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Abstract

Two new synthetic methods for preparing N-N bond-containing heterocycles have been
presented: one, by copper-catalyzed oxidative N-N bond formation and two, by electrochemical
reduction of N-nitroso compounds and subsequent ring-closing. The first method is copper(I)- and
copper(Il)-mediated pyrazole synthesis through a catalytic oxidative N-N bond formation between
an imidate and amine under air. Arylimidate esters prepared from S-amino acrylonitrile undergo
intramolecular oxidative N—N bond formation in the presence of a 1 : 1 combination of copper

acetate and copper iodide in DMSO at 60 °C, with concomitant aromatization in the presence of

molecular oxygen, providing 3-ethoxy-1-arylpyrazoles.

The second method is a novel and general electroreductive synthesis, producing
substituted hydrazines, pyrazoles, and pyrazolines regioselectively from N-nitroso compounds.
Nitrosylation of corresponding aniline derivatives affords the desired N-nitrosamines in high yields
using standard methodology. Electrochemical reduction of N-nitrosamines in an undivided cell
leads to the respective hydrazines, followed by intramolecular ring closure to give either
pyrazolidinones of pyrazolines in one-pot. Inexpensive and non-toxic stainless steel and zinc
electrodes were used as the cathode and anode, respectively. Different combinations of other
standard electrode systems do not improve the results, producing the N-nitroso bond cleavage
product, sometimes exclusively. Furthermore, the use of lithium bromide as the electrolyte and
mildly basic pyridine improves the selectivity of the reaction. Various aryl functional groups with
different electronic effects, as well as heteroaryl and alkyl groups, are well tolerated under the
reaction conditions. Moreover, electrochemical oxidation of pyrazolidinones to the corresponding
pyrazoles was also investigated. Electrochemical reduction of N-nitroso compounds is under-
reported in the literature and mostly require a divided cell and/or toxic electrodes. This work fills

this void and provides a valuable new strategy for the synthesis of hydrazines and heterocycles



— structurally vital building blocks for agricultural and pharmaceutical intermediates under very

mild reaction conditions using a simple, scalable set-up.

Earlier work, on the installation of sulfur at meta-position of phenols to make meta-
arylsulfanyl- and meta-(alkylsulfanyl)phenols starting from cyclohexane-1,3-dione, was done

under the direction of Prof. Derrick Clive and is included as an appendix.



“Sometimes you just have to die a little inside in order to be

Reborn and Rise again as a Stronger and Wiser version of you.”
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Chapter 1: Importance of Hydrazines and Pyrazoles and
Issues in their Synthesis

1.1 Introduction

Nitrogen (N) is one of the most important heteroatoms found in biologically active drugs."
3 Biological, chemical, and physical properties change drastically in presence of a nitrogen atom
in drugs and bioactive compounds. Approximately 84% of small molecule drugs approved by the
FDA contain at least one nitrogen atom. Further, approximately 59% contain nitrogen
heterocycles.* Heterocycles with two adjacent nitrogen are also a common motif in biologically
active molecules. However, preparing these compounds without using dangerous hydrazine

starting materials remains largely an unsolved problem.

1.2 Hydrazines

Figure 1-1 Hydrazine and hydrazines

Hydrazines 2, are central building blocks in synthetic organic chemistry, derived from
hydrazine 1 by replacing hydrogen atom(s) by an organic group (Figure 1-1). Hydrazine is highly
toxic whereas hydrazines are promising drug candidates (Figure 1-2). Antiparkinsonic agent
carbidopa, vasodilator hydralazine, and antidepressant phenelzineor are examples of drugs
possessing a hydrazine moiety. Diuretic clopamide, insecticidal active dibenzoylhydrazine, and

antidepressant isocarboxazid contain acyl derivatives of hydrazine.
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Figure 1-2 Bioactive hydrazines

1.2.1 Hydrazine scaffolds

Hydrazines are commonly used to synthesize pharmaceuticals and dyes, and in synthetic
chemistry laboratories as a precursor. Condensation reactions of hydrazines with dicarbonyl
compounds form heterocyclic compounds such as pyrazoles, diazenes, and 1,2,4-triazoles.>’
Substituted hydrazines are also used to make other crucial heterocyclic molecules such as

thiosemicarbazides, pyridazines, and 1,3,4-thiadiazoles (Scheme 1-1).81
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Scheme 1-1 Hydrazine building blocks

1.2.2 Preparation of hydrazines

Substituted hydrazine synthesis has been well studied, and their scope and limitations
were established (Scheme 1-2).'"'3 Hydrazines are commonly prepared by reducing already
established N-N bonds (A, B, and C)."*' Reducing two equivalents of a nitro compound is
another approach to form N-N bond (D).'® Reducing both azo and nitro compounds require
excess, or at least stoichiometric, reducing agent such as zinc powder. Both procedures generate
large quantities of reagent waste. Intermolecular nucleophilic substitution reaction by amines
forms N-N bond and affords hydrazines (E).'” Direct installation of hydrazines by transition metal
catalyzed cross-coupling reactions between amines and aryl halides offer access to N,N-
substituted hydrazines (F).'®22 However, in these reactions highly toxic and carcinogenic

hydrazine is needed, and atom efficiency is low.
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Scheme 1-2 Synthetic routs for the synthesis of hydrazine derivatives

1.3 Pyrazoles

More than 300 pharmaceuticals and natural products contain N-N bonds.?®* The
agrichemical and pharmaceutical industries use substituted pyrazoles 23 (five-membered cyclic
aromatic organic molecules that contain two adjacent nitrogen atoms) extensively.?** In
particular, 1,3,5- and 1,3,4,5-substituted pyrazoles make up the core of several commercialized
drugs (e.g. Viagra 24, Acomplia 25, Celebrex 26) and agricultural chemicals (e.g. Pyraclostrobin
27, Tebufenpyrad 28, Fipronil 29 (Figure 1-3). The ubiquity of biologically active pyrazole

containing compounds inspired researchers to focus on novel methods of forming N-N bonds.
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Figure 1-3 Bioactive pyrazoles

1.3.1 Overview of common methods to prepare pyrazoles
Cyclocondensation of an appropriate hydrazine with difunctional three-carbon building
blocks, such as 1,3-dicarbonyl compounds or a,B-unsaturated carbonyl compounds (30 and 34-

39), is the classical synthetic method for preparing substituted pyrazoles and remains the

standard method used today (Figures 1-4 and 1-5).30:32-51

R
m . ® 1 1R
i\)l\ R~ -NH2 +H /2&0 -H,0 2 ¥
R2 N R1 H ,NHZ N'
R;73°N R;,3 N
R, Rs
30 31 32 33

Figure 1-4 Cyclocondensation of a,B-unsaturated carbonyl compounds
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Figure 1-5 3-Carbon building blocks for pyrazole synthesis

German chemist Ludwig Knorr first synthesized a pyrazole compound in1884. Knorr found
that ethyl acetoacetate 41 reacts with phenylhydrazine 40 in the presence of an acid catalyst to

afford 1-phenyl-3-methyl-5-pyrazolone 42 (Equation 1-1).%2

CHy
N 1 Cat. acid N
N at. acl ’
©/ NH, + HBCJ\)\OACHS 5N
40 a1 42

Equation 1-1 Knorr synthesis
Knorr named this class of compounds pyrazoles to indicate that the core was derived from
pyrrole, replacing a carbon atom with nitrogen. The main limitation for Knorr-type pyrazole
synthesis is the absence of regioselectivity; unsymmetrically substituted 1,3-diketones (R1 # R3)

34 have two electrophilic centers, which results in two regioisomers (Scheme 1-3).
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Scheme 1-3 Regioisomers in Knorr synthesis

Pyrazole synthesis using hydrazones 45, semicarbazides 46, and diazonium salts 47 as
starting material are common in literature (Figure 1-6).572 Hydrazine or diazo derivatives are
known explosives and environmental neurotoxins.”>’® Use of these starting materials limits
application to large-scale commercial synthesis of pyrazoles.””-’® Many classical pyrazole
syntheses suffer from further disadvantages, including unsatisfactory yields, low selectivity, harsh
reaction conditions, expensive starting materials, hazardous solvents, high catalyst loading,
and/or limited substrate scope. Efficient, regioselective synthesis of substituted pyrazoles using

less hazardous materials remains an unsolved problem.

3 3
R1)\R2 HN N2 RN
H
45 46 47

Figure 1-6 Pre-formed N-N bond starting materials

1.3.2 Pyrazole synthesis: without relying on pre-formed N-N bond

°N

Boniin

=0
MeO

48
Pyraclostrobin




Our interest in pyrazole synthesis was to solve the limitations in large-scale pyraclostrobin
48 synthesis. Pyraclostrobin is an agricultural pesticide, used to preserve valuable crops. A
general synthetic route is outlined in Scheme 1-4. The first two steps of this procedure are the
main limitations. Both 4-chlorobenzenediazonium salt 50 and 4-chlorophenylhydrazine 51 are
known explosives and requires extra precautions in large-scale synthesis. These reactions also
require dilute aqueous solution, which generates huge amounts of wastewater every year. An

ideal synthetic route would make pyraclostrobin without forming explosive intermediates.

(e) OH
N

0
NH, i HN N2 HkOR
© © | Lo
e <Js

Pyraclostrobin

55 o .
structure of interest

Scheme 1-4 Synthetic route of Pyraclostrobin
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49 50 52 53
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NO2 { : 5
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54 N . PN
Cl E i 48

Our goals for hydrazine-free pyrazoles synthesis are outlined in Scheme 1-5. We
envisioned three ways to synthesize pyrazoles: (1) by intramolecular nucleophilic displacement
(route 1), (2) by transition metal catalyzed oxidative coupling N-N bond formation (route Il), and

(3) electrochemical N-N bond formation (route IlI).
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Scheme 1-5 Three possible pathways to make N-N bond

All three possible pathways shown above will be evaluated within this thesis. It was our
wish to not only modify the pyraclostrobin synthesis, but also to develop a robust, general
methodology for the synthesis of hydrazines, pyrazoles, and other similar heterocycles. Our
efforts to synthesize pyrazoles by intramolecular nucleophilic displacement are discussed in this

chapter.

1.4. Route I: N-N bond formation by nucleophilic displacement

1.4.1 Nucleophilic displacement of N-haloamides

There are several reports showing that N-N bonds are formed by intermolecular
nucleophilic displacement of N-haloamides.’”®#? Selective oxidation of amides to N-chloroamide
or N-bromoamide using halogenating reagents is well documented.®*% The nitrogen of N-
haloamides are electrophilic since the halides are good leaving groups (Scheme 1-6). In 1968,

Marcus and Neal prepared 62 by nucleophilic displacement of N-chloroamine (Figure 1-7). Later,



Baum and Grakauskas reported a similar reaction where 64 is formed as a side product during
direct fluorination of urea (Figure 1-7). Bergman used nucleophilic displacement to synthesize 6-

(dimethylamino)-6H-indolo[2,3-b]-quinoxaline 66 from indophenazine and dimethylchloroamine

(Figure 1-7).
X X
R™ 'NH, R N’X
H
X =Cl, Br
60 61

Scheme 1-6 Formation of N-haloamides

Marcus, 1968

LA L MK
Cl

T
N

@)
o

N
61 62
Baum, 1969
O O
NH,CONH, H
HQNJ\N/F . HZNJ\N,N\H/NHZ
H H o
63 64
Bergman, 1989
H5C. .CH
N\ ’ r\ll ’ N\
Cl
CL 0 CLL O
N H N~ °N
/N\
H;C™ "CHj
65 66

Figure 1-7 N-N Bond formation by nucleophilic displacement
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We expected selective oxidation of the amide nitrogen in 3-(phenylamino)propanamide 67
to a N-haloamide intermediate 68. Subsequent intramolecular cyclization by nucleophilic

displacement would form an N-N bond, affording 1-phenylpyrazolidin-3-one 69 (Scheme 1-7).

o= N NN HN N
OO — T Q
69 68 67

Scheme 1-7 Reaction hypothesis for nucleophilic displacement of N-haloamides

However, reactions between 3-(phenylamino)propanamide 67 and N-bromosuccinimide
(NBS) or N-chloroosuccinimide (NCS) or trichloroisocyanuric acid (TCCA) did not afford 1-
phenylpyrazolidin-3-one 69. Instead, the phenyl ring was halogenated since the ortho/para

directing amine activates the phenyl group, and a complex mixture was obtained (Equation 1-2).

N NH NBS N NH
2 or A 2
©/ \/\f.j o @/ \/\C[)(
or ciB /
67 TCCA '

complex mixture

Equation 1-2 Reaction with halogenated reagents

1.4.2 Nucleophilic displacement of hydroxamic acid derivatives

Okawara et al. reported a procedure for N-N bond formation by nucleophilic displacement
to give 1-acyl-2alkylhydrazine 73 (Figure 1-8). In this reaction, hydroxamic acid 70 reacts with
activating groups, such as 2-chloro-1-methylpyridiniumiodide 74 and p-toluenesulfonyl chloride

75, to convert the hydroxyl group into a good leaving group (71, 72). An intermolecular

11



nucleophilic substitution reaction occurs with benzylamine in the presence of a base to give 1-

acyl-2-alkyl hydrazines 73.%"

&
®
Cl '}'/|@ =
CHy 74 @(H @ - PhCH,NH,
NEts/CH,Cl, o N 65% '\
o) CH,

H 71 H
“OH N\N/\©
H

O o)
70 73

pyridine/CH,ClI, H PhCH,5NH,
CH, “OTs 44%
o I °
S 75
O

72

Figure 1-8 Okawara's N-N formation reaction

Stambuli and coworkers reported a similar metal-free N-N bond formation to prepare 1H-
indazoles 78 by an intramolecular nucleophilic substitution reaction starting from ortho-

aminobenzoximes 76 under mild reaction conditions (Equation 1-3).83-9

R1 R1 R1
@\)\\N’OH 1.2 equiv A | X \N’OX | X \V
&% 2.0 equiv NEt; &~ [ = N
R NH DCM, rt Ry NH Ro \
R R R
76 77 78

activating agent
A = acetyl chloride, Boc,0O, methyl chloroformate, MsClI, TsCl
X =0Ac, Boc, CH30CO, Ms, Ts

Equation 1-3 Stambuli's reaction
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The Okawara and Stambuli syntheses are very robust with broad substrate scope. The
results were promising enough for us to try a pyrazole synthesis by intramolecular substitution
reaction. In particular, Okawara’s results show that the intermolecular substitution reaction by an
amine is the major reaction pathway, despite the possibility of Lossen rearrangement. We

believed an intramolecular displacement reaction could afford our desired pyrazole as shown in

Scheme 1-8.
1 OH i OA o
N’ N”
) ) (e
NH — | ONH — N
79 80 69

Scheme 1-8 Reaction hypothesis for nucleophilic displacement of hydroxamic acids

To test this, N-hydroxy-3-(phenylamino)propanamide 79 was prepared via a Michael
addition reaction between commercially available stable starting materials aniline 81 and methyl
acrylate 82. Subsequent conversion to N-hydroxy-3-(phenylamino)propanamide 79 with
hydroxylamine hydrochloride should give us a pathway to N—N bonds by replacing the N-hydroxyl

functionality with a good leaving group (Equation 1-4).

13



NH2 O
= ~ ___acidic
©/ * /\[O( alumlna ©/ \/\m
82 83, 85%
HONH,-HCI H H
2° W \OH
7

79, 81%
Equation 1-4 Preparation of N-hydroxy-3-(phenylamino)propanamide

Unfortunately, similar reaction conditions to Okawara’s work with N-hydroxy-3-
(phenylamino)propanamide 79 did not form an N-N bond. Rather, | found that arylimidazolidone
84 was formed via Lossen Rearrangement instead of 1-phenylpyrazolidin-3-one 69 (Equation 1-

5).

+..Cl

75 I/\NH

R @ng

79 Cl N™ I 84
CH3 60 - 87%
74
H 7,
©/ W -LG™ ©/N\/\N¢C/O

86

Equation 1-5 Lossen rearrangement product formation
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1.5 Summary

Intramolecular nucleophilic displacement of both N-haloamides and hydroxamic acid
derivatives were tested. However, both the reactions were equally unsuccessful. A complex
mixture was observed with halogenated reagents whereas Lossen rearrangement product was

formed using Okawara’s reaction conditions.
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Chapter 2: Copper-catalyzed Hydrazine-free Synthesis of
Substituted Pyrazoles by Oxidative N-N Bond Formation

2.1 Goal of the project

Undoubtedly transition metal catalysis is a powerful tool in modern chemistry, used to
cleave/form carbon-hydrogen, carbon—carbon, and carbon—heteroatom bonds and, importantly,
to form nitrogen—nitrogen bonds. Transition metals such as both Cu(I) and Cu(II), Ni"/Ni,
Rh!/Cu", and palladium complexes are commonly used for N-N bond-forming reactions (Figure
2-1).90-9299-101 General strategies also involve oxidizing agents such as hypervalent iodine
reagents, e.g., phenyliodine(IlI)bis-(trifluoroacetate) (PIFA), potassium permanganate (KMnQOy),

silver(I) oxide (Agz0), or sodium dichromate (Na>Cr.0;).%*%"

Jiao, 2013
B
N N/) 1 cat Pd
|/ = NaN3
R,
87 88
41-77 %
Stahl 2018 ’

QNH cat Cu/O, @ Q
L/ Q Y

R R R

89 90
35-99 %

Figure 2-1 Selective examples of N-N bond formation reactions
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There are primarily three classes of coupling partners used to form N-N bonds: (i)
amide—amine coupling, (ii) imine/imidate—amine coupling, and (iii) amine—amine coupling.

However, only first two types are related to pyrazole synthesis (Figure 2-2).

(i) amide—amine coupling (i) imine/imidate—amine coupling

0 0 R/OR R/OR
NN R4 SN N N
noos N A AR NH AN e\
L= /J\)LH — (Cwe (O Ly
S ,\IIH S N S~ NH S N

R R2 R, R

Figure 2-2 Possible N-N coupling routes

2.2 Route lI: Oxidative N—-N bond formation

2.2.1 Representative examples of amide-amine coupling

In 2006 the Tellitu and Dominguez group reported a hypervalent iodide
phenyliodine(III)bis-(trifluoroacetate) (PIFA) catalyzed synthesis of indazol-3-ones 92 through
intramolecular N-N bond formation from N-phenyl-2-(phenylamino)benzamide 91 in the presence
of trifluoroacetate (TFA) (Equation 2-1).%°" The authors proposed that the reaction proceeds via
an N-acylnitrenium intermediate 93. The reaction was unsuccessful when Ry = H or an electron-
withdrawing group, suggesting that the cyclization step requires highly nucleophilic amines. On
the other hand, neither alkyl nor alkoxyamides rendered the desired indazolones. An aryl group

is necessary to stabilize the corresponding N-acylnitrenium intermediate.

17



N-R1 2.0 equiv PIFA
H g N-R4
TFA, CH,Cly, 0°C N

|'Q2 R4 = alkyl, aryl R,
R, = aryl
91 92
45-68%
O
)
NH
R>
93

N-acylnitrenium intermediate

Equation 2-1 PIFA mediated indazol-3-ones synthesis
The Zhou group reported a similar reaction using a copper bromide catalyst in air at 120
°C.%8 The reaction proceeds via a single electron transfer process as shown in Equation 2-2.

However, the reaction became sluggish when R1 group is alkyl, and the reaction failed when one

or both of the Ry and Rz groups were hydrogen.

O 0
N’R1 0.2 eq. CuBr R
H DMSO, air, 120°C NRy
NH , alr, N\
R, R4 = alkyl, aryl R>
R, =aryl
94 Ry, R, = H 95
41-99%
Q OH
R4 .
[Cu] N 3 [Cu]
+H — N-Ry
[O] NH N [O]
|
R2 R2
— 96 97 -

Equation 2-2 Zhou's copper-catalysed indazole synthesis
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2.2.2 Attempts towards amide— amine coupling

Our attempts to oxidize 3-(phenylamino)propanamides either 67 or 98 directly with
different oxidants such as KMnQOs, Cu(I1)/Og, [bis(trifluoroacetoxy)iodo]benzene, with subsequent
cyclization did not provide the desire products (Equation 2-3). This shows the unreactive nature

of the primary amide.

X H\/\WNHZ Oxidizing agents A Nl\/N/\:O 2 QOH
| - || H and/or |
[ F ) & S
R R R
R =H, 67 R=H, 69 R=H, 99
R =Cl, 98 R =Cl, 52 R=Cl, 53

Equation 2-3 Initial attempts to oxidize 3-(phenylamino)propanamides

To test the reactivity of secondary amides, | prepared 3-(4-chlorophenylamino)-N-
phenylpropanamide 101 and N-benzyl-3-(4-chloroanilino)propanamide 105 (Equations 2-4 and

2-5). However, under similar conditions, the reactions were equally unsuccessful.

' 10 mol% Cul H
N

H H
N NH; 2.0 equiv CsF N

Cl /N\/\N/ Cl
98 100 H 101, 48%

Equation 2-4 Preparation of 101
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DCM, 0 °C—-rt, 12 h

/\WCI , @NHZ 1.2 equiv triethylamine _ HQ
o Y

o)
102 103 104, 88%
2 100 °C \/W
N
+
/©/ Y /Ej 0
Cl o) Cl
49 104 105, 56%

Equation 2-5 Preparation of 105

2.2.3 Representative examples of imine/imidate-amine coupling

Nagasawa and Ueda reported the copper-catalyzed synthesis of 1,2,4-triazoles 107 via
oxidative N-N bond formation (Equation 2-6).°° The reaction performed equally well under several
reaction conditions. They found that 2-phenyl-1,2,4-triazolopyridine formed in 89% of yield in
presence of 5 mol% CuBr, 5 mol% 1,10-phenanthroline (1,10-Phen) and 10 mol% of Znl, in 1,2-
dichlorobenzene (DCB) in air. Similar results were obtain when stoichiometric Cu(OAc). was
used under an argon atmosphere at 130 °C. The presence of a copper catalyst was essential for
the reaction, but the role of zinc iodide is unknown in first reaction conditions. Transmetallation
can be the possible reason in presence zinc: zinc coordinates to the substrate first then the
intermediate 108, which forms by transmetallation and goes on to the product. However, the
authors only proposed that reaction proceeds through an amidine intermediate 108. Cyclization
occurs via intramolecular oxidative N-N bond formation. The copper is oxidized by molecular

oxygen present in air and completes the catalytic cycle.
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H
| N~ _-Ph condition A or B N
_N NH N N\N/>_Ph

106 107

\ e \
| —=

of , 1
Cu"“ or 2Cu™

108

A: CuBr (5 mol%), 1,10-phen (5 mol%),
Znl, (10 mol%), DCB, 130 °C, air, 24 h, 89% yield
B: Cu(OAC), (100 mol%), DCB, Ar, 130 °C, 12 h, 79% yield

Equation 2-6 Nagasawa’s 1,2,4-triazoles synthesis

In 2010, the Glorius group reported a copper mediated tetrasubstituted pyrazole 112
synthesis from enamines 109 and nitriles 110 (Equation 2-7).7° They propose that the reaction
proceeds through a six-membered Cu! chelate 111 and subsequent reductive elimination

provides pyrazoles (Figure 2-3).

0
Me OEt
N 1.5-6.0 equiv Cu(OAc), ~ Me

R1\N)\ + R /// : - - // R2

H ookt 2 Alr,_14—2.4 h, 110—120 @ R1/N\N

Ry = Aryl; Ry = Aryl, alkyl
109 110 112
35-92%

Equation 2-7 Glorius's copper-catalyzed pyrazole synthesis
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R R3 TN N,,CuH(OAc)2 —AcOH
1~
D
H 2
O~ OR
109 110
0]

111

Figure 2-3 Proposed mechanism of Glorius's pyrazole synthesis

The Glorius group also showed a Rh"/Cu" co-catalyzed 1H-indazoles 116 synthesis from

ethyl phenylimidate 113 and tosyl azide 114 via C—H amidation and subsequent N-N bond

formation (Equation 2-8).'°' The authors proposed that [Cp*Rh]z is oxidized to cationic [Cp*Rh"]

in situ in the presence of AgSbFs. The imidate then coordinates to [Cp*Rh!"], enabling ortho- C-H

bond activation. The tosyl azide then coordinates to the rhodium and C-N bond formation

provides the imidate intermediate 115. Imidate 115 coordinates with copper acetate, and

transmetallation followed by N-N bond formation by reductive provides desired compound 116.
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L ,1]2 2.5 mol% [Cp*RhCl,], ©\/\<N
0 N_\s”o 10 mol% AgSbFg N
" . > /\ ;O
@NH 0 O 25 mol% Cu(OAc), 0-3
H CH3

O,, DCE, 24 h, 110 °C

CH3
113 114 116
49-79%
@ | » ©
lC
N
115

proposed intermediate

Equation 2-8 Glorius's 1H-indazoles synthesis

Recently, the Chen group reported a similar copper-catalyzed reaction. They found that
1-(ortho-hydroxyaryl)-1H-indazoles 120 are formed from ortho-aminoaryl N-H ketimines. Further,
they showed that indazoles 118 are favoured when using copper salts like Cu(OAc), CuCl, CuBr,
CuBr2 and Cul, whereas copper salts such as Cu(OTf)2, Cu(NOs3)2, CuSOs4, CuO, and Cu(acac):
favoured 1-(ortho-hydroxyaryl)-1H-indazoles 120 by tandem C—H ortho-hydroxylation and N—-N

bond-formation (Figure 2-4).102103
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Chen, 2016

R

o
NH

R1

117

Chen, 2017

s

119

20 mol % Cu(OAc),

DMSO, 0,,85°C

R = alkyl, aryl
R4 = H, alkyl, aryl

20 mol % Cu(acac),

DMSO, 0,,65°C
R = alkyl, aryl

Proposed mechanism:

R
@NH H,0  AcOH, O,
hH %
7 R Cu'OAc
Cu'(OAc),
AcOH
R
= NH Cu(OAc), or O,
N,CUHOAC
R1
121

R

N

R,

118
51-90%

bOH

120
51-86%

Z. />>\
pzd

2

118

R

=N

N,(IZUIHOAC

R
122

Figure 2-4 Chen's N-N bond formation
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2.2.4 Attempts towards amide-amine coupling

We envisioned that imidate ester 125 would be more reactive than the amides 67, 98, 101,
105 and might form the desired intramolecular N-N bond. We hypothesized that nitrile 126 would
react with alcohols to afford imidate ester 125, which could provide 4,5-dihydro-1H-pyrazole 124
via PIFA or copper-catalyzed oxidative N-N bond formation. Oxidation of 4,5-dihydro-1H-pyrazole

124 would afford pyrazole 123 (Scheme 2-1).

0—/ 0—/ ¢ R N
[ N [ _N
N NH NH
— — — Ho/\R
= = = = |
| | | N
X\ L\ L\ \R
1 1 R4 1
123 124 125 126 127

Scheme 2-1 Reaction hypothesis for amide-amine coupling

2.2.4.1 Preparation of amino acrylonitriles
PF-Amino acrylonitriles 130 were prepared from anilines and acrylonitrile by a Micheal

addition reaction in the presence of catalytic lithium tetrafluoroborate (Figure 2-5).

Pyridazines, a six-membered aromatic ring with two adjacent nitrogen atoms, are
important structural motifs often found in bioactive natural products. 4-Aminobutanenitriles 139
and 140 were prepared to test if we can prepare 1,4,5,6-tetrahydropyridazines by oxidative N-N

bond formation (Figure 2-6).
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NH : N
= 2 LiBF = X
/\\\N + R-L | 4 R | \/\\N
A neat, 75 °C A
128 129 130
N N N
Ioan TN e TINe
Br Cl
131, 84% 132, 80% 133, 87%
N N N
H5CO H,;C H;CH,C
134, 90% 135, 95% 136, 93%
Figure 2-5 Preparation of f~amino acrylonitrile
_~_NH; Kl. K-CO HMN
RL | + CI/\/\\\N » RobMs N |
AN 100° C, DMF A
129 137 138

N

H = H bz
NM NM
cl” : HaCO”~ :

139, 80% 140, 60%

Figure 2-6 Preparation of 4-aminobutanenitrile
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2.2.4.2 Optimization study
To test the hypothesis, we used 3-(4-chloro-anilino)-propionimidic acid ethyl ester 142 as
a model compound. Compound 142 was prepared from 3-amino acrylonitrile 132 and ethanol with

hydrochloric acid present (Equation 2-9).

H H

/J:::rN\v/\\sN Aq. HCI /Ji::rN\V/\er\//

Cl EtOH Cl NH<2HCI
132 141

‘SatNaHCO3

H
N o~
DO

142, 87%

Equation 2-9 Preparation of 3-(4-chloro-anilino)-propionimidic acid ethyl ester

We first tried Tellitu’s PIFA mediated conditions on 3-(4-chloro-anilino)-propionimidic acid
ethyl ester 142 to make an N-N bond. Treatment with two equivalents of phenyliodine(III)bis-
(trifluoroacetate) gave 3-ethoxy-1-(4-chlorophenyl)pyrazole 143, but the yield was poor with a

complex reaction mixture (Equation 2-10).

H
N\/Aﬁro\// PIFA
o) e
Cl NH Cl

142 143
very low yield

Equation 2-10 PIFA mediated N-N bond formation
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Copper-catalyzed oxidative N-N bond formation is a more attractive option than using
stoichiometric hypervalent iodine reagents. We found that using 20 mol% copper(Il) 2-
ethylhexanoate as a catalyst in DMSO at 80 °C yielded only 17% of 143. Copper(Il) acetate
monohydrate improved the reaction to some extent, but we observed that the starting material
hydrolyzed and formed ethyl 3-(4-chlorophenylamino)propanoate 147 (ca. 38%) (entry 2, Table
2-1). Using copper acetate Cu(OAc). reduced the amount of side product 147 and improved the
yield of 3-ethoxy-1-(4-chlorophenyl)pyrazole 143 to 43% (entry 3, Table 2-1). The yield of 143
decreased to 14% with lowering the catalyst loading (entry 4, Table 2-1). We observed that the
amount of ethanol elimination side product 3-(4-chlorophenylamino)propanenitrile 132 increased
with an increase in temperature. The ratio of 143:132 was the highest at 60 °C, and this was
selected as the optimal temperature for further studies (entry 7, Table 2-1). With increased loading
of copper acetate the yield of pyrazole 143 decreased. When one equivalent copper acetate was

used 143 formed in a yield of 13% and mostly hydrolyzed product 147 was observed.

Table 2-1 Optimization study: screening of temperature and catalyst loading

H —

N\/\WOM Conditions® - N/’\;/>\O/\
St 7
Cl Cl

142 143
Entry Additive (mol %) Temp. (°C) Solvent Yield® (%)
1 Copper(ll) 2-ethylhexanoate (20) 80 DMSO 17
2 Cu(OAc)2-H20 (20) 80 DMSO 27
3 Cu(OAc): (20) 80 DMSO 43
4 Cu(OAc)2 (10) 80 DMSO 14
5 Cu(OAc): (20) 100 DMSO 33
6 Cu(OAc): (20) 70 DMSO 37
7 Cu(OAc)2 (20) 60 DMSO 51
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8 Cu(OAc), (50) 60 DMSO 35
9 Cu(OAc), (100) 60 DMSO 13

aall the reactions carried out under oxygen for overnight unless otherwise mentioned.
bdetermined by 'H NMR spectroscopy.

We next examined different solvents using copper acetate as a catalyst at 60 °C.
Unfortunately, solvents such as TFE, anisole, dioxane, and propylene carbonate did not improve

the results. DMSO was therefore used as the solvent for further optimization studies.

Table 2-2 Optimization study: screening of solvents

H —
(j/N\/\[(OV Conditions? N/—\;/>\O/\
cl NH

AT

142 143
Entry Additive (mol %) Temp. (°C) Solvent Yield® (%)
10 Cu(OAc)2 (20) 60 TFE
11 Cu(OAc)2 (20) 60 Dioxane 10
12 Cu(OAc)2 (20) 60 Anisole
13 Cu(OAc)2 (20) 60 Propylene
carbonate

aall the reactions carried out under oxygen for overnight unless otherwise mentioned.
bdetermined by "H NMR spectroscopy.

We found that copper(I) salts such as copper(I) chloride, copper(I) bromide, copper(I)
iodide gave the desired product in good yield. We found that when one equivalent of copper(I)

iodide was used the yield of 143 increases to 52%.
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Table 2-3 Optimization study: screening of copper (I) reagents

H
NWOV Conditions?
LT I
Cl Cl

e

142 143
Entry Additive (mol %) Temp. (°C) Solvent Yield® (%)
14 CuClI (100) 60 DMSO 33
15 CuBr (100) 60 DMSO 40
16 Cul (100) 60 DMSO 52

aall the reactions carried out under oxygen for overnight unless otherwise mentioned.
bdetermined by "H NMR spectroscopy.

A mixture of Cu(I) and Cu(II) salts in different proportions were tested to probe the effect
of catalyst oxidation state. We found that one fotal equivalent of a 1 : 1 mixture of Cul/Cu(OAc);
gave the best result at 60 °C (entry 20, Table 2-4). Other combinations such as Cu(OAc)./CuCl
and Cu(OAc)./CuBr also yielded the desired product, but in lower yields. Experiments in the
absence of an oxygen sparge results in lower yield (entry 24, Table 2-4). Adding one equivalent

of p-benzoquinone as an external oxidant gives 143 in 71% yield (entry 28, Table 2-4).

Table 2-4 Optimization study: screening of additives

H
N\/\[(Ov Conditions®
> N
Cl Cl

142 143
Entry Additive (mol %)? Yield® (%)
17 Cu(OAc); (10) + Cul (10) 21
18 Cu(OAc): (20) + Cul (20) 40
19 Cu(OAc): (40) + Cul (40) 48
20 Cu(OAc): (50) + Cul (50) 85(76)°
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219 Cu(OAc), (50) + Cul (50) 8

)
22 Cu(OAc)2 (100) + Cul (100) 69
23 Cu(OACc)2 (20) + Cul (80) 49
24¢ Cu(OAc)2 (20) + Cul (80) 28
25 Cu(OAc)2 (50) + CuCl (50) 43
26 Cu(OAc) (50) + CuBr (50) 54
27 Cu(OAc)2 (50) + Cul (50) + n-BuNI (50) 30
28 Cu(OAc)2 (50) + Cul (50) + p-benziquinone (100) 71

aall the reactions carried out under oxygen for overnight unless otherwise
mentioned. ’determined by 'H NMR spectroscopy. isolated yield. 9reaction time
4h. ewithout oxygen.

2.3 Mechanistic hypothesis

Cu(OAc),, Cul OEt
N
N
OEt %_“ ﬁéun 0, ACOH
EgNH cu N
u Ar
NH ’ H,0
142 Ar Cul 144
H,0
O,
OEt
| \N OEt
N SN
143 AT oFt Sy
N
H,O \N Ar
N 145
Ar
AcOH, O
’ 146 Cu™! o
OEt OEt Ar =
H,O
EgNH ﬁo &
NH NH
Ar Ar
142 147

Figure 2-7 Mechanistic hypothesis
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A plausible mechanism for the Cu'/Cu" mediated N-N bond formation protocol is proposed
in Figure 2-7. We speculate that Cu(OAc). coordinates with 3-(4-chloro-anilino)-propionimidic acid
ethyl ester 136 to form the intermediate 138. Whereas Cul can either directly coordinate with 136
or Cul first oxidize to Cul2 and then coordinate with 136. Reductive elimination leads to N-N bond
formation to afford 140, which oxidizes to the desired product 137. However, more controlled
experiments and some analytical experiments such as cyclic voltammetry and EPR can be done
to understand the mechanism. Rather than pursue further optimization, a more promising

alternative was investigated.

2.4 Conclusion

In summary, a new and efficient method to prepare substituted pyrazoles regioselectively
was developed. Two side reactions are the major limitations of this method. The hydrolysis side
reaction was controlled by using anhydrous DMSO; the ethanol elimination side reaction was
controlled by limiting the reaction temperature to 60 °C. At temperatures higher than 60 °C, 3-(4-
chlorophenylamino)propanenitrile is formed in a more significant percentage, and at lower
temperature the yields of pyrazole were low. Using oxygen as an oxidant is essential for this
reaction. Yields decreased significantly in the absence of oxygen. Although the reaction
conditions are mild, and the starting materials are inexpensive, using one equivalent of copper

reagents limits the industrial applicability. A more promising strategy was thus pursued.
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Chapter 3: Electro-chemical Reduction of N-Nitroso and
Subsequent Ring-closure to Make Hydrazine and
Heterocycles Regioselectively

3.1 Introduction

3.1.1 Towards sustainable organic synthesis
In the past century, molecular synthesis has made enormous progress in the chemistry
world. However, even with new methodologies producing complex molecules, and sometimes

seemingly simple ones, in a selective and sustainable manner remains challenging.

Most traditional methods do not address the principal criteria of green or sustainable
synthesis (Figure 3-1).194110 |deally, an environmental friendly synthesis avoids harsh reaction
conditions, undesired waste generation, pre-functionalization of synthetic precursors, toxic

solvents and reagents, and precious heavy metals.'%""5

prevent atom
waste economy
pollution
prevention X / less hazardous
chemical synthesis

minimize .
potential for safer chemicals

accidents V\ — and product

use Chem Ee === safer solvents

catalysis / \ and auxiliaries

increase energy
efficiency
reduce design for
derivatives degradation

use renewable
feedstocks

Figure 3-1 Principles of green chemistry
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Recently, photoredox catalysis and organic electrochemistry have emerged as more
sustainable and atom-economic alternatives to traditional organic synthesis.!'>'?” However,
photocatalysis typically uses iridium and ruthenium complexes, or organic dyes in the reoxidation
step (Figure 3-2).116128-129 Complex multi-step transformations often are required to prepare the
photoredox catalysts needed for the oxidation/reduction potential. Further, photoredox catalysts
only absorb a small portion of visible light to convert the photons into chemical energy (Figure 3-
3). Consequently, the quantum yield of the overall reaction is usually low."%'3" Generally, in a
photochemical reaction a monochromatic light source is required. However, most light sources
used are polychromatic. Aimost all of those light sources generate heat during the radiation; an

external cooler (a source of wasted energy) is required.

151
Figure 3-2 Common photocatalysts (PC)
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Figure 3-3 Photocatalytic cycle

A redox reaction involves adding or removing electrons to/from a substrate. Depending on
the reaction, a stoichiometric amount of reductant or oxidant is required. Excess toxic and
hazardous oxidants and reductants are a major source of chemical waste in these processes.
Alternatively, electricity can be used for the electron transfer, greatly reducing the amount of
chemical reagents needed for a reaction.'®? Electrochemistry is globally accepted as a green and
environmental friendly process.'®3'3% Further, electrochemistry is experiencing a renaissance in
synthetic organic chemistry. In the last two decades there has been an exponential growth in the

number of “organic electrochemistry” publications (Figure 3-4).%4
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Figure 3-4 Organic electrochemistry documents published per year

Electrochemistry has many other advantages over traditional synthetic organic chemistry.
Most electrochemical reactions are run at room temperature, a large energy savings. The
reactivity of a reaction can be “tuned” by changing the potential, or by altering the electrode
material. Turning off the electricity source stops the electrochemical reaction, whereas quenching
is needed to stop a classical synthetic reaction. Electrochemical reactions also typically use mild
reaction conditions and have high solvent and functional group tolerance. Despite having several
advantages over traditional organic synthesis, organic electrochemistry has not grabbed the

attention of the majority of organic chemists until recently.

3.1.2 Basics of electrochemical reactions

An electrochemical cell has an external power source connected to anode, cathode and
reference electrode. Cathodes are electron rich and anodes are electron poor since the power
source pushes electrons into the cathode from the anode. The electron flow ensures a reductive

environment at the cathode and an oxidative environment at the anode. The reactants in solution

36



donate electrons into the anode and accept electrons from cathode by a heterogeneous
interaction. In an electrochemical cell reaction, both oxidative and reductive processes occur

simultaneously.

The reaction of interest takes place at one of the electrodes, known as the “working
electrode”; the other electrode is called the “counter electrode”. It is important to note that the
“working electrode” can be either the cathode or the anode, depending on the reaction of interest.
Working electrode potential is measured by reference electrode, and in absence of reference
electrode, the external power source controlled the voltage difference between cathode and

anode. 36

power source

1
!
™
X Y
+e —e
— +eo
X Y
cathode anode

Figure 3-5 Electrochemical cell

Electrolyte additives are often used in an electrochemical reaction to improve conductivity
and reduce resistance. The cations and anions of the electrolyte carry charge thorough the circuit.
Electrolytes form an electrical double layer near the electrodes, and neutralize the charge
imbalance after electrolysis (Figure 3-6a). Tetraalkyl ammonium and lithium cations are common
electrolyte cations, whereas halides, borates and phosphates are common electrolyte anions

used in organic electrochemistry reactions (Figure 3-6b). Ideally, an electrolyte should be inert
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under electrochemical conditions, and soluble in most organic solvents. Similarly, the choice of
solvent must dissolve the electrolyte and reagents as well as be indefinitely stable under the

reaction condition (Figure 3-6c¢).
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Figure 3-6 (a) Electrical double layer (b) Common electrolytes (c) Common solvents

Electron transfer from electrode to reactant (cathodic reduction) or reactant to electrode
(anodic oxidation) depends on the applied potential. Electrode atoms are closely packed and
overlap one another. Irrespective of the single atom value, electrodes do not possess well-defined
energy levels; instead, a continuum of energy levels is formed. This hypothetical energy level is
known as the Fermi level. The Fermi level of electrodes is not fixed and can be moved by varying
the applied electrode potential as shown in Figure 3-7."3" The HOMO energy level of reactant (i.e.
reductant) is lower than the Fermi level of electrode, so electron transfer from HOMO of the
molecule to the electrode is thermodynamically unfavorable. In contrast, electron transfer from

the reactant's HOMO to the electrode is thermodynamically favorable (Figure 3-7a). In an
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electrochemical reaction, the reacting species must overcome this activation barrier. In Figure 3-
7b, the electron transfer is in equilibrium, so higher potential than optimal is required for a
successful experiment. This excess potential above the standard potential is called the

overpotential (Figure 3-7c¢).

positive potentials

,—» unfilled electron states

— LUMO — —
-+ HOMO —— e
o B e
o o -
o e e

Fermi-level

L» filled electron states
(a) (b) (c)

Figure 3-7 Fermi-level in electrode and orbital energies of molecules

Replacing stoichiometric oxidants and reductants in synthesis is very attractive, both
economically and environmentally. There are three possible situations for the electron transfer in
an electroorganic reaction (Figure 3-8)."*® Using an inert electrode is the most common scenario.
In the first case, the oxidation or reduction occurs at the anode or cathode surface, respectively,
and selectivity is achieved only by adjusting the electrode potential (Figure 3-8a). In an active
electrode system, an electrocatalytically active species on the electrode surface act as restrained
redox-active reagents (Figure 3-8b). In redox-mediated electrolysis, a soluble, redox-active
additive is added, which is regenerated electrochemically, as shown in Figure 3-8c. Avoiding a
large over-potential and reaching optimal reactivity and selectivity are two main advantages of

mediated electrolysis.
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Figure 3-8 Different operation modes of electrodes in an electrochemical reaction

3.1.3 Brief history of organic electrosynthesis

The basis of modern organic electrosynthesis was built in the early 19" century. In 1800,
Alessandro Volta invented the “volta pile”, the first model of an electric battery.'%'40 Michael
Faraday carried out the first organic electrosynthesis reaction in the1830s, generating gaseous

ethane by electrolyzing an acetate solution.'!

In 1834, Faraday published “Faraday’s laws of electrolysis”.'*? The first law states that the
mass (m) of chemical deposition at an electrode due to the flow of electricity is directly proportional
to the quantity of charge (Q) in Coulombs passed through the electrolyte. The second law states

that the mass (m) of the substances deposited on electrodes is directly proportional to the
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respective number of equivalents or the equivalent weight when same amount of electricity

passes through different electrolytes. 42143

Mathematically, the mass (m) of chemical deposition is straightforward:

mx Q
orrm=2ZxQ
In this equation, Q is in Coulombs, which is Amperes x time (in seconds), and Z is a proportionality
constant, called the electrochemical equivalent. The proportionality constant = m when Q = 1,

thus an electrochemical equivalent is defined as the mass of the substance deposited per unit

charge.
According to 2" law:

mx E
or,mi:mz:mz:..=Eq1:Ex:E3:...
or,Z1Q: Z:Q: Z3Q: ...=E1:Ex: Es: ...

or,Z1:Z2 23 ...=E1:E2:E3: ...

where the chemical equivalent or equivalent weight E = atomic weight or valency.

Hermann Kolbe reported the first useful organic electrosynthesis. He demonstrated that
carboxylate salts 153 lose carbon dioxide via anodic oxidation to give carbon-based radicals,

which couple to form hydrocarbons 156 (Scheme 3-1).144145

O . O
—-2e —2002 R
2 e L, —————>» 2 R —_— ~
R 0 Pt anode RJJ\O h R

153 154 155 156

Scheme 3-1 Kolbe Electrolysis
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In the late 19" century, several groups (e.g., Haber, Gattermann, Tafel, and Elbs) made
progress in organoelectrolysis. Still, only a few organic electrosynthetic processes were used on
an industrial scale by the early 20" century.’® Czech chemist Jaroslav Heyrovsky invented
polarography, a predecessor to linear sweep voltammetry, in 1922 using a dropping mercury
electrode (DME). Early polarography studies were generally used to examine inorganic
compounds and simple organic compounds such as nitrobenzene, fructose, cystine, and
acetylacetone compounds.'#146.150 |n 1959 Jaroslav Heyrovsky won the Nobel Prize for his

discovery.

Over the last century, organic electrochemistry applications increased both in the
laboratory and in industry. Electrochemical fluorination is an important process to install fluoride
into hydrocarbons, organofluorine compounds 158 can be prepared by electrolysis of an organic

compound in an anhydrous hydrogen fluoride solution (Equation 3-1)."%

I

56V R-F
157 Nickel anode 158
anhydrous HF

R-H

Equation 3-1 Simons process
In 1963, Manual Monsanto Baizer reported that Nylon 66 monomer adiponitrile 160 can
be prepared through cathodic hydrocoupling of acrylonitrile 159 (Equation 3-2). The main
advantage of this method was the use of water as hydrogen source, with oxygen evolved as the
side product. However, use requirement for a cadmium cathode created substantial
environmental issues. This process was commercialized in 1965 at a scale of nearly 100000 tons

per year during the 1970s."%2
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[

Cd(+)/(-)steel
159 383V 160

2.0 KA-m2

)

Equation 3-2 Baizer process

In 1984, Tatsuya Shono reported that electroorganic anodic oxidation of unfunctionalized
amides 161 generates an N-acyliminium intermediate 162. N-acyliminium ions are important
intermediates in carbon—carbon bond forming reactions, the result of which can be trapped by an
alcohol solvent or (in the absence of alcohol solvents) by nucleophiles at low temperature

(Equation 3-3).1%3

Ao smie | I

@) 2.0 F/mol R

500 mA
161 162 163

R

Equation 3-3 Shono oxidation

3.1.4 Reductive electrochemical reaction is less explored

Only a handful of cathodic reduction reactions are known (Figure 3-10, Equations 3-5 and
3-6). The vast majority of electrochemical transformations are oxidative. The difference is
primarily because reductive electrochemical reactions most often require divided cells and a
mercury pool cathode. These conditions limit the applicability of reductive electrochemical

reactions at both laboratory and industrial scale.
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Figure 3-9 Undivided and divided electrochemical cell
The first electrochemical reduction reaction reported in 1845. The authors showed that
reductive dehalogenation of trichloromethanesulfonic acid occurs at a zinc electrode to give

methanesulfonic acid (Equation 3-4).124140

O, ﬂ O,
570 570
164 165

Equation 3-4 First electrochemical reduction

In 1946, Birch reported first electrochemical birch reduction. In this reaction meta-tolyl
methyl ether was reduced at copper cathode in liquid ammonia solution at —40 °C."** Recently,
groups have investigated cathodic reduction reactions such as deoxygenation of esters, amides,
sulfoxides, and phosphine oxides that use a simple electrochemical setup and mild reaction

conditions (Figure 3-10)."55-1%8
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Figure 3-10 Recent development of electrochemical reduction reactions

Reduction of N-nitroso compounds is an alternative way to make substituted hydrazines. These

processes often uses a metal powder in an acidic medium.

3.1.5 Traditional ways to reduce N-nitro compounds

In 1875, Fischer reported the first N-nitroso reduction to a substituted hydrazine using the

combination of zinc in acetic acid (Equation 3-4)."%° This methodology is still used extensively for

these types of reactions.'®%6 Lithium aluminium hydride (LiAlH4), sodium dithionite (Na>S204),

titanium trichloride (TiClsz), sodium amalgam, and titanium tetrachloride/magnesium (TiCls/Mg) are

other reductant used to reduce N-nitroso compounds.’®”-'82 Some of these reactions require

strong acid, elevated temperatures, and/or longer reaction times. In addition, they require inert

atmosphere. Scaling to an industrial process is challenging, especially due to the use of excess

hazardous reducing agents.
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‘[\Ij Zn dust/AcOH NH,
- |
N. N
H3;C™ "CHj H3;C™ "CHj
173 174

Equation 3-4 Fischer's first N-nitroso reduction

3.1.6 History of electrochemical reduction of N-nitro compounds

In 1898, Haber established a stepwise electrochemical reduction of nitrobenzene to aniline
(Scheme 3-2)."?* Since this seminal discovery, electrochemical reduction of nitro compounds has
been well-studied, whereas selective electrochemical reduction of nitroso compounds is much

less common.

ON© ﬂ N(OH), e Hn-OH NH,
+2e +2H - H,0 +2e +2H +2e +2H
- - -H,0
175 176 177 178 179

Scheme 3-2 Haber's stepwise reduction of nitrobenzene

Among the few reports on electrochemical reduction of N-nitroso compounds to
hydrazines, Backer reported the first electrolytic reduction of N-nitrosoamine to hydrazine in 1913,
but he did not study the reaction in detail.®® In 1932, Cook and France described the electrolytic
reduction of N-nitrosoisoindoline 180 to N-amidoisoindoline 181 in sulfuric acid using cadmium

and lead cathodes at 44 °C (Equation 3-5).'84

o 1 CI
N-N N-NH,
+4I-<I? +4g>

44 °C
180 181
72-92%

Equation 3-5 Cook's electroreduction of N-nitrosoamines
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Soon after, in 1936, Wells et al. reported a detailed study on the electrochemical reduction
of N-nitrosomethylaniline 182 (Equation 3-6). For this reaction, cadmium (Cd) electrodes were

used in 1.0 N hydrochloric acid solution at room temperature.'8?

o (] oy
N. O . N.
N o o = NH,
+4H, +4e

1 N HCI, rt

182 183
85%

Equation 3-6 Wells's electroreduction of N-nitrosomethylaniline
In 1970, Dorn et al. reported the electrochemical reduction of N-nitroso-1-methylamino-1-
deoxysugar alcohols to hydrazine derivatives in the presence of hydrochloric acid.' Immediately
after, lversen has reported a similar method of electrolytic reduction of N-nitrosamines in 1: 1 4
N hydrochloric acid and ethanol (Equation 3-7)."® Using this method, twenty symmetric,
unsymmetric, and cyclic N-nitroso compounds were reduced to their corresponding hydrazines in
good vyield. However, this method requires a mercury cathode and divided cell in hydrochloric

acid, which limits the applicability.

- ﬂ 2T
'

’ ] !
\/N~N’/O mercury cahode “/N\NHZ
-0.9 V vs. Ag/AgCl
184 1:14NHCI: EtOH 185
0-82%

Equation 3-7 lversen's electroreduction of N-nitrosomethylaniline

3.2 Objectives of the project

An alternative, much simpler, and highly efficient method for the reduction of N-

nitrosamine compounds is important to both academic and industrial research. We believed that

47



electrochemical reduction would produce intermediate hydrazines, which would undergo in situ

intramolecular ring closure, giving the desired substituted pyrazoles (Scheme 3-3).

HO o Q Q Q
M M M
N\)/E H"H'%i Heg)ﬁ eOJj eo)ﬁ
N N 2N

_N

—1 —1 —1 o fN — HN

Cl Cl Cl Cl Cl
53 52 186 187 188

Scheme 3-3 Reaction hypothesis
Our initial thought was to make methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate 187
and reduce it to hydrazine 186 chemically or electrochemically. Subsequent cyclization gives 1-
(4-chlorophenyl)pyrazolidin-3-one 52, and oxidation of 1-(4-chlorophenyl)pyrazolidin-3-one 52
would provide our desire compound 1-(4-chlorophenyl)-1H-pyrazol-3-ol 53 (Scheme 3-3). The
primary goal of this project was to reduce a broad range of N-nitroso compounds

electrochemically in a selective way.

3.3: Result and discussion

3.3.1 Inspiration for starting point

Recently the Baran group reported a modified electrochemical Birch reduction (Figure 3-
11)."%” Remarkably, the experimental set-up is simple by design; no special electrodes or
electrochemical cells are required. They worked with an undivided cell, at room temperature,
using lithium bromide as the electrolyte, magnesium as the sacrificial electrode (to prevent
reoxidation of the substrate), and stainless steel (SS) as the working electrode (Figure 3-11).%%"
In this reaction, 10 equivalents of tris(pyrrolidino)phosphoramide (TPPA) was used to protect the

cathode surface from passivation by lithium oxide. Although simple alcohols could be used as the
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proton source, 1,3-dimethylurea (DMU) resulted in improved selectivity. We believed that similar
conditions would result in the electrochemical reduction of many previously unexplored substrate
classes. Specifically, we envisioned that N-nitroso compounds would reduce and undergo

cyclization under the reduction conditions to afford pyrazalones directly (Scheme 3-3).

Al(+)/Zn(-), LiBr

| \_R TPPA, DMU - [ g
_ THF, 10 mA '
39-89%
189 190

Figure 3-11 Baran's electrochemical Birch reduction

3.3.2 Preparation of N-nitrosoamines

N-nitroso amines can be prepared easily from the corresponding aniline derivatives in high
yields. We first prepared ester and ketone 193 via a catalytic Michael addition of the aniline to the
acrylate. We found that the ester and ketone analogues required different conditions for the
Michael addition reaction (Figure 3-12). Both ester and ketone substrates were prepared without
solvent. However, the ester analogues required catalytic lithium tetrafluoroborate at 75 °C,
whereas the ketones were prepared without a catalyst at room temperature simply by stirring

methyl vinyl ketone with the appropriate amine.

10% LiBF4, neat, 75 °C )
R R4 = alkoxy
Y+ R-NH, HN/\)J\R1
O or é
neat, rt
191 192 R4 = alkyl 193

Figure 3-12 General procedure for N-nitrosoamines preparation
Although the N-nitroso compounds can be prepared via this traditional method (sodium
nitrite in aqueous HCI), we found that commercially available tert-butyl nitrite in acetonitrile at

room temperature affords the desired compounds in similar yields under more controlled reaction
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conditions. Nitrosylation of the Michael addition product affords the desired N-nitrosoamines

(Figures 3-13 and 3-14).

o) o)
i) HCI, CH3CN/H,0, 0 °C
R3ﬁo’R1 i) NaNO,, rt Rs o
Rz” "NH or R, N’N\\o
R tert-BUONO, ACN, rt R
194 195

O O

. oM v Ao
SHE >
ol

t

Cl
196, 93% 197, 87% 187, 90% 198, 82%
0 o) 0 0
/N\ - ~ - ~ - ~
0* N/\)J\O'Bu oN N/\)J\OMe oN N/\)J\OMe oN N/\)J\OMe
Cl Br F CF5
199 85% 200, 70% 201, 65% 202, 93%

0
O”N\N/\)J\OMe O”N\N/\)J\OMe O”N\N/\)J\OMe O”N\N/\)J\OMe

CH3 CH,CHj OCH,
203, 80% 204, 80% 205, 84% 206, 65%

Figure 3-13 Preparation of ester analogues N-nitrosoamines
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o)
i) HCI, CH3CN/H,0, 0 °C R
Rjﬁ%q i) NaNO,, rt 3 R,
or Ny

Ry NH R N ~0
R tert-BuONO, ACN, rt R
207 208

209, 70% 210, 55% 211, 84% 212, 60%

0
O”N‘N/\)J\CH O”N\N/\)J\CHQ, O’/N\N/\)J\CH O”N\N/\)J\CH

213, 55% 214, 94% 215, 88% 216, 91%

0 0
O”N\N/\)J\CH O”N‘N/\)J\CH;; O”N\N/\)J\CH3 O”N\N/\)J\CH

CHs CH,CHs OCH, COOH
217, 93% 218, 95% 219, 92% 220, 85%

0

i C
O”N\N/\)J\CHg, O/’N\N/\)J\© 0
| >N O/’N\N
i O

221, 95% 222, 99% 223, 99%

Figure 3-14 Preparation of ketone analogues N-nitrosamines
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Further, we found that the nitrosylation was general for a broad range of substrates;

common carbonyl functionalities and aromatic substitution (221, 222, and 223) are well-tolerated.

Nitrosoamines 198 and 199 were prepared to investigate the effect of the ester leaving
group. 1-Phenyl-3-(phenylamino)propan-1-one 225 was prepared from aniline and 3-chloro-1-
phenylpropan-1-one 224 (Equation 3-8). Compound 225 reacts with tert-butyl nitrite in acetonitrile

to give N-(3-oxo-3-phenylpropyl)-N-phenylnitrous amide 222 quantitatively.

NH, Q
o . @ NEts, THF, reflux, 3n HNVJ\@

224 49 225, 65%

222, 99%

Equation 3-8 Preparation of 222

To verify that substitution along the chain was also tolerated, N-(3-oxo-1,3-

diphenylpropyl)-N-phenylnitrous amide 223 was prepared by a Mannich reaction followed by

nitrosylation (Equation 3-9).
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NH» CHO © O 0
+ © + PPhs, neat, it~ HN O

49 226 227

228, 70%

223, 99%

Equation 3-9 Preparation of 223

3.3.3 Electrochemical reductive cyclization — Optimization

Our initial investigation focused on methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate
187 as a model compound for electrochemical reduction of N-nitroso compounds. We adopted
Baran’s electrochemical Birch conditions as a reasonable starting point. Baran et al. found that
unless a sacrificial anode (Al, Mg, or Zn) is used, the re-oxidation of the Birch products to reform
the starting material was competitive with the forward reaction. Surprisingly, some sacrificial
electrodes works better than others, although the reasons are not very clear. We tested different
sacrificial electrodes as the counter electrode; stainless steel (SS, inexpensive and chemically
inert) as the working electrode in an undivided cell (Table 3-1). Both aluminum (Al) and
magnesium (Mg) anodes yielded no productive reaction. Using SS as both the cathode and anode
also did not afford product. Only the product of N-N bond was isolated as a side product.
However, when Zn was used as the anode and stainless steel as the cathode ~50% of the desired
product 52 was obtained under otherwise identical reaction conditions. Shaohui Yu in the Stryker

group has tested different additional variations of electrodes, including Zn(+)/(-)Ni, Zn(+)/(-)Cu,
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C(H)(-)C, Zn(+)/(-)Ti, Zn(+)/(-)Co, Zn(+)/(-)Al, Zn(+)/(-)Pt, and Co(+)/(-)SS with limited
success. Zinc and stainless steel were thus selected as the anode and cathode, respectively, for

further optimization studies.

Table 3-1 Screening of electrode

0]
(0]
OMe 4—(
No i i .NH
N N\O electrode, LiBr (7 equiv), 10mA N
rt, 6 h
Cl Cl
187 52
Entry> Cathode Anode Solvent Yield® %
1 SS Mg THF/MeOH (4 : 1) 0
2 SS Al THF/MeOH (4 : 1) 0
3 Ss Ss THF/MeOH (4 : 1) 0
4 Zn Ss THF/MeOH (4 : 1) 0
5 SS Zn THF/MeOH (4 : 1) 50

aReaction conditions: methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate
187 (0.2 mmol), LiBr (1.4 mmol), solvent THF/MeOH (4 : 1) (5 mL) were
added to a 5 mL IKA flask with constant current 10 mA for 6 h at room
temperature. byield was calculated by '"H-NMR spectroscopy.

We found the added base improved the yield of the intramolecular ring-closing step (186
to 52, Scheme 3-3), presumably to buffer the solution. The addition of two equivalents of pyridine
increases the yield to 43% from 15% under constant current (5 mA, entry 2, Table 3-2). The yield
further increases when higher current (10 mA) was applied. These semi-optimized conditions

were used to test solvent effects on product formation.
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Solvent plays a crucial role in electrochemical reactions. An ideal solvent is inert over the
reaction potential range and dissolves both organic compounds and electrolytes. Solvents with
higher resistance decrease the overvoltage of the cathode. This is important since the reducing
power of a cathode toward an organic substrate is lower with a decrease in overvoltage. Thus an
increase in yield was observed in the presence of an increasing the amount of methanol. The
yield was highest when methanol alone was used as the solvent (Table 3-2, entry 6). Other protic
solvent systems such as EtOH and MeOH/H>O (9 : 1) do not improve the yield. A more polar

solvent, acetonitrile, also failed, presumably because no proton source was present.

Table 3-2 Screening of solvent

@)

0
OMe / <
N, Zn(+)/SS(-), LiBr (7 equiv) N NH

N~ ~O >
pyridine (2 equiv), solvent, rt, 6 h

Cl Cl
187 52
Entry?  Current Solvent Base Yield® %
(mA)
1 5 THF/MeOH (4 : 1) none 15
2 5 THF/MeOH (4 : 1) pyridine 43
3 10 THF/MeOH (4 : 1) pyridine 55
4 10 THF/MeOH (1: 1) pyridine 67
5 10 THF/MeOH (1 : 4) pyridine 75
6 10 MeOH pyridine 79
7 10 MeOH/H2O (9: 1) pyridine 47
8 10 EtOH pyridine 44
9 10 ACN pyridine 3 (71)°
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aReaction conditions: methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate 187
(0.2 mmol), LiBr (1.4 mmol), solvent (5 mL), pyridine (0.4 mmol) were added to a
5 mL IKA flask with constant current 10 mA for 6 h at room temperature. Pyield
was calculated by "H-NMR spectroscopy. ¢Starting material remains.

Other bases such as 2,4,6-trimethylpyridine, trimethylamine, and 2,5-dibromopyridine
were tested to evaluate the effect of base strength on reaction yield. While triethylamine affords
reasonable yield, pyridine affords the best result. The yield decreases, however, in the presence

of excess pyridine (Table 3-3, entry 4).

Table 3-3 Screening of base

0]

0
OMe 4—/(
Neg _Zn(+)/SS(-), LiBr (7 equiv), 10mA _ ~ .NH

N™ ~O
base (2 equiv), MeOH, rt, 6 h

Cl Cl

187 52
Entry? Base Yield® %

1 2,5 dibromopyridine 23

2 2,4,6 trimethylpyridine 60

3 triethylamine 76

4°¢ pyridine 71

5 pyridine 79
aReaction conditions: methyl 3-((4-

chlorophenyl)(nitroso)amino)propanoate 187 (0.2 mmol), LiBr
(1.4 mmol), base (0.4 mmol), MeOH (5 mL) were added to a 5
mL IKA flask with constant current 10 mA for 6 h at room
temperature. byield was calculated by 'H-NMR spectroscopy.
5.0 equiv of pyridine was added.

Electrolytes occasionally play a non-innocent role in electrochemical reactions. While the
exact role, beyond serving to increase the dielectric of the solvent, is not known, we found that
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electrolytes such as lithium chloride, lithium acetate, lithium iodide, and zinc bromide gave a
reasonable yield, albeit lower than LiBr. Lithium bromide gave the best results (Table 3-4, entry
3). Reducing the amount of lithium bromide to one equivalent reduces the yield to 61%, while only
a slightly lower yield (71%) was obtained using 14 equivs of lithium bromide. Other electrolytes,
including BusNCI, BusNBr, BusNPFg, LiBF4, and KBr were evaluated by Dr. Yu, but using these
electrolytes does not improve the yield. The reaction conditions from entry 3, Table 3-4 were

selected as “optimal.”

Table 3-4 Screening of electrolyte

0]
OMe 4—/(
Ny Zn(+)/SS(-), electrolyte, 10mA N’NH

pyridine (2 equiv), MeOH, rt, 6 h

Cl Cl
187 52
Entry? Electrolyte Yield® %
1¢ LiBr (1.0 equiv) 61
2d LiBr (14.0 equiv) 71
3 LiBr (7.0 equiv) 79
4 LiCl (7.0 equiv) 32
5 Lil (7.0 equiv) 17
6 LiOAc (7.0 equiv) 72
7 ZnBr; (7.0 equiv) 62
aReaction conditions: methyl 3-((4-

chlorophenyl)(nitroso)amino)propanoate 187 (0.2
mmol), electrolyte (1.4 mmol), pyridine (0.4 mmol),
MeOH (5 mL) were added to a 5 mL IKA flask with
constant current 10 mA for 6 h at room temperature.
byield was calculated by "H-NMR spectroscopy.
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The absence of stirring also led to a slight decrease in yield. This result suggests that low
rates of ion transportation and diffusion of sacrificial anodic ions adversely affect product
formation (Table 3-5, entry 1). No product was observed in the absence of applied current (Table
3-5, entry 2). The result of control experiments show that this reaction is insensitive to ambient

light (Table 3-5, entry 3).

Table 3-5 Control experiments

0]

0]
OMe 4—(
/N\\O Zn(+)/SS(-), LiBr (7 equiv), 10mA N/NH

N
pyridine (2 equiv), MeOH, rt, 6 h

Cl Cl
187 52
Entry? Changes from above condition Yield® %
1 No stirring 74
2 No current n.d.
3 No light 78

aReaction conditions: methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate
187 (0.2 mmol), electrolyte (1.4 mmol), pyridine (0.4 mmol), MeOH (5 mL)
were added to a 5 mL IKA flask with constant current 10 mA for 6 h at room
temperature. Pyield was calculated by 'H-NMR spectroscopy. n. d. = not
detected.

3.3.4 Application to various substrates

Under "optimal" conditions, we examined the scope of the reduction using a listed range
of N-nitrosoamines. We first examined ester analogues (Figure 3-15), observing substituent
electronic effects for both electron-donating and electron-withdrawing groups and giving the

corresponding pyrazolidinone products in good to excellent yields. Substituents with electronic
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withdrawing groups at the para-position suffer from N-N bond cleavage. Lower N-N bond
cleavage is observed for para-electron donating groups; the intermediate pyrazolidinones
aromatize easily under these reaction conditions. Notably, ortho-substituted propanoate 196
affords the desired product 217 under optimized conditions. This method is compatible with alkyl
nitrasoamine 206, which gives an excellent yield at 1-benzyl-pyrazolidin-3-one 243. The ethyl
ester 198 also gives 1-(4-chlorophenyl)pyrazolidin-3-one 52, but at slightly lower yield than the
methyl ester. Surprisingly, the yield of 52 was low for tert-butyl ester 199, which has a better

leaving group; only the hydrazine was recovered.

A broad range of carbonyl-substituted N-nitroso compounds with varying electronic
properties were next evaluated. Standard reaction conditions proved compatible not only with
esters but also with most other carbonyl substituents (Figure 3-16). Ketones give 3,4-
dihydropyrazoles (246-264) in good to excellent yield. Similar to esters electron-withdrawing
substituents lead to increased N-N bond cleavage is a problem. These reduction conditions are
also compatible with heteroarene substituents (e.g., 262). Importantly, N-(3-oxo-3-phenylpropyl)-
N-phenylnitrous amide 223 also gives excellent yield of the bioactive 1,3-diphenyl-4,5-dihydro-

1H-pyrazole 263.
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O 0 OH

R R
R3j\)J\O/R1 Zn(+)/SS(-), LiBr (7 equiv), 10 mA ~ 3II<NH 3J|\/\<N
N,N\ Pyridine (2 equiv), MeOH, rt, 6 h N and/or N

R2 \O R \ R \
i) > R > R
195 229 230
0 OH 0 0 0
W ” N e
N N N N N
Cl Br
231, 29% 232, 65% 233, 75% 52, 76% 234, 37%
0 OH 0 0 OH
SR ~ e O
N N N N N
F F CFs CH, CHy
235, 61% 236, 31% 237, 30% 238, 25% 239, 66%
OH 0 OH 0

B ay \ ay
N N N N

CH,CHs OCHs OCHs
240, 77% 241, 35% 242, 65% 243, 95%

Figure 3-15 Reaction scope
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Zn(+)/SS(-), LiBr (7 equiv), 10 mA ~

R;” "N" S0 Pyridine (2 equiv), MeOH, rt, 6 h R
| \ \
R > R > R
208 244 245
CHj CH3 CHj CHj CHj
\,N \,N \,N | \,N \,N
N N cl N N N
Cl Cl Br
246, 73% 247, 52% 248, 35% 249, 28% 250, 63%
CHjy CH3 CHj CHj CH;
D\
\ \ \,N \,N N
N? CH, N N CcH,
CHs CHj
251, 70% 252, 43% 253, 83% 254, 90% 256, 95%
(255, 10%)?
CHs CHs CHs CHs
\ \ \ \,N
N \,N
N N
= )
CH,CH3 COOH
257, 83% 259, 44% 261, 83% 262, 69% 263, 61%

(258, 16%)2 (260, 56%)*

daromatized product and yield in parentheses

Figure 3-16 Reaction scope
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Secondary N-nitrosoarylamines 182 and 265-268 were prepared nearly quantitatively

using the standard method to convert them into unsymmetrically-substituted hydrazines (Figure

3-17).
0.0
>f N Ry -Ry
R']\N/Rz - ’\Il
H ACN, rt oN
Hoto V() (.
0
SIS S S D
o O//N o O/,N
182, 99% 265, 98% 266,99% 267, 99% 268, 95%

Figure 3-17 Preparation of secondary N-nitrosoamines

Although 1-Methyl-1-phenylhydrazine 183 was obtained in excellent yield from N-
nitrosomethylaniline 182, the yields of hydrazines formed from 265-268 were very low, with N-N

bond cleavage dominating (Figure 3-18).

R1\N’R2 Zn(+)/SS(-), LiBr (7 equiv), 10 mA R1\N’R2
N\\O Pyridine (2 equiv), MeOH, rt, 3 h NH,

CHj

oyt

183, 93%

Figure 3-18 Reaction scope
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3.3.5 Mechanistic studies

The mechanism of this reductive process remains unclear, but one plausible mechanistic

scenario is proposed based on the experiments and observations of the above-mentioned

reactions.

3.3.5.1 Plausible mechanism

s.-Zn%* N~ =0
Vo h
R A
+2e ~ —
OZnX, 0ZnX, 0ZnX,
R R
R1 —_— N D =N + ZnO
N. :N-N- +N”
N “oznx, RN 0ZnXy 4
R
- B - (o] D
+2e
Y
e h
| (\—OZan
Zno + T A T
R R —2e
2MeOH E Zn?
2MeO + H,
SS (-) Figure 3-19 Plausible mechanism Zn (+)
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One mechanism for the electrolytic reduction of N-nitroso compounds is proposed in
Figure 3-19. Zinc(Il) cations released from the anode coordinate to the weakly basic nitroso
oxygen and to the carbonyl oxygen (A), facilitating the two-electron reduction that occurs at the
cathode (B). Radical cyclization forms the five-membered ring (C) followed by release of zinc
oxide and formation of intermediate D. Another two-electron reduction of D leads to intermediate

E, which releases zinc oxide and gives the desired product.

3.3.5.2 Formation and effects of zinc oxide

The sacrificial zinc anode is critical to realize high yields. It is reasonable to assume that
Zn?* ions are intimately involved in the reaction mechanism. Zinc oxide is deposited as an off-
white solid; no precipitate is formed in the absence of substrate. The identity of the precipitate

was confirmed by powder X-ray (Figure 3-20).'’
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Figure 3-20 Powder X-ray diffraction pattern of the zinc oxide nanoparticles

formed during reaction. Inset is an X-ray graph of zinc oxide nanoparticles from
literature. '8’
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film on

3.3.5.3 Passivation of zinc on cathode; role of electrolyte and pyridine
Electrodeposition of alloy coatings decreases the electrode activity by forming a metallic

the cathode surface during reaction. The film reacts vigorously with dilute hydrochloric

acid solution, concomitant with gas evolution. Powder X-ray diffraction of the film confirmed the

formation of zinc metal (Figure 3-21).18

Inrensity (count)

1200

Zn nanoparticles
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Intensity (a.u.)
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0 10 20 30 40 50 60 70 80 90
two-theta (deg)

Figure 3-21 X-ray crystallography of the film formed on cathode surface. Inset is

X-ray graph of metallic zinc from literature.®®

During electrolyte optimization, more zinc is passivated on the cathode surface at lower

lithium bromide loading. At high loading, a double layer of Li* ions protects the cathode inhibiting

passivation by zinc (Figure 3-22). Pyridine may coordinate to the electrophilic lithium surface,

providing further protection from passivation.'® The coating of Li* also increases the overpotential

required for hydrogen evolution, the main energy drain on the process (Figure 3-22).
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I @ ~#— H*
@
QLo _

-2e
@@@4—#— Zn2* Zn?*
OO
SS (-) Zn (+)

Figure 3-22 Effect of double layer

Pyridine also coordinates to Zn?* in solution, inhibiting diffusion to the surface of electrode.
A 15-20 Hz downfield shift of the aromatic C—H signals of pyridine in MeOH-d4 in the presence
of lithium bromide. In the presence of zinc bromide, however, a 755-820 Hz downfield shift was
observed, indicating strong coordination of pyridine. XPS analysis confirms the presence of
bromide ions on cathode (Appendix A). These experimental results strongly suggest that the
soluble zinc complex, ([Zn(py)2](Br)2), is formed. Equilibrium formation of pyridinium ions provides

a more acidic medium promoting proton transfers (Figure 3-23).
AN
- 2 MeOH
N
XX
| + 2 MeO_ + H2
N
H

Figure 3-23 Formation of pyridinium ion

3.3.5.4 Role of the solvent
In addition to serving as a proton source, methanol is reduced at the cathode to methoxide

anion and a proton, which is reduced to hydrogen (Figure 3-24).
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l MeOH

N
MeO +H'
+

2H

(2e major drain
.\, H, of energy

SS (-)

Figure 3-24 Hydrogen evolution reaction

3.3.5.5 Side products formation

0 0 o)
fkm R, R
NTNo _te N NO| ——= " NH

A A A

Scheme 3-4 Major side reaction: N-N bond cleavage

One side product was isolated, the result of N-N bond cleavage (Scheme 3-4). Electron
donating groups (EDG) on the substituted nitrogen decrease the stability of the N-N bond cleaved
anionic intermediate, while electron withdrawing groups increase the stability. Hence, the forward
reaction is less favoured for electron withdrawing groups, whereas electron donating groups
inhibit the forward reaction. The effect increases with increasing electron-withdrawing character,

and the trend is general for both ester and ketone substrates (Figures 3-25 and 3-26).
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Figure 3-25 Substituent constant vs yield of side product for esters

% of yield
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Figure 3-26 Substituent constant vs yield of side product for ketones

3.3.6 Anodic oxidation of pyrazolidin-3-one to pyrazole

Under optimized conditions, stoichiometric chemical oxidants were added to the reaction
mixture, with the intention to promote pyrazole aromatization. The addition of cupric ion (1 equiv)

to the electroreduction medium produces the pyrazole in 30% yield, although the combined yield
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of cyclization product was 80% vyield (Table 3.6, entry 2). However, higher copper(II)
concentration and/or longer reaction times do not improve the conversion to pyrazole. Ferric ion
is more effective; yielding 43% of the pyrazole (Table 3-6, entry 5). Higher iron loading gave no
improvement (Table 3-6, entry 6). Direct oxidation of 1-phenylpyrazolidin-3-one itself was equally

poor (Equation 3-10).

Table 3-6 Effect of additives

o 0 OH
\
fko'v'e Z NH </ N
N’N\\O Zn(+)/SS(-), LiBr (7 equiv), 10mA N N
+
pyridine (2 equiv), MeOH
additive, rt, 6 h
¢ Cl Cl
187 52 53
Entry? Additive Yield® %
52 53
1 none 79 -
2 Cu(OAc)2*H0 50 30
3 Cu(OAC)2°H20 (2 equiv, 20h) 64
4 p-benzoquinone 64
5 FeCl3;*6H.0 45 43
6 FeCl3*6H20 (2 equiv) 49 7

aReaction conditions: methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate
187 (0.2 mmol), electrolyte (1.4 mmol), pyridine (0.4 mmol), MeOH (5 mL)
were added to a 5 mL IKA flask with constant current 10 mA for 6 h at room
temperature. byield was calculated by "H-NMR spectrosopy.
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O OH

/ ( [N
N H Zn(+)/SS(-), LiBr (7 equiv), 10mA N

N
i pyridine (2 equiv), MeOH, rt, 6 h i

231 232, 32%

Equation 3-10 Aromatization of 1-phenylpyrazolidin-3-one 231

In the presence of lithium bromide and ferric ion (1 equiv each) and at higher substrate
concentration (1mM), the use of stainless steel electrodes improves the aromatization process,

providing hydroxypyrazole 231 in 96% vyield.

Table 3-7 Optimization study aromatization of 231

<NfNH SS(+)/SS(-), LiBr (1 equiv), 10mA N

@ MeOH. rt. 5 h @
1 mM

231 232
Entry? Deviation from above condition Yield® %
1 none 56
2 1 eq. FeCl3*6H.0 96

aReaction conditions: 1-phenylpyrazolidin-3-one 231 (0.5 mmol),
electrolyte (0.5 mmol), MeOH (5 mL) were added to a 5 mL IKA flask with
constant current 10 mA for 5 h at room temperature. Pyield was calculated
by "H-NMR spectroscopy.
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3.4 Conclusion

We have developed a new electrochemical method for preparing substituted pyrazoles
and pyrazolines by the reduction of N-nitrosamines. A broad range of electron withdrawing and
electron donating groups are compatible with the electrochemical reaction. Unlike conventional
synthetic methods, no transition metal catalysts or air-sensitive reagents are required in the
electroreductive process. The reaction procedure is highly selective and leads to efficient
construction of many biologically active heterocycles. The most serious limitation, yet to be
addressed, is competitive N—N bond cleavage when strong electron-withdrawing groups are

present at nitrogen.

This electroreductive process can potentially replace the use of hydrazine and derivatives
from fine chemicals synthesis in both academic and industrial setting; continuous electrochemical
processes have already been commercialized; flow electrochemical cells are commercially
available and readily scaled,®®'®" avoiding toxic and/or explosive reagents and intermediates and

generating far less chemical wastes.

Although the N-nitrosamine starting materials are stable and air insensitive, some N-
nitrosamines are quite toxic. Although intermolecular N-N bond formation by anodic oxidation has
been described, coupling of an amine and primary amide remains unknown.'®>'% |f possible,
oxidative N—N bond formation between an aniline and primary amide (e.g., 101) is the ultimate
objective, avoiding both hydrazine and N-nitrosamine entirely (Scheme 3-5). Electrochemical
aromatization of pyrazolidinone to pyrazole requires further study. Detailed analytical
characterization of the redox cycle (CV, chronopotentiometry, faradic yield calculation and
spectroelectrochemisty is planned), along with a more extensive determination of substrate

scope.
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Experimental Part

General experimental

All manipulations of air sensitive compounds were performed under argon or nitrogen atmosphere
using standard Schlenk techniques or in a nitrogen-filled drybox. Dry solvents were used when
needed. Anhydrous copper acetate was purchased from Sigma-Aldrich. THF was distilled over
sodium/benzophenone under nitrogen. Anhydrous DMSO was purchased from Sigma-Aldrich.
Hexane and ethyl acetate were used straight from bottle without distillation for column
chromatography. '"HNMR and *C NMR spectra were recorded on Varian Unity-Inova 400 ('H,
400MHz; 3C, 100 MHz), Varian Mercury 400 ('H, 400MHz; '*C, 100 MHz), Varian Unity-Inova
500 ('H, 500MHz; 3C, 125 MHz) or a Varian Unity-Inova 600 ('H, 600 MHz). Abbreviations were
used to explain multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br =
broad. Coupling constants values are obtained directly from the spectrum and coupling constants
are reported in Hertz (Hz). All spectra were recorded at room temperature. High-resolution mass
spectra data were recorded by University of Alberta Mass Spectroscopy Facility. University of
Alberta Analytical and Instrumentation Laboratory performed IR, elemental analyses, and GC-

MS.
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Experimental details

o)

S alumina ||
R

General procedure A:"®" A mixture of the Michael acceptor (1.00 equiv) and amine (1.50 equiv)
were heated to reflux in the presence of acidic alumina Al.O3s (200 mol%). The reaction was
monitored by TLC and cooled to room temperature upon completion. After the addition of ethyl
acetate, the reaction mixture was filtered through a filter paper, and the alumina was rinsed with
ethyl acetate. The crude reaction mixture was concentrated by rotary evaporation and then

purified by silica gel column chromatography using hexane/ethyl acetate as eluents.

3-(Phenylamino)propanamide (67): General procedure A was followed for making 3-

(phenylamino)propanamide 67. Flash chromatography of the crude product over silica gel
provided 67 as white solid in a yield of 80%:'%” "H NMR (CDCls, 500 MHz) & 2.50 (t, J = 6.5 Hz, 2
H), 3.46 (t, J=6.5Hz, 2 H),, 3.98 (brs, 1 H), 5.63 (brs, 1 H), 5.70 (br s, 1 H), 6.65 (d, J = 8.0 Hz,

2 H), 6.73 (t, J= 7.5 Hz, 1 H), 7.18 (td, J = 7.5, 2.0 Hz, 2 H).

H
oy
Cl ©
98
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3-((4-Chlorophenyl)amino)propanamide (98): General procedure A was followed for making
98 The product was obtained as a white solid in a yield of 60%. FTIR (CDCls, cast) 3449, 3327,
3195, 3100, 2967, 2903, 2855, 2843, 1659, 1606, 1517, 1198 cm™'; '"H NMR (CDCls, 500 MHz) &
251 (t, J=6.0 Hz, 2 H), 3.44 (t, J=6.0 Hz, 2 H), 4.18 (br s, 1 H), 5.44 (br s, 1 H), 5.58 (br s, 1
H), 6.55-6.58 (m, 2 H), 7.11-7.14 (m, 2 H); *C NMR (CDCls, 125 MHz) & 34.6, 39.9, 114.3, 122.5,
129.2, 146.2, 173.6; exact mass (El) m/z calcd for CoH11*°CIN2.O (M + H)* 199.0633, found

199.0632.

NH2 ()
Z ~ ___acidic
©/ + /j)( alumlna ©/ \/W

82 83, 85%

Methyl 3-phenylaminopropionate (83): General procedure A was followed for making methyl
3-phenylaminopropionate 83 using aniline and methyl acrylate. The product was obtained as a
white solid in a yield of 85%:% "H NMR (CDCls, 500 MHz) & 2.63 (t, J = 8.0 Hz, 2 H), 3.46 (q, J =
8.0 Hz, 2 H), 3.70 (s, 3H), 4.01 (br s, 1 H), 6.63 (dd, J = 10.5, 1.0 Hz, 2 H), 6.72 (tt, J= 9.0, 1.0

Hz, 1 H), 7.16-7.20 (m, 2 H).

H H H
NWOCHs NH,OH-HCI NWN\OH
o 0

83 79, 81%

N-Hydroxy-3-(phenylamino)propanamide (79): A mixture of hydroxylaminehydrochloride (8.00
mmol, 2.00 equiv) and sodium methoxide (12.00 mmol, 3.00 equiv) in anhydrous methanol was
stirred for 30 min at 0 °C. To this mixture methyl 3-phenylaminopropionate 79 (4.00 mmol, 1.00

equiv) was added, and the mixture was stirred at room temperature for 4 h. The reaction was
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quenched with ice-cold water, neutralized with dilute acetic acid, and extracted with ethyl acetate.
The combined organic layers were dried over sodium sulfate, filtered, and evaporated under
vacuum. The residue was purified by flash chromatography (methanol-dichloromethane) to afford
N-hydroxy-3-(phenylamino)propanamide 79 as a white solid in a yield of 81%:'%° '"H NMR (CDCls,
500 MHz) 6 2.63 (t, J = 8.0 Hz, 2 H), 3.46 (q, J = 8.0 Hz, 2 H), 3.70 (s, 3H), 4.01 (br s, 1 H), 6.63

(dd, J = 10.5, 1.0 Hz, 2 H), 6.72 (tt, J = 9.0, 1.0 Hz, 1 H), 7.16-7.20 (m, 2 H).

0O
S,
@]
H /©/ [
H4C NH
\/\H/N\OH 3 75 N\(
0] 0o

79 84, 60%

1-Phenylimidazolidin-2-one (84): To a solution of N-hydroxy-3-(phenylamino)propanamide 79
(0.54 mmol, 1.00 equiv) in 3.0 mL DCM was added DMAP (0.50 mmol, 0.10 equiv), TEA (1.08
mmol, 2.00 equiv), and TsCI 75 (0.65 mmol, 1.20 equiv) at room temperature and stirred for 2
hours. The reaction mixture was then heated to reflux overnight, cooled to room temperature,
washed with water, brine, dried over MgSOs and concentrated under vacuum. Flash
chromatography of the crude product over silica gel, 25% EtOAc—hexane, gave 84 in 60% of yield
as white solid:2®° FTIR (CDCls, cast film) 3266, 3116, 3061, 2960, 2924, 2855, 1682, 1600, 1506,
1484, 1175 cm™; 'TH NMR (CDCls, 500 MHz) & 3.59 (ddd, J = 9.0, 7.5, 1.0 Hz, 2 H), 3.95 (dd, J =
9.0, 7.5 Hz, 2 H), 468 (brs, 1H), 7.06 (t, J= 7.5 Hz, 1 H), 7.33-7.36 (m, 2 H), 7.55 (d, /= 8.0
Hz, 2 H); '*C NMR (CDCls, 125 MHz) & 37.5, 45.3, 117.9, 122.8, 128.8, 140.0, 159.6; exact mass

(E1) m/z calcd for CeH1oN20 (M + H)* 163.0866, found 163.0865.
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Cl l\ll |
O (0]
79 84, 87%

1-Phenylimidazolidin-2-one (84): To a solution of N-hydroxy-3-(phenylamino)propanamide 79
(0.58 mmol, 1.00 equiv) in 3.0 mL DCM was added TEA (1.17 mmol, 2.00 equiv) and 74 (0.58
mmol, 1.00 equiv). The reaction mixture was heated to reflux overnight, cooled to room
temperature, washed with 1% aqueous NaHCOs;, water, brine, dried over MgSO. and
concentrated under vacuum. Flash chromatography of the crude product over silica gel 25%

EtOAc-hexane gave 84 in 87% of yield as white solid.2%°

2
Cl Cl
98 100

101, 48%

3-(4-Chlorophenylamino)-N-phenylpropanamide (101): The compound was synthesized
according to a literature procedure?! using iodobenzene 100 (0.65 mmol, 1.00 equiv), 3-((4-
chlorophenyl)amino)propanamide 98 (0.79 mmol, 1.20 equiv), Cul (0.07 mmol, 0.10 equiv), N,N’-
dimethylethylene diamine (0.07 mmol, 0.10 equiv), and cesium fluoride (1.50 mmol, 2.00 equiv).

3-(4-chlorophenylamino)-N-phenylpropanamide 101 obtained in 48% yield as solid.?%?
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102 103 104, 88%

N-Benzylacrylamide (104): The compound was synthesized according to a literature
procedure.?®® N-benzylacrylamide 104 was obtained as white solid in 88% yield: '"H NMR (CDCls,
500 MHz) & 4.53 (d, J = 6.0 Hz, 2H), 5.67 (dd, J = 10.5, 1.0 Hz, 1 H), 4.21 (br, 1 H), 6.11 (dd, J =
17.0, 10.5 Hz, 1 H), 6.32 (dd, J = 17.0, 1.0 Hz, 1 H), 7.27-7.36 (m, 5 H).

H H
NH, HQ N NQ
. N - . Y
/©/ Y /©/ 0
Cl 0O Cl
49 104

105, 56%

N-Benzyl-3-((4-chlorophenyl)amino)propanamide  (105):2* To a solution of N-
benzylacrylamide 104 (18.55 mmol, 1.00 equiv) in water (22.00 mL) and TFE (3.00 mL) 4-
chloroaniline (18.55 mmol, 1.00 equiv) was added. Reaction mixture was heated to reflux at 100
°C. Reaction monitored by TLC and stirred until complete conversion of starting materials. The
reaction was cooled to room temperature, diluted with ethyl acetate, washed with water and brine
solution. Combined organic mixture was dried over MgSO4 and concentrated. The obtained
reaction mixture was dissolved in warm DCM and slow addition of Et.O gave N-benzyl-3-((4-
chlorophenyl)amino)propanamide 105 in 56 % of yield as a white solid: FTIR (CDClIs, cast) 3411,
3304, 3087, 3065, 3030, 2924, 28778, 1646, 1601, 1549, 1501, cm™; '"H NMR (CDCls, 500 MHz)
0249 (t, J=6.0 Hz, 2 H), 3.45 (br, 2 H), 4.43 (d, J= 6.0 Hz, 2 H), 6.52 (d, J = 8.5 Hz, 2 H), 7.11
(d, J=9.0Hz, 2 H), 7.24 (d, J = 6.5 Hz, 2 H), 7.28-7.34 (m, 3 H); *C NMR (CDCl3, 125 MHz) &
354, 40.2, 43.7, 114.3, 122.4, 127.7, 127.8, 128.8, 129.1, 138.0, 146.3, 171.2; exact mass

(electrospray) m/z calcd for C1sH17°°CIN,O (M + H)* 289.1102, found 289.1106.
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NH :
= 2 LiBF = X
/\\\N + R-L | 4 R | \/\\N
X neat, 75 °C X
128 129 130

General procedure B: A mixture of acrylonitrile (1.00 equiv) and amine (1.00 equiv) were heated
at 75 °C in the presence of lithium tetrafluoroborate (10 mol %) overnight. The reaction was then
cooled to room temperature and extracted using ethyl acetate. The combined organic mixture
was washed with brine, dried over MgSO.4, concentrated by rotary evaporation, and then purified

using a silica—filled column chromatography using hexane/ethyl acetate as eluents.

H
N

131

3-((4-Bromophenyl)amino)propanenitrile (131):2°6 General procedure B was followed for
making 131. The product was obtained as a yellow solid in a yield of 84%. '"H NMR (CDCls, 500
MHz) & 2.63 (t, J = 6.5 Hz, 2 H), 3.49 (t, J = 6.5 Hz, 2 H), 4.00 (br s, 1 H), 6.50 (d, J = 9.0 Hz, 2
H), 7.29 (d, J = 9.0 Hz, 2 H); '*C NMR (CDCls, 125 MHz) 5 18.1, 39.8, 110.5, 114.7, 117.9, 132.3,

145.2.

H
N
/@/ \/\\\N
Cl
132

3-((4-Chlorophenyl)amino)propanenitrile (132):2°> General procedure B was followed for

making 132. The product was obtained as a yellow solid in a yield of 80%. 'H NMR (CDCls, 500
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MHz) 8 2.63 (t, J = 6.5 Hz, 2 H), 3.48-3.52 (m, 2 H), 4.00 (br s, 1 H), 6.54-6.57 (m, 2 H), 7.15-7.17

(m, 2 H).
H
@/N\/\\\N
133

3-(Phenylamino)propanenitrile (133):2°® General procedure B was followed for making 133.
The product was obtained as a pale yellow solid in a yield of 87%. 'H NMR (CDCls;, 500 MHz) &
263 (t, J=6.5Hz, 2 H), 352 (t, J=6.5Hz, 2 H), 3.67 (brs, 1H),6.63 (d, J=28.5Hz, 2 H),

6.77-6.81 (m, 1 H), 7.21-7.24 (m, 2H).

H
N
L™
HsCO
134

3-((4-Methoxyphenyl)amino)propanenitrile (134):2° General procedure B was followed for
making 134. The product was obtained as a yellow solid in a yield of 90%. 'H NMR (CDCls, 500
MHz) 6 2.62 (t, J=6.5 Hz, 2 H), 3.48 (t, J= 6.5 Hz, 2 H), 3.66 (br s, 1 H), 3.76 (s, 3 H), 6.61 (d, J
=7.0 Hz, 2 H), 7.81 (d, J = 7.0 Hz, 2 H); *C NMR (CDCls, 125 MHz) 5 18.2, 40.9, 55.8, 114.8,

115.1, 118.2, 140.1, 153.0.
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3-(4-Methylanilino)propanenitrile (135):2° General procedure B was followed for making 135.
The product was obtained as a white solid in a yield of 95%. '"H NMR (CDCls, 500 MHz) & 2.25
(s,3H),2.63(t, J=6.5Hz, 2H),3.51 (t, J=6.5Hz, 2 H),3.79 (brs, 1 H),6.55(d, J=7.5Hz, 2
H), 7.02 (d, J = 7.5 Hz, 2 H); "*C NMR (CDCls, 125 MHz) & 18.2, 20.4, 40.2, 113.4, 118.3, 128.1,

130.1, 143.8.

H
N

IO
H3;CH,C

136

3-(4-Ethylanilino)propanenitrile (136): General procedure B was followed for making 136. The
product was obtained as a yellow solid in a yield of 93%. "H NMR (CDCls, 500 MHz) & 1.20 (t, J
=7.5Hz, 3H),256(q,J=75Hz 2H), 263 (t, J=6.5Hz, 2 H), 3.51 (t, J = 6.5 Hz, 2 H), 6.58
(d, J=8.5Hz, 2 H), 7.05(d, J= 8.5 Hz, 2 H); *C NMR (CDCls, 125 MHz) 5 15.9, 18.2, 27.9, 40.2,

113.4, 118.3, 128.9, 134.8, 143.9.

H N
NH —
4 | i + CITT Kl, KoCOs | AN N~
N

100° C, oMF . R |

129 137 138

General procedure C:'® A mixture of 4-chlorobutyronitrile 137 (3.00 mmol, 1.00 equiv) in
dimethylformamide (0.80 mL) was added over 1.5 h to a mixture of the arylamine (3.00 mmol,
1.00 equiv), Cs2CO3(3.00 mmol, 1.00 equiv), and KI (6.00 mmol, 2.00 equiv) in a mixture of
dimethylformamide (3.50 mL). The mixture was stirred at 100 °C for 8 h. After completion of the
reaction, as indicated by TLC, the mixture was cooled to room temperature and was treated with

50 mL ethyl ether and 10 mL water. The aqueous phase was separated and extracted with an
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additional 30 mL ethyl ether. The combined organic layer was washed with water, brine, dried
over anhydrous sodium sulphate and filtered. The solvent was evaporated in vacuum. The crude

product was purified by column chromatography over silica gel using 40% ethylacetate/hexane

eluent.

4-((4-Chlorophenyl)amino)butanenitrile (139):2'° General procedure C was followed for making
139 The product was obtained as a yellow solid in a yield of 80%. '"H NMR (CDCls, 500 MHz) &
1.93-1.99 (m, 2 H), 2.47 (t, J=7.0 Hz, 2 H), 3.29 (q, J = 6.5 Hz, 2 H), 3.71 (br s, 1 H), 6.52-6.56
(m, 2 H), 7.12-7.15 (m, 2 H); C NMR (CDCls, 175 MHz) & 14.8, 25.1, 42.5, 113.9, 119.2, 122.6,

129.2, 146.1.

N

H
/@/NM
HsCO

140

4-((4-Methoxy)amino)butanenitrile (140):2'° General procedure C was followed for making 140
The product was obtained as a yellow liquid in a yield of 60%. '"H NMR (CDCls, 500 MHz) &
1.94-1.96 (m, 2 H), 2.48 (t, J = 7.0 Hz, 2 H), 3.24-3.28 (m, 2 H), 3.75 (s, 3 H), 6.59-6.60 (m, 2
H), 6.78-6.80 (m, 2 H); *C NMR (CDCls, 125 MHz) & 14.8, 25.4, 43.4, 55.6, 114.3, 114.9, 119.4,

141.7, 152 .4.
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/@H\/\\\N 1) Aq. HCI, EtOH /©/H\/\WOM
Cl 2) Sat. NaHCO; ¢ NH
132 142
Ethyl 3-((4-chlorophenyl)amino)propanimidate (142):2'' To an ice—cold stirred solution of 3-
((4-chlorophenyl)amino)propanenitrile 132 (3.36 mmol, 0.61 g) acetyl chloride AcCl (26.88 mmol,
2.11 g) was added followed by dry ethanol (12.00 mmol, 1.86 g). The stirring was continued at 25
°C under a nitrogen atmosphere. The reaction was monitored by TLC and after the reaction was
complete, the volatiles were removed under reduced pressure and ethyl 3-((4-
chlorophenyl)amino)propanimidate hydrochloride 141 was isolated as white solid. The imidate
hydrochloride was mixed slowly with cold saturated aqueous NaHCO3 solution, and extracted with
diethyl ether Et,O (3 x 6 mL). The combined organic solution was washed with distilled water (1
x 5 mL) and brine (1 x 5 mL), concentrated under reduced pressure to obtain ethyl 3-((4-
chlorophenyl)amino)propanimidate 142. The product was obtained as a yellow liquid in a yield of
87%. 'H NMR (CDCls, 500 MHz) & 1.26 (t, J = 7.0 Hz, 3 H), 2.59 (t, 6.5 Hz, 2 H), 4.06 (br s, 1 H),
416 (9, J=7.0Hz, 2 H),6.54 (d, J=7.5,2H), 7.12 (q, J = 7.5 Hz, 2 H); "*C NMR (CDCl3, 175
MHz) 6 14.2, 33.7, 39.6, 60.7, 114.1, 122.3, 129.1, 146.2, 172.2; exact mass (electrospray) m/z

calcd for C11H15%°CIN2O (M + H)* 227.0946, found 227.0946.

H pu—
N\/\WOM 1:1 Cu(OAc):Cul N/;%O/\
N NH DMSO, 0,, 60 °C, 12 h /©/
cl

142 143
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1-(4-Chlorophenyl)-3-ethoxy-1H-pyrazole (143): Into a two—neck round-bottomed flask, ethyl
3-((4-chlorophenyl)amino)propanimidate (0.11 mg, 0.48 mmol) was added followed by addition of
cupric acetate Cu(OAc). (0.04mg, 0.24 mmol) and copper iodide Cul (0.05 mg, 0.24 mmol). The
reaction vessel was purged with oxygen, and then 4.0 mL of anhydrous dimethyl sulfoxide was
added by syringe. The reaction mixture was stirred at 60 °C for overnight under oxygen
atmosphere. The mixture was cooled to room temperature and extracted with ethyl acetate. The
combined organic solution was washed with water (3 x 10 mL) and brine, dried over MgSO4 and
concentrated under reduced pressure. Flash chromatography of the crude product over silica gel
using 5% EtOAc-hexane gave 1-(4-chlorophenyl)-3-ethoxy-1H-pyrazole 143 (82 mg, 76%) as a
yellow solid. FTIR (CHCIs, cast film) 2980, 2929, 2855, 1598, 1549, 1504, 1488, 1471, 1379, 1354
cm™; 'TH NMR (CDCls, 500 MHz) & 1.43 (t, J = 8.0 Hz, 3 H), 4.30 (g, J = 8.0 Hz, 2 H), 5.90 (d, J =
2.0 Hz, 1 H), 7.37 (d, J = 8.5 Hz, 2 H), 7.55 (d, J = 8.5 Hz, 2 H), 7.69 (d, J = 2.0 Hz, 1 H); "3C
NMR (CDCls, 125 MHz) & 14.8, 29.7, 65.0, 94.3, 118.9, 127.5, 129.4, 130.5, 138.8, 164.6; exact

mass (electrospray) m/z calcd for C11H12%CIN2O (M + H)* 223.0633, found 223.0631.

1-(4-Chlorophenyl)-3-ethoxy-1H-pyrazole (147):2'2 'H NMR (CDCls, 500 MHz) & 1.27 (t, J =
7.0 Hz, 3 H), 2.60 (t, J = 6.5 Hz, 2 H), 3.42 (t, J = 6.5 Hz, 2 H), 4.06 (br s, 1 H), 4.16 (q, J = 7 Hz,
2 H), 6.55 (d, J = 8.5 Hz, 2 H), 7.12 (d, J = 8.5, 2 H); ®C NMR (CDCls, 125 MHz) 5 14.2, 33.7,

39.5,60.7, 114.1,122.3, 129.1, 146.2, 172.2.
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4 22 227
o 6 228, 70%

1,3-Diphenyl-3-(phenylamino)propan-1-one (228):?'* To a mixture of aniline (6.0 mmol, 1.0
equiv), benzaldehyde (6.0 mmol, 1.0 equiv), and acetophenone (7.2 mmol, 1.2 equiv), 5.0 mol%
triphenyl phophine was added and the reaction mixture was stirred at room temperature for 4 hr.
After that, 12 mL methanol was added followed by addition of water until a precipitate formed.
The precipitate was filtered by suction and washed with 3 mL of petroleum ether. White solid
product was obtained in a yield of 70% and used for next step without further purification: FTIR
(CHCIs, cast film) 3386, 3081, 3061, 3025, 2959, 2918, 2877, 2816, 1962, 1894, 1817, 1766,
1670, 1600 cm™'; '"H NMR (CDCls, 500 MHz) & 3.46 (dd, J = 16.0, 7.5 Hz, 1 H), 3.55 (dd, J = 16.0,
7.5 Hz, 1 H), 4.59 (br, 1 H), 5.03 (dd, J=7.5, 5.0 Hz), 6.59 (dd, J = 8.5, 1.0 Hz, 2 H), 6.69 (t, J =
7.5 Hz, 1 H), 7.10-7.13 (m, 2 H), 7.24-7.27 (m, 1 H), 7.33-7.36 (m, 2H), 7.45-7.49 (m, 4H),
7.57-7.60 (m, 1H), 7.92-7.94 (m, 2 H) ; *C NMR (CDCls, 125 MHz) & 46.3, 54.8, 113.8, 117.8,
126.4, 127.4,128.2,128.7, 128.8, 129.1, 133.4, 136.7, 143.0, 147.0, 198.3; HRMS (electrospray)

m/z calcd for C21H1sNO (M + H)* 302.1539, found 302.1537.

O

NH,
Cl . @ NEts, THF, reflux, 3h HNVJ\©
224 49 225, 65%
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1-Phenyl-3-(phenylamino)propan-1-one (225): To a mixture of aniline (5.0 mmol, 1.0 equiv) in
THF (10 mL) 3-chloropropiophenone 224 (5.0 mmol, 1.0 equiv) and triethylamine (6.0 mmol, 1.2
equiv) were added and the reaction mixture was refluxed for 3 hr. The reaction mixture was cooled
to room temperature and extracted with ethyl acetate. Combined organic mixture was washed
with brine, dried over sodium sulfate and evaporated to dryness. Recrystallization in diethyl ether
afforded 1-phenyl-3-(phenylamino)propan-1-one 225 as white solid in 65% of yield: FTIR (cast
film CHCI3) 3409, 3068, 3040, 3018, 2937, 2884, 2850, 1677 cm™'; 'TH NMR (CD3s0OD, 500 MHz)
6 3.30 (t, J = 6.0 Hz, 2 H), 3.63 (t, J = 6.0 Hz, 2 H), 6.65 (br s, 1 H), 6.67 (dd, J = 9.0, 0.5 Hz, 2
H), 6.70-6.75 (m, 1 H), 7.17-7.21 (m, 2 H), 7.46-7.49 (m, 2 H), 7.56-7.59 (m, 1 H), 7.95-7.97
(m, 2 H); ®*C NMR (CDsOD, 125 MHz) & 37.7, 38.7, 113.1, 117.6, 128.1, 128.7, 129.4, 133.4,
136.8, 147.7, 199.3; exact mass (electrospray) m/z calcd for C1sH1sNO (M + H)* 226.1226, found

226.1221.

General procedure C

O
R [ °
/\W 1 + R-NH, 10 % LiBF,, neat, 75 °C _ HN/\)J\R
o) R4 = alkoxy | 1
R
191 192 193

General procedure D for preparation of 193:2'* Lithium tetrafluoroborate (10 mol %) was added
to the stirred solution of aniline (10.0 mmol, 1.0 equiv) and Michael acceptor ester (10.0 mmol,
1.0 equiv) and the mixture was stirred at 75 °C until completion (monitored by TLC). The reaction
mixture was cooled to room temperature, water (25 mL) was added, and the product was
extracted with ethyl acetate (3 X 50 mL). The combined organic layer was washed with brine,
dried over anhydride Na>SO4 and concentrated under vacuum. The reaction mixture was used

for next step without further purification.
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i) HCI, CH3CN/H,0, 0 °C
Ri:[%ko’R1 ii) NaNO,, rt Rij:J\O’R1
Ng

Rz” "NH Ry~ N0
R R
194 195

General procedure E for preparation of N-nitrosamines 195: N-nitrosamines were prepared
from their aniline derivatives by following the reported preocedure.?’™ To a 1:2 mixture of
acetonitrile and water, anilines 193 (1.0 equiv) was dissolved and the reaction mixture was cooled
to 0 °C using an ice bath. Then 5.0 equivalent of concentrated hydrochloric acid was added
dropwise. For half an hour, the reaction mixture was stirred vigorously. To this stirring mixture,
aqueous solution of 1.0 equivalent sodium nitrite (NaNO;) was added slowly. The reaction was
monitored by TLC and stopped once complete and extracted with ethyl acetate. The combined
organic layer was washed with brine, dried over sodium sulfate, concentrated under reduced
pressure. The crude was either purified by flash silica gel column chromatography to give the

corresponding N-nitrosamines or used directly for the next step without further purification.

0 0
R3fO/R1 tert-BUONO, ACN, rt R3ﬁO/R1
Ry NH Ry N’N\\o

R R

194 195

General procedure F for preparation of N-nitrosamines 195: N-nitrosamines 195 were
prepared from their amine derivatives by following the reported procedure.?'®> Amine 194 (10.0
mmol, 1.0 equiv) was stirred in 30.0 mL acetonitrile for 5 min at room temperature, and then tert-
butyl nitrite (TBN) (20.0 mmol, 2.0 equiv) was added to the reaction mixture. The progress of the
reaction was monitored by TLC and stirred at room temperature until completion. Next, 50 mL of
ethyl acetate added to the reaction mixture and washed with distilled water and then with brine

solution. The organic layer was dried over anhydrous sodium sulfate, concentrated under reduced
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pressure, and purified by flash silica gel column chromatography to give the corresponding N-

nitrosamines or used directly for the next step without further purification.

Methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate (187): General procedure D and E
were followed for making methyl 3-((4-chlorophenyl)(nitroso)amino)propanoate 187. The product
was obtained as a yellow liquid in a yield of 90%. FTIR (CDClIs, cast) 3102, 3068, 2954, 2852,
1739, 1496, 1466, 1128, 1099 cm™'; 'TH NMR (CDCls, 500 MHz) & 2.58 (t, J = 7.0 Hz, 2 H), 3.66
(s, 3H),4.28 (t, J= 7.0 Hz, 2 H), 7.45-7.51 (m, 4 H); "*C NMR (CDCl3, 125 MHz) & 30.7, 40.1,
52.0, 120.9, 129.7, 133.3, 139.8, 171.0; exact mass (electrospray) m/z calcd for C1oH113°CIN2O3

(M + Na)* 265.0350, found 265.0352.

Methyl 3-(nitroso(p-tolyl)amino)propanoate (203): General procedure D and E were followed
for making methyl 3-(nitroso(p-tolyl)amino)propanoate 203. The product was obtained in a yield
of 80%: FTIR (CHCIs, cast film) 3038, 3002, 2929, 1903, 1736, 1514, 1462, 1409,1379, 1317,
1200, 1063 cm™'; '"H NMR (CDCls, 500 MHz) & 2.38 (s, 3 H),2.55 (t, J = 7.5 Hz, 2 H), 3.62 (s, 3

H), 4.26 (t, J= 7.5 Hz, 2 H), 7.27 (d, J = 8.5 Hz, 2 H), 7.38 (d, J = 8.5 Hz, 2 H); "*C NMR (CDCls,
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125 MHz) & 21.0, 30.7, 40.5, 52.0, 120.1, 130.1, 137.8, 138.8, 171.1; exact mass (electrospray)

m/z calcd for C11H14N2NaO3 (M + Na)* 245.0897, found 245.0895.

)

2

N
N

\/\[(OMG
Br/©/ ©

200

Methyl 3-((4-bromophenyl)(nitroso)amino)propanoate (200): General procedure D and E
were followed for making methyl 3-((4-bromophenyl)(nitroso)amino)propanoate 200. The product
was obtained in a yield of 70%: FTIR (CHCIs, cast film) 3098, 3002, 2953, 1897, 1735, 1590,
1490, 1460, 1306, 1198, 1075 cm™"; '"H NMR (CDCls, 500 MHz) & 2.57 (t, J = 7.5 Hz, 2 H), 3.65
(s, 3H),4.26 (t, J=7.5Hz, 2 H), 7.43 (d, J = 9.0 Hz, 2 H), 7.60 (d, J = 9.0 Hz, 2 H); *C NMR
(CDCls, 125 MHz) 6 30.7,40.0, 52.1, 121.1,121.1, 132.7, 140.3, 171.0; exact mass (electrospray)

m/z calcd for C1oH11"°BrN2NaOs (M + Na)* 308.9845, found 308.9843.

NP

/©/N\/\[(OM6
Et ©

204

Methyl 3-((4-ethylphenyl)(nitroso)amino)propanoate (204): General procedure D and E were
followed for making methyl 3-((4-ethylphenyl)(nitroso)amino)propanoate 204. The product was
obtained in a yield of 80%: FTIR (neat) 3035, 2966, 2935, 2588, 1903, 1740, 1610, 1514, 1459,
1378, 1200, 1064 cm™; "H NMR (CDCls, 500 MHz) & 1.24 (t, J= 7.5 Hz, 3 H), 2.53 (t, J = 7.5 Hz,
2H),268(q,J=7.5Hz,2H),3.61(s,3H),4.26(, J=7.5Hz 2H),7.28(d, J=8.5Hz, 2 H),

7.42 (d, J = 8.5 Hz, 2 H); *C NMR (CDCls, 125 MHz) & 15.4. 28.3, 30.7, 40.4, 51.9, 120.1, 128.9,
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138.9, 144.0, 171.1; exact mass (electrospray) m/z calcd for C12H1sN2NaOs (M + Na)® 259.1053,

found 259.1048.
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205

Methyl 3-((4-methoxyphenyl)(nitroso)amino)propanoate (205): General procedure D and E
were followed for making methyl 3-((4-ethylphenyl)(nitroso)amino)propanoate 205. The product
was obtained in a yield of 84%: FTIR (neat) 3082, 3004, 2955, 2840, 2051, 1737, 1609, 1589,
1512, 1439, 1379, 1315, 1176, 1066 cm™"; '"H NMR (CDCls, 500 MHz) & 2.58 (t, J = 7.5 Hz, 2 H),
3.64 (s,3H),3.86(s,3H),4.27 (t, J=7.5Hz,2H),7.99(d, J=9.0 Hz, 2 H), 7.42 (d, J= 9.0 Hz,
2 H); ®C NMR (CDCls, 125 MHz) & 30.8, 41.0, 52.0, 55.6, 114.7, 122.2, 134.5, 159.3, 171.2;

exact mass (El) m/z calcd for C11H14N20O4 (M)* 238.0954, found 238.0954.

N
N

/©/ \/\gOMe

201

Methyl 3-((4-fluorophenyl)(nitroso)amino)propanoate (201): General procedure D and E were
followed for making methyl 3-((4-fluorophenyl)(nitroso)amino)propanoate 201. The product was
obtained in a yield of 65%: FTIR (neat) 3123, 3081, 3005, 2955, 2849, 2588, 2331, 2049, 1889,
1737, 1603, 1511, 1462, 1980, 1201, 1124, 1063 cm™"; '"H NMR (CDCls, 500 MHz) & 2.60 (t, J =
7.5Hz, 2H),3.66 (s,3H),4.28(t, J=7.5Hz, 2H),7.20(t, J=8.5Hz, 2 H), 7.51-7.53 (m, 2 H);

3C NMR (CDCls, 125 MHz) & 30.7, 41.7, 52.0, 116.5 (d, Jr = 22.9 Hz), 112.2 (d, Jr = 8.4 Hz),
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137.5(d, Jr = 3.1 Hz), 161.9 (d, Jr = 247.9 Hz), 171.1; exact mass (El) m/z calcd for C1oH11FN2O3

(M)* 226.0754, found 226.0754.

Methyl 3-(nitroso(phenyl)amino)propanoate (196): General procedure D and E were followed
for making methyl 3-(nitroso(phenyl)amino)propanoate 196. The product was obtained in a yield
of 93%: FTIR (neat) 3072, 3003, 2954, 2849, 1739, 1596, 1496, 1439, 1379, 1201, 1065 cm™; 'H
NMR (CDCls, 500 MHz) 6 2.59 (t, J= 7.5 Hz, 2 H), 3.65 (s, 3H),4.31 (t, J=7.5Hz,2H), 7.37-7.4
(m, 1 H), 7.47-7.50 (m, 2 H), 7.53-7.54 (m, 2 H); *C NMR (CDCls, 125 MHz) 5 30.8, 40.3, 52.0,
119.9, 127.7, 129.6, 141.2, 171.1; exact mass (electrospray) m/z calcd for C1oH12N2NaO3z (M +

Na)* 231.0740, found 231.0736.

Methyl 3-((2-chlorophenyl)(nitroso)amino)propanoate (197): General procedure D and F
were followed for making methyl 3-((2-chlorophenyl)(nitroso)amino)propanoate 197. The product
was obtained in a yield of 87%: FTIR (neat) 3095, 3068, 3001, 2953, 2848, 2600, 2044, 1973,
1936, 1739, 1589, 1485, 1460, 1319, 1204, 1141, 1046 cm™"; '"H NMR (CDCls, 500 MHz) & 2.59
(t, J=7.5Hz, 2H), 3.61 (s,3H),4.24 (t, J=7.5Hz, 2 H), 7.37-7.39 (m, 1 H), 7.43-7.46 (m, 2

H), 7.57-7.59 (m, 1 H); *C NMR (CDCls, 125 MHz) & 30.7, 42.6, 51.9, 127.8, 129.1, 130.7,
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1300.8, 131.0, 138.8, 171.0; exact mass (El) m/z calcd for C1oH113°CIN.O3 (M)* 242.0458, found

242.0462.
N
: ,N\/\WOEt
Cl 0
198

Ethyl 3-((4-chlorophenyl)(nitroso)amino)propanoate (198): General procedure D and E were
followed for making ethyl 3-((4-chlorophenyl)(nitroso)amino)propanoate 198. The product was
obtained in a yield of 82%: FTIR (neat) 3101,3077, 2984, 2907, 2876, 2588, 1894, 1734, 1495,
1466, 1193, 1099, 1012 cm™; "H NMR (CDCls, 500 MHz) & 1.21 (t, J = 7.5 Hz, 3H), 2.58 (t, J =
7.5 Hz, 2 H), 410 (q, J = 7.5 Hz, 2 H), 4.27 (t, J = 7.5 Hz, 2 H), 7.44-7.51 (m, 4 H); *C NMR
(CDCls, 125 MHz) 6 14.06, 30.9, 40.1, 61.0, 121.0, 129.7, 133.2, 139.9, 170.5; exact mass (El)

m/z calcd for C11H13%CIN2OsNa (M + Na)* 279.0507, found 279.0504.

N
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/©/ \/\[(OMG
FsC ©

202

Methyl 3-((4-(trifluoromethyl)phenyl)(nitroso)amino)propanoate (202): General procedure D
and E were followed or making methyl 3-((4-(trifluoromethyl)phenyl)(nitroso)amino)propanoate
202. The product was obtained in a yield of 93%: FTIR (cast film CHCI3) 3121, 3081, 3006, 2957,
2857, 1740, 1618, 1475, 1440, 1328, 1171, 1126 cm™; '"H NMR (CDCls, 500 MHz) 5 2.59 (t, J =
7.5Hz, 2H),3.66(s,3H),4.31(t,J=7.5Hz,2H),7.71(d, J=9.0 Hz, 2 H), 7.75 (d, J = 9.0 Hz,
2 H); *C NMR (CDCls, 125 MHz) & 30.7, 39.6, 52.1, 118.9, 126.9, 144.0, 171.0; exact mass (El)

m/z calcd for C11H11F3N203 (M)* 276.0722, found 276.0723.
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{Butyl 3-((4-chlorophenyl)(nitroso)amino)propanoate (199): General procedure D and F were
followed for making butyl 3-((4-chlorophenyl)(nitroso)amino)propanoate 199. The product was
obtained in a yield of 85%: FTIR (CHCIs cast film) 3103, 2980, 2933, 1728, 1496, 1469, 1190,
1099,1012 cm™; "H NMR (CDCl3, 500 MHz) & 1.42 (s, 9H), 2.49 (t, J=7.5 Hz, 2 H), 4.25 (t, J =
7.5Hz, 2 H), 7.47 (d, J = 9.0 Hz, 2 H), 7.51 (d, J = 9.0 Hz, 2 H); "*C NMR (CDCls, 125 MHz) &
28.0, 32.1, 40.2, 81.6, 121.1, 129.7, 133.3, 139.9, 169.8; exact mass (electrospray) m/z calcd for

Cs31H17%CIN2OsNa (M + Na)* 307.0820, found 307.0818.

Methyl 3-[benzyl(nitroso)amino]propanoate (206): General procedure D and E were followed
for making methyl 3-[benzyl(nitroso)amino]propanoate 206. The product was obtained in a yield
of 65%: FTIR (CHCIs cast film) 3092, 3065, 3032, 3006, 2953, 1738, 1455, 1438, 1206, 1132 cm’
. "TH NMR (CDCls, 500 MHz) & 2.46 (t, J = 7.0 Hz, 2 H), 2.80 (t, J = 7.0 Hz, 1 H), 3.65-3.68 (m,
6.5 H),4.33(t, J=7.0Hz, 2 H),4.83 (s, 3H),5.37 (s, 3H), 7.11 (d, J= 7.5 Hz, 1 H), 7.28-7.34
(m, 7.5 H); *C NMR (CDCls, 125 MHz) d 30.5, 33.4, 39.5, 46.9, 47.2, 51.9, 52.1, 56.9, 128.0,
128.2, 128.4, 128.6, 128.9, 129.1, 134.0, 134.7, 171.1, 171.7; exact mass (El) m/z calcd for

C11H14N203 (M)* 222.1004, found 222.1001.
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General procedure G: A mixture of methyl vinyl ketone (1.1 equiv) and anilines (1.0 equiv) was
stirred at room temperature until completion of the reaction. The reaction was monitored by TLC.
Remaining methyl vinyl ketone was evaporated under vacuum. Reaction mixture was used for

next step without further purification.

0 0
R3 Ra
:I%kR1 tert-BUONO, ACN, rt :I%kR1
Ry NH R; N’N°o
R R
207 208

General procedure H for preparation of N-nitrosamines 208: N-nitrosamines 208 were
prepared from their amine derivatives by following the reported procedure.?'® Amines 207 (10.0
mmol, 1.0 equiv) was stir in 30.0 mL acetonitrile for 5 min at room temperature, and then ‘butyl
nitrite (TBN) (20.0 mmol, 2.0 equiv) was added to the reaction mixture. The progress of the
reaction was monitored by TLC and stirred at room temperature until completion. Next, 50 mL of
ethyl acetate added to the reaction mixture and washed with distilled water and then with brine
solution. The organic layer was dried over anhydrous sodium sulfate, concentrated under reduced
pressure, and purified by flash silica gel column chromatography to give the corresponding N-

nitrosamines or used directly for the next step without further purification.
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N-(3-Oxobutyl)-N-(4-(trifluoromethyl)phenyl)nitrous amide (214): General procedure G and
H were followed for making N-(3-oxobutyl)-N-(4-(trifluoromethyl)phenyl)nitrous amide 214. The
product was obtained in a yield of 94%: FTIR (cast film CHCIs) 3116, 3082, 3006, 2926, 1918,
1718, 1618, 1519, 1474, 1359,1125, 1076 cm™; '"H NMR (CDCl3, 500 MHz) & 2.14 (s, 3 H), 2.73
(t, J=75Hz,2H),427 (t, J=75Hz, 2H),7.70 (d, J=8.5Hz, 2 H), 7.75 (d, J = 8.5 Hz, 2 H);
3C NMR (CDCls, 125 MHz) 8 30.2, 38.9, 39.4, 118.9, 123.8 (q, Jr = 272.1 Hz), 126.8 (q, J- = 3.9
Hz), 129.2 (q, Jr = 33.1 Hz), 144.1, 205.3; ); "F NMR (CDCls, 469 MHz) 5 -62.4; exact mass (El)

m/z calcd for C11H11F3N203 (M)* 260.0773, found 260.0771.

N-(4-Ethylphenyl)-N-(3-oxobutyl)nitrous amide (218): General procedure G and H were
followed for making N-(4-ethylphenyl)-N-(3-oxobutyl)nitrous amide 218. The product was
obtained in a yield of 95%: FTIR (cast film CHCIs) 3036, 2967, 2933, 2875, 1903, 1715, 1514,
1459, 1414, 1135, 1077 cm™'; '"H NMR (CDCls, 500 MHz) & 1.27 (t, J = 7.5 Hz, 3 H), 2.14 (s, 3 H),
2.69-2.73 (m, 4 H),4.24 (t, J=75Hz, 2H),7.29 (d, J=85Hz, 2 H), 7.41 (d, J = 8.5 Hz, 2 H);
3C NMR (CDCls, 125 MHz) & 15.4, 28.3, 30.0, 39.4, 39.8, 120.0, 129.0, 139.1, 144.0, 205.5;

exact mass (El) m/z calcd for C12H1sN2NaO. (M + Na)* 243.1104, found 243.1100.
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N-(4-Methoxyphenyl)-N-(3-oxobutyl)nitrous amide (219): General procedure G and H were
followed for making N-(4-methoxyphenyl)-N-(3-oxobutyl)nitrous amide 219. The product was
obtained in a yield of 92%: FTIR (cast film CHCI3) 3078, 3005, 2962, 2942, 2920, 2839, 2554,
2046, 1880, 1715, 1609, 1589, 1513, 1301, 1252, 1030 cm™"; '"H NMR (CDCls, 500 MHz) 5 2.13
(s,3H),2.71(t,J=75Hz, 2H),3.85(s,3H),4.21 (t, J=7.5Hz 2H),6.98 (d, J=9.0 Hz, 2 H),
7.40 (d, J=9.0 Hz, 2 H); *C NMR (CDCls, 125 MHz) 5 30.0, 39.4, 40.3, 55.6, 114.7, 122.0, 134.6,

159.2, 205.5; exact mass (EIl) m/z calcd for C12H14N2NaO3 (M + Na)*™ 245.0897, found 245.0893.

N-(4-Bromophenyl)-N-(3-oxobutyl)nitrous amide (212): General procedure G and H were
followed for making N-(4-bromophenyl)-N-(3-oxobutyl)nitrous amide 212. The product was
obtained as solid in a yield of 60%: FTIR (cast film CHCI3) 3097, 3077, 3002, 2956, 2917, 2854,
2792, 2590, 2310, 1896, 1716, 1590, 1462, 1403, 1306, 1129, 1009 cm™'; '"H NMR (CDCls, 500
MHz) 6 2.14 (s, 3H), 2.70 (t, J=7.5Hz, 2 H), 4.21 (t, J=7.5Hz, 2 H), 7.42 (d, J=9.0 Hz, 2 H),
7.59 (d, J = 9.0 Hz, 2 H); *C NMR (CDCls;, 125 MHz) & 30.0, 39.4, 39.4, 121.0, 121.1, 132.7,
140.5, 205.4; exact mass (El) m/z calcd for CioH11"°BrN2NaO, (M + Na)* 292.9896, found

292.9894.
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N-(3-Oxobutyl)-N-phenylnitrous amide (209): General procedure G and H were followed for
making N-(3-oxobutyl)-N-phenylnitrous amide 209. The product was obtained as solid in a yield
of 70%: FTIR (cast film CHCIz) 3065, 3004, 2957, 2916, 1953, 1885, 1716, 1597, 1496, 1445,
1334, 1131, 1077 cm™'; "H NMR (CDCls, 500 MHz) & 2.15 (s, 3 H), 2.73 (t, J = 7.5 Hz, 2 H), 4.26
(t, J=7.5Hz, 2 H), 7.37-7.39 (m, 1 H), 7.47-7.54 (m, 4 H); *C NMR (CDCls, 125 MHz) & 30.0,
39.4, 39.6, 119.8, 127.6, 129.6, 141.4, 205.5; exact mass (electrospray) m/z calcd for

C1o0H12N2NaO2 (M + Na)* 215.0791, found 215.0794.

Cl l}l”o
NWCH3
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N-(2-Chlorophenyl)-N-(3-oxobutyl)nitrous amide (210): General procedure G and H were
followed for making N-(2-chlorophenyl)-N-(3-oxobutyl)nitrous amide 210. The product was
obtained as solid in a yield of 55%: FTIR (cast film CHCIz) 3095, 3068, 3002, 2955, 2920, 2598,
2326, 2120, 1970, 1934, 1814, 1715, 1597, 1522, 1457, 1373, 1140, 1050 cm™'; '"H NMR (CDCls,
500 MHz) 6 2.10 (s, 3 H), 2.74 (t, J=7.0 Hz, 2 H), 4.17 (t, J = 7.0 Hz, 2 H), 7.34-7.37 (m, 1 H),
7.42-7.45 (m, 2 H), 7.56-7.58 (m, 1 H); *C NMR (CDCls, 125 MHz) & 29.9, 39.3, 42.3, 127.9,
128.9, 130.7,130.8, 131.0, 139.0, 205.4; exact mass (electrospray) m/z calcd for C19H11CIN2NaO,

(M + Na)* 249.0401, found 249.0409.
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N-(4-Chlorophenyl)-N-(3-oxobutyl)nitrous amide (211): General procedure G and H were
followed for making N-(4-chlorophenyl)-N-(3-oxobutyl)nitrous amide 211. The product was
obtained as sticky liquid in a yield of 84%: FTIR (cast film CHCIs) 3351, 3100, 3074, 2937, 1900,
1715, 1495, 1131, 1097 cm™'; '"H NMR (CDCls, 500 MHz) & 2.14 (s, 3 H), 2.71 (t, J= 7.0 Hz, 2 H),
4.22 (t, J=7.0Hz, 2 H), 7.44 (d, J= 9.0 Hz, 2 H), 7.49 (d, J = 9.0 Hz, 2 H); *C NMR (CDCls, 125
MHz) & 30.0, 39.4, 39.5, 120.8, 129.7, 133.3, 139.9, 205.4; exact mass (electrospray) m/z calcd

for C10H11CIN202 (M + H)* 227.0582, found 227.0576.

N-(4-Fluorophenyl)-N-(3-oxobutyl)nitrous amide (213): General procedure G and H were
followed for making N-(4-fluorophenyl)-N-(3-oxobutyl)nitrous amide 213. The product was
obtained as red liquid in a yield of 55%: FTIR (cast film CHCI3) 3121, 3080, 3006, 2962, 2921,
1716, 1511, 1467, 1412, 1225, 1164, 1134 cm™; '"H NMR (CDCls, 500 MHz) & 2.14 (s, 3 H), 2.72
(t, J=7.0Hz, 2H),4.22(t, J=7.0Hz, 2 H), 7.19 (t, J = 9.0 Hz, 2 H), 7.48-7.51 (m, 2 H); 3C NMR
(CDCIs, 125 MHz) 6 30.0, 39.4, 40.1, 116.5 (d, Jr = 91 Hz), 122.0 (d, Jr = 34 Hz), 137.7 (d, Jr =
12.0 Hz), 161.9 (d, Jr = 986.5 Hz), 205.4; exact mass (electrospray) m/z calcd for C10H11FN2NaO2

(M + Na)* 233.0697, found 233.0695.
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4-(Nitroso(3-oxobutyl)amino)benzoic acid (220): General procedure G and H were followed
for making 4-(nitroso(3-oxobutyl)amino)benzoic acid 220. The product was obtained as yellow
solid in a yield of 85%: FTIR (cast film CHCIs) 3111, 3080, 2948, 2977, 2562, 1709, 1682, 1607,
1457, 1292, 1122, 1074 cm™; '"H NMR (CDs0OD, 500 MHz) & 2.11 (s, 3 H), 2.75 (t, J= 7.5 Hz, 2
H), 4.28 (t, J=7.5Hz, 2 H), 7.72 (d, J = 8.5 Hz, 2 H), 8.14 (d, J = 8.5 Hz, 2 H); *C NMR (CDs0D,
125 MHz) 6 29.8, 39.9, 40.2, 120.0, 130.6, 132.2, 146.4, 168.9, 208.0; exact mass (electrospray)

m/z calcd for C11H11N204 (M)*™ 235.0724, found 235.0722.

216

N-(4-Methylphenyl)-N-(3-oxobutyl)nitrous amide (216): General procedure G and H were
followed for making N-(4-methylphenyl)-N-(3-oxobutyl)nitrous amide 216. The product was
obtained as solid in a yield of 91%: FTIR (cast film CHCIs3) 3037, 2952, 2925, 2857, 1717, 1514,
1458, 1410, 1135 cm™; 'TH NMR (CDCls, 500 MHz) & 2.13 (s, 3 H), 2.40 (s, 3 H), 2.71 (t, J=7.5
Hz, 2 H), 4.23 (t, J = 7.5 Hz, 2 H), 7.27 (d, J = 8.5 Hz, 2 H), 7.39 (d, J = 8.5 Hz, 2 H); *C NMR
(CDCIs, 125 MHz) &6 21.0, 30.0, 39.4, 39.8, 120.0, 130.1, 137.7, 138.9, 205.6; exact mass

(electrospray) m/z calcd for C11H14N2NaO2 (M + Na)* 229.0947, found 229.0947.
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N-(2-Methylphenyl)-N-(3-oxobutyl)nitrous amide (215): General procedure G and H were
followed for making N-(2-methylphenyl)-N-(3-oxobutyl)nitrous amide 215. The product was
obtained as solid in a yield of 88%: FTIR (cast film CHCIs) 3065, 2928, 1717, 1495, 1446, 1169,
1148 cm™; "H NMR (CDCl3, 500 MHz) & 2.09 (s, 3 H), 2.23 (s, 3 H), 2.69 (t, J= 7.5 Hz, 2 H), 4.12
(t, J=7.5Hz, 2 H), 7.17 (d, J = 8.0 Hz, 1 H), 7.29-7.33 (m, 2 H), 7.35-7.36 (m, 1 H); *C NMR
(CDCls, 125 MHz) 6 18.1, 29.9, 39.1, 42.3, 126.6, 127.0, 129.5, 131.7, 134.5, 140.3, 205.4; exact

mass (electrospray) m/z calcd for C11H14N202 (M + H)* 207.1128, found 207.1132.

CH, l}l”o
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N-(2,4-Dimethylphenyl)-N-(3-oxobutyl)nitrous amide (217): General procedure G and H were
followed for making N-(2,4-dimethylphenyl)-N-(3-oxobutyl)nitrous amide 217. The product was
obtained as solid in a yield of 93%: FTIR (cast film CHCIz) 3000, 2960, 2924, 2857, 1717, 1504,
1446, 1422, 1165, 1150, 1129 cm™'; '"H NMR (CDCls, 500 MHz) & 2.10 (s, 3 H), 2.19 (s, 3 H), 2.38
(s, 3H),2.69 (t, J=7.5Hz, 2 H), 4.11 (t, J= 7.5 Hz, 2 H), 7.07-7.13 (m, 2 H), 7.17 (s, 1 H); °C
NMR (CDCls, 125 MHz) & 18.0, 21.1, 29.9, 39.1, 42.4, 126.4, 127.6, 132.3, 134.2, 137.8, 139.5,
205.5; exact mass (electrospray) m/z calcd for Ci2H1N2NaO, (M + Na)* 243.1104, found

243.1103.
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N-Pyridine-N-(3-oxobutyl)nitrous amide (221): General procedure G and H were followed for
making N-pyridine-N-(3-oxobutyl)nitrous amide 221. The product was obtained as off white solid
in a yield of 95%: FTIR (cast film CHCI3) 2977, 2923,1710, 1591, 14552, 1437, 1129, 1097 cm™;
'H NMR (CDCls, 500 MHz) & 2.15 (s, 3 H), 2.71 (t, J = 7.5 Hz, 2 H), 4.48 (t, J = 7.5 Hz, 2 H),
7.22-7.25 (m, 1 H), 7.78-7.81 (m, 1 H), 7.98 (d, J = 8.5 Hz, 1 H), 8.46-8.47 (m, 1 H); 3C NMR
(CDCIs, 125 MHz) & 29.9, 36.2, 39.8, 112.6, 121.7, 138.4, 148.0, 154.1, 206.0; exact mass

(electrospray) m/z for CoH11N3O2 (M + H)* 194.0924, found 194.0918.

3-(N-Nitroso-N-phenylamino)-1-phenylpropane-1-one (222): General procedure H was
followed (using the amine 225) for making 3-(N-nitroso-N-phenylamino)-1-phenylpropane-1-one
222. The product was obtained as yellow solid in a yield of 99%: FTIR (cast film CHCI3) 3061,
2916, 1684, 1448, 1125 cm™; "H NMR (CDCl3, 500 MHz) 5 3.26 (t, J=5.5Hz, 2 H), 4.45 (t, J =
5.5 Hz, 2 H), 7.36-7.39 (m, 1 H), 7.44-7.49 (m, 4 H), 7.56-7.58 (m, 3 H), 7.90 (apparent d, J =
7.0 Hz, 2 H); *C NMR (CDCls, 125 MHz) & 34.7, 40.3, 119.7, 127.6, 128.1, 128.8, 129.6, 133.6,
136.2, 141.4, 197.1; exact mass (electrospray) m/z calcd for C1sH14sN2NaO» (M + Na)*™ 277.0947,

found 277.0945.
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N-(3-Oxo-1,3-diphenylpropyl)-N-phenylnitrous amide (223): General procedure H was
followed (using the amine 228) for making N-(3-oxo-1,3-diphenylpropyl)-N-phenylnitrous amide
223. The product was obtained as sticky liquid in a yield of 99%: FTIR (neat) 3062, 3032, 2919,
2598, 2344, 1962, 1888, 1813, 1686, 1597, 1528, 1480, 1132 cm™; '"H NMR (CD3OD, 500 MHz)
0 3.66 (dd, J=18.0,4.5Hz, 1 H), 3.77 (dd, J= 7.0, 2.0 Hz, 1.4 H), 4.76 (dd, J = 18.0, 10.0 Hz, 1
H), 6.08 (dd, J=10.0, 4.5 Hz, 1 H), 6.90 (t, J = 7.0 Hz, 0.7 H), 6.96 (dd, J = 8.0, 2.0 Hz, 2 H), 7.23
(d, J=7.5Hz, 1.5 H), 7.30-7.63 (m, 19 H), 7.88 (d, J = 7.0 Hz, 1.5 H), 8.03 (d, J = 7.5 Hz, 2 H);
3C NMR (CDs0D, 125 MHz) & 39.8, 44.2, 54.2, 65.2, 124.5, 126.7, 127.1, 127.3, 128.0, 128.0,
128.2, 128.5, 128.6, 128.7, 128.8, 128.8, 129.1, 129.2, 129.3, 133.5, 133.6, 136.3, 136.4, 137.2,
139.0, 139.1, 140.4; exact mass (electrospray) m/z calcd for C21H1gsN2NaO» (M + Na)* 353.1260,

found 353.1254.

182

N-Methyl-N-phenylnitrous amide (182): General procedure H was followed for making N-
methyl-N-phenylnitrous amide 182. The product was obtained as a reddish orange solid in a yield
of 99%: FTIR (cast film CHCI3) 3008, 2919, 2851, 1614, 1498, 1225 cm™; '"H NMR (CDCls, 500

MHz) & 3.47 (s, 3 H), 7.37 (t, J= 7.5 Hz, 1 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.55 (d, J = 8.0 Hz, 2 H);
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3C NMR (CDCls, 125 MHz) & 31.4, 99.3, 119.2, 127.3, 129.5, 142.3; exact mass (El) m/z calcd

for C7HgN20 (M)* 136.0636 found 136.0636.

1-Nitrosopyrrolidin-2-one (267): General procedure H was followed for making 1-
nitrosopyrrolidin-2-one 267. The product was obtained in a yield of 99%: FTIR (neat) 2969, 2900
1767, 1495, 1346, 1148, 1020 cm™"; "H NMR (CDCls, 700 MHz) & 2.12-2.16 (m, 2 H), 2.76-2.79
(m 2 H), 3.65-3.67 (m, 2 H); *C NMR (CDCls, 175 MHz) & 15.8, 30.8, 42.5, 172.9; exact mass

(El) m/z caled for C4HsN202 (M)* 114.0429 found 114.0430.

9-Nitroso-9H-carbazole (268): General procedure H was followed for making 9-nitroso-9H-
carbazole 268. The product was obtained in a yield of 95%: FTIR (cast film CHCIz) 3119, 3065,
3023, 1944, 1912, 1804, 1492, 1471, 1437, 1247, 1125, 1060 cm™'; "H NMR (CDCls, 500 MHz) &
7.48-7.52 (m, 3 H), 7.57 (t, J=8.0 Hz, 1 H), 7.93-7.96 (m, 2 H), 8.25 (d, J= 8.0 Hz, 1H), 8.57-8.59
(m, 1 H); *C NMR (CDCls, 125 MHz) & 112.4, 116.6, 119.9, 120.4, 124.9, 125.4, 126.3, 127 .4,

128.2,128.6, 132.8, 138.7; exact mass (El) m/z calcd for C4HsN20 (M)* 196.0637 found 196.0635.
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1-Nitrosopyrrolidine (265): General procedure H was followed for making 1-nitrosopyrrolidine
265. The product was obtained in a yield of 98%: FTIR (neat) 2980, 2882, 2710, 1545, 1411 1310,
1027 cm™; "H NMR (CDCls, 700 MHz) & 1.95-2.03 (m, 4 H), 3.51-3.53 (m, 2 H), 4.20-4.22 (m, 2
H); *C NMR (CDCls, 175 MHz) & 22.5, 23.9, 45.1, 49.7; exact mass (El) m/z calcd for C4HsN2O

(M)* 100.0637 found 100.0637.

1-Nitrosopiperidine (266): General procedure H was followed for making 1-nitrosopiperidine
266. The product was obtained in a yield of 99%: FTIR (neat) 2945, 2862, 1428, 1360, 1181,
1096 cm™'; '"H NMR (CDCls, 700 MHz) & 1.51-1.53 (m, 2 H), 1.72-1.74 (m, 2 H), 1.76-1.79 (m, 2
H), 3.74 (dd, J = 6.3 Hz, 2 H), 4.15 (dd, J = 6.3 Hz, 2 H); 3C NMR (CDCls, 175 MHz) 5 24.1, 24.7,

26.4, 39.8, 50.8; exact mass (El) m/z calcd for C4HgN2O (M)* 114.0793 found 114.0794.

O = 0 = OH
R3ﬁo/R1 Zn(+)/SS(-), LiBr (7 equiv), 10 mA SﬂNH y 3J|\/\<N
and/or
/N\ . . . ’ ’
R, N0 Pyridine (2 equiv), MeOH, rt, 6 h R, N Ry N
Il? R R
195 229 230

General procedure J for electroreduction of N-nitrosamines 195: To an oven-dried 5 mL IKA
ElectraSyn 2.0 vial was added N-nitrosamines (0.2 mmol, 1.0 equiv), lithium bromide (LiBr, 1.4
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mmol, 7.0 equiv) and pyridine (0.4 mmol, 2.0 equiv), followed by 5.0 mL of methanol and a
magnetic stir bar. Next, IKA zinc (Zn) and stainless steel (SS) electrodes were attached to the
ElectraSyn 2.0 vial head as working and counter electrodes respectively. The vial head with
electrodes was attached to vial containing reaction mixture and stirred for 5 mins until the
substrate and lithium bromide dissolved completely. Then the reaction set up was attached to the
ElectraSyn 2.0 and following steps were followed: New exp. > Constant current > 10 mA > No ref.

electrode > Total time > 6 hr > 0.2 mmol > No alternating polarity > start.

1-Phenylpyrazolidin-3-one (231): General procedure J was followed for making 1-

phenylpyrazolidin-3-one 231. The product was obtained as pale yellow solid in a yield of 29%.2'"

N@OH
o

232

1-Phenyl-1H-pyrazol-3-ol (232): General procedure J was followed for making 1-phenyl-1H-
pyrazol-3-ol 232. The product was obtained as brown solid in a yield of 65%:2'® '"H NMR (CDCls,
500 MHz) 8 5.91 (d, J=2.0Hz, 2 H), 7.26 (t, J= 7.5 Hz, 1 H), 7.44-7.47 (m, 2 H), 7.51-7.52 (m,
2 H), 11.73 (br s, 1 H). *C NMR (CDCls, 125 MHz) & 94.2, 118.7, 126.0, 129.1, 129.7, 139.6,

164.0.
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1-(4-(Trifluoromethyl)phenyl)pyrazolidin-3-one (237): General procedure J was followed for
making 1-(4-(trifluoromethyl)phenyl)pyrazolidin-3-one 237. The product was obtained as pale
yellow solid in a yield of 30%: FTIR (cast film CHCIz) 3160, 3071, 2920, 2891,2849, 1902, 1693,
1615, 1327 cm™; '"H NMR (CDCl3, 500 MHz) § 2.62 (t, J = 8.0 Hz, 2 H), 4.05 (t, J = 8.0 Hz, 2 H),
7.10(d, J=8.5Hz, 2 H), 7.58 (d, J= 8.5 Hz, 2 H), 7.90 (br s, 1 H); 3C NMR (CDCls, 125 MHz) 5
29.8, 55.2, 115.7124.3 (q, Jr = 271.7 Hz), 124.4 (q, Jr = 32.8 Hz), 126.6 (q, Jr = 3.7 Hz), 154.0,
175.3; "F NMR (470 MHz, CDCl;) & —61.75; exact mass (El) m/z calcd for C1oHoF3N2O (M)*

230.0667, found 230.0668.

e

IO
H
Br

234

1-(4-Bromophenyl)pyrazolidin-3-one (234): General procedure J was followed for making 1-(4-
bromophenyl)pyrazolidin-3-one 234. The product was obtained in a yield of 37%:2" '"H NMR
(CDCls, 500 MHz) & 2.57 (t, J = 6.0 Hz, 2 H), 3.92 (t, J = 6.0 Hz, 2 H), 6.91 (d, J = 6.5 Hz, 2 H),
7.41 (d, J = 6.5 Hz, 2 H), 8.41 (br, 1 H); *C NMR (CDCls, 125 MHz) & 29.7, 55.6, 115.3, 118.1,

132.2, 150.5, 175.4.
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1-(4-Chlorophenyl)pyrazolidin-3-one (52): General procedure J was followed for making 1-(4-
chlorophenyl)pyrazolidin-3-one 52. The product was obtained in a yield of 77%: FTIR (cast film
CHCIs) 3175, 3073, 2959, 2925, 2857, 1881, 1698, 1593, 1491, 1286 cm™; 'H NMR (CDCls, 500
MHz) 6 2.58 (t, J = 8.0 Hz, 2 H), 3.93 (t, J=8.0 Hz, 2 H), 6.99 (d, J=8.0 Hz, 2 H), 7.30 (d, J =
8.0 Hz, 2 H), 8.36 (br s, 1 H); *C NMR (CDCls, 125 MHz) 5 29.7, 55.7, 117.7, 127.9, 129.2, 150.0,

175.4; exact mass (electrospray) m/z calcd for CgHoCIN2O (M — H)~ 195.0331, found 195.0330.

233

1-(2-Chlorophenyl)pyrazolidin-3-one (233): General procedure J was followed for making 1-(2-
chlorophenyl)pyrazolidin-3-one 233. The product was obtained as yellow solid in a yield of 75%:
FTIR (cast flm CHCIs) 3140, 3061, 2969, 2916, 2855, 2741, 1645, 1470 cm™; '"H NMR
(DMSO-Ds, 500 MHz) & 2.38 (t, J = 8.0 Hz, 2 H), 3.73 (t, J = 8.0 Hz, 2 H), 7.09-7.12 (m, 1 H),
7.25 (dd, J = 8.0, 1.5 Hz, 1 H), 7.31-7.34 (m, 1 H), 7.26 (dd, J = 8.0, 1.0 Hz, 1 H), 9.91 (br s, 1
H); *C NMR (DMSO-Ds, 125 MHz) 5 28.9, 54.3, 118.8, 124.2, 124.9, 127.6, 130.5, 148.6, 174.6;

exact mass (electrospray) m/z calcd for CoHsCIN2O (M + H)* 197.0476, found 197.0473.
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1-(4-Fluorophenyl)pyrazolidin-3-one (235): General procedure J was followed for making 1-(4-
fluorophenyl)pyrazolidin-3-one 235. The product was obtained in a yield of 61%:2"" 'TH NMR
(CDCls, 500 MHz) & 2.54 (t, J = 8.0 Hz, 2 H), 3.91 (t, J = 8.0 Hz, 2 H), 7.02-7.04 (m, 4 H), 7.18
(br's, 1 H); ®C NMR (CDCls, 125 MHz) 5 29.2, 56.9, 116.0 (d, Jr = 22.6 Hz), 118.5 (d, JF = 7.9

Hz), 147.8, 159.1 (d, Jr = 240.9), 175.5.

1-(4-Fluorophenyl)-1H-pyrazol-3-ol (236): General procedure J was followed for making 1-(4-
fluorophenyl)-1H-pyrazol-3-ol 236. The product was obtained in a yield of 31%:%"" 'H NMR
(CDCls, 500 MHz) 6 5.88 (d, J = 2.5 Hz, 1 H), 6.99-7.01 (m, 2 H), 7.39-7.41 (m, 2 H), 7.58 (d, J

= 2.5 Hz, 1 H).

1-(4-Methylphenyl)pyrazolidin-3-one (238): General procedure J was followed for making 1-(4-
methylphenyl)pyrazolidin-3-one 238. The product was obtained in a yield of 25%:>'" 'H NMR

(CDCls, 500 MHz) 6 2.31 (s, 3 H), 2.53 (t, J=8.0Hz, 2 H), 3.91 (t, J=8.0 Hz, 2 H), 6.96 (d, J =
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7.5 Hz, 2 H), 7.13 (d, J = 7.5 Hz, 2 H), 7.42 (br, 1 H); *C NMR (CDCls, 175 MHz) d 20.6, 29.4,

56.3, 116.9, 129.8, 132.8, 149.2, 175.5.

1-(4-Methylphenyl)-1H-pyrazol-3-ol (239): General procedure J was followed for making 1-(4-
methylphenyl)-1H-pyrazol-3-ol 239. The product was obtained in a yield of 66%: FTIR (cast film
CHCIs) 2952, 2925, 2855, 1457 cm™'; "H NMR (CDCls, 500 MHz) & 2.37 (s, 3 H), 5.87 (d, J= 2.5
Hz, 1 H), 7.24-7.26 (m, 2 H), 7.40 (dd, J = 7.0, 2.0 Hz, 2 H), 7.61 (d, J = 2.5 Hz, 1 H); "*C NMR
(CDCls, 175 MHz) & 20.9, 93.7, 118.9, 129.0, 130.1, 135.9, 137.4, 163.8; exact mass

(electrospray) m/z calcd for C1oH11N2O (M + H)* 175.0866, found 175.0864.

{. =0

N
DN
H,CO

241

1-(4-Methoxyphenyl)pyrazolidin-3-one (241): General procedure J was followed for making 1-
(4-methoxyphenyl)pyrazolidin-3-one 241. The product was obtained in a yield of 35%:2'° 'TH NMR
(CDCls, 500 MHz) & 2.57 (t, J = 8.0 Hz, 2 H), 3.83 (t, J = 8.0 Hz, 2 H), 6.83-6.85 (m, 2 H),

7.00-7.01 (m, 2 H).

N@OH

o
H,CO

242
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1-(4-Methoxyphenyl)-1H-pyrazol-3-ol (242): General procedure J was followed for making 1-
(4-methoxyphenyl)-1H-pyrazol-3-ol 242. The product was obtained in a yield of 65%: FTIR (cast
film CHCI3) 3140, 3052, 2960, 2936, 2849, 2728, 2644, 2575, 1545, 1516, 1250 cm™; 'TH NMR
(CDCls, 500 MHz) & 3.84 (s, 3H), 5.85(d, J=2.5Hz, 1 H),6.98 (d, J=9.0Hz, 2 H), 7.42 (d, J =
9.0 Hz, 2 H), 7.54 (d, J = 2.5 Hz, 1 H); 3C NMR (CDCls, 125 MHz) & 55.6, 93.4, 114.8, 120.7,
129.1, 133.4, 158.0, 163.7; exact mass (electrospray) m/z calcd for CioH1oN202 (M + H)*

191.0815, found 191.0813.

N@OH

SO
Et

240

1-(4-Ethylphenyl)-1H-pyrazol-3-ol (240): General procedure J was followed for making 1-(4-
ethylphenyl)-1H-pyrazol-3-ol 240. The product was obtained in a yield of 77%: FTIR (cast film
CHCIs) 3256, 3020, 2932, 2873, 2724, 2640, 2577, 1521, 1251 cm™; "H NMR (CDCls, 500 MHz)
01.26 (t, J=7.5Hz, 3 H),267(q,J=7.5Hz,2H),5.88 (d, J=2.0Hz, 1H), 7.28 (d, J = 8.0 Hz,
2 H),7.42(d, J=8.0Hz, 2 H), 7.61 (d, J= 2.0 Hz, 1 H); *C NMR (CDCls, 125 MHz) 5 15.5, 28.3,
93.8, 129.0, 129.0, 137.5, 142.2, 163.8; exact mass (electrospray) m/z calcd for C11H12N2O (M +

H)* 189.1022, found 189.1023.

D

243

1-Benzyl-pyrazolidin-3-one (243): General procedure J was followed for making 1-benzyl-

pyrazolidin-3-one 243. The product was obtained in a yield of 95%:2%° FTIR (cast film CHCIs)
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3185, 3087, 3062, 2926, 2852, 1688 cm™; '"H NMR (CDCls, 500 MHz) & 2.51 (br s, 2 H), 3.37 (br
s, 2 H), 3.87 (s, 2H), 7.30-7.37 (m, 5 H); "*C NMR (CDCls, 125 MHz) & 30.0, 51.9, 63.8, 128.2,
128.8, 129.3, 135.8, 174.8; exact mass (electrospray) m/z calcd for C1oH12N20 (M + H)* 177.1022,

found 177.1023.

N’;%CH3

J

3-Methyl-1-phenyl-4,5-dihydro-1H-pyrazole (246): General procedure J was followed for

246

making 3-methyl-1-phenyl-4,5-dihydro-1H-pyrazole 246. The product was obtained in a yield of
73%: FTIR (cast film CHCI3) 3062, 3041, 3028, 2914, 2848, 1598, 1503 cm™; '"H NMR (CDCls,
500 MHz) 6 2.09 (s, 3 H), 2.82-2.86 (m, 2 H), 3.68 (t, J = 10 Hz, 2 H), 6.81 (d, J = 7.0 Hz, 1 H),
7.02 (d, J = 8.5 Hz, 2 H), 7.25-7.28 (m, 2 H); ®C NMR (CDCls, 125 MHz) & 16.1, 36.4, 48.5,
112.9, 118.7, 129.0, 147.1, 150.8; exact mass (electrospray) m/z calcd for CioH1sN2 (M + H)*

161.1073, found 161.1070.

e
Br

250

1-(4-Bromophenyl)-3-methyl-4,5-dihydro-1H-pyrazole (250): General procedure J was
followed for making 1-(4-bromophenyl)-3-methyl-4,5-dihydro-1H-pyrazole 250. The product was
obtained in a yield of 63%:2?' "H NMR (CDCls, 500 MHz) & 2.07 (s, 3 H), 2.84 (td, J = 10, 1.0 Hz,
2 H), 3.66 (t, J= 10 Hz, 2 H), 6.86 (dd, J = 7.0, 2.0 Hz, 2 H), 7.32 (dd, J = 7.0, 2.5 Hz, 2 H); "3C

NMR (CDCls, 175 MHz) & 16.1, 36.5, 48.3, 110.5, 114.4, 131.8, 146.0, 151.4.
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251

AT

1-(4-Fluorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole (251): General procedure J was

followed for making 1-(4-fluorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole 251. The product was
obtained in a yield of 70%:%?" FTIR (cast film CHCIs) 3055, 2925, 2854, 1510, 1222 cm™"; '"H NMR
(CDCls, 500 MHz) 6 2.07 (s, 3 H), 2.83 (t, J= 10, Hz, 2 H), 3.62 (t, J = 10 Hz, 2 H), 6.94-6.96 (m,
4 H); *C NMR (CDCls, 125 MHz) & 16.1, 36.6, 49.3, 114.0 (d, Jr = 7.5 Hz), 115.5 (d, Jr = 22.3
Hz), 144.0, 151.1, 156.7 (d, Jr = 235.4 Hz); exact mass (electrospray) m/z calcd for C1oH11FN2 (M

+ H)" 179.0979, found 179.0979.

252

1-(4-Trifluoromethyl)-3-methyl-4,5-dihydro-1H-pyrazole (252): General procedure J was
followed for making 1-(4-trifluoromethyl)-3-methyl-4,5-dihydro-1H-pyrazole 252. The product was
obtained as yellow solid in a yield of 43%: FTIR (cast film CHCIs) 3013, 2957, 2927, 2856, 1615,
1531, 1328, 1110 cm™; '"H NMR (CDCls, 500 MHz) & 2.09 (s, 3 H), 2.89 (t, J = 10 Hz, 2 H), 3.72
(t, J=10Hz, 2 H), 6.98 (d, J = 8.5 Hz, 2 H), 7.47 (d, J = 8.5 Hz, 2 H); *C NMR (CDCls, 175 MHz)
0 16.0, 36.4,47.5,111.8, 119.7 (q, JF = 7.6 Hz), 125.0 (q, JF = 292.8 Hz), 126.3 (q, Jr = 3.8 Hz),
148.6, 152.1; "°F NMR (469 MHz, CDCl3) & ppm — 60.96 (s, 3F).; exact mass (electrospray) m/z

calcd for C11H11F3N2 (M)* 228.0874, found 228.0873.
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248

1-(4-Chlorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole (248): General procedure J was
followed for making 1-(4-chlorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole 248. The product was
obtained in a yield of 35%: FTIR (cast film CHCI3) 2958, 2924, 2853, 1495, 1464 cm™; '"H NMR
(CDCls, 500 MHz) 6 2.08 (s, 3 H), 2.85 (t, J= 10 Hz, 2 H), 3.64 (t, J=10 Hz, 2 H), 6.93 (d, J =
11.0 Hz, 2 H), 7.20 (d, J = 11.0 Hz, 2 H); *C NMR (CDCls, 175 MHz) 5 16.1, 36.5, 48.5, 113.9,
123.3, 128.9, 145.6, 151.3; exact mass (electrospray) m/z calcd for C1oHoCIN2 (M + H)* 193.0527,

found 193.0523.

D/QCH?’
Cl

249

1-(4-Chlorophenyl)-3-methyl-1H-pyrazole (249): General procedure J was followed for making
1-(4-chlorophenyl)-3-methyl-1H-pyrazole 249. The product was obtained in a yield of 28%:2%? 'H
NMR (CDCls, 500 MHz) & 2.37 (s, 3 H), 6.25 (s, 1 H), 7.38 (apparent dd, J = 7.0, 1.5 Hz, 2 H),
7.59 (apparent dd, J = 7.0, 1.5 Hz, 2 H), 7.78 (s, 1 H); "*C NMR (CDCls, 175 MHz) & 13.7, 107.9,

119.9, 127.3, 129.4, 131.3, 138.8, 150.9.

Cl

@/Nl\/l\%‘CH3

247
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1-(2-Chlorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole (247): General procedure J was
followed for making 1-(2-chlorophenyl)-3-methyl-4,5-dihydro-1H-pyrazole 247. The product was
obtained in a yield of 52%: FTIR (cast film CHCI3) 3066, 2987, 2948, 2915, 2850, 1589, 1478 cm"
. 'TH NMR (CDCls, 500 MHz) & 2.10 (s, 3 H), 2.84 (t, J = 10 Hz, 2 H), 3.76 (t, J = 10 Hz, 2 H),
6.97-7.00 (m, 1 H), 7.18-7.21 (m, 2 H), 7.33 (dd, J = 8.0, 1.5 Hz, 1 H), 7.38 (dd, J = 8.0, 1.5 Hz,
1 H); C NMR (CDCls, 175 MHz) 5 16.1, 37.6, 53.4, 121.4, 124.0, 124.9, 127.4, 130.3, 147.3,

153.8; exact mass (electrospray) m/z calcd for C1oH11CIN2 (M + H)* 195.0684, found 195.0679.

CH

@iNl\/N%CH:i

253

3-Methyl-1-(2-methylphenyl)-4,5-dihydro-1H-pyrazole (253): General procedure J was
followed for making 3-methyl-1-(2-methylphenyl)-4,5-dihydro-1H-pyrazole 253. The product was
obtained in a yield of 83%:%' '"H NMR (CDCls;, 500 MHz) & 2.09 (s, 3 H), 2.37 (s, 3 H), 2.79 (t, J
=9.5Hz, 2 H), 3.49 (t, J= 9.5 Hz, 2 H), 6.98-7.01 (m, 1 H), 7.13-7.15 (m, 3 H); "*C NMR (CDCls,

175 MHz) 6 16.2, 19.2, 37.2, 53.5, 119.2, 123.4, 126.5, 129.9, 131.0, 148.4, 152.5.

3-Methyl-1-(p-tolyl)-4,5-dihydro-1H-pyrazole (254): General procedure J was followed for

making 3-methyl-1-(p-tolyl)-4,5-dihydro-1H-pyrazole 254. The product was obtained in a yield of

90%:22' 'TH NMR (CDCls, 500 MHz) & 2.08 (s, 3 H), 2.27 (s, 3 H), 2.81 (t, J = 10 Hz, 2 H), 3.64 (t,

114



J=10Hz, 2 H), 6.92 (d, J = 7.5 Hz, 2 H), 7.06 (d, J = 7.5 Hz, 2 H); ®C NMR (CDCls, 175 MHz) &

16.1, 20.5, 36.4, 49.1, 113.1, 128.0, 129.5, 145.3, 150.5.

3-Methyl-1-(p-tolyl)-1H-pyrazole (255): General procedure J was followed for making 3-methyl-

1-(p-tolyl)-1H-pyrazole 255. The product was obtained in a yield of 10%: FTIR (cast film CHCIs)
2959, 2924, 2853, 1516 cm™; '"H NMR (CDCls, 500 MHz) & 2.37 (s, 6 H), 6.22 (d, J = 2.0 Hz, 1
H), 7.22 (d, J=8.0 Hz, 2 H), 7.52 (d, J= 8.0 Hz, 2 H), 7.77 (d, J = 2.0 Hz, 1 H); *C NMR (CDCls,

175 MHz) 6 13.7, 20.9, 107.2, 118.9, 127.3, 129.9, 135.7, 150.2; exact mass (electrospray) m/z

caled for C11H12N2 (M + H)* 173.1073, found 173.1070.

CH

3
D\CH;g
“N
HsC

256

3-Methyl-1-(2,4-dimethylphenyl)-4,5-dihydro-1H-pyrazole (256): General procedure J was
followed for making 3-methyl-1-(2,4-dimethylphenol)-4,5-dihydro-1H-pyrazole 256. The product
was obtained in a yield of 95%: FTIR (cast film CHCI3) 3052, 2987, 2942, 2912, 2865, 1950, 1872,
1775, 1739, 1597, 1496, 1469, 1439 cm™; '"H NMR (CDCl3, 500 MHz) 5 2.08 (s, 3 H), 2.28 (s, 3
H), 2.33 (s, 3 H), 2.77 (t, J=9.5Hz, 2 H), 3.44 (t, J=9.5Hz, 2 H), 6.95 (d, J=8.0 Hz, 1 H), 6.98
(s, 1 H), 7.06 (d, J = 8.0 Hz, 1 H); "*C NMR (CDCls, 125 MHz) & 16.2, 18.9, 20.7, 37.3, 54.0,
119.5,127.1,130.0, 131.6, 133.0, 146.2, 152.4; exact mass (electrospray) m/z calcd for C12H16N2

(M + H)* 189.1386, found 189.1386.
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257

1-(4-Ethylphenyl)-3-methyl-4,5-dihydro-1H-pyrazole (257): General procedure J was followed
for making 1-(4-ethylphenyl)-3-methyl-4,5-dihydro-1H-pyrazole 257. The product was obtained in
a yield of 83%: "H NMR (CDCls;, 500 MHz) & 1.21 (t, J = 7.5 Hz, 3H), 2.07 (s, 3 H), 2.57 (q, J =
7.5 Hz, 2 H), 2.81 (td, J = 10.0, 1 Hz, 2 H), 3.64 (t, J = 10.0 Hz, 2 H), 6.95 (d, J = 8.5 Hz, 2 H),
7.10 (d, J = 8.5 Hz, 2 H); *C NMR (CDCls, 175 MHz) 5 15.9, 16.1, 28.0, 36.4, 49.1, 113.1, 128.4,

134.7, 145.5, 150.6.

N’\//N/>‘CH3

e

258

3-Methyl-1-(4-ethyl)-1H-pyrazole (258): General procedure J was followed for making 3-methyl-
1-(4-ethyl)-1H-pyrazole 258. The product was obtained in a yield of 16%: FTIR (cast film CHCIs)
3040, 2959, 2927, 2855, 1535 cm™; '"H NMR (CDCls;, 500 MHz) & 1.26 (t, J = 7.5 Hz, 3H), 2.38
(s,3H),2.68(q,J=7.5Hz 2H),6.23 (d, J=2.5Hz, 1H),7.25(dd, J=7.0, 2.0 Hz, 2 H), 7.56
(dd, J=7.0,2.0 Hz, 2 H), 7.78 (d, J = 2.5 Hz, 1 H); 3C NMR (CDCls, 125 MHz) 5 13.8, 15.6, 28.3,
107.2,119.0, 127.3, 128.7, 138.2, 142.1, 150.2; exact mass (electrospray) m/z calcd for C12H14N>

(M + H)* 187.1230, found 187.1227.
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H3CO~ :

259

1-(4-Methoxyphenyl)-3-methyl-4,5-dihydro-1H-pyrazole (259): General procedure J was
followed for making 1-(4-methoxyphenyl)-3-methyl-4,5-dihydro-1H-pyrazole 259. The product
was obtained in a yield of 44%: "H NMR (CDCls, 500 MHz) & 2.07 (s, 3H), 2.80 (t, J= 10.0 Hz, 2
H), 3.60 (t, J = 10.0 Hz, 2 H), 3.77 (s, 3 H), 6.85 (dd, J= 7.0, 2.5 Hz, 2 H), 6.98 (dd, J=7.0, 2.5
Hz, 2 H); 3C NMR (CDCls, 125 MHz) d 16.1, 29.7, 36.6, 49.9, 55.7, 114.5, 114.6, 142.2, 150.7,

153.2.

N’\//N/>‘CH3

H3CO” :

260

1-(4-Methoxyphenyl)-3-methyl-1H-pyrazole (260): General procedure J was followed for
making 1-(4-methoxyphenyl)-3-methyl-1H-pyrazole 260. The product was obtained in a yield of
56%: FTIR (cast film CHCI3) 2957, 2926, 2855, 1532, 1515, 1249 cm™"; "H NMR (CDCls, 500 MHz)
O 3.84(s,3H),6.21(d, J=25Hz, 1H),6.95(d, J=9.0Hz, 2 H), 7.54 (d, J = 9.0 Hz, 2 H), 7.71
(d, J=2.5Hz, 1 H); ®C NMR (CDCls, 175 MHz) d 13.7, 55.6, 107.0, 114.5, 120.6, 127.4, 134.1,
150.0, 157.9; exact mass (electrospray) m/z calcd for C41H13N2O (M + H)* 189.1022, found

189.1020.
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4-(3-Methyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid (261): General procedure J was
followed for making 4-(3-methyl-4,5-dihydro-1H-pyrazol-1-yl)benzoic acid 261. The product was
obtained in a yield of 83%: '"H NMR (DMSO-Ds, 500 MHz) & 2.00 (s, 3 H), 2.89 (t, J = 10 Hz, 2
H), 3.69 (t, J= 10 Hz, 2 H), 6.89 (d, J=9.0 Hz, 2 H), 7.60 (d, J= 9.0 Hz, 2 H); *C NMR (DMSO-Ds,

125 MHz) 6 15.6, 35.9, 46.8, 110.9, 118.7, 130.9, 148.9, 153.9, 167.3.

N’\/N»CH3

|\
2N

2-(5-Methyl-3,4-dihydropyrazol-2-yl)pyridine (262): General procedure J was followed for

262

making 2-(5-methyl-3,4-dihydropyrazol-2-yl)pyridine 262. The product was obtained in a yield of
69%: FTIR (cast film CHCI3) 3100, 3055, 2982, 2953, 2918, 2904, 2833, 1952, 1606, 1558, 1507,
1474, 1457 cm™; '"H NMR (CDCls, 500 MHz) 5 2.09 (s, 3 H), 2.84 (t, J= 10 Hz, 2 H), 3.95 (t, J =
10 Hz, 2 H), 6.63 (t, J=6.0 Hz, 1 H), 7.20 (d, J = 8.5 Hz, 1 H), 7.47 (td, J=6.0, 1.5 Hz, 1 H), 8.16
(d, J=4.5 Hz, 1 H); *C NMR (CDCls, 125 MHz) & 16.2, 36.0, 46.3, 108.7, 113.7, 137.0, 147.6,

153.0, 157.0; exact mass (electrospray) m/z calcd for CoH41N3 (M + H)" 162.1026, found
162.1023.
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263

1,3-Diphenyl-4,5-dihydro-1H-pyrazole (263): General procedure J was followed for making 1,3-
diphenyl-4,5-dihydro-1H-pyrazole 263. The product was obtained as yellow solid in a yield of
60%;?23 'H NMR (CDCl3, 500 MHz) & 3.26 (t, J = 10.5 Hz, 2 H), 3.90 (t, J = 10.5 Hz, 2 H), 6.86 {(t,
7.5Hz, 1 H),7.17 (d, 8.0 Hz, 2 H), 7.30-7.36 (m, 3 H), 7.38-7.43 (m, 2 H), 7.77 (d, J= 7.0 Hz, 2

H).

@Nm

1,3-Diphenyl-1H-pyrazole (264): General procedure J was followed for making 1,3-diphenyl-1H-
pyrazole 264. The product was obtained in a yield of 12%: FTIR (cast film CHCI3) 3061, 2926,
2852, 1600, 1506 cm™"; '"H NMR (CDCls, 500 MHz) & 6.78 (d, J = 2.5 Hz, 1 H), 7.29 (t, J = 7.5 Hz,
1H),7.34(t J=7.5Hz, 1H),7.42-7.49 (m, 4 H), 7.78 (d, 8.0 Hz, 2 H), 7.92 (d, J = 7.0 Hz, 2 H),
7.96 (d, J = 2.5 Hz, 1 H); ®C NMR (CDCls, 125 MHz) d 16.2, 36.5, 46.3, 108.6, 112.8, 137.7,
147.5, 158.3, 208.1; exact mass (electrospray) m/z calcd for C1sH12N2 (M + H)* 221.1073, found

221.1070.

CHs

oy

183
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1-Methyl-1-phenylhydrazine (183): General procedure J was followed for making 1-methyl-1-
phenylhydrazine 183. The product was obtained in a yield of 93%:2?* FTIR (cast film CHCIs) 3140,
3060, 2962, 2923, 2852, 1649, 1506 cm™'; '"H NMR (CDCls, 500 MHz) & 3.12 (s, 3 H), 3.70 (br s,
1 H), 6.82 (apparent t, J= 7.5 Hz, 1 H), 7.02 (apparent d, J = 8.0 Hz, 2 H), 7.26-7.29 (m, 2 H);
3C NMR (CDCls, 125 MHz) & 44.6, 113.5, 118.6, 129.0, 152.7; exact mass (electrospray) m/z

calcd for C7H10N2 (M + H)* 123.0917, found 123.0917.
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Appendix A

Crystallographic Information for 3-[nitroso(phenyl)amino]-1-phenylpropan-1-one. University of

Alberta Department of Chemistry Structure Determination Laboratory Report #JMS2002.

Perspective view of the 3-[nitroso(phenyl)amino]-1-phenylpropan-1-one molecule showing the
atom labelling scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the 30%
probability level. Hydrogen atoms are shown with arbitrarily small thermal parameters.
Crystallographic Experimental Details

A. Crystal Data

formula C15H14N20O9
formula weight 254.28

crystal dimensions (mm) 0.34 x0.20 x 0.12
crystal system orthorhombic
space group Pbca (No. 61)

unit cell parameters?
a(A) 7.7758(2)

b(A) 15.7484(3)
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¢ (A)
V (A3)
Z
Pealed (g cm3)

p (mm-1)

20.3869(4)
2496.51(9)
8

1.353

0.741

B. Data Collection and Refinement Conditions

diffractometer

radiation (1 [A])
temperature (°C)

scan type

data collection 28 limit (deg)
total data collected
independent reflections

number of observed reflections (NO)

structure solution method
refinement method
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (5)¢ [all data]
final R indices/

Ry [Fo? 2 20(Fo?)]

Bruker D8/APEX I CCD?

Cu Ka (1.54178) (microfocus source)

-100

® and @ scans (1.0°) (5 s exposures)

145.21

88374 (-9<h<9,-19<k<19,-25<1<25)
2472 (Rint = 0.0309)

2405 [Fo? = 20(Fy2)]

intrinsic phasing (SHELXT-2014¢)
full-matrix least-squares on F2 (SHELXL—2018%)
Gaussian integration (face-indexed)
0.9806-0.8344

2472/0/172

1.060

0.0340

148



wR> [all data] 0.0883

largest difference peak and hole 0.198 and —0.177 ¢ A-3

aQbtained from least-squares refinement of 9817 reflections with 12.04° <26< 144.74°.

bPrograms for diffractometer operation, data collection, data reduction and absorption correction

were those supplied by Bruker.
¢Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
dSheldrick, G. M. Acta Crystallogr. 2015, C71,3-8. (SHELXL-2018/3)

eS = [Zw(Fy? — F2)2/(n — p)]Y/2 (n = number of data; p = number of parameters varied; w =

[02(Fo2) + (0.0428P)2 + 0.7594P]-1 where P = [Max(F,2, 0) + 2F2]/3).

fRI = Z||Fo| = |Fe|ll/Z|Fo|; wRy = [ZW(FOZ _FCZ)Z/ZW(F04)]1/2-

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters

Atom x y z Ueq» A2

o1 0.16107(12) 0.09531(5)  0.45366(4)  0.0414(2)*
02 0.23264(13) 0.13981(5)  0.21418(4)  0.0445(2)*
NI 0.31788(12) 0.22680(5) 0.28916(4)  0.0295(2)*
N2 0.30995(14) 0.20680(6)  0.22594(4)  0.0356(2)*
Cl 0.26690(14) 0.05699(6)  0.42109(5)  0.0274(2)*
2 0.33785(13) 0.09586(6)  0.35859(5)  0.0279(2)*
3 0.23549(15) 0.17479(7)  0.34009(5)  0.0316(2)*
C4 0.32718(13) -0.02908(6)  0.44177(5)  0.0265(2)*
Cs 0.25375(15) -0.06572(7)  0.49749(5)  0.0316(2)*
6 0.30177(16) -0.14654(7)  0.51706(5)  0.0363(3)*
C7 0.42248(16) -0.19171(7)  0.48119(6)  0.0363(3)*
8 0.49663(16) -0.15569(7)  0.42618(6)  0.0364(3)*
9 0.44981(15) -0.07446(7)  0.40656(5)  0.0317(2)*
10 0.39704(14) 0.30618(6)  0.30481(5)  0.0270(2)*
Cl1 0.37808(15) 0.37549(7)  0.26302(5)  0.0311(2)*
Cl12 0.45288(16) 0.45231(7)  0.27987(5)  0.0352(3)*
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C13
Cl4
CI5

0.54448(15)  0.46100(7)
0.56097(16)  0.39195(7)
0.48848(15)  0.31443(7)

0.33769(6)  0.0358(3)*
0.37943(5)  0.0362(3)*
0.36284(5)  0.0329(3)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the

anisotropic displacement parameter is: exp[-272(h2a*2Uy | + k2b*2Uyy + 2c*2Us3 + 2kib*c* Unj
+ 2hla*c*Uyz + 2hka*b* Uq))].

Table 3. Selected Interatomic Distances (A)

Atoml
01
02
N1
N1
N1
Cl
Cl
C2
C4
C4

Atom?2
Cl
N2
N2
C3
Cl10
C2
C4
C3
C5
C9

Distance

1.2174(13)
1.2377(13)
1.3281(12)
1.4694(13)
1.4296(14)
1.5175(14)
1.4950(14)
1.5235(14)
1.3962(14)
1.3911(15)

Table 4. Selected Interatomic Angles (deg)

Atoml
N2
N2
C3
02
01
01
C2
Cl
N1
Cl
Cl
C5
C4

Atom?2
N1
N1
N1
N2
Cl
Cl
Cl
C2
C3
C4
C4
C4
C5

Atom3
C3
Cl10
C10
N1
C2
C4
C4
C3
C2
C5
C9
C9
Co6

Angle
122.22(9)
116.36(9)
121.16(8)
114.38(10)
120.25(9)
120.50(9)
119.25(9)
110.31(8)
113.70(9)
118.42(9)
122.36(9)
119.20(10)
120.26(11)
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Atoml
C5
Co6
C7
C8
Cl10
Cl10
Cl1
Cl12
Cl13
Cl4

Atoml
C5
Co6
C7
C4
N1
N1
Cl1
Cl10
Cl1
Cl12
Cl13
Cl10

Atom?2
Co6
C7
C8
C9
Cl1
Cl15
C12
Cl13
Cl14
Cl15

Atom?2
Co
C7
C8
C9
C10
Cl10
C10
Cl11
Cl12
Cl13
Cl14
Cl15

Distance

1.3851(16)
1.3863(18)
1.3828(17)
1.3888(15)
1.3925(14)
1.3863(15)
1.3857(16)
1.3841(17)
1.3868(16)
1.3865(16)

Atom3
C7
C8
C9
C8
Cl1
Cl15
Cl15
C12
Cl13
Cl14
Cl15
Cl14

Angle
120.14(10)
119.98(10)
120.14(11)
120.29(10)
120.22(9)
119.55(9)
120.20(10)
119.23(10)
120.90(10)
119.51(11)
120.21(11)
119.95(10)



Table 5. Torsional Angles (deg)
Atoml Atom2 Atom3 Atom4

C3
C10
N2
C10
N2
N2
C3
C3
Ol
C4
Ol
01
C2
C2
Cl
Cl

N1
N1
N1
N1
N1
N1
N1
N1
Cl
Cl
Cl
Cl
Cl
Cl
C2
C4

N2
N2
C3
C3
C10
C10
C10
C10
C2
C2
C4
C4
C4
C4
C3
C5

02
02
C2
C2
Cl1
C15
Cl1
C15
C3
C3
G5
C9
(O]
C9
N1
C6

Angle
-2.20(15)
-176.41(9)
79.34(13)
-106.72(11)
34.74(14)
-147.19(10)
-139.54(10)
38.52(14)
-10.17(14)
169.24(9)
2.77(15)
-178.98(10)
-176.64(9)
1.61(15)
167.12(9)
177.83(10)
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Atom]l Atom2 Atom3 Atom4

C9
Cl1
C5
C4
C5
C6
C7
NI
CI15
NI
Cll1
C10
Cll1
Cl12
C13

C4
C4
C4
Cs
Co6
C7
C8
C10
C10
C10
C10
Cll1
Cl2
CI13
Cl4

C5
C9
C9
Cé6
C7
C8
C9
Cl1
Cll1
CI15
CI15
C12
C13
Cl14
CI15

C6
C8
C8
C7
C8
C9
C4
C12
Cl12
Cl14
Cl14
C13
Cl14
CI15
C10

Angle
-0.48(16)
-177.34(10)
0.90(16)
-0.34(17)
0.74(17)
-0.32(18)
-0.50(17)

178.63(9)

0.58(16)
-177.92(10)
0.15(17)
-0.53(16)
-0.26(17)
1.00(17)
-0.94(17)



Table 6. Anisotropic Displacement Parameters (Uj;, A2)

Atom
0Ol
02
N1
N2
Cl
C2
C3
C4
C5
Co6
C7
C8
C9
Cl10
Cl1
Cl12
Cl13
Cl14
Cl15

Un
0.0532(5)
0.0560(5)
0.0380(5)
0.0452(6)
0.0316(5)
0.0330(5)
0.0355(5)
0.0305(5)
0.0370(5)
0.0466(7)
0.0488(6)
0.0433(6)
0.0378(6)
0.0324(5)
0.0376(6)
0.0449(6)
0.0402(6)
0.0423(6)
0.0452(6)

U2
0.0331(4)
0.0360(4)
0.0265(4)
0.0328(5)
0.0258(5)
0.0247(5)
0.0286(5)
0.0259(5)
0.0319(5)
0.0347(6)
0.0274(5)
0.0310(6)
0.0299(5)
0.0252(5)
0.0318(5)
0.0285(5)
0.0293(5)
0.0366(6)
0.0289(5)

Us3
0.0378(4)
0.0415(5)
0.0239(4)
0.0287(5)
0.0248(5)
0.0260(5)
0.0307(5)
0.0230(5)
0.0258(5)
0.0274(5)
0.0328(6)
0.0349(6)
0.0274(5)
0.0234(5)
0.0239(5)
0.0323(6)
0.0378(6)
0.0296(5)
0.0246(5)

Uz3
0.0028(3)
-0.0048(4)
0.0029(3)
-0.0017(4)
-0.0017(4)
0.0013(4)
0.0043(4)
-0.0005(4)
0.0005(4)
0.0076(4)
0.0042(4)
0.0006(4)
0.0030(4)
0.0020(4)
0.0056(4)
0.0068(4)
-0.0050(4)
-0.0055(4)
0.0029(4)

The form of the anisotropic displacement parameter is:
exp[-272(h2a*2U} | + k2b*2Uyy + 2c*2Us3 + 2kib*c*Ups + 2hla*c*Uy3 + 2hka*b* U )]

U13
0.0162(4)
-0.0081(4)
0.0007(4)
-0.0037(4)
0.0006(4)
0.0016(4)
0.0047(4)
-0.0033(4)
0.0008(4)
-0.0030(5)
-0.0107(5)
-0.0012(5)
0.0015(4)
0.0036(4)
0.0022(4)
0.0114(5)
0.0107(5)
-0.0010(5)
-0.0011(5)

U2
0.0071(4)
-0.0016(4)
0.0036(4)
0.0055(4)
-0.0030(4)
0.0006(4)
0.0029(4)
-0.0049(4)
-0.0038(4)
-0.0089(5)
-0.0013(5)
0.0053(5)
0.0000(4)
0.0057(4)
0.0067(4)
0.0056(5)
0.0008(5)
0.0057(5)
0.0077(5)

Table 7. Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms

Atom
H2A
H2B
H3A
H3B
H5
H6
H7
HS
H9
H11
H12
H13
H14
H15

X

y

z

0.331447
0.460120
0.120432
0.218901
0.170524
0.251875
0.454252
0.579779
0.501756
0.314602
0.441136
0.595672
0.622143
0.501449

0.053843
0.111229
0.157117
0.210006
-0.035103
-0.171071
-0.247392
-0.186573
-0.049786
0.370167
0.499662
0.513888
0.397769
0.267014

0.322547
0.365089
0.324410
0.379813
0.522075
0.555146
0.494403
0.401753
0.368942
0.223418
0.251345
0.348710
0.419516
0.391214
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Ueg A2
0.033
0.033
0.038
0.038
0.038
0.044
0.044
0.044
0.038
0.037
0.042
0.043
0.043
0.039



Crystallographic Information for 4-{nitroso[4-(trifluoromethyl)phenyl]amino}butan-2-one.
University of Alberta Department of Chemistry Structure Determination Laboratory Report

#JMS2003.

Perspective view of the 4-{nitroso[4-(trifluoromethyl)phenyl]Jamino}butan-2-one molecule showing
the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian ellipsoids at the

30% probability level. Hydrogen atoms are shown with arbitrarily small thermal parameters.

Crystallographic Experimental Details

A. Crystal Data

formula C11H11F3N202
formula weight 260.22
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crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b(A)
c(A)
a (deg)
/3 (deg)
y (deg)
V(A3)
V4
Pealed (g cm™3)

p (mm-l)

0.23 x 0.19 x 0.05
triclinic

P1 (No. 2)

6.12900(10)
8.6035(2)
11.8565(3)
104.8769(7)
104.5203(8)
98.8563(10)
568.80(2)

2

1.519

1.211

B. Data Collection and Refinement Conditions

diffractometer

radiation (1 [A])
temperature (°C)

scan type

data collection 28 limit (deg)
total data collected

independent reflections

Bruker D8/APEX II CCD?

Cu K (1.54178) (microfocus source)

—-100

w and ¢ scans (1.0°) (5 s exposures)

140.85

24747 (-7<h<7,-10<k<10,-14<[< 14)

2100 (Rin; = 0.0259)
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number of observed reflections (NO) 2018 [Fo2 > 20(Fy2)]

structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—2018%)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9945-0.7883
data/restraints/parameters 2100/0/ 164
goodness-of-fit (S)¢ [all data] 1.031
final R indices/
R [Fo? 2 20(F?)] 0.0294
wR> [all data] 0.0842
largest difference peak and hole 0.238 and —0.228 e A-3

a0btained from least-squares refinement of 9932 reflections with 8.10° <26< 140.86°.

bPrograms for diffractometer operation, data collection, data reduction and absorption correction

were those supplied by Bruker.
¢Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
dSheldrick, G. M. Acta Crystallogr. 2015, C71,3-8. (SHELXL-2018/3)

eS = [Ew(Fy2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =

[2(Fy2) + (0.0499P)2 + 0.1221P]-1 where P = [Max(F,2, 0) + 2F2]/3).

Ry = Z||Fo| — |Fell/Z|Fol; wRy = [Ew(Fo? — F2)2/Ew(Fo*)] 12,
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters

Atom
F1
F2
F3
0]}
02
N1
N2
Cl
C2
C3
C4
C5
Co6
C7
C8
C9
C10
Cll1

X
0.55784(13)
0.90047(12)
0.63658(14)
0.86057(16)
0.13936(15)
0.39564(15)
0.19472(16)
1.0596(2)
0.87098(19)
0.6953(2)
0.53464(19)
0.46747(18)
0.30785(18)
0.37725(19)
0.60453(18)
0.76437(19)
0.69661(18)
0.67464(19)

y

0.17086(9)

0.29588(10)
0.43101(9)

0.46821(11)
0.09961(11)
0.21047(11)
0.10579(12)
0.25299(16)
0.32769(14)
0.21777(14)
0.31089(13)
0.22063(12)
0.16088(13)
0.17726(14)
0.25366(13)
0.31014(14)
0.29252(13)
0.28675(14)

z

0.22318(6)
0.34482(7)
0.31612(7)
1.09186(8)
0.81042(8)
0.74023(8)
0.71808(9)
1.10176(10)
1.04590(9)
0.92688(10)
0.86579(9)
0.63627(9)
0.51893(10)
0.41964(10)
0.43597(10)
0.55257(10)
0.65242(10)
0.33102(10)

Ueg: A2
0.0419(2)*
0.0430(2)*
0.0451(2)*
0.0415(2)*
0.0387(2)*
0.0278(2)*
0.0328(2)*
0.0372(3)*
0.0291(2)*
0.0321(3)*
0.0296(2)*
0.0261(2)*
0.0290(2)*
0.0297(2)*
0.0278(2)*
0.0304(2)*
0.0299(2)*
0.0308(2)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the
anisotropic displacement parameter is: exp[-272(h2a*2Uy | + k2b*2Uyy + [2c¢*2Us3 + 2kib*c* Uns
+ 2hla*c*Uyz + 2hka*b*Uq))].

Table 3. Selected Interatomic Distances (A)

Atoml Atom2 Distance Atoml Atom2 Distance

F1 Cl11 1.3447(13) C2 C3 1.5114(14)
F2 Cl11 1.3398(13) C3 C4 1.5229(15)
F3 Cl1 1.3443(13) C5 Co6 1.3973(14)
o1 C2 1.2106(14) C5 C10 1.3887(16)
02 N2 1.2358(13) Co6 Cc7 1.3800(16)
N1 N2 1.3309(14) C7 C8 1.3883(16)
N1 C4 1.4715(13) C8 C9 1.3916(15)
N1 C5 1.4270(14) C8 Cl1 1.4921(15)
Cl C2 1.5003(16) c9 C10 1.3843(16)
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Table 4. Selected Interatomic Angles (deg)

Atoml
N2
N2
C4
02
0]
0]
C1
C2
N1
N1
N1
Co6
C5

Atom2
N1
N1
N1
N2
C2
C2
C2
C3
C4
C5
C5
C5
Co6

Atom3
C4
C5
C5
N1
Cl1
C3
C3
C4
C3
Co6
C10
C10
C7

Angle
121.32(9)
116.59(8)
122.09(9)
114.66(9)
122.44(10)
121.55(10)
116.00(10)
112.61(9)
111.53(8)
120.33(10)
119.64(9)
120.02(10)
119.81(10)
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Atoml
Co6
C7
C7
C9
C8
C5
F1
F1
F1
F2
F2
F3

Atom2
C7
C8
C8
C8
C9
C10
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1

Atom3
C8
C9
Cl1
Cl1
C10
C9
F2
F3
C8
F3
C8
C8

Angle
120.29(10)
119.81(10)
120.45(10)
119.59(10)
120.22(10)
119.80(10)
106.66(9)
105.66(9)
113.07(9)
105.91(9)
112.80(9)
112.16(9)



Table 5. Torsional Angles (deg)

Atoml Atom2 Atom3 Atom4

C4
C5
N2
C5
N2
N2
C4
C4
Ol
Cl
C2
N1
C10
N1

N1
N1
N1
N1
N1
N1
N1
N1
C2
C2
C3
C5
C5
C5

N2
N2
C4
C4
C5
C5
C5
C5
C3
C3
C4
C6
C6
C10

02
02
C3
C3
C6

C10

Co6

C10

C4
C4
NI
C7
C7
C9

Angle
-0.89(14)
179.49(9)
86.72(12)
-93.68(12)
17.34(14)
-163.60(9)
-162.28(10)
16.79(14)
8.51(16)
-170.52(10)
169.23(9)
177.44(9)
-1.62(16)
-176.75(9)
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Atom]l Atom2 Atom3 Atom4

Co6
C5
C6
C6
C7
Cll1
C7
C7
C7
C9
C9
C9
C8

C5
Co6
C7
C7
C8
C8
C8
C8
C8
C8
C8
C8
C9

C10
C7
C8
C8
C9
C9
Cll1
Cll1
Cll1
Cl1
CI1
CI1
C10

C9
C8
C9
Cl1
C10
C10
F1
F2
F3
F1
F2
F3
C5

Angle
2.31(16)
-0.37(16)
1.64(16)
-173.87(10)
-0.94(16)
174.62(10)
-33.27(14)
-154.42(10)
86.09(13)
151.20(10)
30.06(14)
-89.43(12)
-1.04(16)



Table 6. Anisotropic Displacement Parameters (Uj;, A2)

Atom
F1
F2
F3
0]
02
N1
N2
Cl
C2
C3
Cc4
C5
Co6
C7
C8
c9
C10
Cl1

The form of the anisotropic displacement parameter is:

Ut
0.0441(4)
0.0296(4)
0.0570(5)
0.0410(5)
0.0333(5)
0.0208(5)
0.0251(5)
0.0353(6)
0.0267(6)
0.0310(6)
0.0274(6)
0.0231(5)
0.0190(5)
0.0239(5)
0.0252(5)
0.0201(5)
0.0213(5)
0.0266(6)

U2
0.0439(4)
0.0601(5)
0.0376(4)
0.0375(5)
0.0465(5)
0.0295(4)
0.0365(5)
0.0439(6)
0.0351(6)
0.0316(5)
0.0304(5)
0.0242(5)
0.0301(5)
0.0313(5)
0.0249(5)
0.0305(5)
0.0316(5)
0.0301(5)

Us3
0.0295(4)
0.0438(4)
0.0507(4)
0.0333(4)
0.0373(4)
0.0270(4)
0.0344(5)
0.0292(5)
0.0240(5)
0.0275(5)
0.0252(5)
0.0274(5)
0.0312(5)
0.0267(5)
0.0308(5)
0.0338(6)
0.0278(5)
0.0329(5)

U23
0.0034(3)
0.0188(3)
0.0213(3)
0.0004(3)
0.0130(4)
0.0046(3)
0.0100(4)
0.0119(5)
0.0086(4)
0.0048(4)
0.0022(4)
0.0049(4)
0.0064(4)
0.0051(4)
0.0060(4)
0.0049(4)
0.0035(4)
0.0070(4)

U13
0.0087(3)
0.0150(3)
0.0217(4)
0.0003(3)
0.0142(3)
0.0027(3)
0.0071(4)
0.0043(4)
0.0082(4)
0.0035(4)
0.0050(4)
0.0042(4)
0.0017(4)
0.0003(4)
0.0062(4)
0.0043(4)

-0.0001(4)
0.0066(4)

U2
0.0045(3)
0.0119(3)
0.0182(3)
0.0085(4)
0.0063(4)
0.0032(4)
0.0047(4)
0.0086(5)
0.0029(5)
0.0059(5)
0.0055(4)
0.0062(4)
0.0018(4)
0.0044(4)
0.0069(4)
0.0015(4)
0.0026(4)
0.0071(4)

exp[-272(h2a*2U} | + k2b*2Uyy + 2c*2Us3 + 2kib*c* Uz + 2hla*c*Uyz + 2hka*b* U )]

Table 7. Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms

Atom
H1A
H1B
HIC
H3A
H3B
H4A
H4B
Ho6
H7
H9
H10

X
1.154783
1.156710
0.990344
0.601297
0.777969
0.429807
0.628052
0.151983
0.269042
0.920489
0.806537

y
0.329905
0.231292
0.148971
0.126370
0.168481
0.341537
0.414127
0.109120
0.136089
0.360958
0.329498

z
1.181827
1.047932
1.112015
0.943035
0.870130
0.914764
0.863601
0.507526
0.339781
0.563686
0.731756
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Ueq» A2
0.045
0.045
0.045
0.039
0.039
0.036
0.036
0.035
0.036
0.036
0.036
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Reaction of cyclohexane-13-diones with TsCl/EtsN and treatment of the resulting 3-(tosyloxy)cyclohex-
2-en-1-ones with aryl- or alkyl thiols and K2COs in MeCN gives 3-{arylsulfanyl jcyclohex-2-en-1-ones or
3-(alkylsulfanyl)cyclohex-2-en-1-ones, respectively. These compounds are easily brominated at C-2 by
using NBS in MeCN; exposure to DBU in MeCN at room temperature then causes aromatization to afford
meta-arylsulfanyl- and meta-(alkylsulfanyl)phenols.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Three recent publications from this laboratory have described
(Scheme 1) the conversion of 2-bromocyclohex-2-en-1-one sys-
tems 2 into phenols [1,2] (2 — 3—4) as well as the introduction of
an alkyl or aryl substituent meta to the eventual phenolic hydroxyl
(2 — 5-+6) [3]. We have now extended the aromatization of bro-
mocyclohexenones to the preparation of meta-(arylsulfanyl)- and
meta-(alkylsulfanyl)phenols. The process involves preparation of a
2-bromo-3-(arylsulfanyl)cyclohex-2-en-1-one 7 or the corre-
sponding alkylsulfanyl compound, and then aromatization (7 — 8)
by treatment with DBU (Scheme 2). Some phenols of this type in-
fluence intracellular mobilization of Ca'? ions [4a], inhibit the
growth of Hela cells [4b,c] or inhibit 17B-hydroxysteroid dehy-
drogenase type 1 [5a], and several have been evaluated as potential
antidepressants [5b,c,d].

2. Results and discussion

Development of a route to compounds of type 7, required some
exploration in order to identify the best of several alternative ap-
proaches. In principle, the bromine can be introduced either before
or after the sulfur unit, and both possibilities were investigated.

* Corres ponding author.
E-mail address: derrick.clive@ualberta.ca (D.L]. Clive).

https://doi.org/10.1016/).tet.2018.06.059
0040-4020/© 2018 Elsevier Ltd. All rights reserved.
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Cyclohexane-1,3-dione (9) was easily brominated in near
quantitative yield [6] (9 — 10), but conversion to the dibromide 11
[7], with the intention of replacing the C-3 halogen by a sulfur unit,
was unsatisfactory as the dibromide seemed to be unstable.
Therefore, we treated 10 with TsCl and EtsN in order to prepare the
bromo tosylate 12. However, the yield was poor (ca 40%) and the
product was accompanied by the known tosyloxy phenol [8] 13.

Several attempts were then made to introduce the sulfur unit
directly using the monobromide 10 (see Scheme 3). To that end,
treatment of 10 with PhSH, PhsP and DEAD gave the desired
product (14), but only in ca 20% yield. Use of other coupling re-
agents such as DCC/DMAP [9] or MeOCOCI/HOBT [ 10] was equally
unsatisfactory.

We also treated cyclohexan-1,3-dione (9) with PhSSPh and PhsP,
but again, the yield of the expected 3-(phenylsulfanyl)cyclo-
hexenone was very low (8%). All of these initial experiments were
done with CHxCl; as solvent, except for the experiment with
PhSSPh, which was carried out in MeCN. We then examined the use
of MeOH and found that in this solvent simple treatment of the
bromocyclohexanedione 10 with 1 equiv of PhSH for 24 h afforded
14 in 60% yield; however, attempts to raise the yield by varying the
number of equiv of PhSH or the nature of the solvent(MeOH, MeCN,
CF3CH20H, EtOH, DMF, DMSO) were unsuccessful. We wondered if
the observed formation of 14 was the result of replacement of OH
by OMe, followed by displacement of the methoxy group. To test
this possibility we added PhSH to a methanol solution of 15
(Scheme 4). However, overnight storage of 15 in MeOH in the
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Scheme 1. Our previous routes to phenols from bromocyclohexenones.

o] OH
B O X
DBU
—_
RS R' RS R'
7 R=arylor alkyl 8

Scheme 2. Extension of the aromatization method to 3-arylsulfanyl and 3-{alkylsul-
fanyl)phenols.

f A i
I
- -
HO HO Br73
9 10 1
TsClI
Etle; }
o] OH
Br
”
TsO TsO
12 13

Scheme 3. Formation of 3-bromo- and 3-{tosyloxy)enones.

presence of PhSH did not provide any of the sulfide 14, as judged by
TLC analysis.

In related experiments (Scheme 5) cyclohexane-13-dione (9)
was stored in MeOH for 1 week but very little ester 16 was formed
(ca 10%). However, when PhSH (1 equiv) was added the ester 16 was
formed in ca 90% yield after an overnight reaction period. When the
keto sulfide 17 was kept overnight in MeOH, vinylogous ester 16
was again produced (ca 90%). This observation cause us to store the
brominated compound 14 in MeOH to see if incursion of PhS/MeO

O phsH 0
Br MeOH Br
R
MeQ PhS
15 14

Scheme 4. Attempted displacement of OMe by SPh.

MeOH
F'hSH

0
HO” i 3 MeO” i
16

Scheme 5. Studies on MeO/PhS exchange.

[e]
MeOH b
it
aD
ca 90% PhS

17

exchange was responsible for the modest yield of 14, but in the
event, 14 was found to be stable to MeOH.

The outcome of these exploratory experiments forced us to turn
to the alternative approach in which the bromine is introduced
after the sulfur unit.

The reaction between PhSH and cyclohexane-1,3-dione (9) in
the presence of FeCls, but without solvent, afforded 17 in 72% yield
[11], but this method is unsuitable for solid thiols as use of a solvent
is reported [11] to greatly diminish the yield. At this point we
decided to evaluate the tosylate [12] 18. This compound is easily
made in almost 90% yield, but it should be stored in a freezer and
used within a week. The best conditions for replacement of the
tosyloxy group by PhS involve use of MeCN as solvent with K2CO5 (5
equiv) as base and 1 equiv of PhSH (Scheme 6). Under these con-
ditions, which are similar to those reported for the corresponding
mesylate [13,14], 17 was isolated in 71% yield. We have applied
these conditions to a number of thiols (see Table 1) and prefer it to
the use of NaH in DMF, a procedure that also afforded 17 in similar
yield.

We next dealt with introduction of the bromine. In the case of
the simplest example (17) bromination with NBS in CCl4 had been
reported [15,16], but we were uncertain of the generality of the
method because of the potential for reaction at the sulfur atom [17]
or at the benzene ring [18]. In our hands the action of NBS in MeCN
on 3-(arylsulfanyl)cyclohex-2-enones was usually satisfactory
irrespective of whether an electron-donating or an electron-
withdrawing group is present in the arylsulfanyl unit. In the few
examples where we made a comparison, use of CCly for the NBS
bromination gave a lower yield than use of MeCN as the solvent.
The thiol addition and bromination steps worked equally well in
the presence of an ortho methyl group (Table 1, entry 6) or an ortho
ester group (Table 1, entry 7), but in the case of a t-butylsulfanyl
group the yields were low (entry 10). The bromination was slow

o TsCl O PhsH 0
EtaN K,CO,
THF MeCN
HO 8% 10 1% phs
9 18 17

Scheme 6. Displacement of tosyloxy group by PhS.
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Formation of meta-{arylsulfanyl})- and meta-{alkylsulfanyl jphenols.

R=Ph,72% Br
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PhS
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17 (71%)2 14 19
0 0 OH
R=pFCeHs g
2 73% 60%
RS 4-FCgH,S 4-FCgH,S
20 (90%)? 20a 20b
0 0 OH
R = p-MeOCgH, g,
5 74% 86%
RS 4-MeOC¢H,S 4-MeQCgH,S
21 (90%)2 21a 21b
fe] 0 OH
R=4-BrCaH, o
RS 4-BrCgH,S 4-BrCgH.S
22 (78%)3 22a 22b
i R = 4-MeCgH, 9 OH
OBy ey
5
RS 4-MeCgzH,S 4-MeCszH,4S
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7
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2-(Me0,C)CqH, S
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“Yield from tosylate 18. “Yield from 3-oxo-5-phenylcyclohex-1-en-1-yl 4-methylbenzene-1-

sulfonate. “The material contains slight impurities.
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and so it was convenient to run the reaction for an arbitrary period
of 24 h. Our results are given in Table 1.

Finally, we studied the aromatization with DBU. This step pro-
ceeded smoothly but took several hours; however, it was always
complete after an overnight reaction period at room temperature.
The effect of changing the solvent for the aromatization was also
examined; MeCN generally gives a better result than THF, PhMe or
CH,Cl5, and the reactions are best run at room temperature; raising
the temperature (50 °C), with the one example we studied (com-
pound 14), resulted in a significantly decreased yield (by 20%) in
two successive runs. With the exception of entry 10, the yields are
in the range 63—90% with an average yield of 74%.

3. Other approaches

Other methods that have been used to prepare inter alia meta-
(arylsulfanyl)- or meta-(alkylsulfanyl)phenols include a number of
procedures usually based on transition metals and often run at an
elevated temperature: Treatment of 3-(arylsulfanyl)cyclohexa-
nones or the corresponding cyclohex-2-enones with Pd/C in the
presence of K3CO3 and H3 at 150 ‘“C in MeC(O)NMe; effects dehy-
drogenation to the phenol (Eq. (1)) [19].

e} 5 mol% Pd/C, 20 mol% K,COg, OH

0.3 atm Hy, 0.7 atm Ny, 150 °C
26 h, MeCONMe,, 63%
Eqg. 1
4-MeCeH,S 4-MeCgH,S

Aryl thiols can be coupled with aryl iodides at modest temperature
(80°C) in a process catalyzed by Cul (Eq. (2)) [20]. Similarly, both
alkyl and aryl thiols undergo palladium-mediated coupling with
aryl iodides and bromides at 90-110°C in the presence of a base

(Eq. (3)) [21].
0.5 mol% Pd(OAC),

0.05 mol% L, DME OH
% SH 90 °C, (Me3Si)NLi
< 24h, 98%
Eq. 3
PhS

= (A)-1-[(S)-2-dicyclohexylphosphino)ferrocenyljethyidi-2-
d\ tert-butylphosphine

5 mol% Cul
ethane-1,2-diol OH

SH KoCOj, i-PrOH
BU °C, 18-22 h, 90%
Eq. 2
t-Bus

Aryl and alkyl thiols have been coupled with arylboronic acids
under the influence of ultrasound in the presence of Cu(OAc), (Eq.

)) [22]. Deprotonation of 3-bromophenol, followed by halogen/
metal exchange and reaction with sulfur generates a thiolate that
can be alkylated by an alkyl halide (Eq. (5)) [23].

OH 2 equiv. Cu(OAc); OH
sH EtaN, CHuCly,
sonication, 4 h, 73%
*: —_— Eq. 4
(HO),B O.N 4-(O,N)CgH4S

OH OH

~PrMgCl, THF, t-Bull, Sg
BnBr, 96%
Eqg. 5
| BnS

Aryl thiolates made byother methods can, of course, be alkylated
with alkyl halides (Eq. (6)) [24]. Aryl halides can also be converted
into thiolates by copper(Il)-catalyzed reaction at 110 °C with 1,2-
ethanedithiol in the presence of KOH and, without isolation, the
thiolates can be arylated on su}fur by addition of an aryl iodide in
DMF and heating at 120 °C (Eq. (7)) [25].

OH OH
BnCl, MeOH, NaOH, reflux or
r, 86%
Eqg. 6
HS BnS
OH ethane-1,2-dithiol, 5 mol% OH

CuS0,4.5H,0, KOH, DMSO-
water, 90-110 °C, 20 h, 90%
Eq. 7
| HS

A vinylogous thioester has been aromatized by dihalogenation and
base treatment to afford a halogenated meta-(phenylsulfanyl)
phenol (Eq. (8)) [26].

3 equiv (Me3Si).NLi, pentane-
o] THF, =78 °C; 2.1 equiv TsCl, 1 OH

equiv (MeSi)NLi,warm to r, cl
90%
Eq. 8
PhS PhS

4. Conclusion

3-(Tosyloxy Jcyclohex-2-en-1-ones, readily made from cyclo-
hexan-1,3-diones, are convertible into 3-(arylsulfanyl)- or 3-
(alkylsulfanyl)cyclohex-2-en-1-ones by reaction at room tempera-
ture with thiols in the presence of KzCOs3. The products can be
brominated at C-2 with NBS in MeCN, and treatment with DBU in
MeCN affords the corresponding 3-(arylsulfanyl)- or 3-(alkylsul-
fanyl)phenols. The reaction sequence occurs under mild conditions
and avoids the use of heavy metals.

5. Experimental section
5.1. General procedures

Solvents used for chromatography were distilled before use.
Commercial thin layer chromatography plates (silica gel, Merck
GOF-254) were used. Silica gel for flash chromatography was Merck
type 60 (230—400 mesh). Dry solvents were prepared under an
inert atmosphere (N3) and transferred by syringe or cannula. The
symbols s, d, t, and q used for Be NMR spectra indicate zero, one,
two, or three attached hydrogens, respectively, the assignments
being made from APT spectra. Solutions were evaporated under
water pump vacuum, and the residue was then kept under oil
pump vacuum. High resolution electrospray mass spectrometric
analyses were done with an orthogonal time-of-flight analyzer, and
electron ionization mass spectra were measured with a double-
focusing sector mass spectrometer. Gradient flash chromatog-
raphy was done by stepwise small increases in the proportion of the
more polar solvent, as described for the individual experiments.
NBS was recrystallized from water [27] and K>CO3 was stored in an
oven at 120 °C.

5.1.1. 3-(Phenylsulfanyl)cyclohex-2-en-1-one (17) [11]

PhSH (0.055 mL, 0.50 mmol) was added to a stirred mixture of
tosylate 18 (133 mg, 0.50 mmol), K2CO3 (413 mg, 2.50 mmol) and
dry MeCN (1mlL) and stirring was continued overnight (N
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atmosphere). Water (10 mL) was added and stirring was continued
for 15 min. The mixture was extracted with EtOAc (3 x 15mL) and
the combined organic extracts were washed with brine, dried
(MgSO4) and evaporated. Flash chromatography of the residue over
silica gel (1 x 25 cm), using 4:1 hexane-EtOAc, gave 17 (72 mg, 71%)
as an oil: 'H NMR (CDCl3, 400 MHz)3 2.01-2.07 (m, 2 H), 2.34-2.38
(m, 2H), 2.52 (td, J=6.0, 0.8Hz 2H), 547 (t J=12Hz 1H),
7.40-7.48 (m, 5H); '*C NMR (CDCls, 100 MHz) 5 22.9, 30.2, 37.2,
120.9, 128.0, 129.8, 130.1, 135.5, 166.8, 196.0.

5.1.2. 2-Bromo-3-(phenylsulfanyl)cyclohex-2-en-1-one (14) [15]
Thio enone 17 (102 mg, 0.50 mmol) and then freshly crystallized
NBS (98 mg, 0.55 mmol) were placed in a round-bottomed flask
containing a magnetic stirrer. Dry MeCN (1.0 mL) was added and
the mixture was stirred for 24 h (N2 atmosphere) with protection
from light (flask wrapped in aluminum foil). EtOAc (15 mL) was
added and the mixture was washed successively with aqueous
NayS;03 (1 M), saturated aqueous NaHCO3, and brine. The organic
extract was dried (MgS04) and evaporated. Flash chromatography
of the residue over silica gel (3 x 15 cm), using 4:1 hexane-EtOAc,
gave 14 (102 mg, 72%) as a solid: mp 112-113 °C; 'H NMR (CDCls,
400 MHz) 3 1.93—197 (m, 2H), 220 (t, J=6.5Hz, 2H), 2.56 (L,
J=6.0Hz, 2H), 7.43—758 (m, 5H); *C NMR (CDCls, 125 MHz)
§22.5,32.2,371,116.8,129.1, 129.7,130.4, 136.0, 164.3, 187.7.

5.1.3. 3-(Phenylsulfanyl)phenol (19) [21]

DBU (0.032 mL, 0.212 mmol) was injected into a stirred solution
of 14 (30 mg, 0.11 mmol) in dry MeCN (1.0 mL) and stirring was
continued overnight (N; atmosphere). The mixture was diluted
with hydrochloric acid (5%, 10 mL) and stirring was continued for
15 min. The mixture was extracted with EtOAc (3 x 15 mL) and the
combined organic extracts were washed with brine, dried (MgS04)
and evaporated. Flash chromatography of the residue over silica gel
(1= 15cm), using successively hexane (ca 20mL), 5% EtOAc-
hexane (ca 50mL), 10% EtOAc-hexane (ca 100mL), gave 19
(19 mg, 89%) as an oil: "H NMR (CDCls, 400 MHz)  4.98 (br s, 1 H),
6.70—6.80 (m, 1 H), 6.85-6.86 (m, 1H), 6.98—7.00 (m, 1 H), 7.26 (t,
J=8.0Hz 1H),7.36-7.39(m, 1 H), 7.41-7.44 (m, 2 H), 7.48—7.51 (m,
2H); 3¢ NMR (CDCls, 100 MHz) & 113.9, 116.9, 122.7, 127.5, 129.3,
130.2, 131.9, 134.8, 137.89, 156.0.

5.1.4. 3-[(4-Fluorophenyl)sulfanyl[cyclohex-2-en-1-one (20) [28]

The procedure for making 17 was followed exactly, using 4-
fluorobenzene-1-thiol (0.042 mL, 0.50 mmol), tosylate 18 (133 mg,
0.50 mmol), K,CO3; (413 mg, 2.50mmol) and dry MeCN (1 mL).
Water (10 mL) was added and stirring was continued for 15 min.
Flash chromatography of the crude product over silica gel
(3 % 15 cm), using 4:1 hexane-EtOAc, gave 20 (100 mg, 90%) as an
oil: FTIR (CDCl3, cast) 2949, 1659, 1589, 1491,1324,1227,1187 cm ];
'H NMR (CDCls, 500 MHz) 3 2.03—2.06 (m, 2H), 2.37 (t, [= 6.5 Hz,
2H), 2.50-2.52 (m, 2H), 5.41 (s, 1 H), 710-7.13 (m, 2 H), 7.44—7.47
(m, 2H); *C NMR (CDCl3, 125 MHz) 523.0 (t), 30.2 (t), 37.3 (1),117.2
(d, Yep=22.2Hz), 1209 (d, Jr=3.6Hz), 123.4 (d), 1377 (d,
3JCF =8.5 Hz), 164.0 (d, '}cp =252.0Hz), 165.0 (s), 166.7 (s), 196.0 (s);
exact mass (EI) mjz caled for CyaHiFOS (M™) 222.0515, found
222.0515.

5.1.5. 2-Bromo-3-[(4-fluorophenyl)sulfanyl]cyclohex-2-en-1-one
(20a)

The procedure for making 14 was followed exactly, using thio
enone 20 (60mg, 0.27 mmol), freshly crystallized NBS (53 mg,
0.30 mmol) and dry MeCN (1.0 mL). Flash chromatography of the
crude product over silica gel (3 x 15 cm), using 4:1 hexane-EtOAc,
gave 20a (60 mg, 73%) as a solid: mp 135-136°C; FTIR (CDCls,
cast) 3097, 3070, 2956, 2935, 1665, 1588, 1543, 1491, 1266, 1222,
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1185cm~'; 'H NMR (CDCl3, 500 MHz) & 1.95 (quintet, | = 6.5 Hz,
2 H), 216-2.19 (m, 2 H), 2.55 (t, ] = 6.5 Hz, 2 H), 712=7.15 (m, 2 H),
7.54-7.56 (m, 2 H); ®C NMR (CDCls, 125 MHz) 3§ 22.5 (t), 32.2 (1),
371 (t), 117.02 (d, %Jp =22.1 Hz), 117.03 (s), 124.6 (d, *Jcr = 3.6 Hz),
138.2 (d, *Jcr = 8.7 Hz), 163.8 (5), 164.1 (d, Jcr = 252.6 Hz), 187.6 (s);
exact mass (EI) m/z caled for C;zH33BrFOS (M*) 301.9599, found
301.9597.

5.1.6. 3-[(4-Fluorophenyl)sulfanyl]phenol (20b)

The procedure for making 19 was followed exactly, using DBU
(0.088 mL, 0.590 mmol) and 20a (88.4mg, 0.294mmol) in dry
MeCN (1.0 mL). Flash chromatography of the crude product over
silica gel (1 x 15cm), using 3:7 hexane-CH,Cl;, gave 20b (39 mg,
60%) as an oil: FTIR (CDCls, cast) 3380, 3092, 1589, 1489, 1474, 1439,
1225, 1156cm™'; 'H NMR (CDCl3, 500MHz) & 4.81 (s, 1H),
6.65—6.67 (m, 2H), 6.80—6.82 (m, 1 H), 7.02—7.06 (m, 2 H), 7.14 (td,
J=80, L0Hz, 1H), 740-7.43 (m, 2 H); '*C NMR (CDCl3, 125 MHz)
3 113.7 (d), 115.9 (d), 116.5 (d), 116.6 (d, ¥Jcr=22.4 Hz), 1217 (d),
129.3 (d, YJor = 3.4 Hz), 130.2 (d), 134.9 (d, *Jcr = 8.5 Hz), 138.7 (d),
156.0 (s), 162.7 (d, Jcp = 248.5 Hz); exact mass (El) m/z calcd for
C12HqOFS (M*) 220.0358, found 220.0355.

5.1.7. 3-[(4-Methoxyphenyl)sulfanyl]cyclohex-2-en-1-one (21) [11]

The procedure for making 17 was followed exactly, using 4-
methoxybenzene-1-thiol (0.12mL, 1.00mmol), tosylate 18
(266 mg, 1.00 mmol), K2CO3 (826 mg, 5.00 mmol) and dry MeCN
(2 mL) Flash chromatography of the crude product over silica gel
(3 x 15 cm), using 4:1 hexane-EtOAc, gave 21 (210 mg, 90%) as an
oil: FTIR (CDCl3, cast) 3004, 2962, 1654, 1587, 1578, 1494,1325,1290,
1250 cm™'; 'H NMR (CDCls, 500 MHz) & 2.04 (quintet, | = 6.5 Hz,
2 H),2.36(t,] = 6.5Hz,2 H),2.49—2.51 (m, 2 H), 3.82 (s, 3 H), 5.42 s,
1H), 6.90-6.93 (m, 2H), 7.36—7.38 (m, 2H); °C NMR (CDCl5,
125 MHz) & 22.9 (t), 30.1 (t), 37.3 (t), 55.4 (q), 115.5 (d), 1185 (s),
120.6 (d), 137.0(d), 161.2 (s), 168.0 (s), 196.1 (s); exact mass (El) m/z
caled for Cy3H 14055 (M) 234.0715, found 234.0718.

5.1.8. 2-Bromo-3-[(4-methoxyphenyl)sulfanyljcyclohex-2-en-1-one
(21a)

The procedure for making 14 was followed exactly, using thio
enone 20 (86.2 mg, 0.353 mmol), freshly crystallized NBS (69.2 mg,
0.389 mmol) and dry MeCN (1.0 mL). Flash chromatography of the
crude product over silica gel (3 x 15cm), using 4:1 hexane-EtOAc,
gave 21a (81.9mg, 74%) as a solid: mp 115-117°C; FTIR (CDCls,
cast) 2971, 2947, 1662, 1590, 1454, 1438, 1253, 1187 cm” . TH NMR
(CDCls, 400 MHz) 3 1.93 (quintet, ] = 6.4 Hz, 2 H), 2.18 (t. ] = 6.4 Hz,
2H), 2.53 (t, J=6.4Hz, 2H), 3.84 (s, 3H), 6.94 (d, ]=8.8Hz, 2H),
7.46 (d, = 8.8 Hz, 2 H); 3C NMR (CDCl3, 100 MHz) § 22.5 (d), 32.1
(d), 37.2 (d), 55.5 (q), 115.2 (d), 116.2 (s), 119.7 (s). 137.6 (d), 161.4 (s),
165.6 (s), 187.7 (s); exact mass (EI) m/z calcd for Ci3Hf3Brogs (M*)
313.9799, found 313.9796.

5.1.9. 3-[(4-Methoxyphenyl)sulfanyl]phenol (21b)

The procedure for making 19 was followed exactly, using DBU
(0.035mL, 0.240 mmol) and 21a (37.5mg, 0120 mmol) in dry
MeCN (1.0 mL). Flash chromatography of the crude product over
silica gel (1 x 15 cm), using successively hexane (ca 20 mL), 5%
EtOAc-hexane (ca 50 mL), 10% EtOAc-hexane (ca 100 mL), gave 21b
(24 mg, 86%) as an oil: FTIR (CDCls, cast) 3396, 1591, 1493, 1439,
1289, 1248, 1173 cm™'; 'H NMR (CDCl3, 500 MHz) & 3.85 (s, 3H),
4.92 (brs,1H),6.57-6.60 (m, 2 H), 6.74(ddd, J= 5.0, 1.5,1.0 Hz, 1 H),
6.90 (dd,J =9.0, 3.0Hz, 2H); 710 (t, J= 8.0 Hz, 1 H), 7.43 (dd, J = 9.0,
3.0 Hz, 2H); 3C NMR (CDCls, 125 MHz) 3 55.4 (q), 112.8 (d), 114.4
(d), 115.1 (d), 120.2 (d), 123.6 (s), 130.0 (d), 135.9 (d), 140.6 (s), 156.0
(5),160.1 (s); exact mass (E1) m/z caled for C13H12025 (M ™) 232.0558,
found 232.0561.
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5.1.10. 3-[(4-Bromophenyl)sulfanyl]cyclohex-2-en-1-one (22)

The procedure for making 17 was followed exactly, using 4-
bromobenzene-1-thiol (378 mg, 2.00 mmol), tosylate 18 (532 mg,
2.00 mmol), K;CO3 (1.652 g, 10 mmol) and dry MeCN (4 mL). Flash
chromatography of the crude product over silica gel (2 x 25 cm),
using 4:1 hexane-EtOAc, gave 22 (443 mg, 78%) as an oil: FTIR
(CDCl3, cast) 3076, 2950, 2889, 1649, 1579 cm '; 'H NMR (CDCls,
500 MHz) & 2.03-2.08 (m, 2H), 2.38 (dd, J= 7.5, 1.0 Hz, 2H), 2.51
(ddd, J=175, 6.0, 1.0Hz, 2H), 5.45 (apparent t, J=15Hz, 1H),
7.33-7.35 (m, 2 H), 7.54—7.57 (m, 2 H); '3C NMR (CDCls, 125 MHz)
3 22.9 (1), 30.2 (1), 372 (t), 121.1 (d), 125.0 (s), 127.1 (s), 133.1 (d),
137.0 (d), 165.9 (s), 195.9 (s); exact mass (El) mfz calcd for
CyzH§1Bros (M*) 283.9694, found 283.9691.

5.1.11. 2-Bromo-3-{(4-bromophenyl)sulfanyljcyclohex-2-en-1-one
(22a)

The procedure for making 14 was followed exactly, using thio
enone 22 (200 mg, 0.710 mmol), freshly crystallized NBS (151 mg,
0.840 mmol) and dry MeCN (1.5 mL). Flash chromatography of the
crude product over silica gel (1.2 x 25 cm), using 4:1 hexane-EtOAc,
gave 22b (100 mg, 78%) as a solid: mp 118-120°C; FTIR (CDCls,
cast) 3079, 3060, 2957, 2931, 1666, 1538 cm '; 'H NMR (CDCl;,
500 MHz) & 1.94-199 (m, 2H), 220 (dd, ]=6.0, 6.0Hz, 2H),
2.55-2.58(m, 2 H), 741-7.44 (m, 2 H), 7.57—7.60 (m, 2 H); *C NMR
(CDCl3, 125 MHz) 3 225 (t), 32.3 (t), 37.1 (t), 117.4 (s), 125.4(s), 128.2
(s),132.9 (d), 137.4 (d), 163.0 (s), 187.6 (s); exact mass (EI) m/z calcd
for C;,H{3BrOS (M + H)* 360.8892, found 360.8894.

5.1.12. 3-[(4-Bromophenyl)sulfanyl]phenol (22h)

The procedure for making 19 was followed exactly, using DBU
(0.08 mL, 0.53 mmol) and 22a (97 mg, 0.26 mmol) in dry MeCN
(1.5 mL). Flash chromatography of the crude product over silica gel
(1% 30cm), using successively hexane (ca 20mL), 5% EtOAc-
hexane (ca 50mL), 10% EtOAc-hexane (ca 100mlL), gave 22b
(60 mg, 79%) as an oil: FTIR (CDCls, cast) 3375, 3059, 2954, 2925,
1583, 1472 cm '; 'H NMR (CDCl3, 500 MHz) 3 4.84 (br s, 1 H), 6.72
(ddd, J=8.0, 2.5, 0.5Hz, 1 H), 6.77 (m, 1 H), 6.90 (ddd, J=8.0, 1.5,
0.5 Hz, 1H), 716—7.26 (m, 3H), 743 (dt, J= 9.0, 2.0 Hz, 2H); C
NMR (CDCls, 125 MHz) 5 1145 (d), 117.4 (d), 1214 (s), 123.2 (d),
130.4 (d), 132.4 (d), 132.9 (d), 1345 (s), 136.8 (s), 156.0 (s); exact
mass (EI) mjz caled for C;;HZ®BrOS (M — H)~ 278.9485, found
278.9477.

5.1.13. 3-[(4-Methylphenyl)sulfanylcyclohex-2-en-1-one (23) [11]

The procedure for making 17 was followed exactly, using 4-
methylbenzene-1-thiol (248 mg, 2.00 mmol), tosylate 18 (532 mg,
2.00 mmol), K;C03 (1.652 g, 10.00 mmol) and dry MeCN (4 mL).
Flash chromatography of the crude product over silica gel
(2 x 25 cm), using 4:1 hexane-EtOAc, gave 23 (401 mg, 93%) as a
solid: mp 45-48°C; FTIR (CDCls, cast) 3023, 2948, 2866, 1659,
1578 cm'; 'H NMR (CDCls, 500 MHz) & 2.02—2.07 (apparent dt,
J=13.0, 6.0Hz, 2H), 2.35-2.38 (m, 2H), 2.38 (s, 3 H), 2.52 (ddd,
J=6.0, 6.0, 1.0Hz, 2 H), 5.46 (apparent t, ] = 1.0 Hz, 1 H), 7.21-7.23
(m, 2H), 7.35 (dt, J= 8.0, 2.0Hz, 2H); *C NMR (CDCls, 125 MHz)
8 21.3 (q), 23.0 (t), 30.2 (t), 37.3 (t), 120.7 (d), 124.4 (s), 130.7 (d),
135.4 (d), 140.6 (s), 167.5 (5), 196.1 (s); exact mass (El) m(z calcd for
C13H140S (M) 218.0765, found 218.0766.

5.1.14. 2-Bromo-3-[(4-methylphenyl)sulfanyl[cyclohex-2-en-1-one
(23a)

The procedure for making 14 was followed exactly, using thio
enone 23 (209 mg, 1.00 mmol), freshly crystallized NBS (195 mg,
1.10 mmol) and dry MeCN (1.5 mL). Flash chromatography of the
crude product over silica gel (1.2 x 25 cm), using 4:1 hexane-EtOAc,
gave 23a (210 mg, 74%) as a solid: mp 128-130 °C; FTIR (CDCls,

cast) 3052, 3033, 2956, 2031, 1662, 1542 cm"; 'H NMR (CDCls,
500 MHz) & 1.91-2.0 (m, 2 H), 2.20 (dd, [ = 6.0, 6.0 Hz, 2 H), 2.41 (s,
3H),2.55 (dd, ] — 7.0, 7.0 Hz, 2 H), 7.23~7.25 (m, 2 H), 7.42—~7.44 (m,
2H); 1C NMR (CDCls, 125 MHz) 214 (q), 22.5 (1), 32.1 (t), 37.2 (1),
116.5 (s),125.6 (s),130.4 (d), 135.9 (d), 140.9 (s), 164.9 (s), 187.7 (s);
exact mass (EI) m/z caled for Cy3HEBros (M*) 297.9850, found
297.9851.

5.1.15. 3-[(4-Methylphenyl)sulfanyljphenol (23b) [19]

The procedure for making 19 was followed exactly, using DBU
(0.10 mL, 0.67 mmol) and 23a (102 mg, 0.33 mmol) in dry MeCN
(1.5 mL). Flash chromatography of the crude product over silica gel
(1= 30cm), using successively hexane (ca 20ml), 5% EtOAc-
hexane (ca 50mL), 10% EtOAc-hexane (ca 100mL), gave 23b
(56 mg, 75%) as an oil: FTIR (CDCls, cast) 3383, 3022, 2920, 2862,
1584, 1474 cm '; 'H NMR (CDCl3, 500 MHz) & 2.37 (s, 3 H), 4.90 (br
s, 1H), 6.63-6.68 (m, 2 H), 6.82—6.85 (m, 1 H), 7.11-7.17 (m, 3 H),
7.35 (dd, ] = 6.5, 2.0 Hz, 2 H); '3C NMR (CDCl3, 125 MHz) & 21.2 (q),
113.4 (d), 115.7 (d), 121.6 (d), 1301 (d), 130.2 (d), 130.3 (s), 133.1 (d),
138.1 (s),139.2 (s), 155.9 (s); exact mass (electrospray) m/z calcd for
Cy3H1108 (M — H)™ 215.0536, found 215.0534.

5.1.16. 3-[(2-Methylphenyl)sulfanyljcyclohex-2-en-1-one (24)

The procedure for making 17 was followed exactly, using 2-
methylbenzene-1-thiol (0.30 mL, 2.46 mmol), tosylate 18 (655 mg,
2.45 mmol), K2€C03 (1.70 g, 12.3 mmol) and dry MeCN (4 mL). Flash
chromatography of the crude product over silica gel (2 x 25 cm),
using 4:1 hexane-EtOAc, gave 24 (500 mg, 93%) as an oil: FTIR
(CDCly, cast) 3059, 2949, 2866, 1656, 1578 cm™'; 'H NMR (CDCls,
500 MHz) 3 2.06 (quintet, ] = 6.5Hz, 2 H), 2.37-2.39 (m, 5 H), 2.54
(td, J=6.0, 1.0 Hz, 2 H), 5.32 (apparent t, ] = 1.0 Hz, 1 H), 7.21-7.24
(m, 1 H), 7.30—7.37 (m, 2 H), 746 (ddd, ] = 7.5, 1.0, 0.5 Hz, 1 H); "*C
NMR (CDCl3, 125 MHz) 3 20.4 {q), 23.0 (t), 30.2 (t), 37.3 (1), 120.4 (d),
127.3 (s),127.3 (d), 130.8 (d), 131.2 (d), 136.6 (d), 142.7 (5), 165.9 (5s),
196.1 (s); exact mass (EI) m/z caled for Cy3H140S (M™) 218.0765,
found 218.0765.

5.1.17. 2-Bromo-3-[(2-methylphenyl)sulfanyl|cyclohex-2-en-1-one
(24a)

The procedure for making 14 was followed exactly, using thio
enone 24 (224 mg, 1.03 mmol), freshly crystallized NBS (200 mg,
1.13 mmol) and dry MeCN (1.5 mL). Flash chromatography of the
crude product over silica gel (1.2 x 25 ¢m), using 4:1 hexane-EtOAc,
gave 24a (250 mg, 82%) as a solid: mp 111-113 °C; FTIR (CDCl3, cast)
3060, 3011, 2950, 2923, 1671, 1537 cm ™~ '; "H NMR (CDCl3, 500 MHz)
8 1.91-1.96 (m, 2H), 2.1 (t, ] = 6.0 Hz, 2H), 2.45 (s, 3H), 2.56 (dd,
J=7.5,60Hz, 2H), 725—7.27 (m,1H), 733—7.37 (m, 1 H), 7.40 (ddd,
J=7.5,1.5,15Hz 1 H), 754 (dd,] = 7.5,1.5 Hz, 1 H); '*C NMR (CDCls,
125 MHz) & 21.2 (q), 22.5 (t), 31.7 (t), 37.2 (t), 117.3 (s), 127.2 (d),
128.7 (s),130.9 (d), 131.2 (d), 137.0 (d), 143.1 (s), 164.4 (s), 187.7 (s);
exact mass (EI) m/z caled for Cy3H{3Bros (M*) 295.9871, found
295.9872.

5.1.18. 3-[(2-Methylphenyl)sulfanyllphenol (24b)

The procedure for making 19 was followed exactly, using DBU
(010 mL, 0.67 mmol) and 24a (95mg, 0.32 mmol) in dry MeCN
(1.5 mL). Flash chromatography of the crude product over silica gel
(1% 30cm), using successively hexane (ca 20mlL), 5% EtOAc-
hexane (ca 50 mL), and 10% EtOAc-hexane (ca 100 mL), gave 24b
(54 mg, 78%) as an oil: FTIR (CDClj, cast) 3376, 3060, 2961, 2923,
1584, 1473 cm~'; "H NMR (CDCls, 500 MHz) 3 2.41 (s, 3 H), 4.76 (br
s, 1H), 6.61-6.62 (m, 1 H), 6.66 (dd, [=8.0, 1.0 Hz, 1 H), 6.80 (dd,
J=8.0, 1.0Hz, 1H), 715 (t, J=8.0Hz, 1H), 718-721 (m, 1H),
7.26-7.30 (m, 2H), 741 (d, J=8.0Hz, 1H); “C NMR (CDCls,
125 MHz) 3 20.7 (q), 113.3 (d), 115.5 (d), 121.4 (d), 126.8 (d), 128.5
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5.1.26. 3-Bromo-5-phenyl-3-(phenylsulfanyl)cyclohex-2-en-1-one
(27a)

The procedure for making 14 was followed exactly, using thio
enone 27 (200 mg, 0.714 mmol), freshly crystallized NBS (140.6 mg,
0.786 mmol) and dry MeCN (1.0 mL). Flash chromatography of the
crude product over silica gel (3 x 15cm), using 9:1 hexane-EtOAc,
gave 27a (197 mg, 77%) as a solid: mp 128—132°C; FTIR (CDCl3,
cast) 3059, 1671,1538,1453,1440,1264,1242 cm™'; '"H NMR (CDCl3,
500 MHz) 2.39-2.48 (m, 2 H), .76 (dd, ] = 16.0, 13.0 Hz, 1 H), 2.87
(ddd, J=11.5, 4.0, 1.5Hz, 1 H), 3.30-3.37 (m, 1 H), 7.06-7.08 (m,
2 H), 7.20—7.30 (m, 3 H), 7.38—7.46 (m, 3 H), 7.52—7.55 (m, 2 H); *C
NMR (CDCl5, 125 MHz) & 39.2 (t), 40.4 (d), 43.9 (t), 116.9 (d), 126.6
(d),127.3 (d), 128.8 (d), 128.9 (s), 129.8 (d), 130.6 (d), 135.9 (d), 141.8
(s), 163.0 (s), 187.2 (s); exact mass (EI) m/z calcd for CisH3ABros
(M™) 360.0006, found 360.0002.

5.1.27. 5-Phenyl-3-(phenylsulfanyl)phenol (27b)

The procedure for making 19 was followed exactly, using DBU
(0.025 mL, 0.17 mmol) and 27a (30.6 mg, 0.085 mmol) in dry MeCN
(1.0 mL). Flash chromatography of the crude product over silica gel
(1 x 15cm), using 3:7 hexane-CHxCl,, gave 27b (17 mg, 63%) as an
oil: FTIR (CDCls, cast) 3391, 3059, 2953, 1586, 1570, 1476, 1449,
1196cm™'; '"H NMR (CDCl3, 500 MHz) 3 4.83 (s, 1H), 6.71 (dd,
J=20,1.5Hz, 1H), 691 (dd, J=2.0, 1.5Hz, 1 H), 715 (t, J= 1.5 Hz,
1H), 7.27-736 (m, 4 H), 7.40—7.45 (m, 4H), 7.50-7.52 (m, 2 H); 3C
NMR (CDCl5, 125 MHz) & 1129 (d), 115.7 (d), 121.6 (d), 127.1 (d),
127.6 (d), 127.8 (d), 128.8 (d), 129.4 (d), 132.0 (d), 134.7 (s), 138.4 (s),
140.1 (s), 143.7 (s), 156.3 (s); exact mass (El) m/z calcd for CigH140S
(M™) 278.0765, found 279.0771.

5.1.28. 3-(tert-Butylsulfanyl)cyclohex-2-en-1-one (28)

The procedure for making 17 was followed exactly, using 2-
methylpropane-2-thiol (0.11 mL, 1.00 mmol), tosylate 18 (266 mg,
1.00 mmol), K>CO3 (826 mg, 5.00 mmol) and dry MeCN (2mL).
Flash chromatography of the crude product over silica gel
(3 x 15cm), using 4:1 hexane-EtOAc, gave 28 (73.4 mg, 40%) as an
oil: FTIR (CDCls, cast) 2963, 1659, 1570, 1457, 1338 cm™'; '"H NMR
(CDCl3, 500MHz) 3 148 (s, 9H), 1.99 (quintet | =6.0 Hz, 2 H),
2.36-2.38 (m, 4H), 6.11 (s, 1 H); °C NMR (CDCls, 125 MHz) § 22.8
(t), 30.4 (q). 31.7 (t), 37.2 (t), 474 (s), 122.6 (d), 164.5 (s), 196.0 (s);
exact mass (EI) m/z caled for CigHy50S (M7) 184.0922, found
184.0922.

5.1.29. 2-Bromo-3-(tert-butylsulfanyl)cyclohex-2-en-1-one (28a)

The procedure for making 14 was followed exactly, using thio
enone 28 (65mg, 0.35mmol), freshly crystallized NBS (63.2 mg,
0.350 mmol) and dry MeCN (0.5 mL). Flash chromatography of the
crude product over silica gel (3 x 15cm), using 4:1 hexane-EtOAc,
gave 28a (40 mg, 42%) as a solid: mp 102-103 °C; FTIR (CDCls,
cast) 2965, 1661, 1517, 1472, 1262, 1248cm™'; 'H NMR (CDCl;,
500MHz) & 1.56 (s, 9H), 2.09 (quintet, J=6.0Hz, 2H), 2.60 (t,
J=6.0Hz, 2H), 293 (t, = 6.0Hz, 2H); 13C NMR (CDCl3, 125 MHz)
22.8 (1), 32.3 (q). 32.9 (1), 374 (1), 49.6 (s), 119.2 (5). 164.6 (s), 187.8
(s); exact mass (EI) mfz calcd for C1oHTABrOS (M) 264.0006, found
264.0004.

5.1.30. 3-(tert-Butylsulfanyl)phenol (28b)

The procedure for making 19 was followed exactly, using DBU
(0.034 mL, 0.226 mmol) and 28a (29.5 mg, 0.113 mmol) in dry
MeCN (1 mL). Flash chromatography of the crude product over
silica gel (1 x 15 cm), using 2:8 hexane-CH,Cly, gave 28b (5 mg,
25%) as an oil: FTIR (CDCl3, cast) 3355, 2961, 1583, 1469, 1456, 1245,
1210, 1159 cm '; 'H NMR (CDCl3, 500 MHz) & 1.29 (s, 9H), 4.76 (s,

1H), 6.84 (dd, ]=8.0, 2.5Hz, 1H), 7.03 (t, J=1.5Hz, 1 H), 7.11 (d,
J=7.5Hz, 1H), 7.20 (t, J= 8.0 Hz, 1 H); *C NMR (CDCl3, 125 MHz)
531.0 (q), 461 (5),115.9 (d), 124.0 (d), 129.4 (d), 129.9 (d), 134.1 (s),
155.2 (s); exact mass (EI) m/z caled for CygH140S (M™) 182.0765,
found 182.0764.
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