ar-H), 7.31-7.42 (7H, m, Ar-H); >C NMR (100 MHz, CDCl;) &

41.1 (CH,), 41.6 (CHBr), 128.1, 128.8, 128.9, 129.7, 130.8, 130.8, 134.2, 134.4, 135.9,
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165.5, 200.2 (C=0); HRMS (ESI): Found: m/z 346.9828, Calcd for C;7H3BrCIO [M+H]":

346.9838.

5-Bromo-2-(4-fluorophenyl)-3-phenylcyclopent-2-enone (2.45d):

Ph 4
63% yield from 2.44d; White solid; mp 131-133 °C; IR (KBr) 3016, 2403, 1702 (C=0),
1509, 1351, 1160 cm™; '"H NMR (400 MHz, CDCls) & 3.33 (1H, dd, J = 2.2, 19.0 Hz,
CH,), 3.69 (1H, dd, J = 6.9, 19.0 Hz, CH,), 4.63 (1H, dd, J = 2.2, 6.9 Hz, CHBr),
7.01-7.06 (2H, m, Ar-H), 7.22-7.24 (2H, m, Ar-H), 7.31-7.41 (5H, m, Ar-H); >C NMR
(100 MHz, CDCl3) § 41.0 (CH,), 41.6 (CHBr), 115.7 (d, J = 21.5 Hz, 8-C), 127.2 (d, J =
3.5 Hz, 7-C), 128.1, 128.7 130.7, 131.3 (d, J = 8.1 Hz, 6-C), 134.4, 136.1, 162.7 (d, J =
246.8 Hz) (C-F), 165.1, 200.4 (C=0); HRMS (ESI): Found: m/z 331,0135, Calcd for

C1,H3BrFO [M+H]": 331.0134.

5-Bromo-2-methyl-3-phenylcyclopent-2-enone (2.45¢):

0]

Me
T

Ph

79% yield from 2.44e; Pale yellow solid, mp 100-102 °C; IR (KBr) 3019, 2400, 1696
(C=0), 1351, 1047, 766 cm™; "H NMR (400 MHz, CDCls) & 2.05 (3H, d, J = 1.8 Hz,
CH3), 3.22-3.28 (1H, m, CHy), 3.55-3.61 (1H, m, CH>), 4.51 (1H, dd, J = 2.0, 6.8 Hz,
CHBr), 7.47 — 7.53 (5H, m, Ar-H); °C NMR (100 MHz, CDCl3) & 10.4 (CHs), 40.8
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(CH,), 41.3 (CHBr), 127.7, 128.8, 130.3, 134.2, 135.1, 163.7, 202.6 (C=0); HRMS (ESI):

Found: m/z 251.0078, Calcd for C;,H;,BrO [M+H]+: 251.0072.

5-Bromo-2-methyl-3-(3,5-dimethylphenyl)cyclopent-2-enone (2.45f):

76% yield from 2.44f; yellow solid, mp 96-98 °C; IR (KBr) 3018, 2399, 1699 (C=0),
1347, 1035 cm™; "H NMR (400 MHz, CDCl3) § 2.03 (3H, d, J = 1.4 Hz, 6-H), 2.37 (6H, s,
11-H), 3.20-3.25 (1H, m, 4-H), 3.51-3.58 (1H, m, 4-H), 4.48 (1H, dd, J = 2.1, 6.8 Hz,
CHBr), 7.10 (1H, s, 10-H), 7.12 (2H, s, 8-H); °C NMR (100 MHz, CDCl;) & 10.5 (6-C),
21.3 (11-C), 41.0 (CH,), 41.4 (CHBr), 125.5, 132.0, 134.0, 135.1, 138.4, 164.3, 202.6

(C=0); HRMS (ESI): Found: m/z 279.0388, Calcd for C;4H;¢sBrO [M+H]+: 279.0385.

5-Bromo-2-chloro-3-phenylcyclopent-2-enone (2.45i):

O

Cl
Br

Ph

84% yield from 2.44i; Pale yellow solid; mp 91-93°C; IR (KBr) 3018, 2932, 2401, 1723
(C=0), 1446, 964 cm™; "H NMR (400 MHz, CDCl3) & 3.36 (1H, dd, J = 2.1, 18.4 Hz,
CH,), 3.71 (1H, dd, J = 6.9, 18.4 Hz, CH,), 4.59 (1H, dd, J = 2.1, 6.9 Hz, CHBr),
7.49-7.53 (3H, m, Ar-H), 7.91-7.93 (2H, m, Ar-H); °C NMR (100 MHz, CDCls) & 38.7
(CH,), 40.1 (CHBr), 127.8, 128.1, 128.9, 132.0, 132.2, 160.7, 194.9 (C=0); HRMS (ESI):

Found: m/z 270.9529, Calcd for C;;HoBrClO [M+H]": 270.9525.

94



2,5-Dibromo-3-phenylcyclopent-2-enone (2.45j):

0 0
Br Br
—Br +
Ph Ph: j
13:1 Br

An inseparable mixture of the desired 2.45j and 2,4-dibromo-3- phenylcyclopent-2-enone
were obtained in 83% yield from 2.44j (1.3 : 1 from 'H NMR). The mixture was used for

next procedure of synthesis of 2-azidoalcohol (2.36j) withour further purification.

5-Bromo-2-phenylcyclopent-2-enone (2.45k): 108

g

' Br
70% yield from 2.44k; '"H NMR (400 MHz, CDCl3) 6 2.99 (1H, ddd, J = 2.1, 2.7, 20.2
Hz), 3.38 (1H, ddd, J = 2.7, 6.6, 20.2 Hz), 4.51 (1H, dd, J = 2.1, 6.6 Hz), 7.35-7.42 (3H,

m), 7.70 (2H, d, J = 7.7 Hz), 7.76 (1H, dd, J = 2.7, 2.7 Hz); *C NMR (100 MHz, CDCls)

837.9,42.4,127.0, 128.6, 129.0, 130.6, 140.9, 155.1, 200.4.

5-Bromo-2-p-tolylcyclopent-2-enone (2.451):

Me

O

4

36% yield from 2.44l; Pale yellow solid, mp 75-77 °C; IR (KBr) 3018, 2919, 2399, 1712

(C=0), 1427, 1118, 1022, 927 cm™; '"H NMR (400 MHz, CDCl3) & 2.37 (3H, s, CH3),
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2.97 (1H, ddd, J = 2.4, 2.8, 20.2 Hz, CH>), 3.36 (1H, ddd, J = 3.0, 6.6, 20.2 Hz, CH)),
4.50 (1H, dd, J = 2.4, 6.6 Hz, CHBr), 7.20 (2H, d, J = 8.0 Hz, 8-H), 7.61 (2H, d, J = 8.0
Hz, 7-H), 7.72 (2H, dd, J = 2.8, 3.0 Hz, 3-H); °C NMR (100 MHz, CDCl3) & 21.3 (CHa),
37.8 (CH,), 42.5 (CHBr), 126.8, 127.8, 129.2, 139.0, 140.8, 154.2, 200.5 (C=0); HRMS

(ESI): Found: m/z 251.0063, Calcd for C1,H;,BrO [M+H]": 251.0072.

5-Bromo-2-o-tolylcyclopent-2-enone (2.45m):

Qo
we e

Pale yellow oil (30% yield from 2.44m); IR (KBr) 3017, 2919, 2409, 1715 (C=0), 1047,
722 em™'; "H NMR (400 MHz, CDCl3) & 2.25 (3H, s, CH3), 3.04 (1H, ddd, J = 2.1, 2.8,
20.0 Hz, CH>), 3.43 (1H, ddd, J = 2.7, 6.5, 20.0 Hz, CH>), 4.50 (1H, dd, J= 2.1, 6.5 Hz,
CHBYr), 7.15-7.29 (4H, m, Ar-H), 7.54 (1H, dd, J = 2.7 Hz, 2.8 Hz, CH-CH,); *C NMR
(100 MHz, CDCls) & 20.1 (CH3), 38.5 (CH,), 41.4 (CHBr), 125.7, 128.7, 129.2, 130.4,
130.7, 136.5, 143.8, 157.4, 200.3 (C=0); HRMS (ESI): Found: m/z 251.0067, Calcd for

C1,H,BrO [M+H]": 251.0072.

5-Bromo-2-(4-chlorophenyl)cyclopent-2-enone (2.45n):
Cl

O

4

61% yield from 2.44n; White solid, mp 84-86 °C; IR (KBr) 3018, 2943, 2398, 1714

(C=0), 1490, 1323, 1298, 1093, 1014 cm™; "H NMR (400 MHz, CDCl3) § 2.99 (1H, ddd,
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J=22,2.6,20.3 Hz, CH,), 3.38 (1H, ddd, J = 3.0, 6.6, 20.3 Hz, CH,), 4.50 (1H, dd, J =
2.2, 6.6 Hz, CHBr), 7.36 (2H, d, J = 8.4 Hz, 7-H), 7.66 (2H, d, J = 8.4 Hz, 8-H), 7.77 (1H,
dd, J = 2.6, 3.0 Hz, 3-H); *C NMR (100 MHz, CDCls) & 37.9 (CH,), 42.1 (CHBr), 128.3,
128.8, 129.0, 135.0, 139.8, 155.3, 200.2 (C=0); HRMS (ESI): Found: m/z 270.9521,

Calcd for C;HsBrC1O [M+H]": 270.9525.

5-Bromo-2-(4-fluorophenyl)cyclopent-2-enone (2.450):

4

49% yield from 2.440; Pale yellow solid, mp 65-67 °C; IR (KBr) 3019, 2943, 2401, 1713
(C=0), 1509, 1299, 1160, 925 cm™'; 'H NMR (400 MHz, CDCl3) § 2.99 (1H, ddd, J = 2.1,
2.3,20.2 Hz, CH,), 3.38 (1H, ddd, J = 2.9, 6.6, 20.2 Hz, CH,), 4.50 (1H, dd, J = 2.1, 6.6
Hz, CHBr), 7.07-7.11 (2H, m, Ar-H), 7.70-7.74 (3H, m); °C NMR (100 MHz, CDCl;) &
37.8 (CHa), 42.1 (CHBr), 115.6 (d, J = 21.6 Hz, 8-C), 126.7 (d, J = 3.4 Hz, 6-C), 128.9
(d, J = 8.3 Hz, 7-C), 139.8, 154.7, 163.1 (d, J = 247.8 Hz, C-F), 200.3 (C=0). HRMS

(ESI): Found: m/z 254.9808, Calcd for C;;HyBrFO [M+H]": 254.9821.

5-Bromo-2-(4-trifluoromethylphenyl)cyclopent-2-enone (2.45p):

4

50% yield from 2.44p; Yellow solid; mp 45-47 °C; IR (KBr) 3018, 2403, 1649 (C=0),

1606, 1326, 1130, 1068 cm™'; 'H NMR (400 MHz, CDCl;) & 3.03 (1H, ddd, J = 2.4, 2.8,
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20.4 Hz, CH,), 2.43 (1H, ddd, J = 3.0, 6.6, 20.4 Hz, CH,), 4.53 (1H, dd, J = 2.4, 6.6 Hz,
CHBYr), 7.65 (2H, d, J=8.2 Hz, 7-H), 7.83 (2H, d, J = 8.2 Hz, 8-H), 7.87 (1H, dd, /= 2.8,
3.0 Hz, 3-H); “C NMR (100 MHz, CDCls) & 38.3 (CH,), 41.9 (CHBr), 124.0 (q, J =
270.6 Hz, CF;), 125.5 (q, J = 3.9 Hz, 8-C), 127.3, 130.9 (q, J = 32.5 Hz, 9-C), 134.0,
139.8, 156.8, 200.0 (C=0). HRMS (ESI): Found: m/z 326.9593, Calcd for C;,HgBrF;ONa

[M+Na]": 326.9608.

4.3.3 Synthesis of frans-azidoalcohols 2.36

A typical procedure:

synthesis of (1R*,SR*)-5-Azido-2,3-diphenylcyclopent-2-enol (2.36a):

o NaBH, OH OH
Ph CeCl*7H,0  Ph NaN; Ph
Br > Br —°> |||||N3
2.45a 2.49a 2.36a

To a solution of 5-bromo-2,3-diphenylcyclopenten-1-one (2.45a) (3.02 g, 9.6 mmol) and
CeCls*7H,0 (4.32 g, 11.6 mmol) in methanol (50 mL) was added NaBH4 (442 mg, 11.7
mmol) in portions over 2 min, and the mixture was stirred for 30 min at room temperature.
The reaction was quenched with water (100 mL), and the organic materials were
extracted with EtOAc (3 x 20 mL). The combined extracts were dried over NaSQOy,
filtrated and the solvents were removed in vacuo to give 2.49a (cis-bromohydrin) (3.00 g,

9.4 mmol) in 98% yield which can be used in next reaction without further purification.”!
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To a stirred solution of 2.49a (2.78 g, 8.8 mmol) in anhydrous DMF (30 mL) was added
NaNj (2.88 g, 44.3 mmol) at room temperature, and the reaction mixture was stirred at 70
°C for 2 h. The reaction was quenched with water (100 mL), and the organic materials
were extraced with EtOAc (3 x 50 mL). The combined extracts were washed with brine,
dried over MgSQ,. The solvents were removed in vacuo and the resulting crude mixture
was purified by flash column chromatography with EOAc/Hexane (1 : 6) to give
(1R*,5R*)-5-azido-2,3-diphenylcyclopent-2-enol (2.36a) (1.86 g, 6.7 mmol) in 74% yield
(2 steps from 2.45a).

White powder, mp 64-66 °C; IR (KBr) 3442 (OH), 3032, 2250, 1633, 1489, 1114, 1053,
1029 cm™; "H NMR (400 MHz, CDCl;)  2.07 (1H, d, J = 5.4 Hz, OH), 2.76 (1H, dd, J =
5.2, 16.7 Hz, CHy), 3.32 (1H, dd, J = 7.6, 16.7 Hz, CH,), 4.09-4.13 (1H, m, CHN3),
5.07-5.09 (1H, m, CHOH), 7.14-7.30 (10H, m, Ar-H); °’C NMR (100 MHz, CDCl;) &
40.0, 66.5 (CHN3), 84.8 (CHOH), 127.6, 127.8, 128.0, 128.2, 128.6, 128.8, 135.0, 135.8,
137.4, 137.8; HRMS (ESI): Found: m/z 278.1300, Calcd for C;7HsN;O [M+H]":

278.1293.

(1R*,5R*)-5-Azido-3-phenyl-2-p-tolylcyclopent-2-enol (2.36b):

69% yield from 2.45b; White solid; mp 53-55 °C; IR (KBr) 3443 (OH), 2920, 2243, 2100
(N3), 1633, 1492, 1118, 1035, 1022 cm™'; '"H NMR (400 MHz, CDCls) & 2.07 (1H, d, J =

5.4 Hz, OH), 2.33 3H, s, CH3), 2.74 (1H, dd, J = 5.3, 16.7 Hz, 4-H), 3.31 (1H, dd, J =

99



7.6, 16.7 Hz, 4-H), 4.08-4.12 (1H, m, CHN3), 5.05-5.07 (1H, m, CHOH), 7.08 (2H, d, J =
8.2 Hz, 6-H), 7.11 (2H, d, J = 8.2 Hz, 8-H), 7.16-7.24 (5H, m, Ar-H); >C NMR (100
MHz, CDCl3) § 21.2 (CH3), 40.0 (CH,), 66.5 (CHN3), 84.7 (CHOH), 127.7, 128.0, 128.2,
128.6, 129.3, 131.8, 136.0, 136.7, 137.5, 137.7; HRMS (ESI): Found: m/z 292.1451,

Calcd for CisH;sN;O [M+H]': 292.1450.

(1R*,5R*)-5-Azido-2-(4-chlorophenyl)-3-phenylcyclopent-2-enol (2.36¢):

53% vield from 2.45¢; White solid; mp 81-83 °C; IR (KBr) 3447 (OH), 2937, 2252, 2102
(N3), 1642, 1346, 1091, 1014 cm™; "H NMR (400 MHz, CDCl3) & 2.12 (1H, brs, OH),
2.75 (1H, dd, J = 5.1, 16.8 Hz, 4-H), 3.29 (1H, dd, J = 7.5, 16.8 Hz, 4-H), 4.07-4.12 (1H,
m) (CHN3), 5.03 (1H, brs, CHOH), 7.15-7.25 (9H, m, Ar-H); °C NMR (100 MHz,
CDCl3) 6 40.1 (CH,), 66.6 (CHN3), 84.7 (CHOH), 128.07, 128.09, 128.4, 128.8, 130.2,
133.4, 133.5, 135.5, 136.4, 138.4; HRMS (ESI): Found: m/z 312.0905, Calcd for

C17H,5CIN;O [M+H]": 312.0904.

(1R*,5R*)-5-Azido-2-(4-fluorophenyl)-3-phenylcyclopent-2-enol (2.36d):

50% yield from 2.45d; White solid; mp 77.5-79 °C; IR (KBr) 3018, 2102 (N3), 1603,

1509, 1158, 840 cm™; 'H NMR (400 MHz, CDCl3) & 2.11 (1H, d, J = 5.5 Hz, OH), 2.75
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(1H, dd, J = 5.2, 16.7 Hz, 4-H), 3.29 (1H, dd, J = 7.6, 16.7 Hz, 4-H), 4.07-4.11 (1H, m,
CHN3), 5.02-5.04 (1H, m, CHOH), 6.93-6.99 (2H, m, Ar-H), 7.15-7.25 (7H, m, Ar-H);
13C NMR (100 MHz, CDCls) § 40.0 (CHa), 66.6 (CHN3), 84.7 (CHOH), 115.6 (d, J =
21.9 Hz, 8-C), 127.9, 128.0, 128.3, 130.5 (d, J = 7.9 Hz, 7-C), 130.9 (d, J = 3.6 Hz, 6-C),
135.7, 136.6, 137.8, 162.2 (d, J = 245.8 Hz, 9-C); HRMS (ESI): Found: m/z 296.1200,

Calcd for Ci7H;sFN;O [M+H]": 296.1199.

(1R*,5R*)-5-Azido-2-methyl-3-phenylcyclopent-2-enol (2.36¢):

OH

Me
g

Ph
80% yield from 2.45e; White solid; mp 65.5-67.5 °C; IR (KBr) 3018, 2101 (N3), 1637,
1382, 1067, 1044, 699, 667 cm™; 'H NMR (400 MHz, CDCl;) & 1.90 (3H, s, CH3), 2.14
(1H, brs, OH), 2.67-2.73 (1H, m, CH>), 3.01 (1H, dd, J = 7.8, 15.6 Hz, CH,), 3.92-3.97
(1H, m, CHN3), 4.64-4.66 (1H, m, CHOH), 7.26-7.29 (3H, m, Ar-H), 7.35-7.39 (2H, m,
Ar-H); °C NMR (100 MHz, CDCl;) & 12.5 (CH3), 67.4 (CHN3), 85.3 (CHOH), 127.4,
127.6, 128.3, 134.3, 135.0, 136.4; HRMS (ESI): Found: m/z 216.1144, Calcd for

C1,H14N;0 [M+H]™: 216.1137.

(1R*,5R*)-5-Azido-2-methyl-3-(3,5-dimmethylphenyl)cyclopent-2-enol (2.36f):
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78% yield from 2.45f; White solid; mp 98-99 °C; IR (KBr) 3464 (OH), 3016, 2100 (N3),
1600, 1341, 1044, 851, 730, 667 cm™'; "H NMR (400 MHz, CDCl3) & 1.89 (3H, s, 6-H),
2.13 (1H, brd, J = 6.4 Hz, OH), 2.33 (6H, s, 11-H), 2.65-2.71 (1H, m, CHy), 2.99 (1H, dd,
J=17.8,15.7 Hz, CH,), 3.90-3.95 (1H, m, CHN3), 4.61-4.64 (1H, m, CHOH), 6.90 (2H, s,
8-H), 6.93 (1H, s, 10-H); °C NMR (100 MHz, CDCl5) & 12.5 (6-C), 21.3 (11-C), 38.9
(CH,), 67.4 (CHN3), 85.4 (CHOH), 125.4, 129.1, 133.9, 135.3, 136.4, 137.8; HRMS

(ESI): Found: m/z 244.1442, Calcd for C14H sN3O [M+H]": 244.1450.

(1R*,5R*)-5-Azido-2-allyl-3-phenylcyclopent-2-enol (2.36g):
2 (1
7
\/%5,.”'“'3
73% yield from 2.45g; White solid; mp 53-55 °C; IR (KBr) 3439 (OH), 3030, 2253, 2100
(N3), 1636, 1383, 710 cm™; 'H NMR (400 MHz, CDCl;) § 2.02 (1H, d, J = 6.3 Hz, OH),
2.68 (1H, dd, J = 5.7, 15.9 Hz, 4-H), 3.02-3.13 (3H, m, overlap), 3.95-4.00 (1H, m,
CHN;3), 4.75-4.77 (1H, m, CHOH), 5.12-5.19 (2H, m, 8-H), 5.86-5.96 (1H, m, 7-H),
7.27-7.38 (5H, m, Ar-H); >C NMR (100 MHz, CDCl;) & 30.8 (6-C), 39.1 (4-C), 67.1
(CHN3), 83.8 (CHOH), 116.7, 127.5, 127.7, 128.3, 135.4, 135.8, 136.1, 137.1; HRMS

(ESI): Found: m/z 242.1290, Calcd for C14H N3O [M+H]": 242.1293.

(1R*,5R*)-5-Azido-2-methyl-3-phenethylcyclopent-2-enol (2.36h):

OH
Me
7 i N
3 tuuN
Ph 53

6 4
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83% yield from 2.45h; White solid; mp 56-58 °C; IR (KBr) 3418 (OH), 3019, 2400, 2100
(N3), 1646, 1044 cm™; "H NMR (400 MHz, CDCl;) & 1.52 (3H, s, CH3), 1.78 (1H, d, J =
6.0 Hz, OH), 2.23-2.27 (1H, m), 2.34-2.44 (2H, m), 2.66-2.70 (3H, m), 3.75-3.79 (1H, m,
CHN;), 4.44-4.46 (1H, m, CHOH), 7.15-7.21 (3H, m, Ar-H), 7.26-7.30 (2H, m, Ar-H);
C NMR (100 MHz, CDCls) & 10.5 (CH3), 30.4 (6-C), 33.8 (70-C), 38.1 (4-C), 67.4
(CHN3), 84.8 (CHOH), 126.0, 128.3, 128.4, 132.8, 135.8, 141.4; HRMS (ESI): Found:

m/z 244.1444, Caled for C14H;sN30 [M+H]": 244.1450.

(1R*,5R*)-5-Azido-2-chloro-3-phenylcyclopent-2-enol (2.36i):

OH

Cl
o

Ph
78% yield from 2.45i; White solid; mp 72-74 °C; IR (KBr) 3408(0OH), 3019, 2408, 2103
(N3), 1642, 670, 666 cm™; '"H NMR (400 MHz, CDCl3) & 2.51 (1H, d, J = 4.9 Hz, OH),
2.77 (1H, dd, J= 6.2, 15.6 Hz, CH>), 3.16 (1H, dd, J = 8.1, 15.6 Hz, CH,), 4.06-4.10 (1H,
m, CHN3), 4.74-4.76 (1H, m, CHOH), 7.33-7.42 (3H, m, Ar-H), 7.61 (2H, d, J = 7.5 Hz,
Ar-H); °C NMR (100 MHz, CDCl3) 8 37.6 (CH,), 65.1 (CHN3), 83.2 (CHN3), 126.6,
127.5, 128.4, 128.8, 133.2, 134.4; HRMS (ESI): Found: m/z 236.0586, Calcd for

C1H,1CIN;O [M+H]": 236.0591.

(1R*,5R*)-5-Azido-2-bromo-3-phenylcyclopent-2-enol (2.36j):

OH

Br
g

Ph

32% yield on 3 steps from 2-bromo-3-phenylcyclopent-2-enone (2.44j); White solid; mp
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91-93 °C; IR (KBr) 3468 (OH), 2253, 2102 (N3), 1645, 900, 745, 724 cm™; "H NMR (400
MHz, CDCl3) & 2.58 (1H, brs, OH), 2.72 (1H, dd, J = 6.0, 15.5 Hz, CH,), 3.11 (1H, dd, J
= 8.0, 15.5 Hz, CH,), 4.08-4.13 (1H, m, CHN3), 4.76-4.78 (1H, m, CHOH), 7.36-7.42
(3H, m, Ar-H), 7.61 (2H, d, J = 7.1 Hz, Ar-H); °C NMR (100 MHz, CDCl;) & 39.2
(CH,), 65.4 (CHN3), 84.5 (CHOH), 117.9, 127.54, 128.43, 128.8, 133.9, 138.3; HRMS

(ESI): Found: m/z 280.0072, Calcd for C;;H;;BrN;O [M+H]": 280.0085.

(1R*,5R*)-5-Azido-2-phenylcyclopent-2-enol (2.36k):

56% yield from 2.45k; Pale yellow solid; mp 56-58 °C; IR (KBr) 3442, 2399, 2100 (N),
1633, 1417, 1074, 1029 cm™; "H NMR (400 MHz, CDCl5) & 1.89 (1H, brs, OH), 2.48
(1H, ddd, J = 2.5, 3.2, 17.9 Hz, CH,), 2.98 (1H, ddd, J = 2.5, 7.2, 17.9 Hz, CH,), 4.07
(1H, ddd, J= 3.2, 3.8, 7.2 Hz, CHN3), 5.09-5.11 (1H, m, CHOH), 6.20 (1H, dd, J = 2.5,
2.5 Hz, 3-H), 7.25-7.51 (5H, m, Ar-H); >C NMR (100 MHz, CDCl;) & 35.9 (CH,), 68.3
(CHN3), 81.6 (CHOH), 126.1, 126.7, 128.0, 128.7, 133.7, 143.0; HRMS (ESI): Found:

m/z 202.0977, Caled for C1H;2N30 [M+H]": 202.0980.

(1R*,5R*)-5-Azido-2-p-tolylcyclopent-2-enol (2.361):

75% yield from 2.451; White solid; mp 162-164 °C; IR (KBr) 3439 (OH), 3030, 2252,
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2100 (N3), 1633, 1382, 1095, 1068 cm™; '"H NMR (400 MHz, CDCl3) & 1.93 (1H, brs,
OH), 2.35 (3H, s, CH3), 2.46 (1H, ddd, J = 3.0, 3.4, 17.9 Hz, CH,), 2.96 (1H, ddd, J = 2.4,
7.2, 17.9 Hz, CH,), 4.05 (1H, ddd, J = 3.4, 3.8, 7.2 Hz, CHN;), 5.06-5.08 (1H, m,
CHOH), 6.13 (1H, dd, J = 2.4, 3.0 Hz, 3-H), 7.16 (2H, d, J = 8.0 Hz, 8-H), 7.39 (2H, d, J
= 8.0 Hz, 7-H); °C NMR (100 MHz, CDCl3) 8 21.2 (CHs), 35.9 (CH,), 68.3 (CHN3),
81.7 (CHOH), 125.6, 126.0, 129.4, 130.8, 137.9, 142.9; HRMS (ESI): Found: m/z

216.1135, Caled for Cj,H4N3O [M+H]™: 216.1137.

(1R*,5R*)-5-Azido-2-o0-tolylcyclopent-2-enol (2.36m):

T g
Me ' IIIIIN3

50% yield from 2.45m; Colorless oil; IR (KBr) 3436 (OH), 2252, 2100, 1642, 1253, 916,
715, 652 cm™; '"H NMR (400 MHz, CDCl3) & 1.88 (1H, d, J = 5.2 Hz, OH)), 2.35 (3H, s,
CH3), 2.45-2.51 (1H, m, CH,), 2.90-2.97 (1H, m, CH,), 4.03-4.08 (1H, m, CHN3),
5.00-5.03 (1H, m, CHOH), 5.81-5.82 (1H, m, 3-H), 7.18-7.21 (4H, m, Ar-H); °C NMR
(100 MHz, CDCl3) & 20.6 (CH3), 35.7 (CH,), 68.3 (CHN3), 83.2 (CHOH), 125.8, 127.8,
128.7, 128.8, 130.6, 134.3, 136.2, 144.2; HRMS (ESI): Found: m/z 216.1130, Calcd for

C1,H14N;0 [M+H]™: 216.1137.

(1R*,5R*)-5-Azido-2-(4-chlorophenyl)cyclopent-2-enol (2.36n):

Cl O:'

8 5
7 374

69% yield from 2.45n; White solid; mp 74-75 °C; IR (KBr) 3442 (OH), 2926, 2250, 2098
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(N3), 1633, 1348, 1093, 1031 cm™; '"H NMR (400 MHz, CDCl3) & 1.94 (1H, brs, OH),
2.44 (1H, dd, J=2.9, 18.0 Hz, CH>), 2.94 (1H, dd, J= 7.2, 18.0 Hz, CH5), 4.03-4.07 (1H,
m, CHN3), 5.03-5.05 (1H, m, CHOH), 6.18-6.20 (1H, s, 3-H), 7.30 (2H, d, J = 8.5 Hz,
7-H), 7.43 (2H, d, J = 8.5 Hz, 8-H); °C NMR (100 MHz, CDCl;) & 36.0 (CH,), 68.4
(CHN3), 81.7 (CHOH), 127.3, 127.4, 128.8, 132.2, 133.7, 141.9; HRMS (ESI): Found:

m/z 236.0585, Calcd for C;H;;CIN;O [M+H]: 236.0591.

(1R*,5R*)-5-Azido-2-(4-fluorophenyl)cyclopent-2-enol (2.360):

F 0'1"
9 6 \\\\\ N3

8 5
7 374

64% yield from 2.450; Colorless oil; IR (KBr) 3419 (OH), 2939, 2099 (N3), 1649, 1504,
1159, 741, 666 cm™; '"H NMR (400 MHz, CDCl;) 8 1.99 (1H, d, J = 6.9 Hz, OH), 2.43
(1H, m, CHy), 2.93-2.99 (1H, m, CH,), 4.03-4.07 (1H, m, CHN3), 5.03-5.05 (1H, m,
CHOH), 6.12-6.13 (1H, m, 3-H), 7.01-7.07 (2H, m, 7-H), 7.46-7.51 (2H, m, 8-H); "*C
NMR (100 MHz, CDCl;) & 35.9 (CH,), 68.4 (CHN3), 81.8 (CHOH), 115.6 (d, J = 21.6
Hz, 8-C), 126.4, 127.9 (d, J= 8.0 Hz, 7-C), 129.9 (d, J = 3.4 Hz, 6-C), 142.0, 162.5 (d, J
= 246.3 Hz, 9-C); HRMS (ESI): Found: m/z 220.0900, Calcd for C;;H;;FN3;O [M+H]+:

220.0886.

(1R*,5R*)-5-Azido-2-(4-trifluoromethylphenyl)cyclopent-2-enol (2.36p):

9 2 1 \\\\\N3
)

8 5
7T 374

70% vyield from 2.45p; White solid; mp 79-80 °C; IR (KBr) 34421 (OH), 3018, 2402,
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2099 (N3), 1616, 1323, 1072, 666 cm™; "H NMR (400 MHz, CDCl3) & 2.00 (1H, d, J =
6.8 Hz, OH), 2.48-2.53 (1H, m, CHy), 2.98-3.04 (1H, m, CH3), 4.06-4.10 (1H, m, CHN3),
5.08-5.09 (1H, m, CHOH), 6.31-6.32 (1H, m, 3-H), 7.58-7.63 (4H, m, Ar-H); °C NMR
(100 MHz, CDCl;) & 36.0 (CH,), 68.4 (CHN3), 81.7 (CHOH), 124.1 (q, J = 270.3 Hz,
CF3), 125.6 (q, J = 3.7 Hz, 8-C), 126.4, 129.2, 129.8 (q, J = 32.3 Hz, 9-C), 137.2, 141.9;

HRMS (ESI): Found: m/z 270.0846, Calcd for C1,H;1F3N;0 [M+H]": 270.0854.

4.3.4 Synthesis of 2,3-diphenylcyclopenten-1-ol (2.51)'”

0 NaBH, OH
Ph: /j CeCls7H,0 Ph: f
Ph MeOH, rt Ph
2.44a 2.51

To a solution of 2.44a (155 mg, 0.66 mmol) and CeCl;.7H,0 (296 mg, 0.79 mmol) in
methanol (10 mL) was added NaBH4 (30 mg, 0.79 mmol), and the mixture was stirred
overnight at room temperature. The reaction was quenched with water (50 mL), and the
organic materials were extracted with EtOAc (3 x 20 mL). The combined extracts were
dried over NaSO., and the solvents were removed in vacuum to give
2,3-diphenylcyclopenten-1-ol (2.51) (150 mg, 0.63 mmol) in 96% yield.

'H NMR (400 MHz, CDCl;) & 1.74 (1H, brs), 1.94-2.01 (1H, m), 2.44-2.53 (1H, m),
2.71-2.77 (1H, m), 3,06-3.22 (1H, m), 5.21-5.23 (1H, m), 7.16-7.25 (10H, m); °*C NMR
(100 MHz, CDCls) & 32.1, 35.2, 81.2, 127.1, 127.2, 128.11, 128.14, 128.4, 128.8, 136.3,

137.2, 139.7, 140.6.
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4.3.5 Synthesis of cis-azidoalcohol 2.36a-cis

0 o) NaBH, OH
Fh NaN;  Ph CeCls7H,0  Ph <
Br ——— N3 > I>-..--N3
Ph DMF,70°C  py, MeOH, rt Ph
2.45a 2.50 2.36a-cis

To a solution of 5-bromo-2,3-diphenylcyclopenten-1-one (2.45a) (315 mg, 1.00 mmol) in
anhydrous DMF (3 mL) was added was added NaNs (71 mg, 1.1 mmol) at 0 °C, and the
reaction mixture was stirred at 0 °C for 2 h. The reaction was quenched with water (20
mL), and the organic materials were extracted with EtOAc (3 x 20 mL). The combined
extracts were washed with brine, dried over MgSO,. The solvents were evaporated and
the crude mixture was purified by column chromatography with EOAc/Hexane (1 : 4) to
give 5-azido-2,3-diphenylcyclopenten-1-one 2.50 (253 mg, 0.92 mmol) in 92% yield.

Pale yellow solid; mp 135-137 °C; IR (KBr) 3018, 2399, 2117 (N3), 1707, 1615, 1357,
1154 cm™; "H NMR (400 MHz, CDCl;) & 2.86 (1H, dd, J= 3.2, 18.0 Hz, CH,), 3.29 (1H,
dd, J = 7.4, 18.0 Hz, CH,), 4.65 (1H, dd, J = 3.2, 7.4 Hz, CHN3), 7.21-7.38 (10H, m,
Ar-H); C NMR (100 MHz, CDCl3) & 36.2 (CH,), 59.9 (CHN3), 128.2, 128.3, 128.6
(overlaped), 129.3, 130.6, 131.2, 134.5, 137.5, 165.5, 202.6 (C=0); HRMS (ESI): Found:

m/z 276.1151, Caled for C7H14N;0 [M+H]": 276.1137.

To a solution of 5-azido-2,3-diphenylcyclopenten-1-one 2.50 (207 mg, 0.75 mmol) and
CeCl3+7H,0 (341 mg, 0.92 mmol) in methanol (10 mL) was added NaBH, (35 mg, 0.93
mmol) in portionwise over 2 min, and the mixture was stirred for 30 min at room

temperature. The reaction was quenched with water (50 mL), and the organic materials
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were extracted with EtOAc (3 x 20 mL). The combined extracts were dried over NaSOy,
and the solvents were removed in vacuo. The crude mixture was purified by column
chromatography with EOAc/Hexane (1 : 5) to give (1S*5R*)-5-azido-2,3-
diphenylcyclopent-2-enol (2.36a-cis) (192 mg, 0.69 mmol) in 92% yield.

Yellow oil; IR (KBr) 3014, 2105 (N3), 1599, 1489, 1348, 1116, 1001 cm™; "H NMR (400
MHz, CDCl3) 6 2.20 (1H, d, J = 6.9 Hz, OH), 3.03 (1H, dd, J = 6.8, 16.5 Hz, CH»), 3.11
(1H, dd, J = 5.0, 16.5 Hz, CH;), 4.23-4.28 (1H, m, CHN3), 5.06-5.09 (1H, m, CHOH),
7.14-7.28 (10H, m, Ar-H); *C NMR (100 MHz, CDCl;) & 39.8 (CH,), 61.8 (CHN3), 80.0
(CHOH), 127.5, 127.8, 128.1, 128.3, 128.4, 128.7, 135.2, 136.0, 137.7, 138.0; HRMS

(ESI): Found: m/z 300.1102, Calcd for C;7H;sN3ONa [M+Na]": 300.1113.

4.4 Synthesis of pyridines

A typical procedure: synthesis of 3,4-Diphenylpyridine (2.37a):

OH  PdCly(dppf)-CH,Cly(15 mol %)

Ph K,CO5 (1 equiv) Phn
|||||N3 . ’ /
Ph CICH,CH,CI, 80 °C Ph
2.36a 2.37a

To a solution of (1R*,5R*)-5-azido-2,3-diphenylcyclopent-2-enol (2.36a) (83.9 mg, 0.303
mmol) in CICH,CH,CI (2 mL) were added PdCl,(dppf)-CH,Cl; (37.4 mg, 0.046 mmol)
and K,COs3 (41.7 mg, 0.30 mmol), and the reaction mixture was stirred for 5 h at 80 °C.
The volatile materials were removed in vacuo, and the resulting residue was purified by
flash column chromatography on silica gel with EtOAc/Hexane (1 : 4) to give

3.,4-diphenylpyridine (2.37a) (61.5 mg, 0.266 mmol) in 88% yield.
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3,4-diphenylpyridine (2.37a): Ho
Ph NN
%

Ph

'H NMR (400 MHz, CDCls) & 7.14-7.17 (4H, m), 7.23-7.29 (6H, m), 7.33 (1H, d, J = 5.0
Hz), 8.61 (1H, d, J = 5.0 Hz), 8.64 (1H, s); °C NMR (100 MHz, CDCl;) & 124.6, 127.3,

127.8, 128.2 (overlap), 129.3, 129.8, 135.8, 137.7, 138.6, 147.7, 148.6, 151.0.

3-Tolyl-4-phenylpyridine (2.37b):

78% vyield; Pale yellow solid; mp 118-120 °C; IR (KBr) 3053, 2968, 2933, 1905, 1587,
1473, 1111, 1047, 1041 cm™; "H NMR (400 MHz, CDCl3) § 2.32 (3H, s, CH3), 7.02 (2H,
d, J = 8.2 Hz, 9-H), 7.06 (2H, d, J = 8.2 Hz, 8-H), 7.16-7.18 (2H, m, Ar-H), 7.24-7.27
(3H, m, Ar-H), 7.31 (1H, d, J = 5.0 Hz, 5-H), 8.58 (1H, d, J = 5.0 Hz, 6-H), 8.62 (1H, s,
2-H); °C NMR (100 MHz, CDCl;) & 21.1 (CH3), 124.6, 127.7, 128.2, 129.0, 129.3,
129.6, 134.7, 135.7, 137.0, 138.8, 147.6, 148.4 (6-C), 151.0 (2-C); HRMS (ESI): Found:

m/z 246.1286, Caled for CrsH N [M+H]™: 246.1283.

3-(4-Chlorophenyl)-4-phenylpyridine (2.37¢):
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88% yield; Pale yellow solid; mp 71-73 °C; IR (KBr) 3061, 2968, 2399, 1901, 1585, 1390,
1093, 1016 cm™; "H NMR (400 MHz, CDCls) 8 7.06 (2H, d, J = 8.4 Hz, 8-H), 7.12-7.15
(2H, m, Ar-H), 7.23 (2H, d, J = 8.4 Hz, 9-H), 7.27-7.29 (3H, m, Ar-H), 7.33 (1H, d, J =
5.0 Hz, 5-H), 8.60 (1H, s, 2-H), 8.63 (1H, d, J = 5.0 Hz, 6-H); °C NMR (100 MHz,
CDCls) & 124.6, 128.0, 128.4, 128.5, 129.2, 131.0, 133.5, 134.6, 136.1, 138.2, 147.7,
149.0 (6-C), 150.7 (2-C); HRMS (ESI): Found: m/z 266.0740, Calcd for C;7H;3CIN

[M+H]": 266.0737.

3-(4-Fluorophenyl)-4-phenylpyridine (2.37d):

89% yield; Pale yellow solid; mp 104-106 °C; IR (KBr) 3018, 2977, 2402, 1512, 1475,
1096, 836 cm™; '"H NMR (400 MHz, CDCl;) & 6.94 (2H, dd, J = 8.6, 8.6 Hz, 8-H),
7.09-7.15 (4H, m, Ar-H), 7.27-7.29 (3H, m, Ar-H), 7.33 (1H, d, J = 5.0 Hz, 5-H), 8.61
(1H, s, 2-H), 8.62 (1H, d, J = 5.0 Hz, 6-H); *C NMR (100 MHz, CDCl3) & 115.3 (d, J =
21.3 Hz), 124.6, 127.9, 128.3, 129.2, 131.3 (d, J = 8.0 Hz), 133.6 ( d, J = 3.5 Hz), 134.8,
138.4, 147.7, 148.8, 150.8, 162.2 (d, J = 245.6 Hz); HRMS (ESI): Found: m/z 250.1021,

Caled for Ci7H;3FN [M+H]": 250.1032.

3-Methyl-4-phenylpyridine (2.37¢): H
Me XN
=
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83% yield; "H NMR (400 MHz, CDCl3) & 2.28 (3H, s), 7.14 (1H, d, J = 5.0 Hz), 7.31 (2H,
d, J = 6.8 Hz), 7.38-7.47 (3H, m), 8.46 (1H, d, J = 5.0 Hz, CsH), 8.50 (1H, s, C;H); "*C
NMR (100 MHz, CDCls) & 17.2, 124.0, 127.9, 128.4, 128.5, 130.6, 139.1, 147.4, 149.1,

151.3.

3-Methyl-4-(3,5-dimethylphenyl)pyridine (2.37f):

74% yield; Pale yellow oil; IR (KBr) 3443, 2927, 2214, 1592, 1411, 1063, 906, 832 cm’';
'H NMR (400 MHz, CDCl3) & 2.27 (3H, s, 7-H), 2.36 (6H, s, 12-H), 6.92 (2H, s, 9-H),
7.03 (1H, s, 11-H), 7.11 (1H, d, J = 5.0 Hz, 5-H), 8.43 (1H, d, J = 5.0 Hz, 6-H), 8.47 (1H,
s, 2-H); *C NMR (100 MHz, CDCl3) & 17.2 (7-C), 21.3(11-C), 124.0, 126.3, 129.5,
130.6, 137.9, 139.0, 147.2, 149.4 (6-C), 151.2 (2-C). HRMS (ESI): Found: m/z 198.1274,

Calcd for Ci4H N [M+H]": 198.1274.

3-Allyl-4-phenylpyridine (2.37g):

80% vield; Pale yellow oil; IR (KBr) 3436, 2927, 2106, 1592, 1409, 911, 744, 665 cm’';
'"H NMR (400 MHz, CDCl3) & 3.36 (2H, d, J = 6.1 Hz, 7-H), 4.87 (1H, dd, J = 1.3, 17.1

Hz, 9-H), 5.03 (1H, dd, /= 1.3, 10.2 Hz, 9-H), 5.82 (1H, m, 8-H), 7.15 (1H, d, J = 4.9 Hz,
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5-H), 7.30-7.45 (5H, m, Ar-H), 8.48 (1H, d, J = 4.9 Hz, 6-H), 8.51 (1H, s, 2-H); "°C
NMR (100 MHz, CDCl3) & 34.6 (7-C), 116.5, 124.3, 128.0, 128.3, 128.5, 132.4, 136.6,
138.7, 147.5, 149.3 (6-C), 151.3 (2-C). HRMS (ESI): Found: m/z 196.1126, Calcd for

C14H1sN [M+H]": 196.1126.

3-Mehyl-4-phenethylpyridine (2.37h): 12
)
Ph 7

65% yield; 'H NMR (400 MHz, CDCl3) & 2.23 (3H, s), 2.88 (4H, s, overlaped), 7.01 (1H,
d,J=5.0 Hz), 7.14 (2H, d, J = 7.0 Hz), 7.19-7.30 (3H, m), 8.32 (1H, d, J = 5.0 Hz), 8.34
(1H, s); *C NMR (100 MHz, CDCl) 5 15.9, 34.4, 35.5, 123.4, 126.2, 128.3, 128.5, 131.6,

140.9, 147.5, 148.6, 150.6.

3-Chloro-4-phenylpyridine (2.37i): t
Cho Ny,
%

90% yield; "H NMR (400 MHz, CDCly) § 7.27 (1H, d, J = 4.9 Hz), 7.45-7.48 (5H, m),
8.51 (1H, d, J= 4.9 Hz), 8.67 (1H, s); *C NMR (100 MHz, CDCl5) § 125.3, 128.4, 128.9

(overlap), 130.2, 136.5, 147.6, 147.8, 150.1.

3-Bromo-4-phenylpyridine (2.37j): s

Br NN
=
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72% yield using Pd(OAc), (10 mol %) and 2,2’-bipyridine (10 mol %); 'H NMR (400
MHz, CDCls) & 7.26 (1H, d, J = 4.9 Hz), 7.42-7.48 (5H, m), 8.54 (1H, d, J = 4.9 Hz),
8.82 (1H, s); >C NMR (100 MHz, CDCl3) & 120.9, 125.6, 128.3, 128.8 (overlap), 138.1,

148.3, 149.7, 152.1.

3-Phenylpyridine (2.37k) '*

=N
\ 7/

83% yield using 20 mol% of PdCly(dppf); 'H NMR (400 MHz, CDCl;) & 7.34-7.42 (2H,
m), 7.46-7.50 (2H, m), 7.57 (2H, d, J= 7.7 Hz), 7.86 (1H, d, J = 7.8 Hz), 8.58 (1H, d, J =
4.3 Hz), 8.85 (1H, s); >C NMR (100 MHz, CDCl3) & 123.5, 127.1, 128.1, 129.0, 134.3,

136.6, 137.8, 148.3, 138.4.

3-p-Tolylpyridine (2.371):''*'"?

—N
Me \ /

64% yield; "H NMR (400 MHz, CDCly) § 2.41 (3H, s), 7.27 (2H, d, J = 7.9 Hz), 7.33 (1H,
dd, J=4.7,7.9 Hz), 7.47 (2H, d, J = 7.9 Hz), 7.84 (1H, d, J = 7.9 Hz), 8.55 (1H, d, J =
4.7 Hz), 8.83 (1H, s); *C NMR (100 MHz, CDCls) & 21.1, 123.5, 126.9, 129.8, 134.1,

134.9, 136.6, 138.0, 148.21, 148.22.

3-0-Tolylpyridine (2.37m): Hs

—N
\ 7/
Me
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66% yield; '"H NMR (400 MHz, CDCLy) & 2.27 (3H, s), 7.20 (1H, d, J = 7.9 Hz),
7.25-7.31 (3H, m), 7.33 (1H, dd, J = 4.8, 7.9 Hz), 7.63-7.66 (1H, m), 8.58-8.60 (2H, m);
3C NMR (100 MHz, CDCL3) § 20.3, 123.0, 126.0, 128.1, 129.8, 130.5, 135.6, 136.4,

137.4,138.1, 148.1, 149.9.

3-(4-Chlorophenyl)pyridine (2.37n): He

=N
Cl \ /

84% yield; "H NMR (400 MHz, CDCl3) & 7.35 (1H, dd, J = 4.6, 7.9 Hz), 7.44 (2H, d, J =
8.4 Hz), 7.50 (2H, d, J = 8.4 Hz), 7.82 (1H, d, J = 7.9 Hz), 8.59 (1H, d, J = 4.6 Hz), 8.81
(1H, s); °C NMR (100 MHz, CDCls) & 123.6, 128.4, 129.3, 134.2, 134.4, 135.5, 136.2,

148.1, 148.8.

3-(4-Fluorophenyl)pyridine (2.370): H7

—N
cl \ /

86% yield; '"H NMR (400 MHz, CDCls) § 7.13-7.19 (2H, m), 7.33 (1H, dd, J = 4.8, 7.9
Hz), 7.50-7.55 (2H, m), 7.80-7.83 (1H, m), 8.57 (1H, dd, J= 1.3, 4.8 Hz), 8.79 (1H, d, J =
2.2 Hz); C NMR (100 MHz, CDCls) & 115.9 (d, J = 21.4 Hz), 123.5, 128.7 (d, J = 8.1
Hz), 133.9 (d, J=3.4 Hz), 134.2, 135.7, 148.1, 148.5, 161.6 (d, J = 246.3 Hz).

3-(4-Trifluoromethylphenyl)pyridine (2.37p): Hd

=N
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93% yield; '"H NMR (400 MHz, CDCl3) & 7.38 (1H, dd, J= 4.3, 7.8 Hz), 7.67 (2H, d, J =
8.2 Hz), 7.72 (2H, d, J= 8.2 Hz), 7.87 (1H, d, J = 7.8 Hz), 8.64 (1H, d, J = 4.3 Hz), 8.86
(1H, s); °C NMR (100 MHz, CDCl3) & 123.7, 124.1 (q, J = 270.6 Hz), 126.0 (q, J = 3.8

Hz), 127.5, 130.2 (q, J=32.4 Hz), 134.5, 135.3, 141.4, 1148.3, 149.3.

4.5 Synthesis of a-azidoalcohol 2.38 and 2.38’

4.5.1 Synthesis of 1-azido-2-indanols 2.38

1-Azido-2-indanols 2.38 were prepared from the corresponding indenes by following

Methods A or B as shown below.

method A
1) NBS, THF-H,O
0 2) KOH, THF N,
% 1) NaBH4, MeOH = 3)NaN3, DMF-H,0 =
S ~R_ | RL [ >woOH
2) TsOH (cat.) method B
R'  toluene, reflux R' 1) mcpba, CH,Cl, R'
2.52 253 2) NaN;, NH,CI 2.38
EtOH-H,0

/

4.5.1.1 Synthesis of Indenes 2.53

A typical procedure: synthesis of 4,6-Dichloroindene (2.53e):
O

Cl 1) NaBH,4, MeOH C'

2) TsOH (cat.)
Cl toluene, reflux Cl
2.52¢ 2.53e

NaBH4 (228 mg, 6.03 mmol) was added in small portions to a solution of 4,6-dichloro-1-
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indanone (2.52¢) (1.01 g, 5.02 mmol) in MeOH (15 ml) at 0 °C, and the reaction mixture
was stirred at room temperature. After the reaction was completed, the reaction was
quenched with water, and organic materials were extracted with CH,Cl, (3 x 20 mL). The
combined extracts were washed with water, brine, and dried over MgSQO,. The solvents
were evaporated off to yield the 4,6-dichloroindan-1-ol, which was used for the next

reaction without further pirification.

A solution of 4,6-dichloroindan-1-ol obained above and p-toluenesulfonic acid (43.0 mg,
0.25 mmol, 5 mol %) in toluene (20 mL) was stirred at 110 °C. After the reaction was
completed, the mixture was diluted with Et;0O (50 mL) and washed with saturated
aquoeus Na,COs. The organic solvents wre dried over MgSO4 and then removed in vacuo,
providing the crude residue which was purified by flash column chromatography with
EtOAc/Hexane (1 : 20) to give the pure 4,6-dichloroindene (2.53e) (880 mg, 4.76 mmol)
in 95% yield for 2 steps.

White solid, mp 36-37 °C; IR (KBr) 3072, 1600, 1575, 1544, 1433, 1386, 1154; 1H NMR
(500 MHz, CDCls) 6 3.40 (2H, d, J= 1.4 Hz), 6.66-6.67 (1H, m), 6.80-6.82 (1H, m), 7.18
(1H, s), 7.28 (1H, s), C NMR (125 MHz, CDCl;) & 38.5, 119.8, 124.5, 130.1, 131.2,
130.1, 136.5, 139.8, 147.4; HRMS (ESI): Found: m/z 184.9933, Calcd for CoH,;Cl [M

+H]": 184.9925.

Methyl indene-5-carboxylate (2.53a):

MeOZC

117



97% yield from 6-methoxycarbonyl-1-indanone (2.52a);'"® White solid; mp 70-72 °C; IR
(KBr) 3074, 2906, 1714 (C=0), 1294, 1097; "H NMR (400 MHz, CDCls) & 3.44 (2H, s,
CH»), 3.92 (3H, s, CH3), 6.62 (1H, d, /= 1.4 Hz, 2-H), 6.91 (1H, s, 3-H), 7.50 (1H, d, J =
7.3 Hz, 7-H), 7.90 (1H, d, J = 7.3 Hz, 6-H), 8.06 (1H, s, 4-H); °C NMR (100 MHz,
CDCl3) 6 39.2 (CH,), 52.0 (CH3), 122.0, 123.5, 126.2, 128.5, 131.7, 135.1, 145.0, 148.8,
167.6 (C=0); HRMS (ESI): Found: m/z 175.0764, Calcd for C;H;;0, [M +H] :

175.0759.

6-Methoxycarbonyl-1-indanone (2.52a):

0

MGOZC\ i f

White solid: mp 112-114 °C; IR (KBr) 3074, 2987, 1714 (CO,Me), 1294, 1097; '"H NMR
(400 MHz, CDCl3) § 2.72-2.75 (2H, m, 3-H), 3.17-3.20 (2H, m, 2-H), 3.92 (3H, s, CH3),
7.53 (1H, d, J = 8.0 Hz, 4-H), 8.23 (1H, d, J = 8.0 Hz, 5-H), 8.39 (1H, s, 7-H); *C NMR
(100 MHz, CDCl3) & 26.0 (3-C), 36.4 (2-C), 52.3 (CHs), 125.2, 126.8, 129.7, 135.3,
137.3, 159.4, 166.2 (CO,Me), 205.9 (C=0); HRMS (ESI): Found: m/z 191.0706. Calcd

for C;1H 05 [M +H]" : 191.0708.

5,6-Methylenedioxy-1H-indene (2.53b)'" and 1-Phenyl-indene (2.53f)'*° were kwnon
compounds and prepared by this procedure from the corresponding indanones.
2-Phenyl-indene (2.53g) is prepared from 1H-indene and bromobenene by following the

121
reporeted procedure.
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4.5.1.2 Synthesis of 1-azido-2-indanols 2.38

Method A'*
A typical procedure:

synthesis of (1R*,2R*)-1-Azido-5,6-methylenedioxy-2-indanol (2.38b):

OH
0 NBS o) KOH
D = ST 2
0 THF-H,0, (1:1), it~ O THF, rt
2.53b
N3
0 0 NaN3 o
sqv; Reqns
o DMF-H,0 (8:1), 70 °C o
2.38b

To a stirred solution of 5,6-methylenedioxy-1H-indene (2.53b) (806 mg, 5.0 mmol) in 50%
aqueous THF (20 mL) was added N-bromosuccinimide (980 mg, 5.5 mmol) portionwise
at room temperature, and the mixture was stirred at the same temperature for 12 h. The
reaction was quenched by adding water and the organic materials were extracted with
EtOAc (3 x 30 mL). The combined organic layer was washed with 5% aqueous NaS,0;
(20 mL), brine, and dried over MgSQO,4. The solvents were evaporated under reduced
pressure, and the resulting crude product was purified by flash column chromatography
with EtOAc/Hexane (1 : 3) to give (1R*,2R*)-2-bromo-5,6-methylenedioxy-1-indanol

(838 mg, 3.3 mmol, 65% yield).

To a stirred solution of 2-bromo-1-indanol prepared above (838 g, 3.3 mmol) in THF was
added powdered KOH (458 mg, 8.2 mmol) at room temperature and the mixture was

stirred for 4 h. The insoluble solids were removed by filtration and the filtrate was
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evaporated under reduced pressure to yield the crude epoxide, which was directly used to

the next step without further purification.

A mixture of crude epoxide obtained above, and NaNj3 (1.06 g, 16.3 mmol) in DMF-H,0
(8 : 1) (18 mL) was stirred at 70 °C for 2 h. The reaction was quenched with water (50
mL), and the organic materials were extracted with CH,Cl, (3 x 30 mL). The combined
extracts were washed with brine and dried over MgSQO,. The solvent was evaporated
under reduced pressure, and the crude product was purified by flash column
chromatography with EtOAc/Hexane (1 : 4) to give (1R*2R*)-1-Azido-5,6-
methylenedioxy-indan-2-ol (2.38b) (476 mg, 2.2 mmol) in 67% yield on 2 steps (44%
yiled on 3 steps from indene 2.52b).

White solid; mp 77-79 °C; IR (KBr) 3423 (OH), 3018, 2895, 2098 (N3), 1303, 1247, 1039
cm™; "H NMR (400 MHz, CDCls) & 2.10 (1H, brs, OH), 2.73 (1H, dd, J = 5.2, 15.8 Hz,
CH»), 3.20 (1H, dd, J = 6.6, 15.8 Hz, CH>), 4.47-4.50 (1H, m, CHN3), 4.56 (1H, d, J =
4.3 Hz, CHOH), 5.96 (2H, s, OCH,0), 6.69 (1H, s, 4-H), 6.81 (1H, s, 7-H); >C NMR
(100 MHz, CDCls) 6 39.0 (3-C), 72.0 (CHN3), 78.9 (CHOH), 101.3 (OCH,0), 105.2,
105.7, 130.4, 133.2, 147.3, 148.7; HRMS (ESI): Found: m/z 220.0714, Calcd for

C10H10N303 [M+H]+Z 220.0722.

Method B (2.41a, 2.41e-g were pepared by this procedure)
A typical procedure:

synthesis of (1R*,2R*)-1-azido-2,3-dihydro-4,6-dichloro-1H-inden-2-ol (2.38e):
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Cl ‘ mcpba Cl O NaN3 cl
—o> > | 1 Sum OH
CH.Cl,, 0°C EtOH-H,0 (4:1), reflux

Cl Cl
2.53¢ Cl 2 38e

3-Chloroperoxybenzoic acid (m-CPBA) (1.27 g, 7.3 mmol) was added in small portions
to a solution of 4,6-dichloro-1H-indene (2.53e¢) (680 mg, 3.7 mmol) in CH,Cl, (20 mL) at
0 °C and the reaction mixture was stirred at room temperature for 24 h. The reaction was
quenched with saturated aqueous Na,S,;03 (30 mL), the organic materials were extracted
with CH,Cl, (3 x 20 mL). The combined extracts were washed with saturated aqueous
Na,CO; and dried over MgSQO,. The solvent was removed in vacuo and resulting crude

epoxide was used for the next reaction without further pirification.

The crude mixture obtained above, NH4Cl (390 mg, 7.3 mmol) and NaN; (585 mg, 9.0
mmol) in aqueous EtOH (20 mL, EtOH/H,0 =4 : 1) was refluxed for 1 h. Water (40 mL)
was then added to the mixture and the organic materials were extracted with CH,Cl, (3 x
30 mL). The combined extracts were washed with brine and dried over MgSO,4. The
organic solvents were evaporated under reduced pressure and the resulting crude mixtue
was purified by flash column chromatography with EtOAc/Hexane (1 : 6) to give the
(1R*,2R*)-1-azido-2,3-dihydro-4,6-dichloro- 1H-inden-2-ol (2.38e) (736 mg, 3.0 mmol)
in 82% yield for 2 steps.

White solid; mp 48-50 °C; IR (KBr) 3358 (OH), 3080, 2914, 2100 (N3), 1570, 1454, 1083,
1056; '"H NMR (400 MHz, CDCl3) & 2.21 (1H, brs, OH), 2.80 (1H, dd, J = 6.1, 16.6 Hz,
CH,), 3.30 (1H, dd, J = 7.0, 16.6 Hz, CH;), 4.50-4.55 (1H, m, CHN3), 4.72 (1H, d, J =

5.2 Hz, CHOH), 7.24 (1H, s, 7-H), 7.32 (1H, s, 5-H) ; °C NMR (125 MHz, CDCl;)
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837.6, 71.8 (CHN3), 78.2 (CHOH), 123.4, 129.1, 131.9, 134.0, 136.5, 141.2; HRMS

(ESI): Found: m/z 244.0042, Calcd for CoHgN;OCI, [M+H]": 244.0044.

(1R*,2R*)-1-Azido-2,3-dihydro-6-methoxycarbonyl-1H-inden-2-ol (2.382):

79% yield from methyl 1H-indene-5-carboxylate (2.53a); White solid; mp 77-79 °C; IR
(KBr) 3423 (OH), 3014, 2912, 2100 (N3), 1705 (CO,Me), 1438, 1298, 1089, 1058 cm’';
'H NMR (400 MHz, CDCl3) & 2.26 (1H, brs, OH), 2.89 (1H, dd, J = 6.0, 16.6 Hz, CH»),
3.31 (1H, dd, J = 6.7, 16.6 Hz CH»), 3.92 (3H, s, CH3), 4.52-4.54 (1H, m, CHN3), 4.72
(1H, d, J= 5.0 Hz, CHOH), 7.30 (1H, d, J = 7.8 Hz, 4-H), 7.99 (1H, d, J = 7.8 Hz, 5-H),
8.01 (1H, s, 7-H); °C NMR (100 MHz, CDCl3) & 39.0 (CH,), 52.2 (CH3), 71.4 (CHN3),
78.8 (CHOH), 124.9, 125.3, 129.6, 130.7, 138.6, 145.2, 166.7 (C=0); HRMS (ESI):

Found: m/z 234.0881, Calcd for C;;H2N30; [M+H]": 234.0879.

(1R*,2R*,35%)-1-Azido-2,3-dihydro-3-phenyl-1H-inden-2-o0l (2.38f):

N3

Ph
White solid (88% yield from 1-pheny-1H-indene (2.53f), mp 70-72 °C; IR (KBr) 3390

(OH), 3018, 2895, 2102 (N3), 1087, 1076 cm™; 'H NMR (400 MHz, CDCl;) & 2.37 (1H,
brs, OH), 4.12 (1H, d, J = 8.5 Hz, 3-H), 4.31-4.36 (1H, m, CHN3), 4.82 (1H, d, J = 7.5
Hz, CHOH), 6.90 (1H, d, J = 7.5 Hz, Ar-H), 7.28-7.43 (8H, m, Ar-H); *C NMR (100

MHz, CDCls) & 56.1, 69.7 (CHN3), 87.8 (CHOH), 123.8, 125.2, 127.5, 127.9, 128.7,
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128.9, 129.0, 137.7, 140.3, 141.4; HRMS (ESI): Found: m/z 252.1133, Calcd for

C;5sH14N3;O [M+H]'™: 252.1137.

(1R*,28%)-1-Azido-2,3-dihydro-2-phenyl-1H-inden-2-ol (2.38g):

N3

Ph

83% yield from 2-Phenyl-indene (2.53g), White solod; mp 63-65 °C; IR (KBr) 3018,
2400, 2101 (N3), 1604, 1478, 1320, 1156 1060, 877 cm-1; 1H NMR (400 MHz, CDCI3) o
2.25 (1H, s, OH), 3.20 (1H, d, J = 16.2 Hz, CH»), 3.83 (1H, d, J = 16.2 Hz, CH>), 4.87
(1H, s, CHN3), 7.31-7.44 (7TH, m, Ar-H), 7.56 (2H, d, J = 7.5 Hz, Ar-H); 13C NMR (100
MHz, CDCI3) & 44.2 (CH;), 74.0 (CHN3), 85.4 (CHOH), 125.6, 125.7, 126.5, 127.5,
128.3, 128.4, 129.5, 138.6, 140.9, 141.1; HRMS (ESI): Found: m/z 252.1132, Calcd for

C15H14N30 [M+H]+: 252.1137.

(1R*2R*)-1-azido-1,2,3,4-tetrahydronaphthalen-2-ol (2.38i)'*’

N3

Pale yellow oil; "H NMR (400 MHz, CDCI3) & 1.87-1.97 (1H, m), 2.13-2.21 (2H, m),
2.85-2.98 (2H, m), 3.99-4.05 (1H, m), 4.40 (1H, d, J = 7.2 Hz), 7.12-7.15 (1H, m),
7.22-7.27 (2H, m), 7.40-7.42 (1H, m); °C NMR (100 MHz, CDCI3) § 26.5, 28.5, 66.6,

71.7,126.5, 128.1, 128.6, 128.8, 132.4, 136.1.
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4.5.2 Synthesis of 2-azido-1-indanols 2.38’

4.5.2.1 Synthesis of 2.38b’-d’ and 2.38h’

These azides were prepared from the corresponding indanone 2.52 as shown below.

) O OH
= CuBr, = 1) NaBH,, EtOH, 0°C =
R_ | —_—> R— | Br > —_ | |||||N3
X EtOAc, reflux A 2) NaN3, DMF, 70°C A
2.52 2.54 2.38'

4.5.2.1.1 o-Bromination:”

A typical procedure: preparation of 2-Bromo-5,6-methylenedioxy-1-indanone

(2.54b):'*

@)
Cu Br2 0]
< EtOAc, reflux <O Br

2.52b 2.54b

To a solution of 5,6-methylenedioxy-1-indanone [CAS: 6412-87-9] (2.52b) (438 mg, 2.5
mmol) in EtOAc (30 mL) was added CuBr; (1.12 g, 5.01 mmol), and the mixture was
stirred at reflux for 6 h. The insoluble materials were filteted off through a celite pad. The
filtrate was evaporated under reduced pressure, and the resulting crude mixture was
purified by flash column chromatography with EtOAc/Hexane (1 : 8) to give

2-bromo-5,6-methylenedioxy-1-indanone (2.54b) (524 mg, 2.1 mmol) in 83% yield.
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"H NMR (500 MHz, CDCl3) § 3.27 (1H, dd, J = 3.2, 18.0 Hz), 3.68 (1H, dd, J = 7.3, 18.0
Hz), 4.61 (1H, dd, J = 3.2, 7.3 Hz), 6.09 (2H, s), 6.79 (1H, s), 7.15 (1H, s); *C NMR (125

MHz, CDCls) 6 37.9, 44.4, 102.5, 103.2, 105.4, 128.1, 148.8, 148.9, 155.3, 197 .4;

2-Bromo-5-chloro-2,3-dihydro-6-methoxyinden-1-one (2.54c¢):

0
MeO
Br

Cl
88% yield from 5-chloro-6-methoxy-1-indanone (2.52¢) (CAS: 344305-70-0); White
solid; mp 141-143 °C; IR (KBr) 3018, 2941, 1714 (C=0), 1608, 1106, 1033 cm™; 'H
NMR (500 MHz, CDCls) 6 3.30 (1H, dd, J = 2.8, 17.9 Hz, CH,), 3.73 (1H, dd, J = 7.4,
17.9 Hz, CH,), 3.94 (3H, s, CH3), 4.64 (1H, dd, J = 2.8, 7.4 Hz, CHBr), 7.29 (1H, s, 7-H),
7.47 (1H, s, 4-H); °C NMR (125 MHz, CDCl3) & 37.1(CH,), 44.0 (CHBr), 56.5 (CHs),
106.0, 127.9, 132.3, 1329, 143.8, 155.6, 198.6 (C=0); HRMS (ESI): Found: m/z

274.9467, Calcd for CoHoBrClO, [M+H]": 274.9474.

2-Bromo-2,3-dihydro-4,7-dimethyl-6-phenylinden-1-one (2.54d):

Me 0
Ph
Br

Me

83% yield from 4,7-dimethyl-6phenyl-1-indanone (2.52d), which was prepared from
4,7-dimethyl-6-bromo-1-indanone'** and phenylbronic acid by Suzuki coupling;'*® White
solid; mp 102-104 °C; IR (KBr) 3020, 2920, 1714 (C=0), 1600, 1578, 1473, 1165, 1028

cm™; 'H NMR (400 MHz, CDCl3) § 2.31 (3H, s, CH3), 2.52 (3H, s, CH3), 3.30 (1H, dd, J
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=29, 17.9 Hz, CHy), 3.23 (1H, dd, J = 7.6, 17.9 Hz, CH,), 4.64 (1H, dd, J=2.9, 7.6 Hz,
CHBr), 7.26-7.27 (2H, m, Ar-H), 7.33 (1H, s, 5-H), 7.36 (1H, d, J = 7.2 Hz, Ar-H),
7.41-7.44 (2H, m, Ar-H); °C NMR (100 MHz, CDCl;) & 15.2 (CH3), 17.3 (CHs), 36.0
(CH,), 45.2 (CHBr), 127.2, 128.2, 129.3, 131.2, 132.2, 134.7, 137.7, 140.2, 142.8, 149.8,
200.7 (C=0); HRMS (ESI): Found: m/z 315.0385, Calcd for C;7H;sBrO [M+H]":

315.0385.

4,7-Dimethyl-6phenyl-1-indanone (2.52d):

Me 0
Ph

Me
Pale yellow solid; mp 75-76 °C; IR (KBr) 3020, 2918, 1703 (C=0), 1473, 1315, 1011; 'H
NMR (400 MHz, CDCls) 8 2.34 (3H, s, CH3), 2.53 (3H, s, CH3), 2.71-2.74 (2H, m, 3-H),
2.97-3.00 (2H, m, 2-H), 7.27-7.29 (3H, m, Ar-H), 7.33-7.37 (1H, m, 5-H), 7.40-7.44 (2H,
m, Ar-H); >C NMR (100 MHz, CDCl5) 8 15.0 (CHs), 17.4 (CHs3), 23.8 (3-C), 37.1 (2-C),
127.0, 128.1, 129.4, 132.4, 133.3, 134.5, 136.3, 140.7, 141.8, 154.2, 208.5 (C=0); HRMS

(ESI): Found: m/z 237.1276, Calcd for Ci7H;70 [M +H]" : 237.1279.

2-Bromo-2,3-dihydro-4-tosylcyclopenta[b]indol-1(4H)-one (2.54h):

O
b
N

Ts

81% yield from 2,3-dihydro-4-tosylcyclopenta[b]indol-1(4H)-one (2.52h) (shown below),

which was prepared by tosylation of 2,3-dihydrocyclopenta[b]indol-1(4H)-one;'?” White
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solid; mp 167-169 °C; IR (KBr) 3018, 2400, 1708 (C=0), 1597, 1556, 1413, 1179, 1053
cm™; '"H NMR (400 MHz, CDCl3) & 2.40 (3H, s, CH3), 3.67 (1H, dd, J = 2.1, 19.5 Hz,),
4.14 (1H, dd, J = 6.6, 19.5 Hz, CH,), 4.84 (1H, dd, J= 2.1, 6.6 Hz, CHBr), 7.32-7.42 (4H,
m, Ar-H), 7.83-7.87 3H, m, Ar-H), 7.98 (1H, d, J= 8.2 Hz, Ar-H) ; >C NMR (100 MHz,
CDCls) 8 21.7 (CH3), 36.4 (CH,), 47.2 (CHBr), 114.1, 121.4, 122.2, 125.2, 126.2, 127.0,
130.5, 134.4, 140.4, 146.5, 162.6, 189.2 (C=0); HRMS (ESI): Found: m/z 403.9946,

Calcd for CisH;sBrOsNS [M+H]": 403.9956.

2,3-Dihydro-4-tosylcyclopenta[b]indol-1(4H)-one (2.52h):

Ts

White solid; mp 179-181 °C; IR (KBr) 3018, 2403, 1702 (C=0), 1599, 1404, 1376, 1056
cm™; "TH NMR (400 MHz, CDCl5) & 2.39 (3H, s, CH3), 2.96-2.99 (2H, m,3-H), 3.39-3.41
(2H, m, 2-H), 7.29-7.38 (4H, m, Ar-H), 7.81-7.83 (3H, m, Ar-H), 7.98 (1H, d, J = 8.3 Hz,
Ar-H); >C NMR (100 MHz, CDCl3) & 21.6 (CHj3), 24.0 (3-C), 40.4 (2-C), 114.0, 121.1,
122.3, 124.8, 125.61, 125.64, 126.9, 130.3, 134.9, 140.5, 146.1, 166.6, 196.1 (C=0);

HRMS (ESI): Found: m/z 326.0848, Calcd for C;sH O3NS [M+H]": 326.0851.
4.5.2.1.2  Synthesis of 2-azido-1-indanos 2.38’

A typical procedure:
preparation of (1R*,2R*)-2-azido-5,6-methylenedioxy-indan-1-ol (2.38b’):
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9 OH
o 1) NaBH,, EtOH,0°C 0
< Br » < Ny
0] 2)NaN3, DMF,70°C O

2.54b 2.38b'

NaBH4 (91 mg, 2.4 mmol) was added in small portions to a solution of 2-bromo-5,6-
methylenedioxy-1-indanone (2.54b) (510 mg, 2.0 mmol) in MeOH (15 mL) at 0 °C, and
the mixture was stirred for 2 h. The reaction was quenched with water (30 mL) and
extracted with CH,Cl; (3 x 30 mL). The combined extracts were washed with water, brine
and dried over MgSO,4. The solvents were removed in vacuo, and the resulting crude
mixture including (1R*,25%)-2-bromo-2,3-dihydro-5,6-methylenedioxy-1H-inden-1-ol

which can be used in the next reaction without further purification.

To a stirred solution of (1R*,25%)-2-bromo-2,3-dihydro-5,6-methylenedioxy-1H-inden-
1-ol obtained above in anhydrous DMF (10 mL) was added NaNj3 (650 mg, 10.0 mmol) at
room temperature, and the mixture was stirred at 70 °C for 2 h. The reaction was then
quenched with water (30 mL), and the organic materials were extraced with CH,ClI, (3 x
30 mL). The combined extracts were washed with brine, dried over MgSO,. The volatile
materials were removed in vacuo, and the resulting crude mixture was purified by flash
column chromatography with EtOAc/Hexane (1 : 7) to give the pure (1R*,2R*)-2-azido-
2,3-dihydro-5,6-methylenedioxy -1H-inden-1-ol (2.38b’) (227 mg, 1.0 mmol) 52% yield.

White solid; mp 121-123 °C; IR (KBr) 3412 (OH), 3007, 2916, 2096 (N3), 1608, 1504,
1309, 1093, 1053 cm™'; "H NMR (400 MHz, CDCl;) & 2.22 (1H, brs, OH), 2.72 (1H, dd, J

= 7.1, 15.6 Hz, 3-H), 3.18 (1H, dd, J = 7.5, 15.6 Hz, 3-H), 4.00-4.05 (1H, m, CHN3),
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4.97-4.99 (1H, m, CHOH), 5.94 (2H, d, J = 2.9 Hz, OCH,0), 6.65 (1H, s, 4-H), 6.81 (1H,
s, 7-H); *C NMR (100 MHz, CDCl3) § 35.1 (CH,), 70.1 (CHN3), 80.2 (CHOH), 101.2
(OCH,0), 104.6, 105.2, 131.8, 134.4, 147.5, 148.6; HRMS (ESI): Found: m/z 220.0715,

Caled for C1oH;oN;05 [M+H]': 220.0722.

(1R*,2R*)-2-Azido-2,3-dihydro-5-chloro-6-methoxy-1H-inden-1-ol (2.38¢’):

OH

MeO
IIIIIN3
Cl

65% yield from 2.54¢; White solid; mp 127-128 °C; IR (KBr) 3419 (OH), 3018, 2924,
2102 (N3), 1643, 1303, 1092, 1051 cm™; "H NMR (400 MHz, CDCl3) § 2.34 (1H, d, J =
6.0 Hz, OH), 2.76 (1H, dd, J = 7.7, 15.4 Hz, CH,), 3.20 (1H, dd, J = 7.6, 15.4 Hz, CH,),
3.90 (3H, s, CH3), 4.02 (1H, ddd, J = 6.4, 7.7, 7.6 Hz, CHN3), 5.03 (1H, dd, J = 6.4 Hz,
6.0 Hz, CHOH), 6.94 (1H, s, 7-H), 7.21 (1H, s, 4-H); °C NMR (100 MHz, CDCl;)
0 34.3 (CH»), 56.3 (CH3), 70.2 (CHN3), 80.3 (CHOH), 107.6, 123.2, 126.5, 130.7, 141.1,
154.9; HRMS (ESI): Found: m/z 262.0351, Caled for C;oH;(N3O,CINa [M+Na]":

262.0359.

(1R*,2R*)-2-Azido-2,3-dihydro-4,7-dimethyl-6-phenyl-1H-inden-1-o0l (2.38d°):

Me  oH
Ph

lllllN3
Me

63% yield from 2.54d; Pale yellow solid; mp 98-100 °C; IR (KBr) 3412 (OH), 3018,

2920, 2104 (N3), 1473, 1504, 1079, 1057 cm™; '"H NMR (400 MHz, CDCl3) & 2.05 (1H,
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brs, OH), 2.27 (3H, s, CH3), 2.29 (3H, s, CH3), 2.82 (1H, dd, J = 3.4, 16.7 Hz, CH,), 3.36
(1H, dd, J = 6.7, 16.7 Hz, CH,), 4.21-4.24 (1H, m, CHN3), 5.19-5.21 (1H, m, CHOH),
7.06 (1H, s, 5-H), 7.28-7.43 (SH, m, Ar-H): >C NMR (100 MHz, CDCls) § 15.9 (CHs),
18.4 (CHs), 34.5 (CHa), 68.6 (CHN3), 80.5 (CHOH), 126.8, 128.1, 129.3, 130.3, 131.5,
132.3, 138.2, 140.1, 141.5, 142.1; HRMS (ESI): Found: m/z 280.1443, Calcd for

C17H;sN;0 [M +H]": 280.1450.

(1S*,28*)-2-Azido-1,2,3,4-tetrahydro-4-tosylcyclopenta[b]indol-1-ol (2.38h’):

OH
% I|IIIN3
N

Ts

81% yield from 2.54h; White solid; mp 156-158 °C; IR (KBr) 3421 (OH), 2976, 2094
(N3), 1751, 1368, 1102, 1035, 940 cm™; '"H NMR (400 MHz, CDCl3) & 2.16 (1H, brd, J =
7.0 Hz, OH), 2.35 (3H, s, CH3), 3.06 (1H, dd, J = 4.2, 17.5 Hz, CHy), 3.71 (1H, dd, J =
7.4, 17.5 Hz, CH,), 4.38-4.42 (1H, m, CHN3), 5.18-5.20 (1H, m, CHOH), 7.23-7.31 (4H,
m, Ar-H), 7.48 (1H, d, /= 7.5 Hz, Ar-H), 7.72 (2H, d, J= 8.1 Hz, Ar-H), 7.99 (1H, d, J =
8.2 Hz, Ar-H); °C NMR (100 MHz, CDCl;) & 21.6 (CH3), 33.3 (CH,), 72.9 (CHN3),
76.2 (CHOH), 114.3, 119.2, 123.9, 124.4, 125.3, 126.6, 130.1, 135.2, 139.7, 141.2, 145.3;

HRMS (ESI): Found: m/z 369.1031, Caled for C;gH;7N4OS [M +H]": 369.1021.
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4.5.2.2 Synthesis of 2.38a’

MeOZC 1) NBS, THF/H,0, rt MeO,C OH
: IIIII N
' 2) NaN3, DMF-H,0, 70 °C \©i> 3
2.53a 2.38a'-cis, 51 %

1) 4-O,NCgH,COOH, PPh;
-Pro,C~ N ~CO2i-Pr OH

THF, 0°C - 1t MeO,C
||||| N3

2) MeONa, MeOH-CH,Cl, rt
: 2.38a", 36 %

Y

To a stirred solution of 2.38a’-cis (which was prepared via hydroxybromination and
substitution in 51% yield on 2 steps) (645 mg, 2.77 mmol) and 4-nitrobenzoic acid (926
mg, 5.54 mmol) in THF (10 mL) was added dropwise a solution of PPhs (1.45 g, 5.54
mmol) in THF (10 mL) and a solution of diisopropyl azodicarboxylate (1.12 g, 5.54 mmol)
in THF (10 mL) at 0 °C, and the mixture was stirred for 30 min at the same temperature,
and then for 1 h at room temperature. The mixture was evaporated under reduced pressure
to give the crude residue, which was purified by flash column chromatography with

EtOAc/Hexane (1 : 8) to give 4-nitrobenzoate (385 mg, 1.01 mmol) in 37% yield.

To a stirred solution of NaOMe (136.4 mg, 2.53 mmol) in MeOH (20 mL) was added
dropwise a solution of 4-nitrobenzoate (385 mg, 1.01 mmol) in CH,Cl, (15 mL) at room
temperature, and the mixture was stirred for 1 h at the same temperature. The volatile
materials were evaporated under reduced pressure, and to the resulting residue was added
brine. The organic compounds were extracted with CH,Cl, (3 x 25 mL) and the combined

extracts were dried over MgSQO,4. After evaporation of the solvent, the residue was
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purified by flash column chromatography with EtOAc/Hexane (1 : 6) to give the pure
(1R*,2R*)-2-azido-2,3-dihydro-6-methoxycarbonyl-1H-inden-1-0l (2.38a”) (232 mg, 0.98

mmol) in 36% yield on 2 steps.

(18*,2R*)-2-Azido-2,3-dihydro-6-methoxycarbonyl-1H-inden-1-o0l (2.382a’-cis):

OH

MeO,C
\<I> mn N3

White solid; mp 96-98 °C; IR (KBr) 3429 (OH), 3018, 2953, 2110 (N3), 1716 (CO,Me),
1620, 1099, 1073 cm™; 'H NMR (400 MHz, CDCl3) §2.59 (1H, d, J = 8.3 Hz, OH),
3.15-3.17 (2H, m, CHy), 3.90 (3H, s, CH3), 4.34-4.38 (1H, m, CHN3), 5.15 (1H, dd, J =
5.2, 8.3 Hz, CHOH), 7.30 (1H, d, J = 7.9 Hz, 4-H), 7.97 (1H, d, J = 7.9 Hz, 5-H), 8.09
(1H, s, 7-H); *C NMR (100 MHz, CDCl3) § 35.4 (CH,), 52.1 (CHs), 65.7 (CHN3), 76.0
(CHOH), 125.0, 126.0, 129.7, 130.5, 142.3, 144.4, 166.8 (CO,Me); HRMS (ESI): Found:

m/z 234.0878, Caled for C11H 2N305 [M+H]": 234.0879.

(1R*,2R*)-2-Azido-2,3-dihydro-6-methoxycarbonyl-1H-inden-1-o0l (2.382a’):

White solid; mp 84-86 °C; IR (KBr) 3423 (OH), 3018, 2953, 2104 (N3), 1741, 1114, 1099
cm™; "H NMR (400 MHz, CDCls) & 2.72 (1H, brs, OH), 2.84 (1H, dd, J = 7.9, 16.2 Hz,
CH,), 3.30 (1H, dd, J = 7.6, 16.2 Hz, CH3), 3.90 (3H, s, CH3), 4.08 (1H, ddd, J = 7.9, 6.3,
7.6 Hz, CHN3), 5.10 (1H, d, J = 6.3 Hz, CHOH), 7.26 (1H, d, J = 7.9 Hz, 4-H), 7.96 (1H,

d, J=7.9 Hz, 5-H), 8.04 (1H, s, 7-H); >*C NMR (100 MHz, CDCls) & 35.3 (CH,), 52.2
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(CH3), 69.8 (CHN3), 79.8 (CHOH), 124.8, 1254, 129.7, 130.4, 142.1, 143.8, 166.9

(C=0); HRMS (ESI): Found: m/z 234.0878, Calcd for C;;H;,N;05 [M+H]": 234.0879.

4.6  Synthesis of isoquinolines and j~carboline 2.39:

A typical procedure: synthesis of isoquinoline 2.39a from 2.38a:

OH PdCl,(dppfrCH,Clo(10 mol %)

MeO,C. : :(/ K>CO3 (1 equiv) MeO,C XN
IIIIIN3 >
CICH,CHCI, 80 °C @Q

2.38a 2.39a

To a solution of azidoalcohol 2.38a (70.1 mg, 0.301 mmol) in 2 mL CICH,CH,Cl were
added PdCl,(dppf) CH,Cl, (24.6 mg, 0.030 mmol) and K,COs; (41.7 mg, 0.30 mmol), and
the reaction mixture was stirred for 40 min at 80 °C. The volatile materials were then
removed in vacuo, and the residue was purified by flash column chromatography with

EtOAc/Hexane (1 : 3) to give isoquinoline 2.39a (45.8 mg, 0.244 mmol) in 81% yield.

Methyl isoquinoline-7-carboxylate (2.39a):

MeOzC N
e

96% yield from 2.39a” using 10 mol % of Pd(OAc),-dppf at room temperature; Yellow
solid, mp 99-101 °C; IR (KBr) 2976, 2399, 1702 (CO,Me), 1631 (C=N), 1436, 1298,
1101 ecm™; '"H NMR (400 MHz, CDCL3) & 3.99 (3H, s, CH3), 7.67 (1H, d, J = 5.7 Hz,

4-H), 7.85 (1H, d, J = 8.6 Hz, 5-H), 8.25 (1H, d, J = 8.6 Hz, 6-H), 8.60 (1H, d, /= 5.7 Hz,
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3-H), 8.71 (1H, s, 8-H), 9.34 (1H, s, 1-H); °C NMR (100 MHz, CDCl3) & 52.4, 120.3,
126.8, 127.8, 128.9, 129.7, 130.7, 137.8, 145.1 (3-C), 153.8 (1-C), 166.3 (CO,Me);

HRMS (ESI): Found: m/z 188.0716, Calcd for C;;H;(NO, [M+H]": 188.0716.

[1,3]Dioxolo[4,5-g]isoquinoline (2.39b):'**
O N N
g
76% yield from 2.38b and 92% yield from 2.38b’ using 10 mol % of Pd(OAc),-dppf at
room temperature; 'H NMR (400 MHz, CDCl3) § 6.08 (2H, s), 7.05 (1H, s), 7.17 (1H, s),

7.45 (1H, d, J = 5.6 Hz), 8.34 (1H, d, J = 5.6 Hz), 8.97 (1H, s) ; >*C NMR (100 MHz,

CDCl;) 6 101.5, 102.4. 103.1, 120.0, 126.0, 134.1, 142.3, 148.3, 150.3, 150.9.

6-Chloro-7-methoxyisoquinoline (2.39¢):
Meo:@@“

cl =
96% yield from 2.38¢’ using 10 mol % of Pd(OAc),-dppf at room temperature; Pale
yellow solid; mp 123-124 °C; IR (KBr) 3018, 2968, 2399, 1583 (C=N), 1490, 1456, 1440
1051, 997 cm™; '"H NMR (500 MHz, CDCl3) § 4.03 (3H, s, CH3), 7.26 (1H, s, 8-H), 7.49
(1H, d, J = 5.7 Hz, 4-H), 7.84 (1H, s, 5-H), 8.42 (1H, d, J = 5.7 Hz, 3-H), 9.13 (1H, s,
1-H); °C NMR (125 MHz, CDCl3) & 56.3 (CH3), 105.9, 119.1, 127.5, 128.2, 129.1,

131.1, 142.1 (3-C), 150.8 (1-C), 154.0 (7-C); HRMS (ESI): Found: m/z 194.0377, Calcd

for C1oHoNOCI [M+H]": 194.0373.
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5,8-Dimethyl-7-phenylisoquinoline (2.39d):

Me
Ph

Me

90% yield from 2.38d’; Pale yellow solid; mp 134-136 °C; IR (KBr) 3059, 3018, 2974,
2399, 1599 (C=N), 1386, 1037 cm™'; 'H NMR (400 MHz, CDCl;) §2.66 (6H, s,
overlapped), 7.35-7.48 (6H, m), 7.77 (1H, d, J = 5.8 Hz, 4-H), 8.60 (1H, d, J = 5.8 Hz,
3-H), 9.56 (1H, s, 1-H); >C NMR (100 MHz, CDCls) & 15.2 (CH3), 18.3 (CH3), 117.1,
127.1, 128.1, 128.2, 129.6 (overlaped), 130.9, 133.0, 134.8, 140.0, 141.6, 142.7 (3-C),

150.1 (1-C); HRMS (ESI): Found: m/z 234.1286, Calcd for C;7H N [M+H]" : 234.1283.

5,7-Dichloroisoquinoline (2.39¢):

o SN
=
Cl

90% vyield from 2.38e; Pale yellow solid, mp 150-152 °C; IR (KBr) 3018, 2399, 2103,
1584 (C=N), 1483, 1349, 1156 1039, 867 cm™'; '"H NMR (400 MHz, CDCl3) § 7.75 (1H, s,
6-H), 7.89 (1H, s, 8-H), 7.97 (1H, d, /= 5.9 Hz, 4-H), 8.64 (1H, d, /= 5.9 Hz, 3-H), 9.19
(1H, s, 1-H); °C NMR (100 MHz, CDCl3) § 116.7, 125.4, 129.4, 130.9, 132.1, 132.2,
132.3, 144.5 (3-C), 151.6 (1-C). HRMS (ESI): Found: m/z 1197.9879, Calcd for

CoHgNCl, [M+H]": 197.9877.
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4-Phenylisoquinoline (2.39f): Hd

~N
%

Ph
73% yield from 2.38f; 'H NMR (400 MHz, CDCls) § 7.45-7.55 (5H, m), 7.61-7.70 (2H,
m), 7.91 (1H, d, J = 8.2 Hz), 8.04-8.06 (1H, m), 8.49 (1H, s, C3H), 9.26 (1H, s, C;H); *C
NMR (100 MHz, CDCls) & 124.8, 127.1, 127.91, 127.96, 128.4, 128.6, 130.1, 130.5,

133.3,134.2, 136.9, 142.7, 151.9.

3-Phenylisoquinoline (2.39g):'*’

QK

Zph

62% yield from 2.38g; 1H NMR (400 MHz, CDCI3) § 7.42 (1H, t, J = 7.4 Hz), 7.51 (2H,
dd, J=17.4, 7.6 Hz), 7.59 (1H, dd, J = 7.4, 8.1 Hz), 7.70 (1H, dd, J = 7.4, 8.1 Hz), 7.87
(1H, d, J = 8.1 Hz), 7.98 (1H, d, J = 8.1 Hz), 8.07 (1H, s), 8.12 (1H, d, J = 7.6 Hz), 9.34
(1H, s, C{H); 13C NMR (100 MHz, CDCI3) & 116.5, 126.9, 127.0, 127.1, 127.5, 127.7,

128.5, 128.8, 130.5, 136.6, 139.6, 151.3, 1

5-Tosyl-5H-pyrido[4,3-b]indole (5-NV-Tosyl-~Carboline) (2.39h):

93% yield from 2.38h’: Pale yellow solid, mp 191-193 °C; IR (KBr) 3432, 3018, 2403,
1639 (C=N), 1175, 984, 741 cm™'; "H NMR (400 MHz, CDCl5) § 2.28 (3H, s, CH3), 7.15
(2H, d, J = 8.3 Hz), 7.41 (1H, dd, J = 7.6, 7.7 Hz), 7.55 (1H, dd, J = 7.6, 8.2 Hz), 7.75

(2H, d, J= 8.3 Hz), 7.99 (1H, d, J= 7.7 Hz), 8.19 (1H, d, J = 5.8 Hz, 4-H), 8.30 (1H, d, J
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= 8.2 Hz), 8.65 (1H, d, J = 5.8 Hz, 3-H), 9.55 (1H, s, 1-H); *C NMR (100 MHz, CDCls)
§21.57 (CH;), 109.6, 114.8, 120.4, 122.2, 123.9, 124.5, 126.5, 128.3, 129.9, 134.6, 138.0,
142.8, 143.4, 145.6 (3-C), 147.2 (1-C); HRMS (ESI): Found: m/z 323.0854, Calcd for

C1sH;sN>0,S [M+H]" : 323.0854.

4.7  Reaction of 2-azido-1-phenylcyclobutanol 2.40

N3 1) Pd(OAc),-dppf (10 mol %) 2) AcOH, 1 h

on  KeCOs(1equiv), 5h EH% CN O
< >. = Ph +
Ph 1, 4-dioxane-MeOH, 60 °C / K)J\Ph
2.40 2.41, 62% 2.62, 19%

To a solution of (15*,2R*)-2-azido-1-phenylcyclobutanol (2.40) prepared by the reported
procedure” (56.9 mg 0.301 mmol) in 1,4-dioxane (2 mL) and MeOH (0.2 mL) were
added Pd(OAc), (6.9 mg, 0.0307 mmol), dppf (17.2 mg, 0.0310 mmol), and K,COs (41.9
mg, 0.303 mmol), and the reaction mixture was stirred at 60 °C for 5 h. MeOH (3 mL)
and AcOH (0.2 mL, excess) were then added, and the reaction mixture was stirred at
60 °C for additional 1 h. The reaction was quenched with excess Na,COs (solid), filtered
through a pad of celite and washed with EtOAc (20 mL). The solvent was removed in
vacuo, and the resulting residue was purified by flash column chromatography to give
2-phenylpyrrole (2.41) (26.3 mg, 0.185 mmol) in 62% yield and nitrile 2.62 (9.3 mg,

0.058 mmol) in 19% yield.
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(18*,2R*)-2-azido-1-phenylcyclobutanol (2.40): "
N3

O
Ph

'"H NMR (400 MHz, CDCI3) § 1.66-1.74 (1H, m), 2.03-2.10 (1H, m), 2.20-2.34 (1H, m),
2.74-2.79 (1H, m), 3.99 (1H, dd, J = 8.9, 8.9 Hz), 7.37-7.47 (3H, m), 7.57 (2H, d, J = 8.6

Hz); "C NMR (100 MHz, CDCI3) & 19.5, 29.9, 64.6, 80.7, 126.5, 128.6, 128.9, 139.3.

2-Phenylpyrrole (2.41):"

H
N
v
'"H NMR (400 MHz, CDCI3) & 2.32 (3H, s), 6.30 (1H, dd, J = 2.8, 5.7 Hz), 6.54 (1H, m),

6.87 (1H, m), 7.19 (1H, t, J= 7.4 Hz), 7.35 (2H, t, J = 7.4 Hz), 7.47 (1H, d, J = 7.4 Hz);

C NMR (100 MHz, CDCI3) § 105.9, 110.1, 118.8, 123.8, 126.2, 128.9, 132.1, 132.7.

4-Ox0-4-phenylbutanenitrile (2.62):""

K)kPh

'H NMR (400 MHz, CDCI3) § 2.78 (2H, t, J= 7.2 Hz), 3.39 (2H, t, J = 7.2 Hz),
7.50 (2H, m), 7.60 (1H, m), 7.95 (2H, d, J = 7.6 Hz); >°C NMR (100 MHz, CDCI3)

011.8,34.2,119.2,128.0, 128.9, 133.9, 135.5, 195.3.

4.8 Reaction of saturated 5-membered ring azidoalcohols

4.8.1 Synthesis of (1R*,2R*,5R*)-2-azido-5-phenylcyclopentanol (2.42a)
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OH

Ph H2, Pd/C Ph,, OH NaN3 Ph, OH
Br Br—> |||||N3
EtOH, rt DMF, 70 °C

2.49k 53% 2.57 77% 2.42a

To a stirred solution of (1R*,55*)-5-bromo-2-phenylcyclopent-1-ol (123.1 mg, 0.515
mmol) which was obtained by NaBHy4 reduction of 2.44k in EtOH (10 mL) was added
Pd/C (10 wt %, 27.1 mg, 0.0255 mmol) at room temperature, and the reaction mixture
was stirred for 3 h under H, atmosphere. The reaction mixture was filtered through a pad
of celite and washed with EtOH (20 mL). The solvent was removed in vacuo, and the
resulting residue was purified by flash column chromatography to give (1R*,25* SR*)-2-

bromo-5-phenylcyclopentanol 2.57 (65.2 mg, 0.270 mmol) in 53% yield.

To a stirred solution of obtained 2-bromo-5-phenylcyclopentanol 2.57 (65.2 mg, 0.270
mmol) in anhydrous DMF (5 mL) was added NaN; (88.2 mg, 1.36 mmol) at room
temperature, and the reaction mixture was stirred at 70 °C for 3 h. The reaction was
quenched with water (30 mL), and the organic materials were extraced with EtOAc (3 x
20 mL). The combined extracts were washed with brine, dried over MgSQy. The solvents
were removed in vacuo and the resulting crude mixture was purified by flash column
chromatography with EOAc/Hexane (1 : 6) to give (1R*2R*5R*)-2-azido-
5-phenylcyclopentanol (2.42a) (42.3 mg, 0.208 mmol) in 77% yield.

Colorless oil; IR (KBr) 3032, 2090 (N3), 1641, 1492, 1383, 1165 1081, 1025 cm™; 'H
NMR (500 MHz, CDCls) ¢ 1.35 (1H, d, J = 2.3 Hz, OH), 1.78-1.84 (1H, m), 2.13-2.19

(2H, m), 2.37-2.44 (1H, m), 3.35-3.39 (1H, m), 4.00-4.03 (1H, m, CHN3), 4.13-4.14 (1H,
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m, CHOH), 7.30-7.32 (3H, m, Ar-H), 7.37-7.40 (2H, m, Ar-H); °C NMR (125 MHz,
CDCI3) & 26.4, 28.9, 48.6, 67.6 (CHN3), 79.2 (CHOH), 127.1, 128.6, 128.7, 138.3;

HRMS (ESI): Found: m/z 204.1140, Calcd for C;;H4N3O [M+H]": 204.1137.

4.8.2 Reaction of (1R*,2R*)-2-azido-5-phenylcyclopentanol (2.42a)

o4 1) PdCly(dppf) (15 mol %) 2) ACOH, MeOH

Ph, f K,CO; (1 equiv) (2 h) under O, (3 h) Ph@,
IIIIIN >
: CICH,CH,CI, 80 °C, 34% =

2.42a 2.37k

To a solution of (1R*2R* 5R*)-2-azido-5-phenylcyclopentanol (2.42a) (61.3 mg, 0.302
mmol) in CH,Cl, (2 mL) were added Pd(dppf) CH,Cl, (36.8 mg, 0.045 mmol), and
K,COs (42.2 mg, 0.30 mmol), and the reaction mixture was stirred for 2 h at 80 °C.
MeOH (3 mL) and AcOH (0.2 mL, excess) were then added, and the reaction mixture
was stirred at 80 °C for additional 3 h under O, atmosphere. After cooled to rt, the solvent
was removed in vacuo, and the resulting residue was purified by flash column
chromatography on silica gel with EtOAc/Hexane (1 : 3) to give 3-phenylpyridine (2.37k)

(16.0 mg, 0.103 mmol) in 34% yield.

4.8.3 Synthesis of 2.42b-c

4.8.3.1 Syntesis of 2.61b-c

A typical procedure: 132
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Synthesis of 3-phenyl-1-tosyl-2,5-dihydro-1H-pyrrole 2.61¢:

_~_NHTs
2.58¢ ch03 \Lph ]/ Grubs Il Ph
° —
Br MeCN, reflux CH,Cl,, reflux N

To a solution of a-(bromomethyl)styrene 2.59 (296 g, 15.02 mmol) and
N-allyl-p-toluenesulfonamide 2.58¢ (3.83 g, 18.080 mmol) in acetonitrile (30 mL) was
added K,CO; (2.75 g, 19.90 mmol) and the reaction mixture was refluxed for 12 h. The
reaction was quenched with water (100 mL) and the organic materials were extracted with
EtOAc (3 x 50 mL). The combined organic phase was washed with brine and dries over
MgSOs. The solvents were removed in vacuo and the resulting crude mixture was purified
by flash column chromatography with EtOAc/Hexane (1:6) to give the pure

N-allyl-N-(2-phenylallyl)-p-toluenesulfonamide 2.60c (3.92 g, 11.97 mmol) in 80% yield.

To a solution of N-allyl-N-(2-phenylallyl)-p-toluenesulfonamide 2.60¢ (2.85 g, 8.71 mmol)
in 40 mL CH,Cl, was added Grubs(Il) catalyst (221.6 mg, 0.26 mmol), and the reaction
mixture was refluxed for 24 h. After removing the solvent, the residue was purified by
flash column chromatograph with EtOAc/Hexane (1:4) to give the pure
3-phenyl-1-tosyl-2,5-dihydro-1H-pyrrole 2.61¢*' (2.21 g, 7.38 mmol) in 85% yield.

White solid, '"H NMR (400 MHz, CDCI3) § 2.41 (3H, s), 4.29-4.31 (2H, m), 4.47-4.49
(2H, m), 6.00 (1H, dd, J = 1.9, 2.0 Hz), 7.21-7.33 (7H, m), 7.75 (2H, d, J = 8.2 Hz); "°C
NMR (100 MHz, CDCIl3) & 21.5, 54.9, 55.6, 118.9, 125.4, 127.4, 128.4, 128.7, 129.8,

132.4,134.0, 137.3, 143.6.
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Dimethyl 3-phenylcyclopent-3-ene-1,1-dicarboxylate 2.61b:'*

Ph

MeOZC COzMe

58% yield for 2 steps; 'H NMR (400 MHz, CDCls) 8 3.21-3.22 (2H, m), 3.43.43 (2H, m),
3.76 (6H, ), 6.02 (1H, dd, J = 2.0, 2.1 Hz), 7.24 (1H, d, J = 7.6 Hz), 7.31 (2H, dd, J = 7.3,
7.6 Hz), 7.40 (2H, d, J = 7.3 Hz); *C NMR (100 MHz, CDCl3) & 41.2, 41.3, 52.9, 58.9,

122.2,125.6, 127.5, 128.4, 135.2, 139.5, 172 .4.

Benzyl 3-phenyl-2,5-dihydro-1H-pyrrole-1-carboxylate 2.61d:'*

Ph

N
Cbz

68% yield from diene 2.60d which was prepared from benzyl allylcarbamate 2.58d and
a-(bromomethyl)styrene by treatment with NaH in THF at 0 °C-rt in 54 % yield. Pale
white solid, '"H NMR (400 MHz, CDCl;) § 4.38-4.41 (2H, m), 4.56-4.60 (2H, m),
5.20-5.21 (2H, m), 6.13-6.18 (1H, m), 7.29-7.43 (10H, m); *C NMR (100 MHz, CDCl;)
0 53.1, 53.6, 53.8, 54.3, 66.9, 67.0, 119.21, 119.4, 125.41, 125.44, 127.92, 128.00, 128.05,
128.19, 128.22, 128.50, 128.53, 128.65, 128.69, 132.2, 132.3, 133.1, 136.8, 137.5, 154.6.

(NMR spectra reported for a mixture of two rotamers.)

4.8.3.2 Syntesis of 2.42b-d

The preparation of 2.84b-¢ were followed the Method A in section 5.4.1.2.
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1) NBS, THF-H,O

pn  2) KOH, THF Ho, Na
_ 3) NaN3, DMF-H,0 =Ph
- X =b: CH(COzMe)Q
X X c: NHTs
2.61b-d 2.42b-d d: NHCbz

(3S5*,4R*)-dimethyl 3-azido-4-hydroxy-3-phenylcyclopentan-1,1-dicarboxylate 2.42b

HO Ns
_Ph

MeO,C”~ CO,Me

39% yield from 2.61b in 3 steps; Pale yellow oil; IR (KBr) 3495, 3026, 2954, 2843, 2104
(N3), 1734, 1435, 1309, 1178, 1093 cm™'; '"H NMR (400 MHz, CDCl3) & 2.05 (1H, brs,
OH), 2.51 (1H, d, J=15.0 Hz, CH»), 2.92 (1H, dd, J=4.2, 15.0 Hz, CH>»), 3.05-3.15 (2H,
m) , CH,, 3.77 (3H, s, CH3), 3.81 (3H, s, CH3), 4.27 (1H, brs, CHOH), 7.36-7.44 (5H, m,
Ar-H); C NMR (100 MHz, CDCl3) & 39.1, 40.3, 53.2 (CH3), 53.5 (CH3), 58.1 , 77.6
(CN3), 78.1 (CHOH), 127.4, 128.8, 129.1, 136.3, 171.6 (C=0), 173.3 (C=0); HRMS

(ESI): Found: m/z 320.1257, Calcd for C;sHsN3Os [M+H]+: 320.1246.

(BR*,4R*)-4-Azido-4-phenyl-1-tosylpyrrolidin-3-ol 2.42¢

P

HO 3

Ph

AZC(
m m

62% from 2.61c in 3 steps; Pale yellow solid, mp 110-112 °C; IR (KBr) 3431, 3018, 2885,
2399, 2106 (N3), 1598 (S=0), 1346, 1166, 1091 cm™'; "H NMR (400 MHz, CDCl;) & 1.64
(1H, brs, OH), 2.41 (3H, s, CHj3), 3.53 (1H, d, J = 11.0 Hz, CH), 3.69 (1H, dd, J = 3.8,
11.0 Hz, CH,), 3.89 (1H, d, J = 11.0 Hz, CH>), 3.98 (1H, d, /= 11.0 Hz, CH>), 4.25-4.26

(1H, m, CHOH), 7.27 (2H, d, J = 7.0 Hz, Ar-H), 7.32 (2H, d, J = 8.1 Hz, Ar-H),
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7.37-7.46 (3H, m, Ar-H), 7.77 (2H, d, J = 8.1 Hz, Ar-H); °C NMR (100 MHz, CDCl;) &
21.5 (CHs), 52.1 (CH,), 54.0 (CH,), 75.3 (CN3), 75.4 (CHOH), 127.1, 127.4, 129.51,
129.55, 129.7, 133.6, 134.1, 143.7; HRMS (ESI): Found: m/z 359.1176, Calcd for

C17HoN403S [M+H]": 359.1178.

(BR*,4R*)-Benzyl 3-azido-4-hydroxy-3-phenylpyrrolidine-1-carboxylate 2.42d

Ho_ Ns
Ph

.

Cbz

54% from 2.61d in 3 steps; Pale yellow solid, mp 115-116 °C; IR (KBr) 3412, 3016, 2885,
2953, 2104 (N3), 1689 (C=0), 1448, 1429, 1147, 1097 cm™; "H NMR (400 MHz, CDCl5)
0 2.10 (1H, brs, OH), 3.60-3.63 (1H, m, CH>), 3.82-3.86 (1H, m, CH,), 4.00-4.90 (2H, m,
CH,), 4.35 (1H, brs, CHOH), 5.16 (2H, s, CH,), 7.32-7.49 (10H, m, Ar-H); °C NMR
(100 MHz, CDCl3) ¢ 50.5, 50.8, 52.4, 52.8, 67.1, 67.3, 74.3, 74.7, 75.3, 75.4, 127.30,
127.37, 127.9, 128.0, 128.11, 128.18, 128.53, 128.58, 129.3, 129.4, 129.5, 134.1, 134.2,
136.50, 136.54, 155.0, 155.1; HRMS (ESI): Found: m/z 339.1540, Calcd for C;sH;9N4O3

[M+H]": 339.1547. (NMR spectra reported for a mixture of two rotamers.)

4.8.4 Pd-catalayzed ring-expansion reaction of 2.42b-c

A typical procedure: ring-expansion reaction of 2.42b

HO N3 Ph Pd(OAc),-bpy (20 mol %) N_-Ph
\ K>COs3 (1 equiv) |
> P
MeO,C CO,Me CICH,CH,CI, 80 °C, 56 h CO,Me

2.42b 2.43b
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To a solution of (35*4R*)-dimethyl 3-azido-4-hydroxy-3-phenylcyclopentane-1,1-
dicarboxylate 2.42b (48.0 mg, 0.150 mmol) in 2 mL CICH,CH,Cl were added Pd(OAc),
(6.8 mg, 0.0303 mmol), bpy (4.8 mg, .0307mmol) and K,CO3 (20.9 mg, 0.151 mmol),
and the reaction mixture was stirred for 56 h at 80 °C. The volatile materials were then
removed in vacuo, and the residue was purified by flash column chromatography with
EtOAc/Hexane (1 : 4) to give pyridine 2.43b"** (12.1 mg, 0.058 mmol) in 38% yield.

Yellow powder, 'H NMR (400 MHz, CDCl3) & 3.99 (3H, s), 7.44-7.52 (3H, m), 7.77 (1H,
dd, /= 1.0, 5.0 Hz), 8.04 (2H, dd, J= 1.0, 8.4 Hz), 8.30 (1H, s), 8.83 (1H, d, J=5.0 Hz );
BC NMR (100 MHz, CDCl3) & 52.7, 119.7, 121.1, 127.0, 128.8, 129.5, 138.1, 138.5,

150.4, 158.5, 166.4.

2-Phenylpyrazine 2.43c: 135

N Ph

AN

(J

N
28% (recovery of 2.42¢ in 41 % yield) and 37 % from 2.42¢ and 2.42d by treatment with
PdCly(dppf) in DMI at 120 °C respectively. Yellow powder, 'H NMR (400 MHz, CDCl5)
0 7.48-7.54 (3H, m), 8.01 (2H, dd, J=2.0, 8.2 Hz), 8.51 (1H, d, J=2.0 Hz), 8.64 (1H, s),

9.0 (1H, s ); *C NMR (100 MHz, CDCl3) & 126.9, 129.0, 129.9, 136.3, 142.2, 142.9,

144.2, 152.8.
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4.9 Cu-catalyzed aerobic oxidative synthesis of benzoic acids from

corresponding benzyl cyanides

4.9.1 Synthesis of benzylcyanides

4.9.1.1 substitution of benzyl bromides by KCN

A typical procedure: synthesis of 2-naphthalic acetonitrile 3.18a

B N
CHO 1) NaBHg, EtOH, 0 °C " KeN ¢
> —_—
2) PBry CH,Cl, 0°C MeCN, 60 °C
0 99%
3.20a 96% for 2 steps 3.21a 3.18a

To a solution of 2-naphthaldehyde (3.20a) (1.57 g, 10.05 mmol) in EtOH (25 ml) at 0 °C
was added NaBH, (458.6 mg, 12.12 mmol) in small portions, and the reaction mixture
was stirred for 1 h. the reaction was quenched with water 50 mL, and organic materials
were extracted with CH,Cl, (3 x 20 mL). The combined extracts were washed with water,
brine, and dried over MgSQO4. The solvents were evaporated off to yield the 2-naphthalic

methanol in quantitative yield.

To a solution of 2-naphthalic methanol (377.4 mg, 2.39 mmol) and a drop of pyridine in
CH,CI; (10 mL) was added the PBr; (0.15 mL, 1.6 mmol) solution in CH,Cl, (10 mL)
dropwise, and the reaction mixture was stirred for additional 3 h. the reaction was
quenched with saturated Na,COs (50 mL), and organic materials were extracted with
CH,Cl; (3 x 20 mL). The combined extracts were washed with water, brine, and dried
over MgSO4. The solvents were evaporated off to yield the crude residue which was

purified by flash column chromatography with EtOAc/Hexane (1 : 20) as elute to give
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(2-bromomethyl)naphthalene 3.21a (507.5 mg, 2.30 mmol) in 96% yield.

The mixture of (2-bromomethyl)naphthalene 3.21a (630.3 mg, 3.85 mmol) and KCN
(556.8 mg, 8.55 mmol) in MeCN (10 mL) was refluxed for 24 h. the reaction was cooled
to room temperature and the solvent was removed under reduced pressure to give the
crude residue which was purified by flash column chromatography with EtOAc/Hexane

(10: 1) to provide the 2-naphthyl acetonitrile 3.18a in quantitative yield (96% for 3 steps).

2-Naphthyl-acetonitrile 3.18a'*°

CN

White powder, '"H NMR (400 MHz, CDCl3) & 3.91 (2H, s), 7.37 (1H, d, J = 8.4 Hz),
7.49-7.54 (2H, m), 7.82-7.87 (4H, m); ’C NMR (100 MHz, CDCl5) & 23.8, 117.8, 125.4,

126.5, 126.80, 126.88, 127.2, 127.73, 127.77, 129.0, 132.7, 133.3.

4-Methylbenzyl cyanide 3.18b'°

o
Me

70% Yield from p-tolylaldehyde 3.20b in 3 steps; colourless oil; '"H NMR (400 MHz,
CDCl;) & 2.35 (3H, s), 3.70 (2H, s), 7.16 (2H, d, J = 8.2 Hz), 7.20 (2H, d, J= 8.2 Hz); "°C

NMR (100 MHz, CDCls) 6 21.0, 23.2, 118.0, 126.8, 127.8, 129.7, 137.8.
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3,4-Dimethoxybenzyl cyanide 3.18¢"’

MeO
42% Yield from 3,4-dimethoxybenzaldehyde 3.20¢ in 3 steps; colourless oil; '"H NMR
(400 MHz, CDCl;) 6 3.68 (2H, s), 3.86 (3H, s), 3.88 (3H, s), 6.80 (1H, s), 6.82 (1H, d, J =

8.4 Hz), 6.84 (1H, d, J = 8.4 Hz); °C NMR (100 MHz, CDCl3) & 23.2, 55.9 (overlap),

110.9,111.5, 118.1, 120.2, 122.1, 148.8, 149.4.

2,3-Dichlorobenzyl cyanide 3.18d

Cl
CI\©/\CN
49% Yield from 2,3-dichlorobenzaldehyde 3.20d; white powder, mp 68-70 °C; IR (KBr),
3018, 2399, 2252 (CN), 1521, 1427, 1051 em™; 'H NMR (400 MHz, CDCls) & 3.87 (2H,
s, CH,CN), 7.25-7.29 (1H, m, Ar-H), 7.44-7.49 (2H, m, Ar-H); *C NMR (100 MHz,
CDCls) 6 23.0 (CH,CN), 116.4 (CN), 127.7, 127.8, 130.4, 130.5, 131.9, 133.8; HRMS
(ESI): Found: m/z 185.9879, Calcd for CgH¢NCI, [M+H]": 185.9877.

4-Bromobenzyl cyanide 2.18¢'®

o
Br

59% Yield from 4-bromobenzaldehyde 3.20e; yellow solid; '"H NMR (400 MHz, CDCls)
8 3.70 (2H, s), 7.19 (2H, d, J = 8.1 Hz), 7.50 (2H, d, J = 8.1 Hz); >C NMR (100 MHz,

CDCl) 6 23.2,117.3, 122.1, 128.9, 129.6, 132.3.
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2-Bromobenzyl cyanide 2.18f 138

oy
Br

97% Yield from 2-bromobenzyl bromide 3.21e; colourless oil; '"H NMR (400 MHz,
CDCl3) 6 3.84 (2H, s), 7.20 (1H, dd, J= 7.6, 7.9 Hz), 7.35 (1H, dd, J= 7.5, 7.6 Hz), 7.52
(1H, d, J= 7.5 Hz), 7.59 (1H, d, J = 7.9 Hz); >C NMR (100 MHz, CDCl;) & 24.8, 116.8,
123.6, 128.1, 129.7, 129.8, 129.9, 133.1.

4-Phenylbenzyl cyanide 3.18g"*°

o
Ph

78% Yield from 4-phenylbenzaldehyde 3.20g which was prepared by Suruki coupling
from 4-bromobenzaldehyde and phenylboronic acid; white solid; 'H NMR (400 MHz,
CDCls) & 3.79 (2H, s), 7.35-7.47 (5H, m), 7.57-7.62 (4H, m); *C NMR (100 MHz,

CDCl3) 6 23.3, 117.8, 127.0, 127.6, 127.8, 128.3, 128.83, 128.88, 140.2, 141.1.

2-Phenylbenzyl cyanide 3.18h'*

o
Ph

64% Yield from 2-phenylbenzaldehyde 3.20h which was prepared by Suruki coupling
from 2-bromobenzaldehyde and phenylboronic acid; colourless oil; '"H NMR (400 MHz,
CDCl3) & 3.63 (2H, s), 7.29-7.31 (3H, m), 7.38-7.48 (5H, m), 7.55-7.57 (1H, m); "°C
NMR (100 MHz, CDCl;) ¢ 22.0, 118.2, 127.75, 127.79, 128.23, 128.25, 128.7, 128.9,

130.4, 139.9, 141.8.
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2-allylbenzyl cyanide 3.18i
X

X
52% Yield from 2-allybenzaldehyde 3.20i which was prepared by the modified reported
procedurem; brown oil; IR (KBr), 3018, 2252 (CN), 1637 (C=C), 1490, 1454, 1415, 908,
732 cm™; '"H NMR (400 MHz, CDCl3) & 3.41 (2H, d, J = 6.1 Hz), 3.71 (2H, s, CH,CN),
4.95-5.01 (1H, m), 5.11-5.14 (1H, m), 5.88-5.98 (1H, m), 7.21-7.32 (3H, m, Ar-H), 7.40
(1H, dd, J = 1.8, 8.5 Hz, Ar-H); °C NMR (100 MHz, CDCl3) § 21.2, 37.3, 116.7, 117.8,

127.3, 128.6, 128.9, 130.3, 135.4, 137.4; HRMS (ESI): Found: m/z 158.0972, Calcd for

C Hi,N [M+H]": 158.0970.

2-Cinnamylphenylbenzyl cyanide 3.18;j
oCe

- Ph
30% Yield from 2-cinnamylbenzaldehyde 3.20j which was prepared by the modified
reported procedure;48 yellow oil; IR (KBr), 3028, 2252 (CN), 1645, 1454, 1096, 906, 732
cm™; '"H NMR (400 MHz, CDCls) & 3.41 (2H, d, J = 5.6 Hz), 3.75 (2H, s, CH,CN),
6.26-6.39 (2H, m), 7.20-7.44 (9H, m); °C NMR (100 MHz, CDCl;) & 21.4( CH,), 36.5

(CH,CN), 117.7 (CN), 126.1, 127.0, 127.4, 127.5, 128.6, 128.7, 129.1, 130.4, 131.8,

136.9, 137.7; HRMS (ESI): Found: m/z 234.1285, Calcd for C;7H;sN [M+H]": 234.1283.

2-(3-Phenylprop-2-yn-1-yl)benzyl cyanide 3.18k

CN

Ph
=Z
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53% Yield from 2-(3-phenylprop-2-yn-1-yl)benzaldehyde 3.20k which was prepared by
the modified reported procedure;48 yellow solid, mp 43-45 °C; IR (KBr), 2252 (CN), 2104
(C=C), 1645, 1454, 1093, 912, 732 cm™; '"H NMR (400 MHz, CDCl;) & 3.80 (2H, s), 3.89
(2H, s, CH,CN), 7.29-7.37 (5H, m, Ar-H), 7.41-7.50 (4H, m, Ar-H); >C NMR (100 MHz,
CDCl) 6 21.3 (CHy), 24.0 (CH,CN), 83.5 (C=C), 85.5 (C=C), 117.4 (CN), 123.0, 127.9,
128.1, 128.32, 128.37, 128.7, 129.1, 129.7, 131.6, 134.7; HRMS (ESI): Found: m/z

232.1122, Caled for Cy7H 4N [M+H]": 232.1126.

4-Hydroxymethylbenzyl cyanide 3.18I

CN
HO

53% Yield from 4-hydroxymethylbenzyl bromide 3.211’ which was prepared by the
reported proceduremo; light yellow solid, mp 37-39 °C; IR (KBr), 3394 (OH), 2252 (CN),
1635, 1561, 1421, 1209, 802, 752 cm™; "H NMR (400 MHz, CDCl5) & 2.03 (1H, brs, OH),
3.74 (2H, s, CH,CN), 4.68 (2H, s, CH,OH), 7.29-7.37 (4H, m, Ar-H); >C NMR (100
MHz, CDCls) 6 23.3 (CH,CN), 64.6 (CH,OH), 117.8 (CN), 127.6, 128.1, 129.0, 140.9;

HRMS (ESI): Found: m/z 148.0759, Calcd for CoH;oNO [M+H]": 148.0762.

4-formalbenzyl cyanide 3.18m

CN
Ox

36% Yield from oxidation of 4-Hydroxymethylbenzyl cyanide 3.181 by MnO,; light
yellow crystal, mp 51-53 °C; IR (KBr), 3020, 2252 (CN), 1705 (C=0), 1608, 1581, 1413,

1172, 920, 848 cm™; "H NMR (400 MHz, CDCl3) § 3.85 (2H, s, CH,CN), 7.51 (2H, d, J
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= 8.2 Hz, Ar-H), 7.89 (2H, d, J = 8.2 Hz, Ar-H), 10.02 (1H, s, CHO); *C NMR (100
MHz, CDCl3) & 23.8 (CH,CN), 116.8 (CN), 128.6, 130.4, 136.1, 136.4, 191.4 (CHO);

HRMS (ESI): Found: m/z 146.0606, Calcd for CoHgNO [M+H]+: 146.0606.

4-phenylbutylnitrile 3.18r*

©/\/\CN

93% Yield from 3-phenyl-1-propyl bromide 3.21r; colourless oil; 'H NMR (400 MHz,
CDCl) & 1.95-2.02 (2H, m), 2.30 (2H, t, J= 7.1 Hz), 2.76 (2H, t, J = 7.4 Hz), 7.18-7.33
(5H, m); °C NMR (100 MHz, CDCl3) & 16.4, 26.9, 34.3, 119.5, 126.5, 128.4, 128.6,

139.7.

4.9.1.2 Synthesis of benzyl cyanides by coupling reaction

A typical procedure:

Synthesis of 4-phenylethynylbenzyl cyanide 3.18n by Sonogashira coupling.

PACl,(PPhs), (2 mol %)

Cul (2 mol %)
/©/\CN Ph PPh3 (4 mol %) /@/\CN
+ \ > —
Br | l i-Pr,NH, Toluene Ph =

3.18e 3.22 rt- 80 °C, 24 h, 88% 3.18n

4-Bromobenzyl cyanide 3.18e (987.1 mg, 5.04 mmol), PdCl,(PPh3), (70.5 mg, 0.10
mmol), PPh; (53.8 mg, 0.21 mmol) and Cul (19.8 mg, 0.10 mmol) were put in a dry flask

under N, atmosphere. After addition of i-Pr,NH, (2 mL) and toluene (15 mL), the mixture
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was stirred at room temperature for half hour and phenylacetylene (0.6 mL, 5.46 mmol)
was added. The reaction carried out at 80 °C for 24 h. After cooling to room temperature,
the reaction was quenched with saturated NH4Cl (50 mL) and extracted with Et,O (3 x 30
mL). The combined extracts were washed with water, brine, and dried over MgSO,. The
solvents were evaporated off to obtain the crude residue which was purified by flash
column chromatography with EtOAc/Hexane (1 : 15) to give 4-phenylethynylbenzyl
cyanide 3.18n"*' (962.1 mg, 4.23 mmol) in 88% yield.

Pale yellow solid; '"H NMR (400 MHz, CDCl3) & 3.76 (2H, s), 7.30 (2H, d, J = 8.4 Hz),
7.34-7.37 (3H, m), 7.52-7.56 (4H, m); >C NMR (100 MHz, CDCl3) & 23.5, 88.4, 90.2,

117.4,122.9,123.3,127.9, 128.4, 128.5, 129.8, 131.6, 132.2.

4-(5-hydroxypent-1-yn-1-yl)benzyl cyanide 3.180
CN

HO Z

91% Yield from 4-bromobenzyl cyanide 3.18e and 4-pentyn-1-ol; Pale yellow solid, mp
39-40 °C; IR (KBr), 3421 (OH), 2951, 2250 (CN), 1668, 1508, 1413, 1029, 912, 731 cm™;
'H NMR (400 MHz, CDCls) & 1.75 (1H, brs, OH), 1.81-1.88 (2H, m, CH,CH,CHy,), 2.53
(2H, t, J= 7.0 Hz, CH,CH,CH), 3.72 (2H, s, CH,CN), 3.78-3.81 (2H, m, CH,OH), 7.22
(2H, d, J= 7.9 Hz, Ar-H), 7.37 (2H, d, J= 7.9 Hz, Ar-H); °C NMR (100 MHz, CDCl5) &
15.9 (HOCH;,CH;), 23.4 (CH2CN), 31.3 (CH,C=C), 61.6 (CH,OH), 80.2 (C=C), 90.4
(C=C), 117.5 (CN), 123.7, 127.8, 129.2, 132.2; HRMS (ESI): Found: m/z 200.1081,

Calcd for C3H4NO [M+H]": 200.1075.
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2-phenylethynylbenzyl cyanide 3.18p142

CN
A
Ph

80% Yield from 2-bromobenzyl cyanide 3.18f and phenylacetylene; Pale yellow solid; 'H
NMR (400 MHz, CDCls) ¢ 3.97 (2H, s), 7.32-7.39 (5H, m), 7.50 (1H, d, J = 7.4 Hz),
7.55-7.59 (3H, m); °C NMR (100 MHz, CDCl5) § 22.8, 86.0, 95.7, 117.4, 122.5, 122.8,

128.2, 128.5,128.9, 129.0, 131.6, 131.7, 132.4.

2-(5-hydroxypent-1-yn-1-yl)benzyl cyanide 3.18q
CN
% OH
84% Yield from 2-beomobenzyl cyanide 3.18e and 4-pentyn-1-ol; Yellow oil; IR (KBr),
3394 (OH), 3070, 2879, 2250 (CN), 1633, 1487, 1448, 1409, 1056, 912, 758 cm™; 'H
NMR (400 MHz, CDCl3) ¢ 1.61 (1H, brs, OH), 1.85-1.91 (2H, m, ), 2.58 2H, t, J=7.0
Hz), 3.79-3.83 (2H, m, CH,OH), 3.85 (2H, s, CH,CN), 7.25-7.32 (2H, m), 7.40-7.43 (2H,
m); °C NMR (100 MHz, CDCl3) & 16.0 (HOCH,CH,), 22.8 (CH,CN), 31.2 (CH,C=C),
61.4 (CH,OH), 78.0 (C=C), 96.3 (C=C), 117.6 (CN), 123.4, 128.0, 128.1, 128.4, 131.5,

132.4; HRMS (ESI): Found: m/z 200.1087, Calcd for C;3H;4NO [M+H]": 200.1075.
Synthesis of 2-(2-hydroxyphenyl)benzyl cyanide 3.18s

CN Pd(OAc), (5 mol %)
. CN
: J ©:B(OH)2 Na,CO; (1 equiv) O
+ >
Br OH DMF - H,O, rt, 36 h O

HO
3.18f 3.23 48% 3.18s
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To a solution of 2-bromobenzyl cyanide 3.18f (1.56 g, 8.00 mmol) and
2-hydroxyphenylboronic acid (1.27 g, 9.20 mmol) in DMF/H,0 (20/10 mL) were added
Na,COs3; (860.1 mg, 8.11 mmol) and Pa(OAc), (93.8 mg, 0.42 mmol) under N,
atmosphere. The reaction was stirred for 40 h at room temperature. After quenched with
NH4CI, the reaction was extracted with EtOAc (3 x 40 mL). The combined extracts were
washed with water, brine, and dried over MgSO,. The solvents were evaporated off to
obtain the crude residue which was purified by flash column chromatography with
EtOAc/Hexane (1 : 4) to give 2-(2-hydroxyphenyl)benzyl cyanide 3.18s (801.8 mg, 3.83
mmol) in 48% yield.

White solid, mp 61-63 °C; IR (KBr), 3373 (OH), 3019, 2258 (CN), 1608, 1506, 1485,
1273, 835, 754 cm™; '"H NMR (400 MHz, CDCl3) & 3.51 (1H, d, J = 18.6 Hz, CH,CN),
3.63 (1H, d, J = 18.6 Hz, CH,CN), 5.04 (1H, brs, OH), 6.94 (1H, d, J = 8.1 Hz, Ar-H),
7.00-7.04 (1H, m, Ar-H), 7.12 (1H, d, J = 7.5 Hz, Ar-H), 7.28-7.32 (2H, m, Ar-H),
7.41-7.48 (2H, m, Ar-H), 7.60 (1H, d, J = 7.5 Hz, Ar-H); >C NMR (100 MHz, CDCl3) &
21.7 (CH,CN), 115.9, 118.0 (CN), 121.1, 125.9, 128.7, 128.9, 129.0, 129.6, 129.9, 130.5,
131.0, 136.3, 152.4 (COH); HRMS (ESI): Found: m/z 232.07282, Calcd for C4H;;NONa

[M+Na]": 232.0738.

4.9.2 Cu-catalyzed C—H oxygenation of benzyl cyanides

A typical procedure:

Synthesis of 2-naphthoic acid from 2-naphthyl acetonitrile 3.18a
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Cu(OACc), (20 mol %)
bpy (20 mol %)

CN K2C03 (1 equiV) COzH
DMF, 80 % , O,

3.18a 93% 3.19a

To a solution of 2-naphthyl acetonitrile 2.18a (50.3 mg, 0.30 mmol) in 2 mL was added
K>CO3 (41.9 mg, 0.30 mmol), Cu(OAc); (11.0 mg, 0.060 mmol) and bipyridine (9.4 mg,
0.060 mmol) under O, atmophere. The reaction was stirred for 12 h at 80 °C. After
cooling to room temperature, the reaction was quenched with 1 N HCI (30 mL) and
extracted with EtOAc (3 x 20 mL). The combined extracts were washed with water, brine,
and dried over MgSQO,. The solvents were evaporated off to obtain the crude residue
("HNMR vyield: 93 % with CIL,CHCHC], as internal standard) which was purified by flash
column chromatography with EtOAc/Hexane/AcOH (25 : 75 : 1) to give 2-naphthoic acid
3.19a”° (47.5 mg, 0.276 mmol) in 92% yield.

White solid; '"H NMR (400 MHz, CDCl3) & 7.55-7.65 (2H, m), 7.90-7.94 (2H, m), 7.99
(1H, d, J = 8.0 Hz), 8.12 (1H, dd, J = 1.6, 8.6 Hz), 8.73 (1H, s); °C NMR (100 MHz,

CDCl) 6 125.4, 126.5, 126.7, 127.8, 128.3, 128.6, 129.5, 132.1, 132.4, 135.9, 172.0.

p-Toluic acid 3.19b”

MeQCOZH

99% Yield in DMSO; White solid; '"H NMR (400 MHz, CDCl;) & 2.43 (3H, s), 7.26 (2H,
d, J= 8.1 Hz), 8.00 (2H, d, J= 8.1 Hz); °C NMR (100 MHz, CDCl;) § 21.7, 126.5, 129.2,

130.2, 144.6, 172.1.
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3,4-Dimethoxybenzoic acid 3.19¢'*

Me0:©/COZH
MeO
96% Yield in DMSO; White solid; 'H NMR (400 MHz, CDCls) & 3.94 (3H, s), 3.95 (3H,

s), 6.91 (1H, d, J = 8.5 Hz), 7.59 (1H, d, J = 1.7 Hz), 7.76 (1H, dd, J = 1.7, 8.5 Hz); °C

NMR (100 MHz, CDCly) 6 56.02, 56.07, 110.3, 112.3, 121.7, 124.6, 148.6, 153.7, 171.8.

2,3- Dichlorobenzoic acid 3.19d
Cl Cl

CO,H
88% Yield in DMF; White solid, mp 161-163 °C; IR (KBr), 3396 (OH), 3018, 2399, 1705
(C=0), 1419, 1307, 1051, 912 cm™'; "H NMR (400 MHz, CDCl3) & 7.28 (1H, dd, J = 7.9,
7.9 Hz), 7.65 (1H, dd, J = 1.2, 7.9 Hz), 7.85 (1H, dd, J = 1.2, 7.9 Hz); *C NMR (100
MHz, CDCls) & 127.1, 130.1, 131.0, 132.6, 134.1, 135.0, 169.3 (C=0); HRMS (ESI):

Found: m/z 212.9492, Calcd for C;H40,C1,Na [M+Na]": 212.9486.

4-Bromobenzoic acid 3.19¢”

Br

87% Yield in DMF; White solid; "H NMR (400 MHz, DMSO-d¢) 6 7.74 (2H, d, J = 8.5
Hz), 7.89 (2H, d, J = 8.5 Hz), 13.2 (1H, brs); BC NMR (100 MHz, DMSO-dg) 6 127.3,

130.4, 131.7, 132.1, 167.0.
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2-Bromobenzoic acid 3.19f'*

Cr
Br
79% Yield in DMF; White solid; '"H NMR (400 MHz, CDCls) & 7.36-7.43 (2H, m), 7.70

(1H, dd, J= 2.1, 7.0 Hz), 8.00 (1H, dd, J = 2.1, 7.4 Hz); '*C NMR (100 MHz, CDCl;) &

122.6, 127.3,130.3, 132.4, 133.5, 134.9, 171.0.

4-Phenylbenzoic acid 3.19g”

/©/C02H
Ph

95% Yield in DMF; White solid; '"H NMR (400 MHz, DMSO-d¢) 6 7.44 (1H, t,J=17.3
Hz), 7.52 (2H, dd, J = 7.3, 7.6 Hz), 7.76 (2H, d, J = 7.6 Hz), 7.82 (2H, d, J = 8.3 Hz),
8.05 (2H, d, J = 8.3 Hz), 13.02 (1H, brs); °C NMR (100 MHz, DMSO-d¢) & 127.2, 127.4,

128.7,129.5, 130.1, 130.4, 139.5, 144.7, 167.6.

2-Phenylbenzoic acid 3.19h'*

Cr”
Ph
81% Yield in DMSO; White solid; 'H NMR (400 MHz, CDCl;) 6 7.32-7.44 (7TH, m), 7.56

(1H, m), 7.93 (1H, dd, J = 1.2, 7.8 Hz); *C NMR (100 MHz, CDCl3) § 127.1, 127.3,

128.0, 128.4, 130.6, 131.2, 132.0, 141.0, 143.3, 173.1.

2-Allylbenzoic acid 3.19i'%

X
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78% Yield in DMSO; white solid; 'H NMR (400 MHz, CDCls) & 3.83 (2H, d, J = 6.5 Hz),
5.02-5.07 (2H, m), 6.00-6.10 (1H, m), 7.30-7.33 (2H, m), 7.48 (1H, dd, J = 7.2, 7.5 Hz),
8.05 (1H, d, J = 7.2 Hz); *C NMR (100 MHz, CDCls) & 38.5, 115.7, 126.3, 128.2, 131.1,

131.6, 133.0, 137.3, 142.7, 172.8.

2-Cinnamylbenzoic acid 3.19j

CO,H
O n
72% Yield in DMSO; Yellow solid, mp 125-127 °C; IR (KBr), 3431 (OH), 3028, 2252,
1695 (C=0), 1298, 1271, 908, 734 cm™; '"H NMR (400 MHz, CDCl3) & 4.00 (2H, d, J =
4.4 Hz, CH,), 6.40-6.50 (2H, m, CH=CH), 7.17-7.54 (8H, m, Ar-H), 8.09 (1H, d, J = 7.4
Hz, Ar-H); °C NMR (100 MHz, CDCl3) § 37.7 (CH,), 126.1, 126.4, 127.0, 128.2, 129.1,

131.1, 131.2, 131.7, 133.2, 137.5, 143.0, 173.2 (C=0); HRMS (ESI): Found: m/z

239.1065, Caled for Ci6H;s0, [M+H]': 239.1072.

2-(3-Phenylpropargyl)benzoic acid 3.19k
COH o

=

30% Yield in DMSO; Yellow solid, mp 143-145 °C; IR (KBr), 3373 (OH), 2899, 2252,
1670 (C=0), 1489, 1319, 908, 736 cm™; "H NMR (400 MHz, CDCls) § 4.34 (2H, s, CHp),
7.29-7.30 (3H, m, Ar-H), 7.36 (1H, t, J = 7.6 Hz, Ar-H), 7.46-7.51 (2H, m, Ar-H), 7.58
(1H, m), 7.86 (1H, d, J = 7.6 Hz, Ar-H), 8.12 (1H, d, J = 7.6 Hz, Ar-H); °C NMR (100
MHz, CDCls) 6 24.9, 83.6, 87.2, 123.6, 126.8, 127.4, 127.8, 128.2, 130.0, 131.6, 131.7,

133.5, 139.4, 172.6 (C=0); HRMS (ESI): Found: m/z 237.0912, Calcd for CicH;50,
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[M+H]": 237.0916.

4-(Hydroxymethyl)benzoic acid 3.191'*

CO,H
w T

65% Yield in DMSO; white solid; '"H NMR (400 MHz, DMSO-d¢) & 4.60 (2H, s), 5.38
(1H, brs), 7.45 (2H, d, J = 8.2 Hz), 7.93 (2H, d, J = 8.2 Hz); °C NMR (100 MHz,

DMSO-dg) 6 62.9, 126.6, 129.5, 129.6, 148.2, 167.7.

4-Formylbenzoic zcid 3.19m'*’

OHC@—COZH

37% Yield in DMF; white solid; "H NMR (400 MHz, DMSO-de) & 8.02 (2H, d, J = 8.2
Hz), 8.14 (2H, d, J = 8.2 Hz), 10.12 (1H, s), 13.4 (1H, brs); *C NMR (100 MHz,

DMSO-dg) 6 130.0, 130.3, 136.0, 139.3, 167.0, 193.4.

4-(Phenylethynyl)benzoic acid 3.19n'*

Ph%@COZH

92% Yield in DMF; white solid; 'H NMR (400 MHz, DMSO-d¢) & 7.46-7.47 (3H, m),
6.60-7.61 (2H, m), 7.67 (2H, d, J = 8.2 Hz), 7.98 (2H, d, J = 8.2 Hz), 13.18 (1H, brs); °C
NMR (100 MHz, DMSO-d) 8 89.0, 92.4, 122.2, 127.0, 129.3, 129.7, 130.0, 131.0, 131.9,

132.0, 167.1.
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4-(5-Hydroxypent-1-yn-1-yl)benzoic acid 3.190

OH

80% Yield in DMSO; White solid, mp 153-155 °C; IR (KBr), 3360 (OH), 3018, 2953,
2399, 1683 (C=0), 1429, 1321, 914, 864 cm”; 'H NMR (400 MHz, DMSO-d¢) &
1.66-1.73 (2H, m, CH,CH,CH,), 2.48 (2H, t, J = 7.0 Hz, CH,C=C), 3.51 (2H, t, J = 6.2
Hz, CH,OH), 3.90 (1H, brs, OH), 7.48 (2H, d, J = 8.2 Hz, Ar-H), 7.88 (2H, d, J = 8.2 Hz,
Ar-H), 13.1 (1H, brs, CO,H); °C NMR (100 MHz, DMSO-d¢) & 15.8 (CH,CH,CH,),
31.8 (CH,C=C), 59.8 (CH,OH, 80.3 (C=C), 94.3 (C=C), 128.1, 129.8, 130.2, 131.8,
167.2 (CO,H); HRMS (ESI): Found: m/z 205.0864, Caled for C,H;305 [M+H]™:
205.0865.

(Z)-3-benzylideneisobenzofuran-1-one 3.19p’ 149

0
\

Ph

35% Yield in DMSO; Yellow solid; '"H NMR (400 MHz, CDCls) § 6.42 (1H, s), 7.30 (1H,
dd, J=7.2,7.5 Hz), 7.39 (2H, dd, J = 7.5, 7.8 Hz), 7.52 (1H, t, J = 7.5 Hz), 7.70 (1H, dd,
J=12,7.8 Hz), 7.76 (1H, d, J = 7.8 Hz), 7.84 (2H, d, J = 7.8 Hz), 7.93 (1H, d, J = 7.8
Hz); >C NMR (100 MHz, CDCls) & 107.0, 119.8, 123.4, 125.6, 128.4, 128.7, 129.7,

130.1, 133.1, 134.4, 140.6, 144.6, 167.0.
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3-(3-hydroxypropyl)isochromen-1-one 3.19q’ 130

@)
= OH

35% Yield in DMF; Yellow solid; "H NMR (400 MHz, CDCl3) & 1.69 (1H, brs), 1.93-2.00
(2H, m), 2.63 (2H, t, J = 7.4 Hz), 3.72 (2H, t, J = 6.1 Hz), 6.29 (1H, s), 7.33 (1H, d, J =
7.7 Hz), 7.42-7.46 (1H, m), 7.64-7.68 (1H, m), 8.22 (1H, d, J = 7.9 Hz); *C NMR (100
MHz, CDCl3) § 29.8, 29.9, 61.6, 103.3, 120.1, 125.1, 127.7, 129.5, 134.7, 137.5, 157.4,
162.3.

Benzocoumarin 3.19s’ '°!

0]
O o)

(U
75% Yield in DMF; White solid; '"H NMR (400 MHz, CDCl3) & 7.32-7.38 (2H, m), 7.46
(1H, dd, J = 7.5, 7.9 Hz), 7.57 (1H, dd, J = 7.5, 7.9 Hz), 7.81 (1H, dd, J = 7.5, 7.9 Hz),
8.06 (1H, d, J = 7.9 Hz), 8.12 (1H, d, J = 7.9 Hz), 8.40 (1H, d, J = 7.9 Hz); °C NMR
(100 MHz, CDCl3) & 117.8, 118.0, 121.3, 121.6, 122.7, 124.5, 128.9, 130.4, 130.6, 134.7,

134.8, 151.3, 161.2.

Benzophenone 3.19u 12

@)

52% Yield in DMF; White solid; 'H NMR (400 MHz, CDCls) & 7.46 (2H, dd, J= 7.2, 7.4
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Hz), 7.57 (1H, t, J = 7.4 Hz), 7.81 (2H, d, J = 7.2 Hz); >*C NMR (100 MHz, CDCl;) &

128.2, 130.0, 132.4, 137.6, 196.7.
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Chapter 5

Conclusion

In this thesis, the author described two catalytic reaction: (1) Pd(I)-catalyzed
ring-expansion of cyclic 2-azidoalcohols for synthesis of azaheterocycles (Chapter 2); (2)
Cu(II)-catalyzed aerobic oxidation of benzyl cyanides for synthesis of carboxylic acids

(Chapter 3).

Inspired by our group’s previous finding that is Cu(ll)-catalyzed synthesis of
polysubstituted N—H pyrroles from a-ethoylcarbonyl vinyl azides and ethyl acetoacetate
via iminyl metal species (Scheme 5-1a), a hypothesis (Scheme 5-1b) was proposed: the
transition metal alcoholates B generated from 2-azidoalcohols A would undergo f-carbon
elimination to give a-azidocarbometal species C. Subsequent metal migration from C to
N with elimination of dinitrogen might afford iminyl metal species D, which could be

used for further C—N bond forming reactions.

N Cu(NTf,), (5 mol %) R CO,Et
0O O 3 H,O (5 equiv)
T o AN D 5 S
OEt o) CH3CN, 40 °C EtOZC H Me
N N N
+3 i il
_E /) [M]%’}Ii p—carbon WA Et) [I\I/I]
Ho\c -c [M]-X Q< L N elimination Q N
’ ¢ \ﬁ ------- > COL C\:B --------- > COC Qﬁ ----- > g:o( Cﬁ (b)
'\\ ! -HX 0 ," ." v N, / \‘
A B - -

Scheme 5-1. Hypothesis of generating iminyl metal species from 2-azidoalcohols.
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Based on this hypothesis, a Pd-catalyzed ring expansion reaction of cyclic 2-azidoalcohol
derivatives was disclosed and described in chapter 2 (Scheme 5-2). This intriguing
Pd-catalyzed ring expansion can provide some azaheterocycles such as pyridine,
isoquinoline, pyrrole and pyrazine derivatives, which might has important synthetic

applications in the future.

OH PdCl,(dppf) CH,Clx(15 mol %)
le/‘\j“} K,CO3 (1 equiv) R@
|||||N3 >
R2 CICH,CH.CI, 80 °C R?
1) C-C bond cleavage
2) C-N bond formation

Scheme 5-2. Pd(II)-catalyzed ring expansion of cyclic 2-azidoalcohols for synthesis of

some azaheterocycles.

As the author mentioned in chapter 2, the azadiene might be generated from the
2-azidoalcohol bearing a saturated 5-membered ring system. In the future, it can be
considered catching the generated azadiene by dienophile to synthesize some interesting

azacycles through Aza-Diels-Alder reaction'> as shown in Scheme 5-3.

OH O /N o
transition metal ZN
________________ R
|||||N3 > | + O _____ > 0O
R R R
R R 0

0]

Scheme 5-3. To trap azadiene by dienophile.

In chapter 3, a copper-catalyzed aerobic oxidation of benzyl cyanides was described,
where the benzoic acids was obtained via benzoyl cyanides (Scheme 5-4). The oxidative

hydrolysis of benzyl cyanides could tolerate various functional groups including alkyl,
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aryl, double bond, triple bond, C—Cl, C-Br, hydroxyl and formal group. Moreover, this
catalytic C—H bond oxygenation of benzyl cyanides could be extended to synthesis of
ketones. It is predictable this transformation of one-carbon shorter carboxylic acid from
benzyl cyanides must be useful in synthetic applications. It might be an interesting work
to trap the generated benzoyl cyanides by this copper-catalyzed oxygenation to obtain

other carbonyl compounds.

Cu(OAc), (20 mol %)
bpy (20 mol %) o

KoCOs3 (1 equiv
N CN 2CO; (1 equiv) R N CO,H
R o TN CN R+
Z DMF or DMSO, 80 °C, O, |Ru. =

Scheme 5-4. Cu(Il)-catalyzed aerobic oxidation of benzyl cyanides for synthesis of

aromatic carboxylic acids.
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