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Abstract

Nitrogen-containing heterocycles are of vital importance for the pharmaceutical and agrochemical
industries. The Beauchemin group has been studying rare, amphoteric nitrogen-substituted
isocyanates over the past years, and showed that their [3+2] alkene cycloaddition and cascade
reactions provide access to a variety of NNCO containing heterocyclic compounds. This triggered
interest into the reactivity of the parent N-isothiocyanates, which are also rare, and led to the
discovery of aminothiocarbonylation reactions. The products formed are azomethine imines which
contain a cyclic f-aminothiocarbonyl motif, thus providing a cycloaddition route to these useful
dipoles from simple starting materials. Such aminothiocarbonylation reactions were developed

with both alkenes and imines as substrates.

triazole-thione core pyrazole-thione core
Apart from cyclic azomethine imine formations, efforts have also been made toward forming the
acyclic azomethine imines as intermediates. These intermediates undergo [3+2] cycloaddition to
form thiocarbamoyl pyrazolidine derivatives, and a preliminary substrate scope for this new

intermolecular reactivity is presented.
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pyrazolidine core
Other preliminary results include an unexpected Chugaev type reactivity. Collectively, these results

show that N-isothiocyanates hold significant potential for the development of new reactivity.
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Chapter 1: Introduction

1.1 Cycloaddition Reactions Using Amphoteric Molecules

Cycloaddition reactions are popular among organic chemists for their atom and step economy.
While [3+2] dipolar cycloadditions of 1,3-dipoles are well established, using amphoteric molecules
to carry out cycloadditions is an alternative strategy to synthesize heterocycles. The Beauchemin
group is particularly interested in synthesizing nitrogen-containing heterocycles using new
methods. In the following sections of this chapter, the use of amphoteric molecules with a B-
aminocarbonyl (N-N-C=0) motif functionality and their sulfur analogues, in such cycloaddition

reactions are described.

1.1.1 Related Amphoteric Molecules

Molecules which contain both nucleophilic and electrophilic centers are known as amphoteric
molecules. Amphoteric molecules are of significant interest because they are capable of forming
multiple bonds in a single transformation and have been found to perform high yielding reactions,
often with high chemoselectivity.! In an amphoteric molecule, two functional groups that are
usually considered as incompatible are present, for example a-aminoaldehydes typically require
protection of the nitrogen atom to avoid dimerization and other side-reactions.2 However, by
controlling the availability of these functional groups, they can provide useful reactivity involving

these two reactive functional groups.

1 (a) Baktharaman, S.; Hili, R;; Yudin, A. K. Aldrichimica Acta 2008, 41, 109. Also for reviews see; (b) Job, A.; Janeck, C. F.; Bettray, W.;
Peters, R,; Enders, D. Tetrahedron Lett. 2002, 58, 2253. (c) Lazny, R.; Nodzewska, A. Chem. Rev. 2010, 110, 1386.
2 Yudin, A. K. Chem. Heterocycl. Compd. 2012, 48, 191.



1.1.1.1 Hydrazones and Semicarbazones

Hydrazones are used as reagents in many organic synthetic applications due to their stability as
well as their easy accessibility. Pioneering work by Baldwin and coworkers showed that substituted
hydrazones display ambient nucleophilic reactivity.3 Also, N,N*-dialkylhydrazones are characterized
by an ambiphilic behaviour at the azomethine carbon. These types of hydrazones, in reactions with
nucleophiles, showed imine-like reactivity and with electrophiles showed aza enamine like
reactivity (Figure 1a).lc According to a review by Fernandez, the C=N-N structure provides
different reactivity patterns with numerous nucleophile and electrophile partners (Figure 1b).*

These types of hydrazones were investigated in forming C-N and C-C bonds.

+ H-bond donor
(a) @ (b)

H-bond acceptor

Figure 1: Amphoteric features of a hydrazine and a semicarbazone

3 (a) Baldwin, J. E.; Adlington, R. M.; Newington, I. M. J. Chem. Soc., Chem. Commun. 1986, 2, 176. (b) Baldwin, ]. E.; Adlington, R. M,;
Bottaro, J. C;; Kolhe, . N.; Perry, M. W.; Jain, A. U. Tetrahedron Lett. 1986, 42, 4223.
4 Gracia, R; Matador, E.; Monge, D.; Lassaletta, J. M.; Fernandez, R. Chem. Eur. J. 2016, 22, 13430.



Semicarbazones, are a sub-type of hydrazones, can be accessed by reacting hydrazones with
isocyanates.> Another method of synthesizing them is to condense ketone/aldehyde with a
carbazate.® The amphoteric character on a semicarbazone is shown in Figure 1b. A different type of
reactivity for semicarbazone is due to the presence of two heteroatoms on each side of the carbonyl
group: the thermal cleavage of the semicarbazones can proceed to form nitrogen-substituted
isocyanates (Figure 2). N-Isocyanates are known amphoteric molecules, used in cycloaddition

reactions.”

O Os.
~H C\\N
L N - .
G | (-HLG) ll\l LG = Leaving group
N N =
Rl heat R?

Figure 2: N-Isocyanate formation from a semicarbazone

1.1.1.2 N-Isocyanates

N-Isocyanates are a rare class of amphoteric molecules and often show a tendency toward
dimerization.8 Controlled generation of N-isocyanates has been achieved through blocking
(masking) groups on isocyanates. A recent review by Vincent-Rocan and Beauchemin discusses the
synthesis and reactivity of these isocyanates. N-Isocyanates can notably engage in [3+2]
cycloaddition reactions. Two important classes of N-isocyanates are amino-isocyanates and

imino-isocyanates. N-Isocyanates containing a nucleophilic nitrogen (sp3 hybridized) are

5 Suni, M,; Nair, V. A;; Joshua, C. Tetrahedron Lett. 2001, 57, 2003. (b) Hassan, A. A.; Shawky, A. M. J. Heterocycl. Chem. 2011, 48, 495.
6 Alam, M. S,; Liu, L.; Lee, Y.-E.; Lee, D.-U. Chem. Pharm. Bull . 2011, 59, 568.

7 Vincent-Rocan, ].-F.; Clavette, C.; Leckett, K.; Beauchemin, A. M. Chem. - Eur. J. 2015, 21, 3886.

8 (a) Reichen, W. Chem. Rev. 1978, 78, 569. (b) Wentrup, C.; Finnerty, J. J.; Koch, R. Curr. Org. Chem. 2011, 15, 1745.

9 Vincent Rocan, J.-F.; Beauchemin, A. M. Synthesis 2016, 48, 3625.



amino-isocyanate. Amino-isocyanates can react with alkyl and aryl isocyanates to give 5-membered

heterocyclic products (Scheme 1).

X
0 Oy Ny R
J n (HLG) Csn %o OYN
LG N S | \ > O
. —~——— NR', @N\ N
NR'2 A [3+2] @R,

3 L
LG = leaving group (sp®) amino-isocyanate

[1,3-amphoteric]

Scheme 1: Isocyanate generation and cycloaddition reaction of amino-isocyanates

Interestingly, Lockley and Lwowski found out that alkynes can also act as a cycloaddition partners
with amino-isocyanates (Scheme 2).10 The solubility of the aminimide was controlled by
performing the reaction in a non-polar solvent, leading to a low concentration the amino-isocyanate
upon formation by a retro- [3+2] reaction. This strategy minimized the dimerization of the

amino-isocyanate, a fast competing side-reaction, and allowed formation of the desired

NMez
N
Me c” = Me ©
Me—\N’(':I) no°C o, Ph// Mexp-
® >=O ‘——‘ //O _— /I§)=O
o7 N N/,C Ph
\t-Bu I
t-Bu

cycloaddition product.

Scheme 2: Alkynes as dipolarophiles in [3+2] cycloaddition with amino-isocyanates

10 Lockley, W.]. S.; Lwowski, W. Tetrahedron Lett. 1974, 48, 4263.



The Beauchemin group became interested in alkene aminocarbonylation and N-isocyanates with an
observation of a byproduct formation while exploring hydroamination reactions. The unexpected
aminocarbonylation product was obtained when the hydroamination reaction was conducted with

a Boc-protected hydrazide (Scheme 3).11

proposed intermediate

o]
7 0O
R4J\NH Oy
a3 II\IH R1 aminocarbonylation C\\N . Hll\l WR?
| R e 2 4
=, - R3 _NH N R°+ HR
b\ R R4=0t-Bu, NH, = R3
R2 In
n
RA4=Ar hydroamination - amino-isocyanate -
(0]
R4J\NH
I R1
RS _N >

Scheme 3: Difference in reactivity observed changing the R* group on hydrazine

Amino-isocyanates gave promising results for intramolecular reactions, although intermolecular
reactivity was limited. This led the group to explore another type of N-isocyanates,
imino-isocyanates.!2 Compared to amino-isocyanates, imino-isocyanates showed less propensity

towards dimerization. Such imino-isocyanates are rare compared to amino-isocyanates, therefore,

11 (a) Clavette, C. Synthesis of beta-Aminocarbonyl Compounds and Hydrazine Derivatives Using Amino- and Imino-Isocyanates, PhD
Thesis, University of Ottawa, 2015. (b) Roveda, . G.; Clavette, C.; Hunt, A. D.; Gorelsky, S. I.; Whipp, C. ].; Beauchemin, A. M. J. Am. Chem.
Soc. 2009, 131, 8740.

12 (a) Garland, K.; Gan, W.; Depatie-Sicard, C.; Beauchemin, A. M. Org. Lett. 2013, 15, 4074. (b) Vincent Rocan, ].-F.; Ivanovich, R. A,;
Clavette, C.; Leckett, K.; Bejjani, J.; Beauchemin, A. M. Chem. Sci. 2016, 7, 315. (c) Derasp, J. S.; Vincent Rocan, J.-F.; Beauchemin, A. M. Org.
Lett. 2016, 18, 658.



their reactivity had not been studied in detail.13 Larsen and Jakobsen introduced the blocking group
method to access imino-isocyanates.!* Studies followed, for example, work showing that the

isocyanate generated can react with alcohols and amines (Scheme 4).15

. s ;
o
7z
A NHz - 2600C N R2XH, HNJ\XHRZ
—_— | |
H{N " H\fN > H._N
- 3 —
R1 1§ X=0,N L

Scheme 4: Imino-isocyanate formation as an intermediate

Jones reported in 1982 the generation of an imino-isocyanate by performing a [3+2] cycloaddition/
retro-cycloaddition sequence on a hindered benzofuran in boiling toluene (Scheme 5).16 He
reported formation of an azomethine imine product using phenylacetylene. Similar azomethine
imine product formations were also observed with norbornene, styrene and 1,5-cyclooctadiene.

However, there were no yields provided for the reaction.

13 (a) Wentrup, C.; Finnerty, J. J.; Koch, R. Curr. Org. Chem. 2011, 15, 1745. (b) Reichen, W. Chem. Rev. 1978, 78, 569. (c) Vincent Rocan, J.-
F.; Beauchemin, A. M. Synthesis 2016, 48, 3625.

14 Larsen, C,; Jakobsen, P. Acta Chem. Scand. 1970, 24, 1445.

15 Shabh, S. N.; Chudgar, N. K. Molecules 2000, 5, 657.

16 Jones, D. W. ]. Chem. Soc. Chem. Commun. 1982, 766.
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Scheme 5: Cycloaddition reaction of imino-isocyanates with phenylacetylene

Following Jones’ synthesis, our group began exploring the intermolecular cycloaddition reactions of
imino-isocyanates. In contrast to Jones, the strategy was to use a blocking (masking) group on the
isocyanate precursor, which allow a controlled release of imino-isocyanate and facile synthesis of

the reagent (Scheme 6).17

17 (a) Clavette, C.; Gan, W.; Bongers, A.; Markiewicz, T.; Toderian, A.; Gorelsky, S. I.; Beauchemin, A. M.J. Am. Chem. Soc. 2012, 134, 16111.
(b) Gan, W.; Moon, P.; Clavette, C.; DasNeves, N.; Markiewicz, T.;Toderian, A.; Beauchemin, A. M.Org. Lett. 2013, 15, 1890. (c) Lavergne, K;;
Bongers, A.; Betit, L.; Beauchemin, A. M. Org. Lett. 2015, 17, 3612. (d) Garland, K.; Gan, W.; Depatie-Sicard, C.; Beauchemin, A. M. Org. Lett.
2013, 15, 4074. (e) Clavette, C.; Vincent Rocan, J.-F.; Beauchemin, A. M. Angew. Chem., Int. Ed. 2013, 52, 12705. (f) Vincent-Rocan, J.-F.;
Clavette, C.; Leckett, K.; Beauchemin, A. M. Chem. - Eur. ]. 2015, 21, 3886. (g) Vincent-Rocan, ].-F.; Derasp, J. S.; Beauchemin, A. M. Chem.
Commun. 2015, 51, 16405. (h) Ivanovich, R. A;; Vincent-Rocan, ].-F.; Elkaeed, E. B.; Beauchemin, A. M. Org. Lett. 2015, 17, 4898. (i) Vincent
Rocan, J.-F.; Ivanovich, R. A;; Clavette, C.; Leckett, K.; Bejjani, J.; Beauchemin, A. M. Chem. Sci. 2016, 7, 315.
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Scheme 6: Intermolecular [3+2] cycloaddition of alkenes with imino-isocyanates

[3+2] Cycloadditions of imino-isocyanates with alkenes yielded cyclic azomethine imine products.
DFT calculations support the following pathway: the HOMO of the alkene interacting with the
LUMO of the imino-isocyanate which acts as the dominant interaction. In fact, DFT calculations
showed that the reaction proceeds through an asynchronous transition state.18 The forming bond
length between the alkene and carbonyl carbon was short compared to the forming bond between
the alkene and the nitrogen atom.!® This finding was consistent with experimental results since
compounds produced showed generally high chemoselectivity and high Markonikov

regioselectivity.

18 (a) Clavette, C.; Gan, W.; Bongers, A.; Markiewicz, T.; Toderian, A.; Gorelsky, S. I.; Beauchemin, A. M.J. Am. Chem. Soc. 2012, 134, 16111.
(b) Lavergne, K.; Bongers, A.; Betit, L.; Beauchemin, A. M. Org. Lett. 2015, 17, 3612.
19 Bongers, A. L. Intermolecular [3+2] Cycloadditions of Imino-isocyanates to Acess B-Amino Carbonyl Compounds, Ph. D. Thesis,

University of Ottawa, 2016.



1.1.1.3 Azomethine Imines

Azomethine imines are another example of an amphoteric molecule containing a 1,3-dipole. There

are three main categories of azomethine imines with NNCO motifs that present in the literature:

1) N,N’-cyclic, 2) acyclic and 3) C,N-cyclic azomethine imines (Figure 3).

0O O
ON eNJ\R' Ar-[- j)\
®N OX Z N\
R RN ® N~ "R
Y b ©
H H
N, N'- cyclic acyclic C, N- cyclic

Figure 3: Classes of azomethine imines

Among various reactivity, reactions of azomethine imines with alkenes have broad applicability in
heterocyclic synthesis.2® This can result in bicyclic heterocycles including two nitrogen atoms in

their structure (Scheme 7).21

HN< PhCOH N
A —

/

130°C

acyclic azomethine imine

Scheme 7: Polycyclic heterocycle synthesis via an acyclic azomethine imine intermediate

20 Schantl, J. G. Azomethine Imines, Science of Synthesis 2004, 27, 731-824.
21 Oppolzer, W. Angew. Chem. Int. Ed. Engl. 1977, 16, 10.



As shown in Scheme 6, our group was able to obtain over 70 examples of N, N-cyclic azomethine
imines from various alkenes and imino-isocyanates. This allowed access to many complex
B-aminocarbonyl containing azomethine imine molecules starting from semicarbazones and readily
available alkenes. Also, few derivatization methods of azomethine imines were illustrated to access

a variety of B-aminocarbonyl compounds (Scheme 8).22

condensation onto

aldehyde O
©
> ~ N
O Ho N Re
i N
R R R3
deprotection of the
ketone or aldehyde 0O
0
ag. NH,OH OH HN
On . RL_N , R
rL DN R MeOH, refl = i
\r/ eOH, reflux, - R2 3
R2 R3 then H,O0, filtration
N-N cleavage and o
protection
H,>N
> 2 R4

Ra-Ni, H,, MeOH BO?'\I 3
then Boc,O R

Scheme 8: Derivatization of azomethine imines

With their amphoteric character, azomethine imines can perform cycloaddition reactions. Initial
studies on alkene aminocarbonylation focused on preventing such 1,3-dipolar cycloadditions of
azomethine imines in the optimization. The use of symmetrical ketones and increasing the steric

bulk of the hydrazones simplified the reaction as well as prevented side reactions. However, when

22 (a) Clavette, C.; Gan, W.; Bongers, A.; Markiewicz, T.; Toderian, A.; Gorelsky, S. I.; Beauchemin, A. M. J. Am. Chem. Soc. 2012, 134, 16111.
(b) Lavergne, K; Bongers, A.; Betit, L.; Beauchemin, A. M. Org. Lett. 2015, 17, 3612. (c) L. Betit, M. Sc. Thesis, University of Ottawa, 2015.
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using excess alkenes, the aldhydrazones showed a propensity for criss-cross cycloaddition

processes (Scheme 9).23

o (excess)
e o 0
2 .C7 X X
HH\LG (HLG) N @T‘Jg R? RE~p
e —»
RL_N ~ RL N 1 ON g3 |
\|/ A Y \( Rl

= leaving group

Scheme 9: Alkene aminothiocarboylation and 1,3-dipolar cycloaddition of azomethine
imines with excess alkene

However, more control is possible. In 2012, Clavette et al reported an intermolecular
1,3-cycloaddition reaction with an azomethine imine intermediate formed in situ as shown in
Scheme 10. This reaction used two different alkenes which showed two different reactivities to
selectively form the azomethine imine with norbornene, which is the more electron-rich alkene
(norbornene as a reagent for azomethine imine synthesis will be discussed in Chapter 1). Then the
formed product, azomethine imine, underwent a 1,3-dipolar cycloaddition reaction with the
electron-poor N-phenylmaleimide. In Chapter 4, 1,3-cycloaddition reactivity with azomethine

imines will be further discussed.

23 Radl, S. Aldrichimica Acta 1997, 30, 97.
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Scheme 10: Intermolecular 1,3-cycloaddition reaction with N-phenylmaleimide using an
azomethine imine formed in-situ

Acyclic azomethine imines are synthesized in situ and can perform intermolecular cycloadditions
with an electron-deficient dipolarophile. Acyclic azomethine imines are scarce in the literature and

can be accessed through heating a semicarbazone with an acid (Scheme 11).24

O 0 X , H 0O
Jk 2 — @ Jk R Rl \N
HN™ SR~ N SR2 | —— N R
N A H* ®|I\|H /3
- - :
R1 Rl

via acyclic azomethine imine

Scheme 11: In situ generation of acyclic azomethine imine and [3+2] cycloaddition with an
alkene

As discussed above briefly, our group was able to successfully form -aminocarbonyl compounds
embedded in heterocycle containing the NNCO motif. Then the interest was directed towards
forming heterocycles with a [B-aminothiocarbonyl motif. The idea was to see the reactivity
difference by introducing a thiocarbonyl instead of the carbonyl. The following section will focus on

discussing the cycloaddition reactions of NNCS motif.

24 Nijera, C.; Sansano, J. M.; Yus, M. Org. Biomol. Chem. 2015, 13, 8596.
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1.2 NNCS Motifs - Isolation and Reactivity of Isothiocyanates

1.2.1 Importance of NNCS Motif

The NNCS motif is present in many interesting compounds showing different biological properties
(Figure 4).25 For example, Elesclomol shown below is a novel potent oxidative stress inducer that

elicits pro-apoptosis events among tumor cells.26e
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Elesclomol- oxidative stress inducer active agents26' ® o

Figure 4: NNCS motifs in biologically active compounds

However, synthetic routes accessing these motifs through N-isothiocyanate intermediates are rare.

As discussed earlier it is possible to access more complex NNCO motifs using N-isocyanates.

25 Navarro, S. L.; Lampe, J. W.; Food Funct. 2011, 2, 579.

26 (a) Beyaert, R.; Marynen, P.; Baens, T.; Heyninck, K. 2009, WO 2009065897. (b) Abdel, M.; Shawkat, A.; El-Emary, T. I; El-Kashef,
Hussein, S. Chem. Pharm. Bull. 2016, 64, 476. (c) Mohamed, M. S.; Abd El-Hameed, R. H.; Sayed, A. ; Soror, S. H. Arch. Pharm. Chem. Life
Sci. 2015, 348, 1. (d) Ashour, H. M.; Shaaban, O. G.; Rizk, O. H.; El-Ashmawy, 1. M. Eur. J. Med. Chem. 2013, 62, 341-351. (e) Nagai, M.; Vo N.
H.; Shin, O. L,; Chimmanamada, D. I. T.; Chuy, J,; Beaudette-Zlatanova, B. C.; Lu, R.; Blackman, R. K;; Barsoum, ].; Koya, K.; Wada, Y.; Free
Radic Biol. Med. 2012, 52, 2142. (f) Katritzky, A. R;; Girgis, A. S; Slavov, S; Tala, S. R;; Stoyanova, S.; Eur. J. Med. Chem. 2010, 45, 5183
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However, there are only a few reports on using isothiocyanates to access NNCS motifs. Our group
was interested in using isothiocyanates in parallel to the studies conducted on N-isocyanates to

further explore their use as amphoteric intermediates.

1.2.2 Importance of Isothiocyanates

In direct analogy to the reactivity presented in the previous section, the use of N-isothiocyanates to
access NNCS compounds will be discussed in this thesis. Different types of isothiocyanates such as
C-isothiocyanates, amino-isothiocyanates and imino-isothiocyanates can be used as partners to

form various NCS-containing motifs (Figure 5).

N-isothiocyanates

C-isothiocyanates

2 i
1
R! i o ¢C¢S
S A
\ R 2N
| ,N\
! RI" T R2 Y
| R
' amino-isothiocyanate imino-isothiocyanate
1

Figure 5: Structures of different Isothiocyanates

C-Isothiocyanates have gotten attention from various research groups’ interest, and around 1600
derivatives are commercially available. They are also present in natural products. For example,
Moore and co-workers have isolated a series of fascinating welwitindolinones from green algae and
those include C-isothiocyanate precursors (Figure 6). They exhibited significant biological

activities represented by the ability to reverse P-glycoprotein mediated multidrug resistance in

14



human cancer cells.2” Studies have been conducted on isothiocyanates in order to examine the
hypothesis made on the relationship between cancer prevention and isothiocyanate intake of a
person. Among many studies, one of the experiments was a controlled study on breast cancer which
was conducted by Fowke et al in 2003. The study showed women with the highest quartile of
isothiocyanate excretion had a twofold decreased risk for developing breast cancer.28 In a review in
2011, Lampe states “Evidence suggests that isothiocyanates exert their effect through a variety of
distinct but interconnected signaling pathways important for inhibiting carcinogenesis, including
those involve in detoxification, inflammation, apoptosis, and cell cycle and epigenetic regulation,

among others”.29

R= H; N-Methylwelwitindolinone C-isothiocyanate

R1= CH3; Welwitindolinone C-isothiocyanate

Figure 6: Isolated C-isothiocyanate precursors from green algae

As discussed, isothiocyanates show interesting links with natural products and for the
cycloaddition reactions we were more interested in exploring the synthesis and reactivity of N-
isothiocyanates. Presented below is an overview of the work published on these reactive

intermediates.

27 Smith, C. D,; Zilfou, J. T.; Stratmann, K.; Patterson, G. M. L.; Moore, R. E. Mol. Pharmacol. 1995, 47, 241.
28 Fowke, J. H.; Qi, D.; Bradlow, H. L,; Shu, X. O.; Gao, Y. T.; Cheng, . R;; Jin, F.; Zheng, W. Steroids 2003, 68, 65.
29 Navarro, S. L; Li, F.,; Lampe, ]. W, Food Funct. 2011, 2, 579.
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1.2.3 Synthesis of N-isothiocyanates

McElhinney reported the first N-isothiocyanate formation in 1966. He proposed a mechanism with
amino-isothiocyanate intermediate during the formation of thiosemicarbazides (Scheme 12a).30
Around the same time, Anthoni et al. were able to observe the amino-isothiocyanate formation
using IR spectroscopy at -78 °C.3! They also observed that usually, these isothiocyanates dimerize
within a few seconds at room temperature.32 The isothiocyanate shown in Scheme 12b was formed

through an unmasking process, where the imidazole is the leaving group.

They were able to identify the isolated isothiocyanate using IR spectroscopy and the NCS stretch
was at 2125 and 2035 cm-1.33 Also, with an important note, they were able to isolate the dimerized

product and proposed a mechanism for the dimerization as indicated in Scheme 12c.

30 (a) McElhinney, R.S. J. Chem. Soc. 1966, 950. (b) El-Hewhi, Z.; Taeger, E.; Funge, F. J. Prakt. Chem. 1962, 18, 275. (c) Delépine, M. Bull.
Soc. Chim. Fr. 1902, 587. (d) Delépine, M.; Schving, P. Bull. Soc. Chim. Fr. 1910, 896. (e) Aubert, P.; Knott, E. B.; Williams, L. A. J. Chem. Soc.
1951, 2188. (f) Knott, E. B. J. Chem. Soc. 1956, 1644.

31 Anthoni, U,; Larsen, C.; Nielsen, P. H. Acta Chem. Scand. 1966, 20, 1714.

32 Anthoni, U,; Larsen, C.; Nielsen, P. H. Acta Chem. Scand. 1968, 22, 309.

33 Anthoni, U.; Larsen, C.; Nielsen, P. H. Acta Chem. Scand. 1967, 21, 2061.
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Scheme 12: Amino-isothiocyanate formation and dimerization (a) Thiosemicarbazone
formation through proposed N-isothiocyanate intermediate (b) Isolation of the
amino-isothiocyanate (c) Dimerization of the amino-isothiocyanate at room temperature
(R=iPr)

Imino-isothiocyanate formation using high-temperature conditions with different leaving groups of
thiosemicarbazides were reported. Anthoni and Berg were able to isolate and characterize the

imino-isothiocyanate monomer for the first time using lead salts as precursors with isopropyl

semicarbazones (Scheme 13).34

34 Anthoni, U.; Berg, C. Acta Chem. Scand. 1969, 23, 3602.
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Scheme 13: Imino-isothiocyanate formation through lead salts

A cascade reaction involving imino-isothiocyanate was reported by Vincent-Rocan from our group
in 2015.35 In this reaction, an in situ-formed imino-isothiocyanate reacted with a secondary amine,

resulting in a thiosemicarbazone that then cyclized to yield the aminothiohydantoin product shown

in Scheme 14.

o)
H i P s ¢
N OEt o YN
1
ve—H2C! N N
\N NO, N (-HOEt) N”
| | —> || 5
O.O Base, A O'O Q.O 72% yeild

Scheme 14: Cascade reaction for formation of aminothiohydantoin via imino-isothiocyanate
intermediate

35 Vincent-Rocan, J.-F. ; Clavette, C.; Leckett, K.; Beauchemin, A. M. Chem. - Eur. J. 2015, 21, 3886.
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1.2.4 Reactivity of Isothiocyanates vs Isocyanates

In 2009, Wilberg and coworkers investigated the reactivity difference in C-isocyanates versus
C-isothiocyanates using experimental as well as computational studies.36 At 0°C the reaction rate of
PhNCO with pure ethanol as the nucleophile was approximately around 50 000 times more rapid
than the analogues reaction with PhNCS. This corresponds to a difference in activation free energy
of 6 kcal/mol. Energy differences were also calculated as shown in Table 1 for the transfer of

methanol and methoxide ion.

Table 1: Energies (kcal/mol) of transfer reactions

H
N=C=0 N_ _OMe N=C=S H OMe
SHEN OO e
(0]
€]
N=C=0 N OMe N=C=S % OMe
OOy SARN A Sl

Reaction AH AG
Eq.1 -9.9 -10.3
Eq. 2 0.7 -1.5

As indicated in Table 1, methanol had a large preference for addition to PhNCO versus PhNCS,
which was similar to observed experimental data. However, the results shown for Equation 2
methoxide ion had a small preference for addition to PhNCO vs PhNCS. Results obtained were

explained using Hirshfeld charges as illustrated in Figure 7.

36 Wiberg, K. B.; Wang, Y.-G.; Miller, S. ].; Puchlopek, A. L.; Bailey, W. F.; Fair, . D. J. Org. Chem. 2009, 74, 3659.
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Figure 7: Hirshfeld charges for isocyanate and isothiocyanate derivatives in substitution
reactions

The product of methoxide addition to PhNCS was found to lead to a larger partial negative charge
on sulfur than on the carbonyl oxygen (Figure 7, top row). Therefore, the negative charge is
stabilized by the sulfur atom, which accounts for the near thermo-neutrality of the reaction shown
in Equation 2. The greater acidity of H,S compared to H>O as well as higher pK, of enol compounds
compared to the enethiol analogues supports that sulfur is better able to bear a negative charge

than oxygen.37

Moreover, the fact that the addition products of isothiocyanates should be more stable compared to
isocyanates led to the research project in using N-isothiocyanates as intermediates for azomethine

imine formation (See Chapter 2).

37 Sklenak, S.; Apeloig, Y.; Rappoport, Z.J. Chem. Soc. 2000, 2, 2269.
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After being able to isolate and characterize N-isothiocyanates, there are few studies that have
reported the reactivity of these amphoteric molecules. Anthoni et al. in 1967 reported a [3,3]
rearrangement via amino-isothiocyanate intermediate.38 Interestingly, a different reactivity for
similar conditions was observed by Stollé with in situ generated amino-isocyanate. Indeed, the

amino-isocyanate formed an intramolecular Friedel-Crafts cyclization product (Scheme 15).39

(a) Anthoni et al. reported [3,3] rearrangement

o 8 s
N‘NJ\SH - N\N/’C// —_—
o >
HN_
Ph
amino-isothiocyanate
(b) Stollé reported Friedel-Craft cyclization
R R
| R
N N3 N ll\l\ /C//O N
D N* — \
0 A NH

amino-isocyanate

Scheme 15: Divergent reactivity of amino-isothiocyanate vs amino-isocyanate

In 2015, Vincent-Rocan and Derasp from our group also reported divergent reactivity of
imino-isocyanates and imino-isothiocyanates. Imidazolones and thiazolidines were formed as
products under similar conditions, respectively (Scheme 16).40 This result can be explained using
the Hirshfeld charges we discussed above, where with the N-isothiocyanate, the negative charge is

more stabilized on sulfur atom. Therefore, once the propargyl amine attack on the N-isothiocyanate,

38 Anthoni, U,; Larsen, C.; Nielsen. P. H. Acta Chem. Scand. 1967, 21, 1201.
39 (a) Stollé, R. J. Prakt. Chem. 1927, 116, 192. (b) Stollé, R. J. Prakt. Chem. 1928, 117, 185.
40 Vincent-Rocan, J.-F. ; Derasp, J. S.; Beauchemin, A. M. Chem. Commun. 2015, 51, 16405.
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sulfur becomes the nucleophile. This can also be explained through the Hard and Soft principle#!, in
that cyclization of the soft sulfur atom is favored on the soft alkyne. Again, on the N-isocyanate the
negative charge is softer on the nitrogen atom, and consequently, this is the nucleophile providing

two different reactivities for the reaction.

R2
R1
oy o [ E] w p R !
. 2 C RS /« 1 A
~NH R3N\/,Base 0 N \ l\/|>_R R3 N
N N/ I ~ - or \N
g g ~ ;
R1 R2 (-HLG) R1 RZ
22 examples |
X=S, 0 LG = leaving group 13 examples

Scheme 16: Divergent reactivity of the imino-isocyanate and imino-isothiocyanate

In the same publication, a cascade reaction proceeding through the formation of acyclic azomethine
imine intermediate was reported. This intermediate undergoes a [3+2] cycloaddition, which was
only observed with N-isothiocyanate precursor (Scheme 17). This chemistry was unprecedented in
the literature of azomethine imines and highlighted the differences in reactivity between the use of
imino-isocyanate and imino-isothiocyanate precursors, and the increased stability of the dipole

intermediate possessing the thiocarbonyl motif.

41 (a) Parr, R. G.; Pearson, R. G. J. Am. Chem. Soc. 1983, 105, 7512. (b) Pearson. R. G. J. Chem. Educ. 1968, 45, 643.
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I-(ID\N} / [3+2] HN X=0; No product formation
— |V — O

X=S; R=allyl, 79%

O ‘ R=Cyclohexane, 64%

Scheme 17: Acyclic thioxo-azomethine imine intermediate performing intramolecular
1,3-dipolar cycloadditions

Recently, An from our group observed different reactivity with a masked N-isothiocyanate
substrate compared to a masked N-isocyanate substrate in a copper-catalyzed cascade cyclization
reaction. She was conducting base-catalyzed substitution reactions with a 2-iodoaniline precursor
and then intramolecular copper-catalyzed coupling to synthesize 1-aminobenzimidazolones
(Scheme 18).42 However, with the sulfur analogue, similar to negative charge stabilization pattern
we discussed for Scheme 16, An reported the formation of a heterocycle where sulfur participated
as a coupling partner.43 In contrast, with the N-isocyanate precursor coupling involved the nitrogen

atom, and yielded a different product (the imidazolone).

42 An, J.; Alper, H.; Beauchemin, A. M. Org. Lett. 2016, 18, 3482.
43 A slower, uncatalyzed reaction was observed to give the benzothiazole ring system in modest yield under similar reaction cond itions.

See footnote 18 of reference 42.
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Scheme 18: Divergent pathways for product formation with the use of N-isocyanate and
N-isothiocyanate precursors

Our group was interested in exploring aminothiocarbonylation particularly due to: 1) The
inspiration from the successful azomethine imine formation through N-isocyanates, 2) N-
isothiocyanate showing divergent reactivity compared to N-isocyanates and 3) The scarcity of

reports on the reactivity of the N-isothiocyanates.
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1.3 NNCS Motifs - Preliminary Results for Alkene

Aminothiocarbonylation

1.3.1 Fluorenone Based Precursor Formation

N-Isothiocyanate formation was an interest in the group and Dr. Gan first introduced fluorenone
based precursor shown in Scheme 19 but never developed the reaction further since the precursor
was difficult to form, and early experiments suggested a reduced reactivity compared to the parent

N-isocyanate.**

HN OPh @
)
— >
?O 120°C, PhCF, 2h

Scheme 19: Initial aminothiocarbonylation result by Dr. Gan

The use of the fluorenyl group on the hydrazone added steric bulk and helped to avoid byproduct
formation with an excess alkene. Also, this reagent likely provides increased stabilization through

resonance, thus forming more stable azomethine imines.

44 Clavette, C.; Gan, W.; Markiewicz, T.; Toderian, A.; Beauchemin, A. M. 2013, Patent: W02013/67646 A1l.
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To address the issue of difficult formation of the N-isothiocyanate precursor, Vincent-Rocan then
developed a precursor with an aniline as the leaving group.4> This precursor can be accessed by two
general synthetic pathways. Either the reaction of the NHz-hydrazone onto the

para-nitroisothiocyanate or using para-nitroaniline based thiosemicarbazate with fluorenone

N NH2
| SCN rt, CHsCN

s

CO - Ya

(Scheme 20).46

ag. N2H4
i-PrOH, rt, 3h

l

Scheme 20: Synthesis of fluorenone hydrazone precursor with para-nitroaniline instead of
phenol

With this fluorenone precursor, Alyssa Perozzo, a former undergraduate student from the
Beauchemin group, was able to get results for alkene aminothiocarbonylation as following (Figure
8). While encouraging, there were few issues with these results: First, use of HFIP as a solvent was
not the best option since it is too expensive to be an acceptable solvent. Second, only NMR yields

were provided and both isolated yields and characterization data were needed for these

45 Vincent-Rocan, N-Isocyanates: Versatile Intermediates in Heterocyclic Synthesis, Ph.D. Thesis, University of Ottawa, 2016.

46 Bongers, A.; Ranasinghe, [.; Lemire, P.; Vincent-Rocan, ].-F.; Perozzo, A.; Beauchemin, A. M. Org. Lett, 2016, 18,3778.
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compounds. Third, the reactions were difficult to reproduce (Attempted alkenes are listed in the

supporting information section).

Lo
Ny -
/N R1

120°C, HFIP,
2h, MW, 0.05 M

S
On ON—\ 2
8% 2
N N
ZR
H
O [19%-45%]° O [33%]°
S S
N G>N R @N
Oy Oty Oe
N N
O e O O O
OMe

Figure 8: Preliminary results on alkene aminothiocarbonylations. °NMR yields were
obtaiend

2,
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1.3.2 Enol Ether Aminothiocarbonylation

With the improved N-isothiocyanate precursor, alkene aminothiocarbonylation with enol ethers
was explored by Ms. Lavergne from our group. The desired products were obtained in moderate
yields and the dihydrofuran adduct was successfully isolated in 57% yield and characterized
(Figure 9).47 It should be emphasized that a slightly different reagent was used for these

cycloadditions.

NO,

100 °C
MeCN

7% NMR yield 53% NMR yield 73% NMR yield

Figure 9: Scope of thioxo-azomethine imines with enol ethers

47 Lavergne, K. Synthesis of Azomethine imines via Alkene Aminocarbonylation and their Derivatization into Pyrazolones, M.Sc. Thesis,

University of Ottawa, 2014.
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1.3.3 Derivatization of Thioxo-azomethine Imines

Lavergne was able to reduce the thioxo-azomethine imine using sodium borohydride to obtain the

desired products in 17% yield after an acidic work up (Scheme 21).48

NaBH,, MeOH, rt No /

_ Q. on

Scheme 21: Reduction of the thioxo-azomethine imine yielding the desired thiopyrazolone
product

In conclusion for this chapter, as discussed, many studies have reported in using amphoteric
molecules to form heterocyclic molecules through cycloaddition reactions. Our group has reported
new synthetic pathways in synthesizing B-aminocarbonyl motifs through N-isocyanates. The
divergent reactivity observed between N-isothiocyanates and N-isocyanates as well as the success
observed in synthesizing B-aminocarbonyl motifs encouraged our group to further study

N-isothiocyanates and develop their aminothiocarbonylation reactivity.

48 Lavergne, K. Synthesis of Azomethine imines via Alkene Aminocarbonylation and their Derivatization into Pyrazolones, M.Sc. Thesis,

University of Ottawa, 2014.
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1.4 Research Objectives

N-Substituted isothiocyanates and their reactivity have only been reported rarely in the literature,
and all prior work has been introduced earlier in this chapter. The research presented in this thesis
centers around thioxo-azomethine imines and the use of N-isothiocyanates in new cycloaddition
reactions, thus providing a new synthetic route to form nitrogen-containing heterocycles with a
B-aminothiocarbonyl motif. Improvement in aminothiocarbonylation reactions, different
unprecedented reactivity observed with N-isothiocyanates and imines will also be discussed in this

thesis.
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Chapter 2: Aminothiocarbonylation

2.1 Introduction to Aminothiocarbonylation

2.1.1 Alkenes as Substrates

Alkenes are readily available substrates and amination reactions of alkenes still have important
limitations. There are only two reports on alkene aminothiocarbonylation reactions, which involve
the addition of a nitrogen atom and of a thiocarbonyl across an olefin. First is a formal [2+2]
cycloaddition of aryl isothiocyanates and nitroolefins to form B-thiolactams (Scheme 22a).4%
Second is a synthesis of polycyclic pyrazoline via photo-induced intramolecular nitrile imine-alkene
1,3-dipolar cycloaddition reported by Pla et al. in 2014 (Scheme 22b).#%» A common method of
forming such NNCS motifs is to use Lawesson’s reagent to transform the carbonyl precursor into a
thiocarbonyl (Scheme 22c).5° The use of this method and issues will be discussed later in this

chapter.

49 (a) Awasthi, C; Yadav, L. D. S. Synlett 2010, 1783-1788. (b) Pla, D.; Tan, D. S.; Gin, D. Y. Chem. Sci. 2014, 5, 2407- 2415.
50 Dorn, H.; Kreher, T. Heterocycles, 1994, 38, 2171.
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Scheme 22: (a) and (b) Addition of the alkene double bond across the nitrogen and C=S bond
(c) Installation of thiocarbonyl in place of carbonyl

R3

2.1.2 Imines as Substrates

Imines are readily accessed through a simple condensation reaction between an amine and a
ketone. These are common building blocks employed in the synthesis of nitrogen-containing

compounds and are often used to form chiral amines starting from unsymmetrical imines (Scheme

23).51
3 © R4 _RS
o} R3NH, R\lN Nu R%-X ~N
s *
)K R]_J\Rz R1/|\R2

Nu

Scheme 23: Synthesis of imine followed by nucleophilic attack on carbon to access chiral
compounds

51 Staudinger, H.; Liebigs, J. Ann. Chem. 1907, 356, 51.
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The reaction of imines with ketenes was discovered more than 100 years ago, long before the utility
of the products in medicinal chemistry was recognized. Hermann Staudinger found in 1907 that
isocyanates react with imines in [2+2] cycloadditions, producing the first synthetic (-lactams

(Scheme 24).52

Ph
Ph
Ph Cc=0 O
\=N Ph Ph
*Ph > N,
Ph Ph

Scheme 24: Synthesis of B-lactams with imines and ketenes

There are no reports on the reaction of N-isothiocyanates with imines, but many reports on
Mannich type cyclization reaction with isothiocyanato indoles and imines (Scheme 25).53 These
compounds were in high demand at the time since they were widely present in alkaloid natural

products and are biologically active compounds.54

52 Kobayashi, S.; Ishltani, H. Chem. Rev. 1999, 99, 1069.

53 Yuan, W.-C,; Han, W.-Y; Chen, Y.-Z.; Cui, B.-D.; Xu, X.-Y. In Recent Advances in Organocatalysis; Karame, 1.; Srour, H., Ed.; InTech, 2016;
pp 33-56.

54 (a) Bai, M.; Cui, B. D.; Zuo, J.; Zhao, J.; You, Y.; Chen, Y.; Xu, X;; Zhang, X.; Yuan, W. Tetrahedron 2015, 71, 949. (b) Kato, S.; Yoshino, T,;
Shibasaki, M.; Kanai, M.; Matsunaga, S. Angew. Chem. Int. Ed. 2012, 51, 7007.
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Scheme 25: Reaction of isothiocyanato oxindoles and imines via (1) Mannich reaction and
(2) cyclization process

2.1.3 Thioxo-azomethine Imines

Dorn and Kreher first synthesized the thioxo-azomethine imine analogues in 1994. They were able

to introduce the thiocarbonyl using Lawesson’s reagent as shown in Scheme 26.55

MeO
O S
On r3 Lawesson's reagent ON - NP
| | 7\
L @ N R4 > L @ N R4 S/ S/
R 4 5 CH2C|2, rt R 2
R R5 '
R2 R2 Lawesson's reagent

OMe

Scheme 26: Converting carbonyl to thiocarbonyl to synthesize thioxo-azomethine imines
using Lawesson’s reagent

55 Dorn, H.; Kreher, T. Heterocycles, 1994, 38, 2171.
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In the proposed mechanism for the thionation, the Lawesson’s reagent is in equilibrium with a
highly reactive dithiophosphine ylide. This ylide can react analogous to Wittig reaction with the

carbonyl containing compounds to form the corresponding thiocarbonyl compound (Scheme 27).56

MeQO,
S ©
S
JEE—— > \ @
S S =~ /,P_Q'O'V'e —~—> ,/PAQOMe
S/P\S/P S IS
@
OMe RY "R?
s S=R S
Jl\ * IS —— © © IS
RY R2 O—ﬁ OMe ® P OMe
OMe S g

Scheme 27: Mechanism for the thionation reaction using Lawesson’s reagent

Dorn and Kreher were able to obtain a variety of cyclic thioxo azomethine imines by transforming
carbonyl into thiocarbonyl derivatives (Figure 10), providing a method to form sulfur analogues
which were not accessible before. There were practical difficulties in using this reagent such as
unpleasant odor. However, it was the only method of synthesizing thioxo-azomethine imines at the
time. Given the scarcity of alkene aminocarbonylation reactions and the fact that sulfur analogues
of azomethine imines can only be accessed indirectly, we decided to further develop the alkene

aminothiocarbonylation using amphoteric N-isothiocyanates.

56 Jesberger, M.; Davis, T. P.; Barner, L. Synthesis 2003, 13, 1929.
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Figure 10: Selected scope of the thioxo-azomethine imines

2.1.4 Project Objectives

As indicated in Chapter 1, some encouraging preliminary results for alkene
aminothiocarbonylation had been obtained with activated alkenes by previous group members. Our

hypothesis was that optimization would result in a more broadly applicable transformation.
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2.2 Results and Discussion

2.2.1 Alkene Aminothiocarbonylation

As indicated in Chapter 1, the fluorenone-derived thiosemicarbazone was shown to react
efficiently with norbornene by Jean-Francois Vincent-Rocan, a former member of the Beauchemin
group. Due to the steric hindrance, these precursors avoid side reactions, and further of dipolar
cycloadditions of the azomethine imine products with the excess alkene present under the reaction
conditions (Scheme 9 & 10, Chapter 1).57 These type of dipolar cycloaddition byproducts were not
observed in the aminothiocarbonylation reactions. The use of N-isothiocyanate precursor 2b also
favors product formation through resonance stabilization of the azomethine imine.
Thiosemicarbazones were used as imino-isothiocyanate precursors which were synthesized using

para-nitroisothiocyanate and fluorenone hydrazones such as 2a (Scheme 28).58

NO,
NH,
) AN
MeCN, rt, overnight ||\|
—{ )~

AcOH . 90%
¢
2b

Scheme 28: Synthesis of thiosemicarbazone reagent 2b

0O=n
Iz

K

Synthesizing the O-phenyl leaving group precursor for thiosemicarbazones was not successful. The
precursor 2b required temperature of 120°C for the formation of the N-isothiocyanate (Figure 8 in

Chapter 1). To begin with the reinvestigation of this reactivity, a solvent scan was conducted for

57 Clavette, C.; Vincent-Rocan, J.-F.; Beauchemin, A. M. Angew. Chem., Int. Ed. 2013, 52, 12705.
58 Bongers, A.; Ranasinghe, I.; Lemire, P.; Vincent-Rocan, ].-F.; Perozzo, A.; Beauchemin, A. M. Org. Lett. 2016, 18, 3778.
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the reaction of thiosemicarbazone (2b) with norbornene (Table 2). Norbornene is a strained,
electron-rich olefin which has proven to be very reactive in alkene aminocarbonylation reactions

involving N-isocyanates.59

Table 2: Solvent scan of norbornene aminothiocarbonylation with 1a+

I ¢

Q P 10 equiv
. 120°C, 2 h, MW
2b solvent (0.05M)
O 1 equiv (- p-nitroaniline)
Entry Solvent 2a NMR yield? (%)
1 CHCI3 76
2 Acetone 89
3 HFIP 93
4 i-PrOH 57
5 t-amyl alcohol 72
6 THF 92
7 MeCN 95-98
8 MeCN¢(wet) 83
9 DMSO 62

aConditions: 1a (1.0 equiv.), norbornene (10 equiv.), and solvent (0.03 M) were combined in a dry vial, which was sealed
and purged with argon. The mixture was heated by microwave irradiation to 120 °C for 2 hours. 'NMR yields were taken

using 1,3,5-trimethoxybenzene as the internal standard in deuterated chloroform. <1 drop of H20 added.

59 Bongers, A.; Ranasinghe, I.; Lemire, P.; Vincent-Rocan, ].-F.; Perozzo, A.; Beauchemin, A. M. Org. Lett. 2016, 18, 3778.
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MeCN and HFIP gave comparably better NMR yields and also the reaction proved to be moisture
sensitive (Table 2, entries 7-8). As discussed in the introduction, HFIP is expensive, which is not a
good option of a solvent. Thus, further optimization used MeCN as the solvent, and a survey of the
effect of temperature and concentration was also conducted in dry MeCN (Table 3). Increasing the
concentration of the solution resulted in a decrease in yield while increasing the amount of alkene

present led to higher yields.

Table 3: Condition optimization of 2b with norbornene to yield 2c«

HNJ?\NJi)/I\Ioz @

I H

Q N (5-10 equiv)
J M

80-150°C, 1-6 h, MW

O ibequiv MeCN (0.005-0.3M)
(- p-nitroaniline)

Entry Conc. Equiv Temperature Time conlzllzfscion yizsci\il\(/{;)
10 0.05 10 120 2h 99 92
11 0.15 10 120 2h 61 59
12 0.3 10 120 2h 61 46
13 0.005 10 120 2h 99 86
14 0.05 10 80 6h 32 30
15 0.05 10 150 1h 65 32
16 0.05 5 120 2h 92 57
17 0.05 15 120 2h 99 98

aConditions: Thiosemicarbazide 1a (1.0 equiv.), norbornene (5-15 equiv.), and solvent (0.005-0.3 M) were combined
in a dry vial, which was sealed and purged with argon. The mixture was heated (by microwave irradiation). '/NMR
yields are given using 1,3,5-trimethoxybenzene as the internal standard in deuterated chloroform. ¢Para-nitroaniline

is abbreviated as PNA.
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With the optimized conditions the reaction was tested with a variety of alkenes (Table 4).
Table 4: Exploratory scope of unreactive alkenes in aminothiocarbonylation with 2b«
NO
S /@/ 2 o
1
HNJI\N </ 0 .
ll\l H R, 10 equiv
Y
& -
[conditions]
2b - p-nitroaniline
1 equiv

Entry Ri, Rz Solvent Time (h) Temp. (°C) Yield (%)
1 H, Ph MeCN 17 100 23-45
2 H, Ph HFIP 17 100 11
3 H, Ph MeCN 2 120 19
4 H, 4-MeOCsH4 MeCN 5 100 5
5 -(CHz)s- MeCN 3 120 24
6¢ -(CHz)s- MeCN 3 120 5
7 -(CH2)s- HFIP 4 120 27
8 H, CH:Si(Me)s MeCN 3 120 14
9 H, CH:Si(Me)s HFIP 2 120 -
10 H, 2-pyrrolidinone MeCN 2 120 -
11 H, 2-pyrrolidinone MeCN 10 120 -
12 H, ferrocene MeCN 2 120 -

aConditions: Thiosemicarbazide 1a (1.0 equiv.), alkene (10 equiv.), and solvent (0.05 M) were combined in a dry vial,
which was sealed and purged with argon. The mixture was heated (by microwave irradiation). NMR yields are given.
bNMR yields were taken using 1,3,5-trimethoxybenzene as the internal standard in deuterated chloroform. cAdded AgO

(10mol%) as an additive.
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Styrene as an alkene was observed by Perozzo to give products in 45% NMR yield, which is a result
that we were not able to reproduce despite being under the same reaction conditions. Using more
electron-rich styrene derivatives led to lower yields (Entry 4). With cyclopentene, the NMR yield
was only 24% (Entry 5). AgO was added as an additive in entry 6 since it has been shown to
complex with thiocarbonylé? and the idea was to see if it could improve the product formation. The
decrease in yield obtained could be potentially due to the coordination that could happen with the
products, so that it could increase the byproduct formation. Unfortunately, alkenes such as allyl
TMS, vinyl pyridinone, vinyl ferrocene were not successful for the reaction (Entry 8-12). In
addition, the low yields and high polarity of the products made the isolation very difficult. These
preliminary results suggest that N-isothiocyanates are less reactive than N-isocyanates in their

reactions with alkenes.

60 Examples of silver complex with thiocarbonyl; (a) Altaf, M.; Stoeckli-Evans, H.; Cuin, A.; Sato, D. N.; Pavan, F. R;; Leite, C. Q. F.; Ahmad,
S.; Bouakka, M.; Mimouni, M.; Khardlj, F. Z.; Hadda, T. B. Polyhedron 2013, 62, 138. (b) Lin, . W.-S,; Lok, C.-N.; Yan, K; Che, C.-M. Chem.
Commun. 2013, 49, 3297.
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Lavergne developed conditions to achieve base catalysis for the aminocarbonylation reaction, by
using 3 mol% Et3N.61 The same concept was attempted for the aminothiocarbonylation reaction
using N-methyl morpholine as the leaving group. Morpholine, a secondary amine was used in this
case as the leaving group. This was explored since a hypothesis to rationalize the lower reactivity
was that the presence of the p-nitroaniline substituent could have resulted in p-nitrophenyl
isothiocyanate formation and degradation of the reagent.62 To avoid this potential issue precursor
2d was synthesized using 2a by substituting para-nitroaniline to morpholine (Scheme 29). Similar
types of substitution reactions have been studied by Garland and colleagues from the Beauchemin

group.63

N
l H HN 0 |
= S
—_
. 150°C, 2 h, . a
O MW, MeCN 0
2b 2d

Scheme 29: Substitution reaction of p-nitroaniline with morpholine

The reactivity of this potential aminothiocarbonylation reagent was then explored using

norbornene, as shown in Table 5.

61 (a) Lavergne, K. ; Bongers, A.; Betit, L.; Beauchemin, A. M. Org. Lett. 2015, 17, 3612. (b) Lavergne, K. Synthesis of Azomethine imines
via Alkene Aminocarbonylation and their Derivatization into Pyrazolones, M.Sc. Thesis, University of Ottawa, 2014.

62 Larsen, C. H.; Anthioni, U.; Christophersen, C.; Nielsen, P. H. Acta Chem. Scand. 1969, 23, 332.

63 Garland, K.; Gan, W.; Depatie-Sicard, C.; Beauchemin, A. M. Org. Lett. 2013, 15, 4074.
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Table 5: Attempt of base/ acid catalysis for aminothiocarbonylation«

Entry base/ acid Alkene (equiv) Time (h) Temp. (°C) Yield (%)?
1 none 10 6 100 0
2 none 10 1 150 35
3 none 10 1 175 15
4 Et;N 10 6 100 6
5 Et:N 10 10 100 <2
6 EtzN 10 1 150 17
7 EtsN 2 1 150 0
8 m4o-11"\}/£(;1t3?r11e 10 6 100 4
9 DBU 10 10 100 0
10 AcOH 10 6 100 5

aConditions: Thiosemicarbazide 2d (1.0 equiv.), alkene (2 or 10 equiv.), and solvent (0.05 M) were combined in a dry vial,
which was sealed and purged with argon. The mixture was heated (by microwave irradiation). 'NMR yields are taken

using 1,3,5-trimethoxybenzene as the internal standard in deuterated chloroform.
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As shown above, only modest results were achieved. Comparing entries 1 and 4, with the
background reaction no yield was observed. But when using EtsN for same conditions the NMR
yield was 6%. However, running the reaction for a longer time (Entry 5) decreased the yield. With
high temperatures, such as 150°C, the background reaction was 35% and when using bases or acids
the yield decreased (Entry 2 and 6). Also, different bases such as N-methyl morpholine and stronger
bases such as DBU were tested which weren’t successful. Unfortunately, the results obtained do not
provide enough evidence to support base or acid catalysis for the reaction and suggest there could

be an inhibitory effect.

Since norbornene showed good reactivity towards N-isocyanates other strained alkenes were
tested to delineate the scope of the reaction. The results are presented in Figure 11. Optimized

conditions® were used (as mentioned in the footnote of Figure 11).
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Figure 11: Scope of aminothiocarbonylation with stained norbornene analogues.®

aConditions: 120°C (microwave irradiation), 2 h, MeCN (0.05 M), 10 equiv. of alkene. Isolated yields are provided. '/NMR
yields with 1,3,5-trimethoxybenzene internal standard.

As shown above, variable yields were obtained with a variety of strained alkenes of relatively
similar structures. The best yields were obtained with norbornene derivatives from moderate to
excellent NMR yields such as 2c. Considerably higher NMR yields compared to the isolated yields
can be explained with the high polarity of these compounds as well as the degradation which occurs
during the purification by flash column chromatography. These results combined with the results
obtained by Lavergne with electron-rich enol ethers suggests that the frontier molecular orbital
interactions during the [3+2] cycloadditions involve the HOMO of the alkene with the LUMO of the

N-isothiocyanate and that this reaction has only limited synthetic potential.
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2.2.2 Imine Aminothiocarbonylation

As an alternative to alkenes, imines were tested in the reaction with the objective of forming
azomethine imines containing triazole thione core (Eq. 2.3). Optimization was conducted by

Phillipe Lemire, a colleague from our group (Table 6).6+

Table 6: Optimization of imine aminothiocarbonylation«

S NO; S
©
HNJ\N@/ A

I
| Ph N ® N~Me
Ho N H A Me H /N\(
> A P
S solvent- (0.05. M), MW - S 2
— 2y (- p-nitroaniline)
Entry Imine (equiv) Solvent Time (h) Temp. (°C) Yield (%)®
1 2 PhCF3 2 120 5
2 2 PhCF3 2 140 7
3 2 MeCN 2 120 34
4 2 MeCN 0.5 120 66
5 2 MeCN 0.5 100 17
6 0.67 MeCN 0.5 120 69 (539

aConditions: Thiosemicarbazide 2y (1.0 equiv.), imine (2 or 0.67 equiv.), and solvent (0.05 M) were combined in a dry vial,
which was sealed and purged with argon. The mixture was heated (by microwave irradiation). 'NMR yields are taken

using 1,3,5-trimethoxybenzene as the internal standard in deuterated chloroform. <Isolated yield given in parenthesis.

64 Bongers, A.; Ranasinghe, [; Lemire, P.; Vincent-Rocan, J-F.; Perozzo, A.; Beauchemin, A. M. Org. Lett. 2016, 18, 3778.
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The optimization efforts showed that imine as the limiting reagent increased the yield (Entry 6).
Also, this showed that the yield is better for shorter reactions. However, the reaction to go to
completion with the fluorenone precursor required 2 hours. The results obtained under the

optimized reaction conditions are shown in Figure 12.

i /©/ Q¢C¢ /(S
HN H 120°C, MW

lil X J\( N \<N~R3 (Eq 2.3)
R MeCN < ’\(
, LS5equv NH,(CgHz)NO R RY
R 2(Ley 2 L 1 equiv

S S S S
@N/( @N/4 @N/K @N4

Q @/N @ N ® N \<_\ @ N
. 2|
O 56%[78%]b 5% [85%]b 66% [66%]b

S
@ AN~
\( Ny Nx
2n° Ph 20° Ph 2q°
75% 40%
0 65% [81%]b 54%
OMe

Figure 12: Scope of the intermolecular C=N aminothiocarbonylation of aldimines. P™WMR
yields with 1,3,5-trimethoxybenzene as internal standard. Isolated yields were provided for
except 2m. Compounds 2j, 2n-2q were formed & isolated by Lemire. ‘Reaction time 30 min.

Higher reactivity for the aminothiocarbonylation reaction was observed with imines compared to
alkenes. Electron-poor imines with fluorenone thiosemicarbazone provided the desired product in
85% NMR yield. A pattern observed is that using electron-poor imines typically leads to higher

yields of the desired products. This could be due to the product stabilization with the electron-
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withdrawing effect, by preventing ring opening of the azomethine imine. Higher yields were also
obtained when using the fluorenone-derived reagent. This could be due to the stabilization of the
charges from the resonance of the fluorenyl group. Finally, Lemire observed when using electron-
poor substrates (20-2q), that isomerization®> occurs to form the aromatic azomethine imines. The

aromatization of the cycloaddition product is under further experimentation in the group.
2.2.3 Alkene vs Imine Competition Reaction

A competition reaction was conducted with 1 equivalent of 2b, norbornene and N-methyl
phenylimine, heated in the microwave for 2 hours at 120 °C (Scheme 30). Only the imine product
was observed in 23% NMR yield. This was expected since the reaction required 10 equivalents of
alkene while 2 or 3 equivalents of the imine are typically used under the optimized reaction
conditions. Hence this competition reaction provides a proof that the imines are more reactive than

alkenes.

N 120 °C, 2 h, MW
e

I
N
O / . @ . )l\f MeCN (0.05 M)
. zb —> ;
1 equiv Ph , - p-nitroaniline
O 1 equiv 1 equiv [23%]P o

Scheme 30: Competition reaction of alkene vs imine

65 (a) Evans, G. W.; Milligan, B. Aust. J. Chem. 1967, 20, 1779. (b) Kubota, S.; Uda, M. Chem. Pharm. Bull. 1973, 21, 1342.
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2.2.4 Derivatization of Azomethine Imines

A thioxo-azomethine imine could be transformed into the reduced derivative using the mild
reducing agent NaCNBH3, providing product 2r in high isolated yield under mild conditions

(Scheme 31).

NaCNBH3, MeOH

>
rt, overnight .
2r
85%

Scheme 31: Reducing the azomethine imine

When 2r was subjected to KOtBu in methanol, just stirring for one hour produced the azomethine
imine 2c in 10% NMR yield. This could be due to the O in the air acting as an oxidant to regenerate

the azomethine imine.

The carbon-nitrogen bond was also cleaved to deprotect the fluorenone using hydroxylamine as a
nucleophile (Scheme 32). Within 1 hour the reaction was completed at room temperature. Using a
water/ methanol solvent mixture, the fluorenone oxime crystalized and this allowed isolation of the

product of interest in 64% yield after filtration.

Scheme 32: Deprotection of the fluorenone to obtain thiopyrazolones
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2.2.5 Intramolecular Aminothiocarbonylation

Our group was also able to achieve intramolecular aminocarbonylation reactions in which
N-isocyanates react with terminal alkenes in [3+2] cycloadditions that do not require external
reagents or catalysts.¢ The attempt of applying the similar concept with N-isothiocyanate
intermediates was not successful (Scheme 33). The reaction was tried with different chain lengths
which could form 5-membered as well as 6-membered cycles also with both hydrazone and

hydrazine N-isothiocyanate precursors (Figure 13).

120 °C -200 °C HN

2s-2v > II\I
MeCN/PhCF3, 1-2h R

Scheme 33: Attempted intramolecular reactions at high temperatures and with two different
solvents for 1-2 hours

Figure 13: Substrates used for the intramolecular aminothiocarbonylation attempts

66 Ivanovich, R. A;; Clavette, C; Vincent-Rocan, J.-F.; Roveda, ].; Gorelsky, S. I.; Beauchemin, A. M. Chem. Eur. J. 2016, 22, 7906.
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In conclusion for this chapter, alkene and imine aminothiocarbonylation allowed accessing the
sulfur analogues of azomethine imines in a single reaction. Optimization of the alkene
aminothiocarbonylation reaction gave the opportunity to obtain a moderate yielding scope with
strained alkenes. Imines were better substrates for the cycloaddition reaction and found to be more
reactive compared to alkenes. Mild derivatization reactions were also achieved. The scarcity of
these sulfur analogues and synthetic pathways as well as divergent reactivity observed in the
synthesis of N-isocyanate vs N-isothiocyanate products calls for further exploration. Future work,

such as DFT calculations and computational studies would be an asset to provide more information.
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Chapter 3: Other reactivity of Isothiocyanates and
Thiosemicarbazones

3.1 Introduction to Other Reactivity of Isothiocyanates

In this chapter, other results on different reactivities and different aspects of the project will be
presented: 1) Attempts in forming and isolating imino-isothiocyanates, 2) The work performed on
synthesizing isothiocyanates from amines and 3) New reactivity observed with a secondary amine,

an elimination reaction will be discussed.

3.1.1 Formation, Reactivity, and Isolation of Amino- and

Imino-isothiocyanates

As discussed in the introduction, McElhinney first reported the formation of isothiocyanates as
intermediates in 1966.57 In the same year, Anthoni, Larsen, and Nielsen reported the formation of
dialkylamino-isothiocyanates (Scheme 34).68 Anthoni and coworkers observed the decomposition
of the thiocarbazoylamidazoles to species exhibiting the properties of a monomeric
N-isothiocyanatoamines. The experiment was performed in a setup which connected the reaction
mixture to a vacuum system capable of achieving a pressure of 10-4* mmHg. The experimental
system was also connected to a cold finger to trap volatile products, and they were able to isolate
the isothiocyanate by heating the thiosemicarbazone at 130°C for 15 minutes. Anthoni and
coworkers were interested in this new group of compounds, N-isothiocyanates, and further

investigated their properties.

67 McElhinney, R. S. J. Chem. Soc. 1966, 950.
68 Anthoni, U.; Larsen, C. H.; Nielsen, P. H. Acta Chem. Scand. 1966, 20, 1714.
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NJ\I\E\\/N 130°C, 15 min 2C
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r 'I\lj 10*mmHg r 'I\'j

Scheme 34: Amino-isothiocyanate formation

Anthoni and co-workers examined the reaction between the N-isothiocyanatodiisopropylamine and
hydrogen sulfide. They proposed reaction going through the intermediate shown in Scheme 35 to

obtain the dimerized product.

N~ H.S HN H
N — ® NH Y \( /K \H/N\N/k
Y j/ EtOH 99% Y W/ > I

heat

Scheme 35: Hydrazine derived isothiocyanate reaction with hydrogen sulfide

Next, Anthoni and co-workers investigated the reactivity of the N-isothiocyanatodiisopropylamine
with thiobenzamide (Scheme 36) to observe the same crystalline product as in Scheme 35 as well
as the corresponding nitrile products. The nitriles were identified by IR spectroscopy in solution.
The formation of nitrile products could be due to the negative charge being stable on sulfur, as we
discussed in Chapter 1, which makes the sulfur atom a good nucleophile.6® This would result in the
formation of a C-S bond with the N-isothiocyanate. The intermediate formed would have ultimately

cleaved the thioamide C-S bond to give the nitrile as a byproduct.

69 Ormazabal-Toledo, R;; Castro, E. A; Santos, |. G.; Millan, D.; Cafiete, A.; Contreras, R.; Campoddnico, P. R. J. Phys. Org. Chem. 2012, 25,
1359.
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Scheme 36: Isothiocyanates with thioamides to form nitriles and disulfide

Anthoni and Berg were also able to perform a study to investigate the imino-isothiocyanate
formation. They used a different approach to synthesize the imino-isothiocyanates from
hydrazones than amino-isothiocyanates. The reaction of hydrazones with carbon disulfide lead to
5,5-dialkyl-1,3,4-thiadiaolidine-2-thione (Scheme 37). They also studied the ring opening of these
compounds with lead acetate to form salts and dithiocarbonic esters. Using lead acetate, a lead salt
was formed as a yellow precipitate, and this crude mixture was subjected to vacuum conditions
similar to those used in Scheme 34. The reaction temperature was 120 °C and the cold finger
receiver was chilled at —15 °C with methanol and ice mixture to avoid condensation of H,S. They

were able to observe imino-isothiocyanate formation via IR spectroscopy and NMR.70

70 Anthoni, U.; Berg, C. Acta Chem. Scand. 1969, 23, 3602.
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Scheme 37: Imino-isothiocyanate synthesis via a lead salt compound

IR: 1980 and
2075cm?!

Since the C=N bond is in conjugation with the N=C=S group, lower IR stretches were obtained when
compared to amino-isothiocyanates described above. Analysis of the imino-isothiocyanates by NMR
was used to identify the unsymmetrical isopropyl groups in the imino-isothiocyanate. The complete
dimerization of the isocyanate occurs in 15 minutes upon standing at room temperature. Moderate
stability was examined when dissolved in an inert solvent, and the imino-isothiocyanate was able to

be stored under liquid nitrogen.

As we will be discussing later in this chapter, efforts were given to synthesize and isolate

imino-isothiocyanates according to the literature.
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3.1.2 Isothiocyanate Formation from Amines

[sothiocyanates, as briefly discussed in Chapter 1 of this thesis, are abundant natural compounds
found in many cruciferous vegetables. Naturally occurring isothiocyanates have shown potential
medical applications including chemo-preventive activity.”? Due to the potential medical
application, many research groups were interested in developing synthesis routes to convert
readily available amines into isothiocyanate analogues since the 20t century. Most of the reports
used thiophosgene, but due to the high toxicity and incompatibility of this reagent with many

functional groups, this pathway is limited for general use (Scheme 38a).72

An alternative approach to isothiocyanate formation is reagent promoted decomposition of
dithiocarbamic acid salts. The dithiocarbamic acid is accessed in situ by treatment of an amine with
carbon disulfide in the presence of a base such as triethylamine. Converting the dithiocarbamic
acids into salts were performed usually under harsh conditions such as phosgene, ethyl
chloroformate with hydroxide, cyanogen chloride, etc.”3 Dolman and Wong were able to perform
the reaction under much milder conditions by using tosyl chloride in the desulfurization process

(Scheme 38b).7+ Electron-deficient amines needed stronger bases to do the deprotonation.

71 (a) Fahey, J. W.; Zalcmann, A. T.; Talalay, P. Phytochemistry 2001, 56, 5. (b) Nakamura, Y.; Miyoshi, N. Biosci,, Biotechnol., Biochem.
2010, 74, 242.

72 Dyer, E.; Johnson, T. B. J. Am. Chem. Soc. 1932, 54, 777.

73 (a) Hodgkin, ]. E.; Ettlinger, M. G. J. Org. Chem. 1956, 21, 404. (b) Hodgkin, . E.; Reeves, W. P. J. Org. Chem. 1964, 29, 3098.

74 Wong, R.; Dolman, S. J. J. Org. Chem. 2007, 72, 3969.74
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Scheme 38: (a) Different methods of forming isothiocyanates from amines (b) Dolman's
conditions to form isothiocyanates

The work identifying the challenges as well as synthesizing isothiocyanates from amines using
Dolman's conditions will be discussed in the result section of this chapter. This method was a good
alternative to access isothiocyanates that were not commercially available, including

N-isothiocyanates, as well as expensive reagents.
3.1.3 Chugaev Elimination

The Chugaev elimination reaction was first reported in 1899.75 In this reaction sequence, alkoxide
was produced as an intermediate after treating a corresponding alcohol with sodium. The alkoxide
is then treated with carbon disulfide. Resulting adduct was alkylated to form a xanthate, which
upon heating at 150-170 °C yielded an olefin. Also, there was unstable dithiocarbonate derivative

formed as a byproduct which decomposed to carbon oxysulfide and alkylmercaptan.?¢ Usually,

75 Chugaev, L. A. Ber. Dtsch. Chem. Ges. 1899, 32, 3332.
76 Majetich, G.; Irvin, T. C.; Thompson, S. B. Tetrahedron Lett. 2015, 56, 3326.
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these elimination reactions required higher temperatures such as 200-600 °C which were not

suitable for many substrates. Due to this, the Chugaev elimination got limited attention over time.

Barton?? and Cram?8 proposed a concerted mechanism for the Chugaev elimination which involved
a syn-B-hydrogen abstraction by the thiocarbonyl group of the xanthate (Scheme 39). Evidence for
this pathway was provided by Bader and Bourns more than a decade later, based on carbon and

sulfur isotope effects.”?

RS Na | RS RY S RL_H 150-170°C R!
= Lo wr| A m] B T C
© CSz 2 J\@ R3-I /*)J\ 2
RZ “OH R2 N0 RZ ~O” 7S R2” >N07 SRS R
SH
0~ “SR®

Y

0O=C=S + HSR3

Scheme 39: Proposed mechanism for Chugaev elimination

Our interest in this transformation arose when the unexpected formation of addition products
indicating that a dealkylation process had occurred, leading to the hypothesis that a Chugaev type
elimination reaction had occurred with products derived from N-isocyanates (check results section

for more details).

77 Barton, D. H. R.J. Chem. Soc. 1949, 2174.
78 Cram, D. ]. J. Am. Chem. Soc. 1949, 71, 3883.
79 Bader, R. F. W,; Bourns, A. N. Can. J. Chem. 1961, 39, 346.
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3.1.4 Project Objectives

As indicated in the introduction above, known procedures were used in order to form
imino-isothiocyanates and isothiocyanates. Imino-isothiocyanate formation was experimented
using Anthoni and Berg conditions and isothiocyanate formation from amines were tested using
Dolman’s conditions. Another goal of this chapter is to present a new reactivity that we observed
during thiosemicarbazone synthesis, which could be similar to Chugaev type elimination. The

observations and the possible mechanism will be presented below.

3.2 Results and Discussion

3.2.1 Imino-isothiocyanate Synthesis from Diispropyl Hydrazone

Imino-isothiocyanate formation was of high interest since it would allow synthesis of various
thiosemicarbazone derivatives, with which we would be able to probe the cycloadditions discussed
in Chapter 2 and Chapter 4. Following the procedure for imino-isothiocyanate synthesis
developed by Anthoni and Berg, a test was conducted to identify the formation of isothiocyanates
(Scheme 40). The hydrazone precursor was first synthesized from diisopropyl ketone and
hydrazine hydrate. The hydrazone was then subjected to carbon disulfide to yield the heterocycle
3a, white crystalline needles. Next, aqueous lead acetate was added to 3a to obtain the lead salts
3b, used as a precursor to the imino-isothiocyanate. Isolation of the imino-isothiocyanate was
attempted using the sublimation setup as reported by Anthoni and Berg. Unfortunately, this
experiment wasn’t successful. Compound 3b was heated at 50 °C in MeCN for 5 hours with
morpholine to identify the isothiocyanate release. The desired product 3¢ was isolated by filtration

through celite, and PbS was observed as a byproduct in this reaction. We assume that only one of
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the isothiocyanate moieties in 3b reacted favourably with morpholine, giving 43-46% yield of 3c.

After filtration, there was no trace of the second isothiocyanate moiety.

We could now access an imino-isothiocyanate precursor derived from diisopropyl hydrazone. We
also tried using other hydrazones precursors, such as phenyl hydrazone, in forming the
corresponding cyclized compounds like 3a. But unfortunately, these reactions were not successful.
We moved forward with precursor 3b to explore cycloaddition reactivity of the

imino-isothiocyanate.

_NH,
N < ~
HN— 2 Pb N
N,H4. THF | CS, Pri7< NH Ph2+ 7\; \g/
—_— S/CQS EEEE— - N~

Pri H* |
3a w)\( 3b

— & e
S S
HN 0 S N\) H
3b /" 23equiv Y NH ® N
- _NH N
. \ ¥ ' [ j + PbS
lequiv  Acetonitrile, 50°C, 5-12 h 0
3c
Isolated yiled: K J
43-46% Y

Other possible byproducts

Scheme 40: Synthesis of 3¢ via the lead precursor 3b

Then an alkene aminothiocarbonylation with the imino-isocyanate precursor 3d was attempted.
When 3b was heated with norbornene at 70 °C for 5 hours, we observed a very messy crude
mixture by NMR with no distinguishable product formation. Since that the isothiocyanate formation
occur from compound 3b at 50 °C reacting for 5 hours as indicated in Scheme 40, this indicated
that norbornene is not reactive enough at 70 °C. However, when the reaction was repeated at 120

°C with 10 equivalents of norbornene, the product was observed in 45% NMR yield after two hours
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(Scheme 41). By comparison with the results presented in Chapter 2, this suggests that this
method of generating the N-isothiocyanate is not as effective as the blocked isothiocyanate

approach.

Y \Pb \N 120 °C, MeCN
_NH
’\f 2 h MW
W 3b
NMR vyield: 45%

Scheme 41: Azomethine imine 2h formation using 3b as the precursor

3.2.2 Dolman’s Conditions for Formation of Isothiocyanates

The Dolman’s conditions8? were successfully applied to obtain thiosemicarbazone by synthesizing
isothiocyanates from amines, which would otherwise be commercially unavailable or expensive.
Benzylamine was tested under the same conditions reported by Dolman to access the benzyl

isothiocyanate 3d (Scheme 42).

i) Et3N (3.3 equiv) , CS, (1.2 equiv)

©/\NH2 in THF . ©/\N¢C
ii) TsCl (1.1 equiv) 3d

Scheme 42: Synthesis of isothiocyanate formation from amines

80 Wong, R.; Dolman, S. . J. Org. Chem. 2007, 72, 3969.
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However, when fluorenone hydrazone was treated with same conditions, the desired salt (see
Scheme 38b) were not observed. Addition of 2.2 equiv of NaH instead Et3N successfully formed the
salt. Then addition of TsClI to the mixture formed a crude solid. The crude mixture that formed was
not soluble in THF or in DMSO. This indicated that the N-isothiocyanate is not in the mixture. The
isothiocyanate could most probably be in a salt form, or it was in a protected form by reaction with

an equivalent of hydrazone.

The crude mixture obtained after adding TsCl (Scheme 43, step ii) was then heated by microwave
irradiation at 120 °C for 2 hours in MeCN, in the presence of excess norbornene. This reaction gave

azomethine imine product 3e in overall 37% yield from the fluorenone hydrazone.

i) NaH (2.2 equiv), CS, (1.2 equiv)
/N~NH2 in 1M THF
i) TsCl (1.1 equiv)
>

O iiiy MW, 120 °C, 2 h O
@ 10 equiv overall yield: 37%

Scheme 43: Azomethine imine formation via imino-isothiocyanate using Dolman’s
conditions

3.2.3 Observation of a Chugaev Related Elimination

In exploring the synthesis and reactions of imino-isothiocyanates, some new elimination reactivity
was observed. This was first discovered when trying to substitute the para-nitroaniline group of
semicarbazone 2b with diisopropyl amine, and intriguingly the mono isopropyl amine product 3f

was isolated in 42% yield (Scheme 44).
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Scheme 44: Unusual synthesis of 3f with substitution of para-nitroaniline with diisopropyl
amine

To the best of our knowledge, these types of secondary amine elimination reactions are
unprecedented. We proposed a mechanism for this reaction that is related to the Chugaev
elimination (Scheme 45). Propene has a boiling point of -47.6 °C, making it hard to detect as a

leaving group.

H S A @Fn’\lirl;r' ¥
Yoo LB SN oM

HN” SN N
2b ——> N )\ — N — N Pr
Ay ,
. A ol
Pr

Scheme 45: Proposed Chugaev-type related secondary amine elimination mechanism
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To validate the proposed elimination mechanism, further experimentation was attempted.
Substrate 3h was synthesized from 3g8! through a known procedure by Sheldon and coworkers.82 If
the proposed pathway is occurring, it would result in eliminating styrene and substituting
phenylethylamine to para-nitroaniline (Scheme 46). This would have been beneficial since we

would have been able to detect styrene as a leaving group.

(@
0
Cl  3h,0°C-rt.
NH, + » N

i) LiAIH,4 in THF (at 0 °C)
ii) reflux, 16 h

o
H
3h
S NO- S
<
HN’u\ HN/H\

N
3ho 4 I H A) 150 °C, 3 min

|
(As solvent) Q N » Q N
U (] *

B) 120°C, 2 h

O C) 185 °C, 15 min O

Scheme 46: (a) Synthesis of 3h via known methods in the literature. (b) Attempted
substitution of 3h with thiosemicarbazone precursor 2b

The product formation for Scheme 46b was not identified. One of the problems with this method
was to remove 2-phenylethyl-1-phenylethylamine (3h), it required a column purification. Column

chromatography was not the best option since amines and hydrazine derivatives could be difficult

81 Lee, G. R.; Hyun, M. H. Molecules 2014, 19, 21386.
82 Serrano, L.; Jongejan, J. A.; Rantwijk, F.; Sheldon, R. A. Tettrahedron Lett. 2001, 12, 219.
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to isolate by column chromatography. Since the products were not identified the mechanism of the

observed reactivity is still not confirmed.

As a summary for this chapter; 1) Formation of the imino-isothiocyanates was confirmed even
though the isolation attempt was not successful with the reported method by Anthoni and Berg. 2)
Dolman's conditions were successfully applied in synthesizing isothiocyanates starting from
amines. This method allowed access to isothiocyanates which would be either commercially
unavailable or rather expensive to purchase. 3) Elimination reaction was identified forming an N-
isocyanate addition product containing a primary amine substituent, starting from the N,N-
diisopropylamine as a secondary amine. Further experimentation is needed to identify the

mechanism as well as to explore the reaction.
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Chapter 4: Acyclic Azomethine Imine Intermediates for
[3+2] Cycloadditions

4.1 Introduction of Acyclic Azomethine Imines as

Intermediates

4.1.1 Acyclic vs Cyclic Azomethine Imines

Acyclic azomethine imine intermediates, as introduced in Chapter 1, also are structurally similar to
hydrazones and exhibit a rich reactivity as expected from their dipolar nature. In Chapter 2, we
established an efficient method for the synthesis of cyclic azomethine imines from alkenes, using
N-isothiocyanates as reactive amphoteric reagents formed in situ. In this Chapter, we will be
focusing on other acyclic azomethine imines that can be formed from N-isothiocyanates, and their
use as intermediates to generate cycloaddition products with a pyrazolidine core. Structural

illustration for acyclic and cyclic azomethine imines are shown in Figure 14.

X
R2 |//<
©
J\(’D 1 S
NG R'—7® /N
R’ ’.“3 R KN\ X=S, 0
R2

Acyclic azomethine imine  Cyclic azomethine imine

Figure 14: General illustration of an acyclic and a cyclic azomethine imine
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4.1.2 Cyclic Azomethine Imine Reactivity

There are many examples in the literature reporting on cyclic azomethine imine reactivity.83 A few
of these examples have been discussed in Chapter 1. Two examples by the Beauchemin group for
cyclic azomethine imine reactivity are shown in Scheme 47. Toderian and Clavette have formed a
cyclic azomethine imine intermediate performing a subsequent [3+2] cycloaddition in an
intramolecular fashion (Scheme 47a).84 However, there are fewer examples of intermolecular
acyclic azomethine imine reactivity that can be found in the literature.85> One of these was by
Clavette et al. where they developed a one-pot synthesis of [3+2] cycloaddition product via cyclic

azomethine imine (Scheme 47b).86

83 (a) Kawali, H.; Kusuda, A.; Nakamura, S.; Shiro, M,; Shibata, N. Angew. Chem. Int. Ed. 2009, 48, 6324. (b) Shintani, R.; Soh, Y-T.; Hayashi,
T. Org. Lett. 2010, 12, 4106. Review on azomethine imines: (¢) Qiu, G.; Kuang, Y.; Wu, J. Adv. Synth. Catal. 2014, 356, 3483. (d) Njjera, C;
Sansano, J. M.; Yus, M. Org. Biomol. Chem. 2015, 13, 8596. (e) TSupova, S.; Maeorg, U. Heterocycles 2014, 88, 129.

84 Gan, W.; Moon, P,; Clavette, C.; DasNeves, N.; Markiewicz, T.; Toderian, A.; Beauchemin, A. M. Org. Lett. 2013, 15, 1890.

85 (a) Guerrand, H. D. S.; Adams, H.; Coldham, . Org. Biomol. Chem. 2011, 9, 7921 (b) Hashimoto, T.; Kimura, H.; Kawamata, Y.; Maruoka,
K. Nat. Chem. 2011, 3, 642 (c) For a review on acyclic azomethine imines see; Njera, C,; Sansano, ]. M.; Yus, M. Org. Biomol. Chem. 2015,
13, 8596.

86 Clavette, C.; Gan, W.; Bongers, A.; Markiewicz, T.; Toderian, A.; Gorelsky, S. I.; Beauchemin, A. M. J. Am. Chem. Soc. 2012, 134, 16111.
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(a) Toderian and Clavette, 2013

i, O
t-BuOJ\NH

H. N 150°C, 3 h
(+-BuOH)
(b) Clavette, 2012
0
HN/”\OPh 120°C, MW
|
Q A PhCFs, 12 h
] ) —
O (-PhOH)
i 1 81% yield

3:2 (anti:syn)

Scheme 47: Examples from the group for cyclic azomethine imine reactivity (a)
Intramolecular [3+2] cycloaddition (b) Intermolecular [3+2] one pot synthesis
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4.1.3 Acyclic Azomethine Imine Intermediates

4.1.3.1 Intramolecular Acyclic Azomethine Imine [3+2] Cycloadditions

Pioneering work on intramolecular acyclic azomethine imine intermediates bearing a thiocarbonyl
group was performed by the Overman group, where they have shown the formation of pyrazolidine
derivatives upon reacting thiosemicarbazide and a-methoxy-o, B-unsaturated ester (Scheme 48).87
The intermediate azomethine imine is generated under heating, by condensation to form the
thiosemicarbazone, followed by proton transfer. This intermediate then performed a [3+2]
cycloaddition to give the cis cyclopentapyrazolidine as a single stereoisomer in variable yields.
Overman explained that the irreproducibility observed could be due to the basic impurities in the
unpurified ester. Trace of bases changing the yields made them explore the impact of adding acid or

base for the catalysis of the reaction.

S
0 J CO,i-Pr b COLi-Pr
MeO.C HoNHNT NH, H.® s
NA COsiPr — 3 | MO L N=7 — >
OMe EtOH, 100 °C, 60 h HzN\ﬂ/é\l H,N
& 7 OMme MeO,C ©OMe
10-80%

Scheme 48: Intramolecular [3+2] cycloaddition reaction of the azomethine imine
intermediate

87 (a) Gergely, J.; Morgan J. B.; Overman, L. E. J. Org. Chem. 2006, 71, 9144. For more intramolecular azomethine imine work see; (b)
Overman, L. E.; Rogers, B. N,; Tellew, ]. E.; Trenkle, W. C. J. Am. Chem. Soc. 1997, 119, 7159. (c) Katz, ]. D.; Overman, L. E. Tettrahedron Lett.
2004, 60, 9559. (d) Belanger, G.; Hong, F.-T.; Overman, L. E.; Rogers, B. N,; Tellew, J. E.; Trenkle, W. C. J. Org. Chem. 2002, 67, 7880.
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The optimal additive was found to be citric acid and identified Fischer esterification byproducts
when using ethanol as a solvent. Using tert-butyl alcohol avoided this complication. Also, increasing

the temperature and the reaction time yielded the tricyclic thiohydantoin.

As discussed in Chapter 1, Vincent-Rocan and the Beauchemin group reported a cascade reaction
where they proposed the formation of acyclic azomethine imine intermediate.88 This intermediate
undergoes a [3+2] cycloaddition, which was only observed with the N-isothiocyanate precursor.
This chemistry was unprecedented in the literature of azomethine imines and highlighted the

differences in reactivity between their carbonyl and thiocarbonyl precursors.

NO
S 2 S 5
JJ\ C /\/
S
R
S ,R »\N,
@ N /N

He <N [3+2] HN

~ ®‘_)’ / [EE— - .
O R=allyl, 79%
R=Cyclohexane, 64%

Scheme 49: Acyclic azomethine imine intermediate performing 1,3-dipolar cycloadditions
with N-isothiocyanates as precursors

88 Vincent-Rocan, J. -F.; Derasp, J. S.; Beauchemin, A. M. Chem. Commun. 2015, 51, 16405.
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4.1.3.2 Intermolecular Acyclic Azomethine Imine [3+2] Cycloadditions

A pioneering example on intermolecular cycloadditions with acyclic azomethine imine
intermediates was reported by Ibrahim and coworkers.89 They were able to form the products in a
stereoselective manner using high temperatures. They first identified the formation of the kinetic
product, which was converted to the thermodynamic product upon heating at 170 °C for a longer

reaction time (Scheme 50).

X i
Qo S 3+2
HN™ “Art A) 170°C, 1.5 h II\IJ\Ar1 13+2]
RIZN + [ N-Ar RL ENH
B) 170°C, 4 h Y
R2 Y ' R2

(E; R'=Ar!, R?=H
Z, R'=H, R?=ArY)

A) Major exo product;

R = Ph; R2 = H (isolated yield 60%)
B) Major endo product;

R = H; R2 = Ph (isolated yield 70%)

Scheme 50: Kinetic and thermodynamic product formation through acyclic azomethine
imine intermediate

The mechanism of Brgnsted acid (N-triflylphosphoramide) catalyzed asymmetric [3+2]
cycloadditions was explored using DFT calculations.? Enantioselectivity was explained based on
the most stable transition states in both catalyzed and uncatalyzed pathways. Protonation of the
hydrazone by the Brgnsted acid produced an ion pair complex, which became more reactive than
the azomethine imine intermediate. A small distortion of this ion pair was required to reach the

geometry present in the [3+2] cycloaddition transition state. Chiral N-triflylphosphoramide

89 Badawy, M. A;; El-Bahaie, S. A;; Kadry, A. M.; Ibrahim, Y. A. Heterocycles 1988, 27, 7.
90 Hong, X,; Kiiguk, H. B,; Maji, M. S.; Yang, Y. F.; Rueping, M.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 13769.
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efficiently yielded >80% ee of the desired cis compound (Scheme 51). This study illustrates the
importance in using catalyzed pathways for azomethine imine intermediates and the reactivity

moderation of using an acid.

o R3 1 H
H @ — H\® 1 N\ - 2
R N RL N Q_R2 R N-R
I N II _>
1)\ H \\:_:('1 3
R H RS R
H 1,3-dipole -
| S) e .
RlJ\H A-H R® A * H
HI @,N —/ H—’ ‘\\
N NR2 - ® H RY. N\N/R2
JI\ A—* RY/N\N” — >
R H b SR R
reactive monopole R >80% ee

chirality-controlling anion

Scheme 51: Uncatalyzed and Brgnsted acid catalyzed pathways

4.1.4 Project Objectives

With encouraging results shown in the introduction of this Chapter by the Beauchemin group, one
objective of this project was to perform intermolecular 1,3-dipolar cycloadditions via the proposed
acyclic azomethine imine intermediate. The second objective was to get a better understanding of
the reactivity of acyclic azomethine imine intermediates which form in situ with N-isothiocyanate

precursors.
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4.2 Results and Discussion

1-Benzylidene-4-phenylthiosemicarbazide (4b) was synthesized to examine the cycloaddition
property of N-isothiocyanate derived azomethine imine intermediates. This was accessed through
benzyl hydrazone 4a. Benzyl hydrazone was synthesized with a simple condensation of a
benzaldehyde with hydrazine hydrate. Then the hydrazone was treated with phenyl isothiocyanate

to synthesize 4b (Scheme 52).

S
c// 0o
0 /NHZ N
| (2 eqUiV) N2H4. Hzo l\ll
y ’
100°C, overnight 4a AcOH, MeOH
reflux 4b  79%

1 equiv

Scheme 52: Synthesis of starting material precursor 4b

Intramolecular reactions reported by Overman gave the best results when citric acid and ¢t-BuOH
were used. We decided to test similar reaction conditions on our system. N-Phenyl maleimide was
used since it is known to be a good dipolarophile in [3+2] cycloaddition of azomethine imines, as

reported in many publications (Table 7).91

91 For selected examples: (a) Koptelov, Y. B.; Sednev, M. V.; Kostikov, R. R. Chem. Informationdienst 2012, 43, 48. (b) Kirar, E. P. C. A;
Drev, M.; Mirnik, J.; Groselj, U.; Golobi¢, A.; Dahmann, G.; Pozgan, F.; Stefane, B.; Svete, J.J. Org. Chem. 2016, 81, 8920.
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Table 7: Optimization of the reaction to synthesize 4c¢

H H 100°C, oil bath,
N’N\H/N overnight, t-BuOH
I + O N >
-
S

Entry #  Alkene (equiv) Temperature mmol Time (h)  Citric acid Yield?

1 10 100 1 12 leq 70%
2 10 100 0.1 12 leq 41%
3 10 100 0.1 12 0 <4%
4 10 100 0.1 12 20 mol% 47%
5 2 100 0.1 12 20 mol% 46%
6 1 100 0.1 12 20 mol% 40%
7 2 100 0.1 6 20 mol% 50%
8 2 150 0.1 6 20 mol% 45%

aConditions: Precursor 4b, alkene and solvent (0.03 M) were combined in a dry vial, which was sealed and purged with

argon. The mixture was heated with an oil bath. ?Isolated yields are given.

With optimized conditions, 2 equivalents of alkene, 20 mol% citric acid as shown in entry 7 of
Table 7 gave the best isolated yield for 0.1 mmol scale. Semicarbazone precursor 4d, the carbonyl
analogue of the precursor 4b was prepared by substituting O-tBu (of t-butyl 3-
benzylidenecarbazate) with aniline. Under the reaction conditions as in entry 7, the cycloaddition

reaction was tested with precursor 4d in order to probe the effect of the electron-withdrawing
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group on the cycloaddition reactivity. No product formation was observed with 4d. This is likely
due to the lower stability of the azomethine imine intermediate with the carbonyl compared to the

thiocarbonyl.

H H 100°C, oil bath,
N/N\"/N 6 h, t-BUOH
X \© + O N -
0 20 mol% citric acid
1 equiv =~
X=S; 4b 2 equiv
X=0; 4d

S; 4c; 50% isolated yield
O; No product formation

Scheme 53: Importance of using thiocarbonyl precursor for the reaction

Also, the reactions that were conducted with increased temperatures did not seem to have much
effect on the yields obtained (Table 7, Entry 7 & 8). One possible explanation could be that
degradation would occur via isothiocyanate formation.?2 The solution was to synthesize a precursor
with a poor leaving group ability. Thus, thiosemicarbazone 4e was synthesized via benzyl
isothiocyanate (3d) formation with the Dolman’s conditions as described in Chapter 3. As shown in
Table 8, this precursor allowed the use of higher temperatures since it is less prone to form the

isothiocyanate (Entry 4).

92 Larsen, C. H.; Anthioni, U.; Christophersen, C.; Nielsen, P. H. Acta Chem. Scand. 1969, 23, 332.
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Table 8: Optimization with precursor 4e«

N H\/@
N’N\H/N Q MW irradiation
o)

| S + N >
de \I\;)=O

Entry # Temperature Solvent Time (h) Citric acid SM left Yield?
1 120 t-BuOH 6 20 mol% 50% 50%
2 150 t-BuOH 6 20 mol% <8% 83%
3 150 t-BuOH 6 10 mol% 12% 50%
4 180 t-BuOH 4 20 mol% 0% 52%
5 150 MeCN 6 20 mol% 19% 56%
6 150 Dioxane 6 20 mol% 56% 34%
7 150 i-PrOH 6 20 mol% 0% 80%
8 120 i-PrOH 4 20 mol% 30% 63%
9 120 THF 4 20 mol% 83% 15%
10 120 EtOH 4 20 mol% 5% 71%
11 120 PhCF3 4 20 mol% 25% 65%
12 120 MeOH 4 20 mol% 23% 77%
13 120 TFE 4 20 mol% 2% 97%
14 120 DMSO0-ds 4 20 mol% 80% 8%

aConditions: All these reactions were in 0.1 mmol scale. Precursor 4e (1 equiv), alkene (2 equiv) and solvent (0.03 M)
were combined in a dry vial, which was sealed and purged with argon. The mixture was heated under microwave

irradiation. '/NMR yields were taken using 1,3,5-trimethoxybenzene as the internal standard in DMSO-de.
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As shown above, different temperatures were first tested. At 120 °C in the presence of t-BuOH, the
reaction mixture only contained product and starting material. Increasing temperature resulted in
greater product formation but an unidentified byproduct was also formed. Higher yields were
obtained in polar protic solvents. This could be due to the H-bond interactions that stabilize the
transition state of the acyclic azomethine imine intermediate. This was further tested with using a
solvent that is bearing a more acidic hydrogen than methanol in entry 13, giving the best results

obtained.

Under the optimized conditions, the cycloaddition reaction was attempted with a number of

alkenes (Figure 15). No cycloaddition products were observed with the alkenes shown in Table 9.

4h
[10%]P°

Figure 15: Scope of the reaction with isolated yields. bNMR yield is given

The stereochemistry for compound 4f was determined with the use of J/ couplings (Figure 16) and

2D NMR (Supporting info).
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3.6 Hz

Figure 16: J-Coupling for the determination of stereochemistry of compound 4f

H. was assigned for the most deshielded proton since it is next to a heteroatom and also next to an
aromatic ring. Hy is next to a heteroatom so it is the middle set of peaks and leaving H. to be the
most shielded proton among this group. Since 4f contained a fused two five-membered ring system,
H. and H, protons are forced to be on the same side giving a coupling constant of 12.3 Hz. Also, Hy,

and H, protons couple with each other through ‘W couplings’.

As shown in Table 9, the cycloaddition reaction was attempted with various alkenes according to

the optimized conditions obtained for the synthesis of 4f.
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Table 9: Alkenes that were not successful in the reaction«

/H H\/O Rz 120-160°C, 4-8h,
N
I

+ (/_ Citric acid (20 mol%)

S equiv 1 >
R TFE (0.03 M)
4e 2 equiv
Temperature STl
Alkene Time po C material left Comments
%b

A)4h A) 120 A) 90 A) No other peaks

B)4h B) 160 B) 68 B) Impurities present, no
product formation identified

D A)4h A) 120 A) 95 A) product like peaks, 5%
O
0]
)]\/\

B)8h B) 120 B) 98 B) No product formation
4h 120 83 No product formation
Ph
O
:—/< 41 120 NDe Very messy NMR ar_ld was not
0O able to purify
/
X
4h 120 95 No product formation
XX
| 4h 120 77 No product formation
N
@]
A o~ 4h 120 90 No product formation
0" "CF;

4h 120 83 No product formation

foﬁ
Q_\\_ 4h 120 76 No product formation
NO,

aConditions: Thiosemicarbazide 4e (1.0 equiv.), alkene (2 equiv.), and TFE (0.03 M) were combined in a dry vial, which

was sealed and purged with argon. The mixture was heated by microwave irradiation. '/NMRs (To calculate SM left % and
byproduct %) were taken using 1,3,5-trimethoxybenzene as the internal standard in deuterated dimethylsulfoxide. ¢ Not

determined.
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In conclusion, we experimented an unprecedented intermolecular cycloaddition reaction of an
acyclic thioxo-azomethine imine intermediate. The products were obtained in high
diastereoselectivity, but currently, the reaction has a narrow substrate scope. Combined with the
results obtained with cyclic azomethine imines, the reactivity arising from N-isothiocyanate
precursors was highlighted again in this study. Additional experimentation is needed to improve

the reaction conditions and extend the scope of the reaction to other alkenes.
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Chapter 5: Conclusions

5.1 Summary and Future Work

Amphoteric N-isocyanate reagents were used in several types of reactivity. First, thioxo-azomethine
imines were formed using cycloaddition reactions of readily available alkenes or imines. In this
work, thiosemicarbazones were used as N-isothiocyanate precursors (Scheme 54). Unfortunately,
alkenes showed limited reactivity toward the cycloaddition and the desired dipoles could only be
obtained in acceptable yields when using strained alkenes. A large excess of alkene was used with
thiosemicarbazones in order to achieve the best yields possible. In contrast, imines showed better

reactivity and were able to achieve optimization with less than 1 equivalent of imine.

i s N~R4 i P
4
N /\R 7 (/ ©) N/( o) N/(
® | R 3 N R3 @l N-R* ®l_ N-R*
R1 N R 1 RL N or RL N~
3 < 3 3

R2 R R2 R2 R R2 R
26-68% yield 56-75% yield
6 examples 3 examples

alkene aminothiocarbonylation imine aminothiocarbonylation

Scheme 54: Summarizing alkene and imine aminothiocarbonylation

These thioxo-azomethine imine compounds were derivatized into their reduced or unprotected
forms to achieve various thioxo-pyrazolone derivatives. Base catalysis was not successful with
aminothiocarbonylation and in general reactivity, trends have shown that N-isocyanates are more

reactive amphoteric reagents.?3 Further studies using DFT calculations to allow a detailed

93 Lavergne, K. Synthesis of Azomethine imines via Alkene Aminocarbonylation and their Derivatization into Pyrazolones, M.Sc. Thesis,

University of Ottawa, 2014.

81



comparison of N-isocyanate versus N-isothiocyanate would be an interesting strategy to

understand the differences in reactivity.

Imino-isothiocyanate formation and isolation were attempted using Anthoni and Berg conditions as
well as Dolman’s conditions. The imino-isothiocyanate formation was observed, but the isolation
was not successful. The main issue with these compounds was that they tend to dimerize at room

temperature.

The new reactivity observed in Chapter 3 with NNCS motifs is appealing for further research
exploring their chemistry. The mechanism proposed for the observed product is similar to the
Chugaev elimination. This holds the potential of an unprecedented elimination reaction in forming

protected primary amines from secondary amines (Scheme 55).94

1
S Hg:Rl 150-170°C j\H [R
— > + (Eq 5.1)
3
R3S)(:O\ R2 o" SR R?
i1 S
RJ\N R — RJ\NH (Eq 5.2)
| |
R R

Scheme 55: Eq 5.1) Proposed mechanism for Chugaev elimination Eq 5.2) Potential
secondary amine elimination reaction

94 Calestani, G.; Capella, L.; Leardini, R;; Minozzi, M.; Nanni, D.; Papa, R.; Zanardi, G. Tetrahedron Lett. 2001, 57, 7221. Dimitro

rearrangement; (b) Sukumaran, P.; Rajasekharan, K. N. Chem. Informationdienst 2010, 22, 8.

82



As it was presented in Chapter 4, there are still challenges for broad applicability of azomethine

imines in [3+2] cycloadditions. Interestingly, preliminary results suggest that thiosemicarbazones

are superior precursors to allow the formation of the dipole in situ. However, further optimization

is required in order for this unprecedented intermolecular reactivity to be broadly applicable, but

the preliminary work presented in Chapter 4 shows the potential of the reaction for cycloaddition

of acyclic thioxo-azomethine imines (Figure 17).

R1 R
50-83% yield
3 examples

Figure 17: Cycloaddition of alkenes with acyclic azomethine intermediate
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Chapter 6: Experimental Section

6.1 General Information

Purification of reaction products was carried out by flash column chromatography using SiliCycle
silica gel (40-63 um) unless otherwise noted. Analytical thin layer chromatography (TLC) was
performed on aluminum-backed plates, cut to size. Visualization of the TLC plates was
accomplished with UV light followed by staining in a potassium permanganate vanillin or ninhydrin
solution and heating. tH NMR and 13C NMR were recorded on Bruker AVANCE 300 MHz and 400
MHz spectrometers at ambient temperature. Spectral data was reported in ppm using a solvent as
the reference (CDCl3z at 7.26 ppm for 'H NMR and 77.0 ppm for 13C NMR; DMSO-d¢ at 2.50 ppm for
1H NMR and 39.5 ppm for 13C NMR). Data was reported as: multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, app t = apparent triplet), coupling constants in Hz, and
integration. Infrared (IR) spectra were obtained as neat thin films and were recorded on a Bruker
EQUINOX 55 Fourier transform infrared spectrometer (FTIR). High-resolution mass spectroscopy
(HRMS) was performed at the Ottawa-Carleton Mass Spectroscopy Centre on the Kratos Concept-
11A mass spectrometer for Electron Impact (EI) and Waters Micromass Q-TOF 1 for electrospray
ionization (ESI). Microwave reactions were performed using a Biotage Initiator Eight microwave

reactor and Biotage microwave vials.

Materials. Unless otherwise noted, all materials purchased from commercial sources were used
without further purification. Trifluorotoluene (PhCF3) and acetonitrile (CH;CN) were obtained from
solvent purification system and stored in bottles charged with activated 4A molecular sieves before

use.
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6.2 Supporting Information for Chapter 2

6.2.1 Synthesis and Characterization of Starting Material for

Aminothiocarbonylation

2b 2-(9H-Fluoren-9-ylidene)-N-(4-nitrophenyl)hydrazine-1-carbothioamide

Pveh

N N
| H
N

9

Fluorenone (19.4 g, 0.108 mol, 1 equiv), hydrazine hydrate (50-60% solution, 80 mL, 10 equiv) and
EtOH (300 mL) were combined, acetic acid (2 mL) was added and the mixture stirred at reflux for
16 h. The mixture was cooled to room temperature and the hydrazone intermediate precipitated as
yellow needles (16.0 g, 76%). This hydrazone intermediate (5.8 g, 30 mmol, 1 equiv), 4-nitrophenyl
isothiocyanate (5.4 g, 30 mmol, 1 equiv), and MeOH (150 mL) were stirred for 16 h at room
temperature. The precipitate was filtered and dried under vacuum, providing a yellow solid (10.2 g,
90% yield). tH NMR (400 MHz, DMSO-de) & 11.71 (s, 1H), 10.78 (s, 1H), 8.28 (d, J = 9.2 Hz, 2H), 8.11
(dd, J=9.6, 8.4 Hz, 4H), 7.91 (d, ] = 7.2 Hz, 1H), 7.84 (d, ] = 7.6 Hz, 1H), 7.56 (dd, ] = 6.8, 6.8 Hz, 1H),
7.49-7.44 (m, 2H), 7.38 (dd, J = 8.4, 8.4 Hz, 1H). 13C NMR (100 MHz, DMSO-d¢) § 178.0, 149.0, 145.7,
144.1,142.1, 140.2, 136.7,132.2, 131.3, 129.6, 128.6, 128.6, 128.6, 128.1, 126.8, 124.9, 124.3, 123 .4,
121.2, 120.8. IR (ATR diamond) 3364, 3270, 3075, 1546, 1329, 1285, 1168, 759 cm-1. HRMS (EI):

Exact mass calculated for C20H14N402S [M]+- : 374.0837. Found: 374.0831.
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2bi 2-(2,4-Dimethylpentan-3-ylidene)-N-(4-nitrophenyl)hydrazine-1-carbothioamide

L Y
HNJJ\

N
| H
y N

2bi was prepared by Jean-Francois Vincent-Rocan. See the Reference article for the procedure.%

2d N'-(9H-fluoren-9-ylidene)morpholine-4-carbothiohydrazide

Fluorenone (0.659 g, 1.76 mmol, 1 equiv), morpholine (0.172 g, 1.94 mmol, 1.1 equiv), MeCN (20
ml) were combined. The mixture was heated (by microwave irradiation) to 150 °C for 2 hours. The
crude mixture was cooled to 0 °C, filtered and purified by silica gel column chromatography (40%
EtOAc, 60% Hexane) to give an orange solid (0.423 g, 74% yield). TLC R = 0.53 (100% EtOAc) H
NMR (300 MHz, DMSO-ds) 6 8.36 (d, ] = 7.5 Hz, 1 H), 7.83 (td, J = 0.9, 7.5 Hz, 1H), 7.67 (dt, / = 0.9, 8.7
Hz, 2H), 7.47 (dt,J = 1.2, 7.5 Hz, 1H), 7.43-7.31 (m, 4H), 4.23 (br, 4H), 3.83 (t, / =5.1 Hz, 4H). 13C NMR
(100 MHz, CDCl3) 6 186.1, 141.3, 139.6, 132.1, 131.1, 131.0, 129.7, 128.6, 128.4, 128.4, 128.1, 121.1,
120.8, 120.6, 66.7. IR (ATR diamond) 1451, 1430, 1291, 1232, 1155, 1110, 898, 726 cm-1. HRMS

(ED): Exact mass calculated for C21H1gN2S [M]+: 323.1092. Found: 323.1190.

95 Bongers, A.; Ranasinghe, I.; Lemire, P.; Vincent-Rocan, J.-F.; Perozzo, A.; Beauchemin, A. M. Org. Lett. 2016, 18, 3778.
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6.2.2 Alkene Aminothiocarbonylation

General procedure A Thiosemicarbazone 2b or 2bi (1.0 equiv.), alkene (10 equiv.), and MeCN
(0.05 M) were combined in a dry vial, which was sealed and purged with argon. The mixture was
heated (by microwave irradiation) to 120 °C for 2 hours. The reaction mixture was cooled to
ambient temperature and concentrated under reduced pressure. The crude mixture was purified by
silica gel column chromatography (10% MeOH, 90% toluene), isolated yields are provided. Alkenes
used were commercially available and Imines were prepared by known condensation methods

following literature procedures?¢

2c¢ (4R,7S)-1-(9H-fluoren-9-ylidene)-3-thioxooctahydro-4,7-methanoindazol-1-ium-2-ide

Synthesized according to general procedure A from 2b (0.37 g, 0.98 mmol, 1 equiv) and
norbornene (0960 g, 10.2 mmol, 10 equiv). 'H NMR of the crude mixture with
1,3,5-trimethoxybenzene internal standard showed 93% yield of 2b, which was isolated to give a
red dark solid (0.219 g, 68%). TLC Rf=0.42 (10% MeOH, 90% toluene) 'H NMR (400 MHz, CDCI3) 6
8.89(d,J=7.6Hz 1H),7.58(d,J=7.6Hz 1H),7.52(d,]=8.0Hz, 1 H), 7.46-7.37 (m, 3H), 7.33-7.29
(m, 1 H), 7.25-7.20 (m, 1 H), 4.83 (d, /] = 6.4 Hz, 1 H), 3.38 (d, ] = 6.8 Hz, 1 H), 2.95 (s, 1 H), 2.79 (s, 1
H), 1.72-1.70 (m, 2H), 1.51-1.48 (m, 2H), 1.43-1.40 (m, 1H), 1.20- 1.16 (m, 1H). 13C NMR (100 MHz,

CDCl3) 6 208.6, 143.0, 141.9, 140.3, 132.9, 132.2, 132.1, 131.1, 129.4, 129.8, 128.4, 126.0, 121.3,

96 See individual entries for literature references.
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119.8, 74.5, 63.4, 43.0, 42.4, 32.1, 26.9, 25.5. IR (ATR diamond) 3061, 2965, 1771, 1448, 1352, 1095

cm-1. HRMS (EI): Exact mass calculated for C21H1sN2S [M]+: 330.1190. Found: 130.1205.

2e(4S,7R)-1-(9H-fluoren-9-ylidene)-3-thioxo-1,3,3a,4,7,7a-hexahydro-4,7-methanoindazol-1-ium-

2-ide

Synthesized according to general procedure A from 2b (0.288 g, 0.77 mmol, 1 equiv) and
norbornadiene (0.743 g, 8.07 mmol, 10 equiv). General column procedure gave 0.187 g of
crystalline product which contained impurities. Further purification was performed on 0.025 g of
product using preparative TLC R¢= 0.43 (10% MeOH, 90% toluene). Concentration in vacuo gave
the product as a red solid containing 5 wt% dichloromethane (0.020 g, 57% corrected yield). This
product was found to be unstable at room temperature over 24 hours. In addition, a reaction
performed on a 0.58 mmol scale was analyzed by 1H NMR of the unpurified reaction mixture. Using
1,3,5-trimethoxybenzene as internal standard, NMR analysis indicated 88% yield for the reaction.
TLC R¢=0.45 (10% MeOH, 90% toluene) 'H NMR (400 MHz, CDCl3) 6 9.00 (d,J = 8.0 Hz, 1 H), 7.66
(d,/J=7.6Hz, 1 H), 7.61-7.61 (m, 2 H), 7.50-7.43 (m, 2H), 7.37-7.30 (m, 2H), 6.59-6.57 (m, 1H), 6.33-
6.31 (m, 1H), 5.11 (d, /= 6.4 Hz, 1 H), 3.68 (d, /] = 6.4 Hz, 1 H), 3.56 (s, 1 H), 3.48 (s, 1 H), 1.75-1.76-
1.68 (m, 2H). 13C NMR (100 MHz, CDCl3) 6 207.5, 143.2, 142.4, 140.5, 133.7, 133.1, 132.7, 132.4,
130.9,129.8,129.6, 128.5, 126.2, 124.3, 121.5, 119.9, 76.0, 63.4, 48.6, 48.2, 42.8. IR (ATR diamond)
3055, 2949, 2921, 2851, 1710, 1597, 1448, 1355 cm-1. HRMS (EI): Exact mass calculated for

C21H16N2S [M]+: 328.1034. Found: 328.1031.
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2f 1-(9H-fluoren-9-ylidene)-6-methylene-3-thioxooctahydro-4,7-methanoindazol-1-ium-2-ide

2f 1-(9H-fluoren-9-ylidene)-6-methylene-3-thioxooctahydro-4,7-methanoindazol-1-ium-2-ide

Synthesized according to general procedure A, from 2b (0.360 g, 0.96 mmol, 1 equiv) and
5-methylenebicyclo- [2.2.1] hept-2-ene (0.70 mL, 9.87 mmol, 10 equiv). Mixture of regioisomers
isolated in a ratio A:B = 1.3:1. Red solid (0.180 g, 53%). TLC Rr =0.51 (10% MeOH, 90% toluene)
Major isomer: 1H NMR (400 MHz, CDCI3) 6 892 (d, J = 7.6 Hz, 1 H), 7.66 (d, /] = 8.4 Hz, 1 H), 7.61
(app t,J = 7.2 Hz, 1 H), 7.52-7.38 (m, 3H), 7.35-7.29 (m, 1H), 7.26 (app t,J = 7.6 Hz, 1 H), 5.23 (s, 1
H), 5.00 (s, 1 H), 4.90 (s, 1 H), 3.46 (d, ] = 6.8 Hz, 1 H), 3.24 (s, 1 H), 3.10 (d, J = 3.6 Hz, 1 H), 2.42-
2.31 (m, 1H), 2.21 (app t, /= 16.4 Hz, 1 H), 1.53 (app t,/ = 9.6 Hz, 1 H), 1.37 (app t, / = 8.0 Hz, 1 H).
Minor isomer: 'H NMR (400 MHz, CDCl3) § 892 (d,] = 7.6 Hz, 1 H), 7.66 (d, ] = 8.4 Hz, 1 H), 7.61
(app t,J = 7.2 Hz, 1 H), 7.52-7.38 (m, 3H), 7.35-7.29 (m, 1H), 7.26 (app t, J = 7.6 Hz, 1 H), 5.19 (s, 1
H), 491 (s, 1 H), 4.86 (s, 1 H), 3.49 (d, ] = 6.8 Hz, 1 H), 3.38 (s, 1 H), 2.93 (d, ] = 4.4 Hz, 1 H), 2.42-
2.31 (m, 1H), 2.21 (app t, / = 16.4 Hz, 1 H), 1.53 (app t, ] = 9.6 Hz, 1 H), 1.37 (app t, / = 8.0 Hz, 1 H).
13C NMR (mixture, 100 MHz, CDCl3) § 208.1, 207.0, 148.1, 147.4, 143.1, 142.0, 140.3, 133.1, 132.3,
132.2, 131.1, 129.6, 129.5, 128.5, 128.3, 126.1, 125.9, 121.4, 119.9, 108.1, 107.2, 74.1, 73.5, 63.1,
62.9, 50.9, 506, 43.4, 43.1, 35.6, 34.3, 32.6. IR (ATR diamond) 2970, 2199, 1660, 1351, 1309, 773

cmt, HRMS (EI): Exact mass calculated for C22H1gN2S [M]+: 342.1190. Found: 342.1198.
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2g(4R,9R)-1-(9H-fluoren-9-ylidene)-3-thioxo-1,3,3a,4,9,9a-hexahydro-4,9-methanobenzo[f]indazol

-1-ium-2-ide

Synthesized according to general procedure A, from 2b (0.037 g, 0.10 mmol, 1 equiv) and 1,4-
dihydro-1,4-methanonaphthalene 7 (0.154 g, 1.08 mmol, 10 equiv). The product was isolated as a
red solid. To remove residual grease, the product was dissolved into MeCN and extracted three
times with hexane. (0.011 g, 31%). TLC Rr= 0.55 (10% MeOH, 90% toluene) 'H NMR (400 MHz,
DMSO0-ds) § 8.79 (d, ] = 7.6 Hz, 1 H), 8.02-8.00 (m, 1H), 7.96 (d, ] = 7.6 Hz, 1 H), 7.83-7.80 (m, 1H),
7.65-7.61 (m, 3H), 7.57-7.55 (m, 1H), 7.49 (dd, ] = 8.0, 1.2 Hz, 1H), 7.47-7.44 (m, 1H), 7.25-7.23 (m,
2H),5.47 (d,] = 6.8 Hz, 1 H), 3.95 (s, 1 H), 3.78 (s, 1 H), 3.47 (d,] = 6.4 Hz, 1H), 1.85(d, ] =10.4 Hz, 1
H), 1.77 (J = 10.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3) & 206.9, 147.4, 143.4, 142.8, 140.5, 133.3,
132.6,131.1, 129.8, 129.7, 129.0, 128.5, 128.2, 127.9, 126.8, 126.3, 122.9, 121.6, 121.5, 120.0, 75.5,
64.2,49.5,49.4,43.0. IR (ATR diamond) 3054, 2970, 2948, 1605, 1448, 1376, 1280 cm-1. HRMS (EI):

Exact mass calculated for C25H1gN2S [M]+: 378.1190. Found: 138.1190.
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2h (4R,7S)-1-(2,4-dimethylpentan-3-ylidene)-3-thioxooctahydro-4,7-methanoindazol-1-ium-2-ide

Synthesized according to general procedure A, from 2bi (0.030 g, 0.10 mmol, 1 equiv) and
norbornene (0.114 g, 1.2 mmol, 10 equiv). The product was isolated as a brown solid (0.018 g,
65%). TLC Re= 0.61 (10% MeOH, 90% CH2CI2) 'H NMR (400 MHz, CDCl3) § 4.20 (d, ] = 9.6 Hz, 1 H),
3.13 (d, ] = 9.6 Hz, 1 H), 3.05-2.96 (m, 1H), 2.95-2.89 (m, 2H), 2.39 (br. s, 1H), 1.65-1.52 (m, 2H),
1.38-1.15 (m, 16H). 13C NMR (100 MHz, CDCl3) 6 202.6, 72.3, 62.7, 43.4, 41.7, 34.3, 31.9, 30.8, 26.7,
25.5,18.9,18.1,17.6. IR (ATR diamond) 2955, 2870, 1416, 1378, 1147, 1115, 1001 cm-1. HRMS (EI):

Exact mass calculated for C15H24N>S [M]+: 264.1660. Found: 264.1614.

2i (3aS,4S,7R,7aR)-1-(2,4-dimethylpentan-3-ylidene)-6-methylene-3-thioxooctahydro-4,7-

methanoindazol-1-ium-2-ide

Synthesized according to general procedure A, from 2bi (0.145 g, 0.49 mmol, 1 equiv) and 5-
methylenebicyclo- [2.2.1] hept-2-ene (0.36 mL, 497 mmol, 10 equiv). Mixture of regioisomers

isolated in a ratio A:B = 1.1:1. Brown solid (0.035 g, 26%). TLC R = 0.66 (10% MeOH, 90% CH:Cl;)
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Major isomer: H NMR (400 MHz, CDCls) & 5.08 (s, 1H), 4.86 (s, 1H), 4.26 (d, ] = 7.2 Hz, 1 H), 3.22
(app t, ] = 10.0 Hz, 1 H), 3.03-2.97 (m, 2H), 2.93-2.86 (m, 1H), 2.82 (s, 1H), 2.28-2.22 (m, 2H), 2.03
(app t,] = 12 Hz, 2 H), 1.36 (d, ] = 6.8 Hz, 6 H), 1.31 (d, ] = 6.8 Hz, 3 H), 1.22 (d, ] = 1.6 Hz, 3 H).
Minor isomer: 'H NMR (400 MHz, CDCls) & 5.08 (s, 1H), 4.73 (s, 1H), 4.31 (d, ] = 6.8 Hz, 1 H), 3.30
(s, 1H), 3.22 (app t, ] = 10.0 Hz, 1 H), 3.03-2.97 (m, 1H), 2.93-2.86 (m, 1H), 2.50 ((d, ] = 4.4 Hz, 1 H),
2.28-2.22 (m, 2H), 2.03 (app t, ] = 12 Hz, 2 H), 1.39 (d, ] = 6.8 Hz, 6 H), 1.28 (d, ] = 6.8 Hz, 3 H), 1.24
(d, ] = 1.6 Hz, 3 H). 13C NMR (100 MHz, CDCls) § 202.2, 201.2, 169.1, 148.3, 147.4, 147.3, 108.3,
106.5, 71.8, 71.6, 62.3, 52.3, 49.7, 44.0, 42.8, 35.6, 34.4, 34.3, 34.3, 32.5, 30.9, 30.8, 18.9, 18.9, 18.8,
18.1, 18.1, 17.6. IR (ATR diamond) 2970, 2199, 1660, 1351, 1309, 773 cm-L. HRMS (EI): Exact mass

calculated for C16H24N>S [M]+: 276.1660. Found: 276.1661.

General Procedure B Thiosemicarbazone 2b (1.5 equiv.), imine (1.0 equiv.), and MeCN (0.05 M)
were combined in a dry vial, which was sealed and purged with argon. The mixture was heated (by
microwave irradiation) to 120 °C for 2 hours. The reaction mixture was cooled to ambient
temperature and concentrated under reduced pressure (rotovap then 60 °C, 2 mmHg). The crude
mixture was purified by silica gel column chromatography unless otherwise noted. Isolated yields

are provided.
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6.2.3 Imine Aminothiocarbonylation

2k 2-(9H-fluoren-9-ylidene)-4-methyl-3-(4-nitrophenyl)-5-thioxo-1,2,4-triazolidin-2-ium-1-ide

@ij\
/N Me
g

4b. Synthesized according to general procedure B, from 2b (0.058 g, 0.15 mmol, 1.5 equiv) and

NO,

4-nitrophenyl-N-methylmethanimine®? (3b, 0.017 g, 0.10 mmol, 1.0 equiv), and PhCF3 (4.0 mL). The
reaction time was 2 h. The crude mixture was filtered, rinsing with with Et20, and isolated by
column chromatography using 10% MeOH, 90% toluene, providing a yellow solid (0.036 g, 75%
yield). TLC R¢ =0.23 (10% MeOH, 90% CH:Cl;) *H NMR (400 MHz, DMSO-d¢) 6 8.47 (d, ] = 8.7 Hz,
2H), 8.26 (d, ] = 8.7 Hz, 2H), 7.88 (d, ] = 7.5 Hz, 2H), 7.56 (d, ] = 7.5 Hz, 2H), 7.49 (appt t, ] = 7.2 Hz,
2H), 7.36 (ddd, ] = 7.5 Hz, 7.5Hz, 1.2 Hz, 2H), 6.29 (s, 1H), 3.41 (s, 3H). 13C NMR (100 MHz, DMSO-ds)
170.2, 150.2, 148.4, 141.1, 140.9, 132.8, 130.1, 128.2, 128.1 125.8, 124.9, 121.0, 63.5, 32.6. IR (ATR
diamond) 3040, 1514, 1332, 1193, 988 cm-l. HRMS (EI): Exact mass calculated for C22H1sN402S

[M]+: 400.0994. Found: 400.0990.

97 Tanaka, S.-Y.; Tagashira, N.; Chiba, K.; Yasuda, M; Baba, A. Angew. Chem. Int. Ed. 2008, 47, 6620.
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21 (E)-2-(9H-fluoren-9-ylidene)-4-methyl-3-styryl-5-thioxo-1,2,4-triazolidin-2-ium-1-ide
S
onA
® lll N~Me
asal
S
O Ph

Synthesized according to general procedure B, from 2b (0.258 g, 0.687 mmol, 1.5 equiv) and 3-
(benzyldeneamino) propanenitrile®® (0.0789 g, 0.543 mmol, 1 equiv), and PhCF; (16 mL). The
reaction time was 2 h. The crude mixture was filtered, rinsing with Et20, to isolate the product as
the precipitate. Yellow solid (0.136 g, 66% yield). TLC Rf =0.20 (10% MeOH, 90% CH:Clz) *H NMR
(300 MHz, CDCl3) 6 7.73 (d,] = 7.5 Hz, 2 H), 7.54 (d, ] = 7.5 Hz, 2 H), 7.45 (dd, ] = 7.5, 7.5 Hz, 2 H),
7.38-7.18 (m, 5 H), 6.88 (d, ] = 7.2 Hz, 2 H), 6.69 - 6.43 (m, 2 H), 5.74 (d, ] = 16.6 Hz, 1 H), 3.76 (s, 3
H). 13C NMR (100 MHz, CDCI3) 170.9, 144.1, 141.4, 140.3, 139.9, 133.6, 130.7, 130.2, 128.9, 128.8,
127.2,125.3,120.6, 106.3, 66.7, 33.1. IR (ATR diamond) 3839, 3021, 2871, 1630, 1503, 1339, 1120,

959 cm-1. HRMS (EI): Exact mass calculated for C24H19N3S [M]+: 381.1299. Found: 381.1303.

98 Miiller, W.; Feuerbach, D.; Nozulak, ].; Roy, B. L. Substituted Pyrrolidine-2-ones, 2010, pg. 20 [0089] WO 2005/118535.
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6.2.4 Derivatization of Azomethine Imine Products

2r (4R,7S)-1-(9H-fluoren-9-yl)hexahydro-1H-4,7-methanoindazole-3(2H)-thione

Azomethine imine 2¢ (0.120 g, 0.36 mmol, 1 equiv) and NaCNBH3 (0.068 g, 1.10 mmol, 3 equiv)
were combined in 1 mL of 2:1 MeOH: AcOH and stirred overnight at room temperature. The crude
mixture was concentrated under reduced pressure then diluted with 10 mL of CH,Cl,. The organic
layer was washed with brine, then concentrated to give the product as a green solid (0.102 g, 85%).
TLC R¢ = 0.46 (10% MeOH, 90% toluene) H NMR (400 MHz, CDCls) § 7.75-7.65 (m, 4H), 7.46-7.41
(m, 2H), 7.30-7.26 (m, 2H), 5.32 (s, 1H), 2.74 (d, / = 8.0 Hz, 1H), 2.65 (d, / = 3.6 Hz, 1H), 2.41 (d, ] =
8.0 Hz, 1H), 1.94 (d, J = 4.4 Hz, 1H), 1.57 (d, / = 10.4 Hz, 1H), 1.46-1.37 (m, 1H), 1.27-1.11 (m, 3H),
1.04-0.98 (m, 1H), 0.60-0.54 (m, 1H). 13C NMR (100 MHz, CDCl3) § 190.3, 141.9, 140.9, 140,9, 140.6,
129.1,129.0, 128.1, 127.6, 126.1, 126.1, 120.1, 120.0, 69.1, 65.9, 63.2, 44.4, 42.4, 33.5, 27.3, 24.4. IR
(ATR diamond) 3109, 2958, 2866, 1544, 1445, 1149 cm-l. HRMS (EI): Exact mass calculated for

C21H20N2S [M]+: 332.1347. Found: 332.1333.
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2x (4R,7S)-hexahydro-1H-4,7-methanoindazole-3(2H)-thione

Azomethine imine 2¢ (0.091 g, 0.28 mmol, 1 equiv) hydroxylamine 50% wt H.O (0.056 g, 0.84
mmol, 3 equiv) and MeOH (6 mL) were combined in a flask and stirred at room temperature for 1 h.
The mixture was cooled to ambient temperature and the addition of 10 mL H,0 caused the
fluorenone oxime to precipitate. The reaction mixture and filtered and the filtrate was concentrated
under reduced pressure to give the product as a brown solid (0.030 g, 64%). TLC R¢ = 0.38 (10%
MeOH, 90% CH:Cl;) 'H NMR (400 MHz, CDCl3) 6 3.72 (d, /= 10.8 Hz, 1 H), 3.11 (d, / = 10.8 Hz, 1 H),
2.79 (d, J=4.8 Hz, 1 H), 2.35 (d, /= 5.2 Hz, 1 H), 1.67-1.56 (m, 1H), 1.54- 1.43 (m, 2H), 1.35- 1.26 (m,
1H), 1.23 (d, /= 14.4 Hz, 1 H), 1.16-1.08 (m, 1H) 13C NMR (100 MHz, CDCl3) § 193.4, 64.2, 63.4, 44.0,
421, 32.7,27.4, 24.6. IR (ATR diamond) 3071, 1682, 1334, 1514, 1223, 941 cm-1. HRMS (EI): Exact

mass calculated for CgH12N2S [M]+: 168.0721. Found: 168.0712.
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6.2.5 Intramolecular Aminothiocarbonylation Starting Material

2y N-(4-nitrophenyl)hydrazinecarbothioamide

H
SYN
/NH \©\
H,N NO

In a clean and dry round bottom flask equipped with a stir bar, hydrazine hydrate (1.25 equiv) was

2

dissolved in i-PrOH (0.13 M). Under magnetic stirring, 4-nitrophenyl isothiocyanate (1 equiv) was
added to the reaction mixture (0.10 M). The reaction mixture was left stirring at room temperature
for 3 hours. The reaction mixture was filtered, and the collected thiosemicarbazide was dried under

vacuum and used as is for the next step.

General Procedure C Ketone (1 equiv), hydrazinecarbathioamide 2y (1 equiv), and MeOH (0.25M)
were refluxed in a round bottom flask until the reaction goes to completion. Monitored starting
material disappearance with TLCs. If the reactions were slow, added a drop of AcOH. Isolated yields

are provided.

2t 2-(hex-5-en-2-yl)-N-(4-nitrophenyl)hydrazinecarbothioamide

Synthesized according to general procedure C from hex-5-en-2-one (0.235 g, 2.36 mmol, 1 equiv),
2y (0.510 g, 2.40 mmol, 1 equiv), and 12 ml of MeOH. 1 drop of acetic acid was added after 3 hours.

After 6 hours products were isolated as a yellow solid. (0.550 g, 80%). 'H NMR (400 MHz, CDCl3) &
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9.61 (s, 1H), 8.67 (s, 1 H), 8.21 (d, J = 9.2 Hz, 2 H), 7.99 (d, ] = 8.8 Hz, 2 H),5.85-5.78 (m, 1H), 5.10-
5.02 (m, 2 H), 2.46-2.35 (m, 4H), 1.96 (s, 3H). 13C NMR (100 MHz, CDCls) 175.3, 153.2, 143.9, 136.9,
136.1, 124.5, 122.1, 117.6, 115.7, 37.8, 30.0, 23.3, 16.1. IR (ATR diamond) 3236, 1594, 1479, 1192,

843, 748 cm-1. HRMS (EI): Exact mass calculated for C13H16N402S [M]+: 292.0094. Found: 292.0985.

2u (E)-N-(4-nitrophenyl)-2-(1-phenylhex-5-en-1-ylidene)hydrazinecarbothioamide

Synthesized according to general procedure C, from 1-phenylhex-5-en-1-one (0.188 g, 1 mmol, 1
equiv), thiosemicarbazone (0.222 g, 1 mmol, 1 equiv) and 4 ml of MeOH. Obtained white orange
crystals. (0.286 g, 77%).'H NMR (300 MHz, CDCl3) 6 9.72 (d, ] = 12.9 Hz, 2 H), 8.85 (d, 1H), 8.26 (d, J
= 12.0 Hz, 2 H), 8.04 (t,J = 12.9 Hz, 2H), 7.73 (dd, J = 3.9, 3.3 Hz, 1H), 7.56-7.48 (m, 3H), 7.38 (d, ] =
3.3 Hz, 1H), 5.91-5.75 (m, 1H), 5.17-5.00 (m, 1H), 2.78 (t, ] = 8.1 Hz, 1H), 2.66 (t, J = 4.5 Hz, 1H),
2.24-2.12 (m, 2H), 1.77-1.63 (m, 2H). 13C NMR (100 MHz, CDCls) 179.6, 144.1, 143.9, 137.2, 124.5,
121.9, 115.8, 51.0, 31.0, 26.5. IR (ATR diamond) 3314, 3193, 1593, 1498, 1330, 910, 841, 745 cm-1.

HRMS (EI): Exact mass calculated for C19H20N402S [M]+: 368.1307. Found: 368.1201.
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2v N-(4-nitrophenyl)-2-(pent-4-en-1-yl)hydrazinecarbothioamide

H

Sa N
T L
HN’NH NO

o~

Synthesized 2s according to general procedure C. Then 2v was synthesized from 2s (0.510 g, 1.82

2

mmol, 1 equiv), NaCNBH3 (0.490 g, 7.8 mmol, 4 equiv), and 2:1 mixture of MeOH: AcOH was stirred
overnight at room temperature. 5 ml of CH2Cl, and NaOH until the mixture became pH 8 were
added. Extracted the organic layer 3 times with CH,Cl, Evaporated the solvent and further purified
by silica gel column chromatography (5% EtOAc: 95% CH:Cl;) to obtain the isolated product. (0.380
g, 75%) tH NMR (400 MHz, CDCI3) &6 9.66 (s, 1H), 8.22 (d, / = 9.2 Hz, 2 H), 7.97 (d, ] = 8.8 Hz, 2 H),
7.88 (s, 1H), 5.84-5.73 (m, 1 H), 5.02 (t, / = 17.2 Hz, 2 H), 4.01 (s, 1 H), 2.96 (d, ] = 0.4 Hz, 2 H), 2.17-
2.14 (m, 2 H), 1.68-1.66 (m, 2 H). 13C NMR (100 MHz, CDCl3) 179.6, 144.1, 143.9, 137.2, 124.5, 121.9,
115.8, 51.3, 31.0, 26.5. IR (ATR diamond) 3161, 1566, 1486, 1269, 1106, 748 cm-1. HRMS (EI): Exact

mass calculated for C12H16N402S [M]+: 280.0994. Found: 280.0023.

6.2.6 Experimental procedures conducted in attempt to form the

cyclized product with 2s-2v (Scheme 33)

General Procedure: Hydrazinecarbothioamide with trifluorotoluene (0.03 M) was sealed in a pw
vial and purged with argon. The mixture was heated (by microwave irradiation) 120-200 °C for 1-2
hours depending on starting material conversion. No products were determined with any of the

reactions. With 120 °C always observed starting material and dimerization products were observed
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in the NMR of the crude mixture when R=H. Degradation occur with high temperatures and longer

time periods.

6.3 Supporting Information for Chapter 3

3c N'-(2,4-dimethylpentan-3-ylidene)morpholine-4-carbothiohydrazide

(

Lead bis[diisopropylmethylene]dithiocarbazate] 3b was prepared according to referenced
literature.?® 3¢ was synthesized from 3b (0.054 g, 0.11 mmol, 1 equiv), morpholine (0.025 m], 0.28
mmol, 3 equiv), and 3 ml of MeCN were combined in a sealed vial which was purged in argon and
stirred at room temperature for 20 hours which turned yellow, grey and black gradually. The
mixture was filtered through celite to obtain pure product (0.024 g, 46% isolated yield). 1H NMR
(400 MHz, CDCl3) & 3.98 (br, 4H), 3.70-3.68 (m, 4H), 3.29-3.25 (m, 1 H), 2.87-2.83 (m, 1 H), 1.32 (d, J
= 6.8 Hz, 6H), 1.26 (d, ] = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) 183.3, 164.6, 66.8, 47.7, 32.3, 30.9,
20.5,17.3. IR (ATR diamond) 2961, 2924, 2865, 2839, 1426, 1305, 1062, 998, 865, 799 cm-1. HRMS

(ED): Exact mass calculated for C12H23N30S [M]+: 257.1561. Found: 257.1522.

99 Anthoni, U.; Berg, C. Acta Chem. Scand. 1969, 23, 3602.
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3d (Isothiocyanatomethyl)benzene

Synthesized according to Dolman’s conditions with benzylamine (1.2 ml, 11 mmol, 1 equiv), EtsN
(4.5 ml, 36 mmol, 3.3 equiv), CS; (0.7 ml], 13 mmol, 1.2 equiv), TsC], (2.3 g, 12 mmol, 1.1 equiv) in 10
ml of THF. Collected 1.36 g of colourless oil (1.36 g, 83%). TLC Rf =0.34 (100% Hexane) tH NMR

(400 MHz, CDCl3) 6 7.42-7.31 (m, 5H), 4.71 (s, 2H). This matches with the literature tH NMR data.100

3f 2-(9H-fluoren-9-ylidene)-N-isopropylhydrazinecarbothioamide

Thiosemicarbazone 2b (0.347 g, 0.93 mmol, 1 equiv), diisopropylamine (20 ml, as solvent) was
heated at 150°C by microwave irradiation for 3 minutes. product was isolated by column
chromatography using 40% EtOAc: 60% Hexane solvent system. Obtained a brown solid. (0.114 g,
42%) TLC Re= 0.54 (40% EtOAc: 60% Hexane) 'H NMR (400 MHz, CDCl3) § 9.62 (d, J = 0.4 Hz, 1 H),
790 (d,]=7.6 Hz, 1 H), 7.73 (dd, ] = 7.6, 7.6 Hz, 2H), 7.62 (br, 1 H), 7.62 (d, ] = 7.2 Hz, 1 H), 7.48 (dd,
J=7.6,7.6 Hz, 1H), 7.42-7.27 (m, 5H), 4.69-4.63 (m, 1H), 1.39 (d, ] = 6.4 Hz, 6 H).13C NMR (100 MHz,
CDCl3) 176.6, 142.3, 139.8, 136.4, 131.5, 130.3, 129.5, 128.3, 128.1, 125.7, 121.5, 120.9, 120.0, 46.8,
22.4. IR (ATR diamond) 3274, 2966, 1592, 1428, 1294, 1000, 778 cm-1. HRMS (EI): Exact mass

calculated for C17H17N3S [M]+: 295.1143. Found: 295.1034.

100 Wong, R.; Dolman, S. J. J. Org. Chem. 2007, 72, 3969.
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N
H

3h N-phenethyl-1-phenylethanamine

Synthesized according to a known procedure. tH NMR (400 MHz, CDCl3) 6 7.42-7.28 (m, 10H), 3.88
(g,/ = 8.8 Hz, 1H), 2.91-2.81 (m, 4H), 1.45 (d, J = 8.8 Hz, 1H). Spectral data match with the literature

1H NMR data.101

6.4 Supporting Information for Chapter 4

6.4.2 Starting Material Synthesis for Acyclic Azomethine Imines

4b (E)-2-benzylidene-N-phenylhydrazinecarbothioamide

H

T O

Benzaldehyde hydrzone!92 4a (2.30 g, 19.1mmol, 1 equiv), Phyenyl isothiocyanate (2.17 m], 19.1
mmol, 1 equiv), AcOH (1 drop) and 50 ml MeOH were refluxed for 3 hours, obtained white
crystalline product (3.86 g, 79% yield). TLC R=0.64 (100% CHCl;) 1H NMR (400 MHz, DMSO-d¢) &
11.83 (s, 1H), 10.11 (s, 1H), 8.18 (s, 1H), 7.91 (d, ] =3.6 Hz, 2 H), 7.58 (d, ] = 7.6 Hz, 2 H), 7.42-7.37

(m, 5H), 7.22-7.20 (m, 1H). 13C NMR (100 MHz, DMSO-ds) 176.5, 143.3, 139.5, 134.4, 130.5, 129.1,

101 100
102 Gan, W.; Moon, P; Clavette, C.; DasNeves, N.; Markiewicz, T.; Toderian, A.; Beauchemin, A. M.Org. Lett. 2013, 15, 1890.
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128.5,128.1,126.3,125.7. IR (ATR diamond) 3096, 2990, 1503, 1188, 770 cm-. HRMS (EI): Exact

mass calculated for C14H13N3S [M]*: 255.0832. Found: 255.0804.

4d (E)-2-benzylidene-N-phenylhydrazinecarboxamide

(Z)-tert-butyl 2-benzylidenehydrazinecarboxylate (from Wei Gan) (0.254 g, 1.15 mmol, 1 equiv),
Aniline (0.221 g, 2.38 mmol, 2 equiv) heated at 120°C by microwave irradiation for 30 min in
Trifluorotolune (3 ml). The product was isolated by column chromatography using 1:1 Hexane:
CH:Cl; to obtain the products as a white solid (0.168 g, 62%). TLC Rf= 0.62 (1:1 Hex: CH.Cl;) 'H
NMR (300 MHz, DMSO-de) 8 7.51 (d,, ] = 7.6 Hz, 2H), 7.31 (d,, ] = 1.2 Hz, 1H), 7.29 (d,] = 1.2 Hz, 2H),
7.31 (dd, ] = 3.6, 3.6 Hz, 2H), 6.72 (d, ] = 7.6 Hz, 2H), 6.69 (dd, ] = 3.6, 3.4 Hz, 1H), 6.12 (d, ] = 8.0 Hz,
1H), 4.84-4.78 (m, 1H), 3.31 (dd, 13.2, 6.6 Hz, 1H), 2. 68 (dd, 13.2, 5.6 Hz, 1H) 13C NMR (100 MHz,
DMSO0-ds) 176.9, 174.7, 147.8, 135.1, 132.8, 129.3, 128.8, 127.4, 117.4, 113.3, 52.2, 36.7. IR (ATR
diamond) 3367, 3080, 2948, 1678, 1498, 1280, 742 cm-l. HRMS (EI): Exact mass calculated for

C14H13N30 [M]*: 239.1058. Found: 239.1042.

4e (E)-N-benzyl-2-benzylidenehydrazinecarbothioamide
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Benzyl isothiocyanate93 (1.15 g, 7.8 mmol, 1 equiv), phenyl hydrazone (0.986 g, 7.8 mmol, 1 equiv),
and 20 ml MeOH were refluxed for 3 hours, recrystallized in ether and hexane mixture to obtain
white crystalline product (1.59 g, 59% yield). TLC R¢ =0.64 (100% CH:Cl;) 'H NMR (400 MHz,
DMSO0-ds) 6 11.60 (s, 1H), 9.10 (s, 1H), 8.09 (s, 1H), 7.81 (dd, ] = 4.0, 2.0 Hz, 2 H), 7.58 (dd, ] = 2.4,
2.0 Hz, 3 H), 7.37-7.31 (m, 4H), 7.26-7.22 (m, 1H), 4.85 (d, ] = 6.4 Hz, 2 H). 13C NMR (100 MHz,
DMSO0-ds) 178.0, 142.6, 139.9, 134.6, 130.3, 129.1, 128.6, 127.7, 127.1, 47.0. IR (ATR diamond)
3366, 3139, 2996, 1521, 1298, 1933, 752 cm-l. HRMS (EI): Exact mass calculated for CisH15N30

[M]*: 269.0986. Found: 269.0946.
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6.4.3 Cycloaddition Products via Acyclic Azomethine Imine

Intermediates

4c (3R,6S)-4,6-dioxo-N,3,5-triphenylhexahydropyrrolo[3,4-c]pyrazole-1(2H)-carbothioamide

4b (0.256 mg, 1.00 mmol, 1 equiv), N-Phenyl maleimide (1.81 g, 10.4 mmol, 10 equiv), citric acid
(0.193 g, 1.00 mmol, 1 equiv) was added to a vial which was sealed purged with argon. t-BuOH was
added and reaction ran in oil bath at 100 °C overnight to obtain a white precipitate which was
washed with ether to give the product as white solid. (0.298 g, 70%). TLC R¢= 0.33 (100% CHCl;)
1H NMR (300 MHz, DMSO-ds) 6 10.17 (s, 1H), 8.28 (s, 1H), 7.70 (d, / = 2.1 Hz, 1H), 7.68 (d, ] = 3.6 Hz,
1H), 7.56 (d, /] = 7.5 Hz, 2H), 7.49 (d, ] = 7.5 Hz, 2H), 7.44 (d, ] = 7.2 Hz, 1H), 7.41-7.38 (m, 5H), 7.28
(t,/J=7.5Hz, 2H), 7.02 (t,/ = 7.5 Hz, 1H), 4.63 (dd, J = 3.9, 8.1 Hz, 1H), 3.31 (dd, /= 3.9, 16.8 Hz, 1H),
3.19 (dd, J = 8.1, 16.8 Hz, 1H). 13C NMR (76 MHz, DMSO-ds) 6 174.5, 168.3, 165.5, 158.1, 139.2,
135.7, 134.5, 131.2, 129.5, 129.2, 129.1, 128.7, 128.2, 123.9, 119.6, 43.2. IR (ATR diamond) 3346,
1715, 1579, 1246, 764 cm'l. HRMS (EI): Exact mass calculated for Cz4H20N40,.S [M]*: 428.1307.

Found: 428.1280.
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4f (3R,6S)-N-benzyl-4,6-dioxo-3,5-diphenylhexahydropyrrolo[3,4-c]pyrazole-1(2H)-

carbothioamide

4e (0.120 mg, 0.44 mmol, 1 equiv), N-Phenyl maleimide (0.171g, 0.98 mmol, 2.2 equiv), citric acid
(0.018 g, 0.09 mmol, 20 mol%) was added to a vial which was sealed purged with argon.
trifluorotoluene (20 mL) was added and reaction ran in pw at 150°C for 6 hours to obtain a white
precipitate which was washed with ether to give the product as white solid. (0.146 g, 74%). TLC R¢
=0.33 (100% CH:Clz) *H NMR (400 MHz, DMSO-d¢) 6 10.14 (d, ] = 0.4 Hz, 2H), 8.42 (s, 1H), 7.73 (d, ]
= 2.8 Hz, 2H), 7.53 (d, ] = 7.2 Hz, 2H), 7.41-7.25 (m, 9H), 7.03-7.00 (m, 1H), 4.95 (d, ] = 4.0 Hz, 2H),
4.61 (dd, J=12.3, 3.6 Hz, 1H), 3.29 (dd, J=12.3, 3.6 Hz, 1H). 3.02 (dd, J = 7.2, 12.3 Hz, 1H). 13C NMR
(76 MHz, DMSO-ds) 6 174.7, 168.2, 164.3, 158.2, 139.2, 136.4, 134.4, 131.2, 129.2, 128.9, 127.9,
123.8,119.5,93.3, 55.6, 46.2, 43.2, 39.2. IR (ATR diamond) 3289, 3028, 1710, 1540, 1181, 753 cm1.

HRMS (EI): Exact mass calculated for C25sH22N402S [M]*: 442.5349. Found: 442.1434.
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4g (3R,65)-N-benzyl-4,6-dioxo-3-phenylhexahydro-1H-furo[3,4-c]pyrazole-1-carbothioamide

4e (0.269 mg, 1.00 mmol, 1 equiv), N-Phenyl maleimide (0.229 g, 2.30 mmol, 2.3 equiv), citric acid
(0.050 g, 0.26 mmol, 26 mol%) was added to a vial which was sealed purged with argon. 20 ml of
TFE was added and reaction ran in uw at 120°C for 4 hours to obtain a white precipitate which was
isolated by column chromatography with 10% MeOH: CHCl; solvent system. (0.180 g, 62%). TLC R¢
= 0.34 (10% MeOH:CH>Cl;) 1H NMR (400 MHz, DMSO0-d¢) 6 8.42 (s, 1H), 7.76 (s, 2H), 7.45-7.33 (m,
9H), 4.94 (s, 2H), 4.47 (s, 1H), 3.07-3.02 (m, 1H), 2.84-2.78 (m, 1H). 13C NMR (76 MHz, DMSO-de)
174.5, 172.4, 164.3, 158.1, 136.3, 134.5, 131.2, 129.3, 128.8, 128.2, 127.8, 123.1, 55.4, 46.2, 43.5,
40.5, 37.7. IR (ATR diamond) 3392, 3180, 1712, 1584, 1497, 1346, 1074, 860, 756 cm-1. HRMS (EI):

Exact mass calculated for C19H17N303S [M]*: 367.0990. Found: 367.0789.
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Appendix I

Claims to Original Research
1) Synthesis of new azomethine imines derived from alkenes
2) Development of alkene and imine aminothiocarbonylation reactions

3) Synthesis of primary amino compounds from secondary amines (aza-Chugaev elimination

reaction for secondary amines)

4) Development of cycloaddition reactions through acyclic azomethine imine intermediates

Publications and Presentations from This Work

1) Synthesis of Cyclic Azomethine Imines by Cycloaddition Reactions of N-Isocyanates and
N-Isothiocyanates, Amanda Bongers, Indee Ranasinghe, Philippe Lemire, Alyssa Perozzo,

Jean-Francois Vincent-Rocan, André M. Beauchemin, Org. Lett. 2016, 18, 3778.

2) Québec-Ontario Mini-Symposium on Bioorganic and Organic Chemistry (Waterloo 11/2016,
Poster presentation): [3+2] Cycloadditions for the Synthesis of N-N-C=S Motifs, Amanda
Bongers, Indee Ranasinghe, Philippe Lemire, Alyssa Perozzo, Jean-Francois Vincent-Rocan,

André M. Beauchemin.

3) Synthesis Day Symposium (University of Ottawa, 06/2016, poster presentation): [3+2]
Cycloadditions for the Synthesis of N-N-C=S Motifs, Amanda Bongers, Indee Ranasinghe,

Philippe Lemire, Alyssa Perozzo, Jean-Frangois Vincent-Rocan, André M. Beauchemin.
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Appendix II - Spectra
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