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Abstract

Despite recent advances in the field, the hydroamination methodology has not yet
reached its full potential. This thesis focuses on new investigations in Cope-type
hydroamination by first examining six-membered ring formation in order to explore and
expand the scope of intramolecular Cope-type hydroamination of disubstituted olefins.
This objective was achieved by synthesizing pumiliotoxin C (+)-3 and its epimer (z)-2
through the cyclization of a hydroxylamine precursor (+)-1 under transition metal-free

reaction conditions.

Me Me

H Cope-type H
Hydroamination
HN n-Pr N n-Pr
+ H HHH
H-O
(2)- epi- and pumiliotoxin C
(=)-1 (+)-2 and (+)-3

In the second chapter we discuss the scarcity of methods to make ketonitrones 4 in the
current literature and our approach to overcome this constraint using Cope-type
hydroamination which involved heating allenes 5 and alkynes 6 with hydroxylamines
under metal-free reaction conditions. Improved reaction conditions for the Schiff-base

reactions of ketones will also be presented.
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Scientific progress goes ‘boink .
-Hobbes
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1 Introduction
1.1 Background of hydroamination as a useful synthetic tool

As a high proportion of drug candidates and biologically active molecules contain at least
one nitrogen atom in their core structure, heterocyclic chemistry is gaining importance
and there are many methodologies available to form such an important class of structures.
Many of the processes currently invoked to form carbon-nitrogen bonds involve Ritter
amination, reductive amination of ketones, N-alkylation of amines, or reduction of
amides, nitriles,' nitrogroups, or azides (Figure 1.1).

RsCN o Ra 0

R NH
A " R0 Ry —Rs Rf_ ] A

R1 CI R5

. I R .
Ritter Amination 1 LiAIH, or BH acyl chioride
transformations

R HNRgR
o HNRR R;
R1/) 1) 3714 )-:O
2) Hy, cat.
Hydroamination DEAD, PPhj ) Ha R,
HNR3R,
F*§—OH 1 Hp, cat. reductive
R4 LiAIH, amination
Mitsonobu H,, cat.
or LiAlH,4
_ Rz
reduction of nitriles Ry NaNs Fe R4
>Ns = ) Br reduction of
R Rq nitro groups

reduction of azides alkyl halide
transformations

Figure 1.1: Different Routes to Amine Functional Group

' Patra, P.K; Nishide, K.; Fuji, K.; Node, M. Synthesis 2004, 1003



Recent investigations in hydroamination chemistry have demonstrated its potential in
expanding this field as it rapidly introduces a nitrogen and hydrogen across an
unactivated carbon-carbon multiple bond.” By using this method one can generate amines
and imines from alkenes and alkynes respectively, as well as imines and allylic amines
from allenes (Figure 1.2). Furthermore, saturated and unsaturated heterocycles can be

obtained if the reaction is performed intramolecularly.

Alkenes H
RSY  +  RNHp  -e---e- = g>Ng
Alkynes
H
RSy +  R-NHp  ----e--e- = g N coeeiees = g=>Ng
Allenes
™ R’
.. + R-NHy  ---oooe-- = RN
R x 2 R N
SN R-NHy  ----omon- O T - R—
R 2 %
\ NR' NR'
Products

intramolecular — saturated or unsalurated nitrogen heterocycles

Figure 1.2: Synthetic Potential of a Difficult Transformation

The hydroamination technique has not achieved its full potential despite recent progress

in the field as it has encountered a few obstacles that have limited its applicability, scope,

2 For recent reviews see: General: (a) Miiller, T. E.; Hultzsch, K.C.; Yus, M.; Foubelo, F.;
Tada, M. Chem. Rev. 2008, 108, 3795 (b) Miiller, T. E.; Beller, M., Chem. Rev. 1998, 98,
675 Alkynes: (c) Alonso, F.; Beletskaya, I.P.; Yus, M. Chem. Rev. 2004, 104, 3079 (d)
Pohlki, F.; Doye, S. Chem. Soc. Rev. 2003, 32, 104 (e) Nobis, M.; DrieBen-Holscher, B.
Angew. Chem. Int. Ed. 2001, 40, 3983 Asymmetric: (f) Hultzsch, K.C. Adv. Synth. Catal.
2005, 347, 367 Markovnikov and anti-Markovnikov functionalization: (g) Beller, M.;
Seayad, J.; Tillack, A.; Jiao, H. Angew. Chem. Int. Ed. 2004, 43, 9306 For futher
information and details see: (h) Moran, M. Ph.D. Thesis, University of Ottawa, Ottawa,
Ontario, 2009 (i) Lebrun, M.-E. M.Sc. Thesis, University of Ottawa, Ottawa, Ontario,
2008



and results. The main issue to overcome in hydroamination is that the electrostatic
repulsion between the nitrogen lone pair and the electron rich r-system raises the energy
of activation of the reaction. Furthermore, in the case of the intermolecular
hydroamination of olefins, the reaction is near thermoneutrality or mildly exothermic at
best with less stable alkenes such as ethylene and norbornene (Figure 1.3).> Increasing
reaction temperatures to overcome the energy barrier further disfavours product
formation due to the negative entropic term resulting from bringing two molecules

together into one.

(transition state)
3
£
g E, = high
5
5 (aG=aH -TAS ~0 )
w
o |
2
w AG ~0
R H
R/\ + R'—NH, SN
R
(reaction complex) (product)

Reaction Coordinate

Figure 1.3: Thermodynamic Problem with Intermolecular Hydroamination of
Alkenes

As such, different methods have been examined to circumvent these issues. The basicity
of the nitrogen has posed constraints in the potential of acid catalysis therefore transition-

metal catalysis has been the principal technique used to lower the activation energy. The

3 Johns, A.M.; Sakai, N.; Ridder, A.; Hartwig, J.F. J. Am. Chem. Soc. 2006, 128, 9306



synthetic applications, however, are rare and important limitations still exist despite large
research efforts by the scientific community. The next section (Section 1.2) will survey

different areas explored in hydroamination.za"b’h'i

1.2 Literature precedent in hydroamination reactions

1.2.1 Via acid-catalysis

As mentioned briefly earlier, acid-catalyzed hydroamination is dependent on the basicity
of the amine selected since the nitrogen acts as the nucleophile and protonation would
result in the loss of nucleophilicity. Furthermore, the basic nitrogen atom can act as a
buffering agent in the acidic medium thus preventing the protonation of the m-bond.

Examples of acid-catalyzed hydroamination are presented below.*>

/@ H,S0,, H,0 H
NC 70°/o \</
o
1.2 1.3

1.1
PhNH,B(CgFs)4Et,O H
Ab (5 mol%) N CF,
CF, CeDs, 135 oc 10
48 h, 80%
, FsC
1.4 15 1.6
TfOH
ph X~ NHTs (20 mol%) D 13
PhMe, 100°C " N
1.7 2 h, 83% 1.8

As a result of the limitations delineated above, the acid-catalyzed hydroamination
strategy is plagued by poor functional group compatibility and biased substrate scopes.

Less basic amines can be utilized like a nitrile group in the Ritter amination (Equation



1.1),* as well as highly reactive olefins (Equation 1.2)° or substrates that highly favour
intramolecular reactivity (Equation 1.3).° Generally acid-catalyzed hydroamination
reactions yield the Markovnikov product as the more stable carbocation is produced.

In summary, substrates developed for the acid-catalyzed hydroamination are biased
towards reactivity and functional group compatibility under the strongly acidic conditions

is problematic.

1.2.2 Via base-catalysis

Base-catalyzed hydroamination is also possible but forcing conditions are necessary.*"’

Some examples are presented below (Equation 1.4 through Equation 1.6).%°

CSOHH,0
20 mol%) Ph Ph
N+ -Ph ( — TN 14
Ph HoN NMP 100 °C H '
1.9 1.10 69% 1.11
CsOHH,0
_Ph )
ph + N (0mol%) _ Ph_w.,.Ph
NMP 100 °C NIRRT
Ph Ph
12h, 82%
1.12 1.13 1.14

LiN(SiMe3), (5 mol%)
TMEDA (5 mol% Ph
Ph/\ + HNQ ( O)A, \/\D 1.6

CDg, 120 °C
1.9 1.15 1.5h, 82% 1.16

Recently, Knochel and co-workers developed a cesium hydroxide catalyzed system

whereby anilines could be added to styrene and phenylacetylene.® In another system,

4 Krimen, L.I; Cota, D. J. Org. React. 1969, 17, 213

5 Anderson, L.L.; Arnold, J.; Bergman, R.G. J. Am. Chem. Soc. 2005, 127, 14542

% Schlummer, B.; Hartwig, J. F. Org. Lett. 2002, 4, 1471

7 Howk, B.W.; Little, E.L.; Scott, S.L.; Whitman, G.M. J. Am. Chem. Soc. 1954, 76, 1899
8 Tzalis, D.; Koradin, C.; Knochel, P. Tetrahedron Lett. 1999, 40, 6193



vinyl aromatics were able to be hydroaminated with secondary amines with
LiN(SiMe;),/TMEDA as catalyst and could be reacted in solvent-free conditions.’ Di-
amination products were observed with primary amines. This forcing strategy can only be
applied on conjugated substrates that can stabilize the partial negative charge forming in

the transition-state.

1.2.3 Via metal-catalysis

Various laboratories have explored metal-catalyzed hydroamination and this has been the
main line of attack towards hydroamination to date.”'® The majority of the progress has
been made with respect to hydroamination of non-activated alkynes while intermolecular
reactivity with alkenes 1s still substrate-specific and suffers from the thermodynamic
issue previously discussed (Figure 1.3). On the other hand, the intramolecular
hydroamination of alkenes has had more success, especially to form five-membered

cycles.

1.2.3.1 Alkyne hydroamination

The methodologies developed for alkyne hydroamination®® have their individual
shortcomings, especially those that employ toxic metals like mercury and thallium.!' The
reaction conditions associated with organolanthanides are milder but require extremely

anhydrous and anaerobic environments thereby diminishing their appeal. Group 1V

® Horillo-Martinez, P.; Hultzsch, K.C.; Gil, A.; Branchadell, V. Eur. J. Org. Chem. 2007,
3311

19 For selected reviews, see : (a) Severin, R.; S. Doye, Chem. Soc. Rev. 2007, 32, 1407 (b)
Matsunaga, S. J. Synth. Org. Chem. Jpn. 2006, 64, 778 (c) Roesky, P. W.; Miiller, T. E.
Angew. Chem. Int. Ed. 2003, 42, 2708

" Barluenga, J.; Aznar, A.; Liz, R.; Rodes, R. J. Chem. Soc. Perkin Trans. 1 1980, 2732



metals like zirconium and titanium have also been examined'? and the latter has been the

focus of a lot of studies due to its cheap availability and high reactivity (Equation 1.7

through Equation 1.9).'%*
1) Cp*,TiMe, (6 mol%) n-Pr
o on 4 mPrNH PhMe, 114°C  HN’
= 2 ) NaBH4CN, ZnCly thkph 1.7
1.17 1.18 MeOH, rt, 86% 1.19
'NMez
otTi
NMe,
2
1.22
1) cat 1.22 (10 mol %) j\
PhMe, 100 °C 24 h
n-hex—=—H + NH; > HN 1.8
)\/ 2) NaBH3CN, ZnCl, )\
MeOH, rt, 15-20 h n-hex
1.20 1.21 89% 1.23
1) CpsTiMes (10 mol%) Ph
105°C, 24 ’
Ph—=—Me + PhNH, Ve 1057C,24h ~ HN™ " 44
2) PhSiHg, Ph Me
1.24 1.95 piperidine (40 mol%), 1.26

MeOH (40 mol%)
105 °C, 24 h 85%

Different titanium catalyst systems have been developed for the intermolecular

hydroamination of internal and terminal alkynes. The imine intermediates are

12¢-d

subsequently reduced to the amines by cyanoborohydride reduction ““* or, more recently,

by hydrosilylation as a one-pot reaction with the same titanium catalyst.'*

2 (a) Heutling, A.; Pohlki, F.; Bytschkov, 1.; Doye, S. Angew. Chem. Int. Ed. 2005, 44,
2951 (b) Tillack, A.; Khedkar, V.; Beller, M. Tetrahedron Lett. 2004, 45, 8875 (c)
Heutling, A.; Doye, S. J. Org. Chem. 2002, 67, 1961 (d) Khedkar, V.; Tillack, A.; Beller,
M Org. Lett. 2003, 5, 4767 (e) Cao, C.; Shi, Y.; Odom, A.L. Org. Lett. 2002, 4, 2853 (f)
Straub, B.F. Bergman, R.G. Angew. Chem. Int. Ed. 2001, 40, 4632 (g) Pohlki, F.; Doye,
S. Angew. Chem. Int. Ed. 2001, 40, 2305



Regioselectivity and yield of the reaction depends on the metal, ligand, amine or alkyne
used. Beller and co-workers demonstrate this characteristic with an interesting report of
titanium-catalyzed hydroamination of terminal alkynes whereby modifying the sterics of

the phenol ligands controlled the regioselectivity of the reaction (Equation 1.10).'%°

Tl(EtzN)4 (10 mol °/o)

4 Banw, 9200 (20mol%)’  NBn NBn

-hex ——= + Bn - +

rhex ®  "PhMe, 100°C rhex | HANnhex 110
1.20 1.27 1.28 1.29

Markovnikov Anti-Markovnikov

ligand 1.30: ratio 20:80
ligand 1.31: ratio 86:14
OH OH

1.30 1.31
Late-transition metals have also been used for intermolecular alkyne hydroamination.
Using a variety of anilines with a gold catalyst and acid promoter under solvent-free
conditions, aliphatic and aromatic terminal alkynes produced the corresponding ketimine
while internal alkynes required longer reaction times but still reacted successfully

(Equation 1.11)."

(PhsP)AuCHg (0.2 mol%)

PhNH H3PW12040 (1 mol%) N’Ph
- — +
n-hex———H 2 70°C. 3 h )j\ 1.11
96% n-hex
1.20 1.25 ° 1.32

Another solvent-free reaction system used a silver tungstophosphoric acid (TPA) catalyst
for the hydroamination of both aliphatic and aromatic alkynes with aniline derivatives.'*

Only the Markovnikov ketimine products were observed for terminal alkyne reactions

'3 Mizushima, E.; Hayashi, T.; Tanaka, M. Org. Lett. 2003, 5, 3349
14 Lingaiah, N.; Seshu Babu, N.; Mohan Reddy, K.; Sai Prasad, P.S.; Suryanarayana, I.
Chem. Commun. 2007, 278
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(Equation 1.12). The hydroamination of internal alkynes afforded lower yields of the

corresponding imine.

AgTPA (10mol%) PN~y

Ph——H + PhNH, 5 > 1.12
70°C, 2 h Ph/U\

112 1.25 95% 1.33

Intramolecular hydroamination of alkynes via metal catalysis has generated both five-

15,16

and six-membered heterocycles in excellent yields. Both titanium ™ and late transition-

17,18

metals’ " ° can be employed (Equation 1.13 through Equation 1.17) to obtain both five-

and six-membered rings.

V4 1) Cp,TiMe, (5 mol %)
PhMe, 110 °C 6 h m
NH 2) NaBH,CN,

2 ZnClyEt,0, THF
rt, 20 h, 83%

TiMey4 (5 mol %)
R HoN CeDs, rt
/\(_7 1.14
\J quantitative
1.36 R=H,41h  137a
R= Ph, 30 min 1.37b

NHR  Pd(PPha), (5 mol %)
PhCO,H (10 mol%)
% dioxane, 100 °C th
15-20 h

=Ts 1.38a 1.39a R=Ts, 82%
=Bn 1.38b 1.39b R=Bn, 70%

R
R

!> Bytschkov, L; Doye, S. Tetrahedron Lett. 2002, 43, 3715

16 Ackermann, L.; Bergman, R.G. Org. Lett. 2002, 4, 1475

'7 Kadota, L; Shibuya, A.; Lutete, L.M.; Yamamoto. Y. J. Org. Chem. 1999, 64, 4570
18 Carney, J.M; Donoghue, P.J.; Wuest, W.M.; Wiest, O.; Helquist, P. Org. Lett. 2008,
10, 3903



RHN Pd(PPhy), (5 mol %)

R
PhCO,H (10 mol%) Ph._~_N
Ph “ dioxane, 100 °C, \/U 1.16
A 15-20 h, 81%

R=Ts 1.40a 141a R=Ts, 0%
R=Bn 1.40b 1.41b R=Bn, 81%
HoN Ag(phen)OTf N
Ph \\ (10 mol %) Ph 4 1,17
CD3CN, 70 °C )In
n
n=1 1.42a 1.43a n=1,95%
n=2 1.42b 1.43b n=2,77%

1.2.3.2 Alkene Hydroamination

The intermolecular hydroamination of alkenes is still restricted to activated or biased
substrates including styrenes,'” dienes,”® norbornenes, and methylenecyclopropane

(Equation 1.18 and Equation 1.19);*' only a few examples exist with unactivated alkenes

like cyclooctene (Equation 1.20).7*%

(Xantphos)Pd(n3-
ally)OTf (2 mol %)
N /@ TFOH (10 mol%) HN
+ —T
H2N dioxane, 100 °C, ©/K OH 1.18

OH 24 h, 80%
1.9 1.44 1.45

19 Johns, A.M.; Utsunomiya, M.; Incarvito, C.D.; Hartwig, J.F. J. Am. Chem. Soc. 2006,

128, 1828
20 Qin, H.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2006, 28,

1611

21 Smolensky, E.; Kapon, M.; Eisen, M.S. Organometallics 2007, 26, 4510

22 Zhang, J.; Yang, C-G.; He, C. J. Am. Chem. Soc. 2006, 128, 1798

23 (a) Li, Z.; Zhang, J.; Brouwer, C.; Yang, C-G.; Reich, N.W.; He. C. Org. Lett. 2006, &,
4175 (b) Schlummer, B.; Hartwig, J.F. Org. Lett. 2002, 4, 1471
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BI(OTf)3 (1 0 mol °/o)
O  (CHsCN),CuPFg (10 moi%) i‘)
s~ + N dppe (4mal%) o=\

1.19
HN O dioxane,50 °C,
\/ 18 h, 94% /K/\
1.46 1.47 1.48
Ph Tt
a0
+  HoN-Ts - 1.20
PhMe, 85 °C,
20 h, 90%
1.49 1.50 1.51

There are numerous cases of intramolecular hydroamination of alkenes to form five- but
not six- membered rings.”* The following examples \(Equation 1.21 through Equation

1.24) illustrate examples of intramolecular alkene hydroamination to form piperidines via

metal catalysis.>>>**7%*

N(TMS),
i-Pr ‘ i-Pr

o

1.53
5 mol%
NH, ( )7~ NH 1.21
60°C, 18 h

X 95% conversion
1.52 1.54

MGZSi(nS-Me4Cs)(t-
BuN)M(NMe,), Ph

ph Ph CBDB! 100 OC N
=95% conversion (M= Thor U) H
1.55 1.56

24 Lebrun, M.-E.; Pfeiffer, J.Y.; Beauchemin, A.M. Synlett 2009, 1087 and references
cited therein

2> Kim, J.Y.; Livinghouse, T. Org. Lett, 2005, 7, 4391

26 Stubbert, B.D.; Marks, T.J. J. Am. Chem. Soc. 2007, 129, 4253

27 Knight, P.D.; Munslow, 1.; O’Shaughnessy, P.N.; Scott, P. Chem. Commun. 2004, 894
8 Liu, Z.; Hartwig, J.F. J. Am. Chem. Soc. 2008, 130, 1570
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O t-Bu
\
1.59 (10 mol%) N
~ />M )(j\ \O;-Zr/\ Ph 123
CeDsBr, 100 °C, 3 h N N— ¢
=99% conversion | /
1.57 82% ee 1.58 t-Bu

PCy2

aSol

Me:N  (3mol%)  pp

Rh(cod)BF, (2.5 mol%
BnHN” X "N (cod)BF (2.5 mol%) Ph)(j\ 1.24
N

Iz

Ph Ph dioxane, 70°C, 6 h
86% vyield Bn
1.60 1.62

Interestingly, Equation 1.21 demonstrates the selective hydroamination of a terminal
olefin instead a trisubstituted one, forming a piperidine over a pyrrolidine.”” Additionally,
terminal and disubstituted olefins can be cyclized with thallium or uranium catalysis to
produce the six-membered ring (Equation 1.22).%® Conditions for this transformation
must be stringently free of water or oxygen. Rhodium was also used to catalyze the
intramolecular hydroamination of internal and un-activated terminal olefins (Equation
1.24).%®

Such recent developments, especially with late transition metals, highlight that the scope
of intramolecular alkene hydroamination is gradually expanding to encompass reactions
forming larger ring systems, to allow the use of various nitrogen precursors (primary and
secondary amines, protected derivatives), and to allow reactions with more substituted

alkenes. None of the methods, however, reported in the literature is broadly applicable,

12



and substrates biased with the Thorpe-Ingold effect are often encountered for difficult

reactions.

1.2.3.3 Allene Hydroamination

The intramolecular hydroamination of allenes has been widely explored in the literature™
3" and we will discuss a select few of those examples in this section.

Yamamoto’s group’' described a facile intramolecular hydroamination of allenes
containing an amine or sulfonyl amine at the end of the carbon chain via a palladium
catalysis. Both piperidine (Equation 1.25) and pyrrolidine (Equation 1.26) products were
formed in high yields but only limited substrates could be used in the reaction.

5 mol % [(n3-C3Hs)PdCl,),
10 mol % dppf

A e Ua s AcOH ﬁ
= ﬁ > X 125
70°C, 4-10 h, THF

R=Ts 1.63a R=Ts 1.64a 41%
Tf 1.63b Tf 1.64b 58%

5 mol % [(n®-C3Hs)PdCls)],
10 mol % dppf
X AcOH

SN - N 1.26
N Y
H 70 °C, 2-10 h, THF
R= Ts 1.65a R= Ts 1.66a 80%
Tf 1.65b Tf 1.66b 90%

2 For some recent examples see: (a) Voltz, F.; Krause, N. Org. Biomol. Chem. 2007, 5,
1519 (b) Zhang, Z.; Bender, C.F. Widenhoefer, R.A. Org. Lert. 2007, 9, 2887 (c)
LaLonde, R.L., Sherry, B.D.; Kang, E.J.; Toste, F.D. J. Am. Chem. Soc. 2007, 129, 2452
(d) Morita, N.; Krause, N. Eur. J. Org. Chem. 2006, 4634 (e) Patil, N.; Lutete, L.M_;
Nishina, N.; Yamamoto, Y. Tetrahedron Lett. 2006, 47, 4749 (f) Lee, P.H.; Kim, H.; Lee,
K.; Kim, M.; Noh, K.; Kim, H.; Seomoon, D. Angew. Chem. Int. Ed. 2005, 44, 1840 (g)
Morita, N.; Krause, N. Org. Lett. 2004, 6, 4121 (h) Hong, S.; Kawaoka, A.M.; Marks,
T.J.J. Am. Chem. Soc. 2003, 125, 15878

3% Use in natural product synthesis (a) Ha, J.D.; Lee, D.; Cha. J.K. J. Org. Chem. 1997,
62, 4550 (b) Ha, J.D.; Cha, J.K. J. Am. Chem. Soc. 1999, 121, 10012

31 Meguro, M.; Yamamoto, Y. Tetrahedron Lett. 1998, 39, 5421
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The Bergman group examined group 4 catalysts in the intramolecular hydroamination of
alkynes and allenes.’” By varying the metal and ligand set, the regioselectivity and
reactivity of the cyclizations could be affected. This is different from silver, mercury, and

3133 and lanthanide

palladium-based catalysts which produce allylamines via path a,
catalysts which give mixtures of the two regioisomers via both pathways (Equation 1.27).

3 Titanium and zirconium bis(sulfamido) complexes were examined by Bergman to

catalyze the intramolecular hydroamination of allenes (Equation 1.28).

2T
s}
oY)
}
o

N1.68 1.67 1.69
JAr
Cp, N
Tig
HN"py
Ar 1.71 H
5 mol% 1.71 Ny-Me N
1.70 CeDs 1.72 1.73

32 Ackermann, L.; Bergman, R.G.; Loy, RN. J. Am. Chem. Soc. 2003, 125, 11956

33 (a) Al-Masum, M.; Yamamoto, Y. Tetrahedron Lett. 1997, 38, 6071 (b) Fox, D.N.A.;
Gallagher, T. Tetrahedron Lett. 1990, 46, 4697 (c) Kinsman, R.; Lathbury, D.; Vernon,
P.; Gallagher, T. J. Chem. Soc, Chem. Commun. 1987, 243 (d) Arseniyadis, S.; Gore, J.
Tetrahedron Lett. 1983, 24, 3997

% (a) Arredondo, V.M.; McDonald, F.E.; Marks, T.J. J. Am. Chem. Soc. 1998, 120, 4871
(b) Arredondo, V.M.; Tian, S.; McDonald, F.E.; Marks, T.J. J. Am. Chem. Soc. 1999,
121, 3633 (c) Arredondo, V.M.; McDonald, F.E.; Marks, T.J. Organomettalics 1999, 18,
1949.
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In an attempt to deviate from palladium-catalysis and the high reaction temperatures
needed, the Yamamoto group explored the intramolecular cyclization of aminoallenes via
gold catalysis.>*® Reaction optimization lead to the selection of AuCl as the catalyst due
to its air stability compared to AuCl; and AuBr; which gave similar results. The amines
were protected with tosyl, benzyl, benzyloxycarbonyl, and ethoxylcarbonyl groups but
the free amine, nor strong electron withdrawing groups were not tolerated. This was
explained by the effect of the amine on the Lewis acidity of the catalyst. Both
pyrrolidines and piperidines could be formed but required protection of the amine, as

previously stated (Equation 1.29 and Equation 1.30).

N\
. ° R
C\ \—CgH,, 175 mol % AuCl (_N)/\/CSH” 20
NHR THF, rt
R=Ts, COOEt, Cbz,Bn  3-24h
1.74 1.75

R
C\\ CuH.. 1Mol % AuCl N Ot 1 50
NHR =

THF, rt
R=Ts, Cbz 24 h
1.76

1.77

The intermolecular hydroamination of allenes, which can procure both allylic amines and
imines, has been much less explored in comparison to alkenes and alkynes so we will
study a few of the examples in the literature in more detail. Cazes originally presented

work in which amines were added to allenes via palladium catalysis in the presence of

triethylammonium iodide.”> A mixture of allylic amines and bisallylic amines were

35 Besson, L.; Gore, J.; Cazes, B. Tetrahedron Lett. 1995, 36, 3857
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obtained with certain substrates and 1,3-disubstituted allenes showed no reactivity

(Equation 1.31).

Pd(dba), (5 mol%)

PPhg (10 mol%) NEt,
Et;NHI (20 mol%)
= Et., _Et 3 Ph_ =
Ph\%./ + N > R\/\/NEtz + I 1.31
H THF, 60 °C
1.78 1.79 ’ 1.80 1.81 Ph

Yamamoto and co-workers expanded on Cazes’ conditions and described an

intermolecular hydroamination system of mono-substituted allenes with protected amines

via palladium catalysis (Equation 1.32).>** Higher reactivity was observed for benzyl

allenes regardless of the electronics at the para position of the phenyl ring. Some

diamination was observed when the tosylamine group was used but by employing

different protected amines, this method can be used to access various allyl amines.
Pd,(dba)3 CHCl3 (5 mol%)

dppf (12 mol%)

Ph\é'é " Bn\N,Bn CH3COOH - Ph\/\/Nan

H
1.78 1.82 THF, 80 °C 1.83

1.32

The Bergman group demonstrated the catalytic activity of group 4 metals towards the
hydroamination of alkynes and allenes.’® The group expanded their chemistry from
bis(cyclopentadienyl)zirconium catalysts to titantum-based imido complexes.’” Cp,TiMe,
catalyzed the hydroamination of 1,2-propadiene in good yields, where aryl and
alkylamines, in addition to hydrazines were tolerated. Another titanium complex was able
to catalyze allene hydroamination at lower temperature and was capable of performing

reactions with substituted allenes including 1-phenyl-1,2-propadiene, 1,2-nonadiene, and

36 Walsh, P.J.; Baranger, A.M.; Bergman, R.G. J. Am. Chem. Soc. 1992, 114, 1708
37 Johnson, J.S.; Bergman, R.G. J. Am. Chem. Soc. 2001, 123, 2923
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1,2-cyclononadiene. The only amine reported for this reactivity was 2,6-dimethylaniline

(Equation 1.33).

Me Cp(ArNH)(py) Ti=NAr
Ph. & + NH; (7-10 mol%) N~ CeHaMez
~ C7Ds 90°C  pn M 1.33
Me 96%
1.78 1.84 1.85

8
363 Bergman

In an effort to explore analogues of group 4 metal hydroamination catalysts,
and co-workers also examined cationic group 5 imido compounds.®® These complexes are
isoelectronic to the group 4 catalysts and the greater polarity in the metal-nitrogen bond
was proposed to increase the catalytic activity. The bulk of the research focused on the
synthesis of neutral and cationic imidotantalum complexes and their relevance towards
the hydroamination of alkynes but the researchers extended their scope to the addition of
aniline to allenes and olefins. While one catalyst did not show any activity, a second
catalyst examined did indeed catalyze the hydroamination of two allenes. The reactivity

of 2,6-dimethylaniline with 1,2-propadiene, as well as that of aniline with 1,2-

cyclononadiene, was observed (Equation 1.34).

op g NOMeg | DG
kPh /@
G_ © 1.87 (5 mol%) o N
- D ’ CeD<Cl, 135 °C | 1.34
NH; >95%
1.86 1.25 1.88

38 Sweeney, Z.K.; Salsman, J.L.; Andersen, R.A.; Bergman, R.G. Angew. Chem. Int. Ed.
2000, 39, 2339
39 Anderson, L.L.; Arnold, J.; Bergman, R.G. Org. Lett. 2004, 6, 2519
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The Schafer group employed a titanium catalyst in the hydroamination of alkynes* and
noticed its ability to catalyze the intramolecular hydroamination of aminoallenes. In order
to demonstrate the utility of their complex they revealed the use of a bis(amidate)-
bis(amido) titanium complex as a precatalyst for the intermolecular hydroamination of
allenes (Equation 1.35).*' Arylamines underwent the hydroamination reaction at a lower
temperature than alkylamines and also required lower precatalyst loading. Unfortunately,

1,1-disubstituted allenes were not reactive under the reaction conditions.

YEN;Y
Oz
o “NEt,

2

e 5-10 mol % 1.89
P + BnNH, S PTY s
CgDsBr or C;Dg NBn

1.78 1.27 85-120 °C 1.90

Hydroamination of allenes via gold catalysis has been previously reported®**** in the
literature and a few of the synthetic techniques will be discussed. Yamamoto and co-
workers reported a gold(Ill)-catalyzed intermolecular hydroamination of allenes with

arylamines to give the allylic amines.*”® The diversity of the arylamine scope was

40 Zhang, Z.; Schafer, L.L. Org. Lert. 2003, 5, 4733

4 Ayinla, R.O.; Schafer, L.L. Inorg. Chim. Acta 2006, 359, 3097

“2 For recent examples see: (a) Kinder, R.E.; Zhang, Z.; Widenhoefer, R.A. Org. Lett.
2008, /0, 3157 (b) Zhang, Z.; Bender, C.F.; Widenhoefer, R.A. Org. Lett. 2007, 9, 2887
(¢) Zhang, Z.; Liu, C.; Kinder, R.E.; Han, X.; Qian, H.; Widenhoefer, R. A.J. Am. Chem.
Soc. 2006, 128, 9066 (d) Nishina, N.; Yamamoto, Y. Angew. Chem. Int. Ed. 2006, 45,
3314 (e) Krause, N.; Morita, N.; Org. Lett. 2004, 6, 4121
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severely limited. They also demonstrated that the axial chirality of the allenes could be
transferred to the products with high ee values (Equation 1.36). Monosubstituted aryl-
and alkyl allenes reacted well under the reaction conditions but sterically bulky allenes
did not prove to be suitable substrates. 1,3-disubstituted allenes gave good yields but not
1,1-disubstituted substrates. Allenes containing an olefin moiety further down the carbon
chain also reacted well which can possibly be explained by the mt-bond coordinating to

the gold species, bringing the two reactants in closer proximity.

H>___ H HAN AuBr; (10 mol%) NHPh
o=+ HoN. 1.36
h
PH e P THF, 30 °C Ph/\)\Me
1.91 1.25 1.92
68% yield
88% ee

Yamamoto and Nishina also reported a gold-catalyzed intermolecular hydroamination of
allenes with the aliphatic amine morpholine.*® Control of the steric environment around
the gold centre with appropriate phosphine ligands appeared necessary for the aliphatic
hydroamination to occur but the desired reactivity was achieved with CIAuPPhy(o-tolyl)
(Equation 1.37). Aryl allenes gave good yields, followed by aliphatic allenes with
moderate ones. Sterically bulky allenes were not good substrates but 1,3-disubstituted
allenes showed comparable reactivity to monosubstituted allenes, along with decent
regioselectivity (Equation 1.38). 1,1-Disubstituted allenes gave inseparable

stereoisomeric mixtures of product in low yield.

H CIAuPPhy(c-tolyl) (10 mol%)
AgOTf (10 mol%) ‘/\o

Fo: N
+ -
Ph [oj PhMe, 80°C  Phu~N_J 137

1.78 1.93 1.94

* Nishina, N.; Yamamoto, Y. Synlert 2007, 1767
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Me
H CIAuPPhy(o-tolyl) (10 mol%) F’h/\)\N/\ 74%

/z.___/lvle . [N] AgOT (10 mol%) 1.96 K/O
Ph o PhMe, 80 °C, 36 h + 1.38
Ph

1.95 1.93
Me/\)\N/\ 14%
1.97 K/O

Most recently, the Widenhoefer group described a regio- and stereoselective gold-
catalyzed procedure for the intermolecular hydroamination of allenes with N-substituted
carbamates (Equation 1.39).* Examples of a 1,1-disubstituted allene, a trisubstituted
substrate, and a tetrasubstituted allene reacted under the conditions to afford the tertiary

allylic N-carbamate in modest yield.

-Pr i-Pr
1.100

1.100 AuCli (5 mol%)
AgOTT (5 mol%) Me NHCO,;Me

Me Me
>:.:< + MeOZC"NHz Me 1.39
Me Me

dioxane, rt, Me Me
24 h, 61%
1.98 1.99 1.101

In summary, general shortcomings of metal-catalyzed hydroamination of alkynes,
alkenes and allenes are limited substrate scope, air sensitivity, costs associated with metal
and ligands, toxicity, functional group tolerance, required conjugation, or altering the
electronics of the nitrogen. Recent progress has been made on expanding the scope,
regioselectivity, and even enantioselectivity of the hydroamination reactions yet despite
this growth, more has to be achieved to make this a broadly applicable method. The inter-

and intra- molecular hydroamination of alkynes has been significantly more developed

* Kinder, R.E.; Zhang, A.; Widenhoefer, R.A. Org. Lert. 2008, 10, 3157
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than similar reactivity in alkenes where the relative difficulty of forming six-membered
rings over five needs to be addressed. Additionally, more work has to be done to develop

this technique into a more economically, environmentally, and atom friendly route.

1.3 A different strategy: Cope-type hydroamination

The three hydroamination projects reported in this thesis (Chapters 2 and 3) use a simple,
metal-free method. This strategy that has shown increasing potential is the reverse Cope
elimination, from hereon in referred to as Cope-type hydroamination. The reactivity and
limitations of this method will be discussed later in the chapter but first its general

features will be considered.

1.3.1 Cope-type hydroamination: Mechanism and general features

Cope-type hydroamination forms a new carbon-nitrogen and carbon-hydrogen bond
across a carbon-carbon multiple bond using a bi-functional reagent, such as
hydroxylamine or hydrazine (Equation 1.40). This conceptually different and general
approach can be applied to alkenes and alkynes.**® The concerted mechanism
characteristic of the reaction allows for a high degree of predictability and renders it
conceptually different from the other methods in the literature (Equation 1.41). The
concerted addition between the hydroxylamine and the m-bond produces an N-oxide
intermediate. A proton transfer, if possible, follows this step yielding a neutral

hydroamination product.

* (a) Ciganek, E. J. Org. Chem. 1995, 60, 5803 (b) Ciganek, E.; Read, Jr., J. M.;
Calabrese, J. C. J. Org. Chem. 1995, 60, 5795 (c) Oppolzer, W.; Spivey, A. C.; Bochet,
C.G.J Am. Chem. Soc. 1994, 116, 3139 (d) Ciganek, E. J. Org. Chem. 1990, 55, 3007
(e) House, H. O.; Lee, L. F. J. Org. Chem. 1976, 41, 863 (f) House, H. O.; Manning, D.
T. ; Melillo, D. G.; Lee, L. F.; Haynes, O. R.; Wilkes, B. E. J. Org. Chem. 1976, 41, 855
4 For a review, see: Cooper, N. J.; Knight, D. W. Tetrahedron 2004, 60, 243
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Rs
R Cope-type hydroamination R.—N 'O@
—_— o2 ) 1.40

Z R, Ry “OH ———— .
.. e Cope elimination R, H
¥ t
RS R3 /\ 3
H_N’O\) H—N’o H\ /O@ H\ /O@ R\ /OH
9H T pa @ NG 1.41
\>'\\~ ‘,>\\J ’ ‘E\/ H R 2 H 17
R ! R 1 R1 ~ R N
Hydroamination Proton Transfer

The reversible nature of this reaction has been known for over twenty five years*’ but its
exact mechanistic pathway has been debated. In 1976, House and co-workers initially
proposed a radical mechanism** but the concerted process has now been proven and
accepted."s‘j"48

The synthetic utility of Cope-type hydroamination is currently limited to intramolecular
reactivity. Specifically, Figure 1.4 can summarize its general features in the
hydroamination of un-activated alkenes.*® Firstly, it is more effective at forming five-
membered rings and the instances of six-membered ring formation in the literature are
scarce. Additionally, hydroamination of primary hydroxylamines require elevated
temperatures but the more stable secondary hydroxylamines are more reactive (Equation
1.42). Thus secondary hydroxylamines are preferred for increased substrate reactivity but
nitrogen substitution limits the substrate scope as less stable N-oxide products are

produced (Equation 1.43). Furthermore, intramolecular Cope-type hydroamination is

significantly activated by steric compression, otherwise known as the Thorpe-Ingold

47 (a) Oppolzer, W.; Siles, S.; Snowden, R. L.; Bakker, B. H.; Petrzilka, M. Tetrahedron
Lett. 1979, 20, 4391 (b) Laughlin, R. G. J. Am. Chem. Soc. 1973, 95, 3295

8 (a) Oppolzer, W. Gazz. Chim. Ital. 1995, 125, 207 (b) Ciganek, E. J. Org. Chem. 1995,
60, 5803 (c) Ciganek, E.; Calabrese, J.C. J. Org. Chem. 1995, 60, 5795 (d) Oppolzer, W.;
Spivey, A.C.; Bochet, C.G. J. Am. Chem. Soc. 1994, 116, 3139 (e) Black, D. St. C.;
Doyle, J. E. Aust. J. Chem. 1978, 31, 2317.
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effect. The main restriction of Cope-type intramolecular hydroamination, arguably, is the

9 . . .
62649 eliminating a site for further

exclusion of any substituent on the terminal alkene,
synthesis. There are no examples, to our knowledge, of piperidine formation by
cyclization onto a distally substituted alkene, but there are a few examples where

pyrrolidines or morpholine N-oxides are formed (Equation 1.44 and Equation

1 .45).24,45b,50

significantly activated by Reactivily vs. ring size:
Thorpe-ingold effect ~-._ e 5-membered = facile
= R'\ =" 6-membered = difficult
X — 7-membered = very difficult
_ . MNoo-n R~
Best if R = Me, e “significantly slowed by

R = H: much slower substituents

Figure 1.4: General Trends of Intramolecular Alkene Cope-Type Hydroaminations

Nitrogen substitution:

L e O,
N - - N 1.42

145°C

H/ \OH 6H
1.102 1.103
o\ St O\ 1.43
N, S 61°C N®

Me OH Me OO
1.104 1.105

¥ K omeyama, K.; Morimoto, T.; Takaki, K. Angew. Chem. Int. Ed. 2006, 45, 2938
%% (a) Henry, N.; O’Neil, L.A. Tetrahedron Lett. 2007, 48, 1691 (b) O’Neil, 1.A.; Cleator,
E.; Ramos, V.E.; Chorlton, A.P.; Tapolczay, D.J. Tetrahedron Lett. 2004, 45, 3655
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Distal alkene substituents:

Ph Ph
Ph CH,Cly, 20°C Phh\/
N == 16 h NG 1.44
Me OH Me 0O
1.106 1.107
Ph Ph
Ph
Ph CH,Cly, 20°C
N o 18 days NG 1.45
Me OH Me OO
1.108 1.109

The intramolecular Cope-type hydroamination of alkynes, on the other hand, strongly
favours the six-membered ring formation over that of the five-membered ring (Equation
1.46). Similarly to the olefin cyclization, the reactivity of a terminal alkyne is much
greater than that of a disubstituted one. Consequently, a theoretically useful way to access
piperidines could be via the hydroamination of an alkyne followed by reduction of the

double bond to give the saturated six-membered ring.

Y _CHCl AP 1.46
on ) 20°c R 4
Z Z
1.110 1.111

The few examples of Cope-type hydroamination with allene substrates in the litereature

all react with an internal hydroxylamine and form 3,6-dihydro-1,2-oxazine products.”

>l (a) Schade, W.; Reissig, H.-U. Synlert 1999, 632 (b) Dumez, E.; Faure, R.; Dulcére, J.-
P. Eur. J. Org. Chem. 2001, 2577 (c) Dumez, E.; Dulcére, J.-P. Chem. Commun. 1998,
479
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Dumez and Dulcére reported the reduction of nitrocompound 1.112 to its hydroxylamine

equivalent and then its cyclization upon standing at room temperature (Equation 1.47).%%

HO
Me, NOZ 7 Smi, (4 equiv) Me ;NH 4 M'jaN’-
Me\z_f THF, +BuOH Me : rt, 6 hto15 days Me. )
H"" N 15 min, 60-65% H' g 62%-92% H
1.112 1.113

1.3.2 Cope-type hydroamination in total synthesis

Due to the restrictions listed above, the published methods for intramolecular Cope-type
hydroamination of six-membered rings form mainly a-methyl piperidine N-oxides and
other amine oxides that cripple its applicability in the pharmaceutical industry. The
potential of this method, however, has been demonstrated in the few alkaloid syntheses
that do indeed use intramolecular Cope-type hydroamination as a key step (Equation 1.48

through Equation 1.51). #¢4¢?

o) ’ mesitylene

<o HO 140°C, 17 h
H 83%

)-lycorane
1.117

CeHs

80°C,70h
93%

HO (+)-trianthine
1.119 1.120

52 Davison, E.C.; Holmes, A.B.; Forbes, 1.T. Tetrahedron Lett. 1995, 36, 9047
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CeHe

80°C,14h
91%
diastereomer of trianthine
1.123
R
x PhMe
HN reflux, 9h RAY B
) 71-76% )
OH 8 x>
1.124 1.125 1.126 (+)-euphococcinine; R=H

1.127 (x)-adaline; R = Bu

Oppolzer and co-workers accomplished the total synthesis of (+)-a-lycorane and (+)-
trianthine and its diastereomer through intramolecular hydroamination of trisubstituted
olefins forming the required pyrollidine rings.* Holmes and co-workers synthesized ()-
euphococcinine and (%)-adaline via the intermolecular hydroamination of terminal and
disubstituted alkynes. The resulting nitrones were reacted in situ with the internal
olefin’> These examples demonstrate the synthetic potential of Cope-type
hydroamination to make alkaloids along with the possibility of inducing stereoselectivity

with alkenes.

1.3.3 Known reactivity in intermolecular Cope-type hydroamination

In contrast to intramolecular Cope-type hydroamination, instances of intermolecular
reactions are scarce. Niu and Zhao reported the 1,4-addition of N-methyl- and N-
benzylhydroxylamine to o,f—unsaturated esters via a concerted mechanism (Equation
1.52),> but the literature is void of synthetically useful intermolecular examples using

unbiased olefins.

53 Niu, D.; Zhao, K. J. Am. Chem. Soc. 1999, 121, 2456
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Os_OBn Me (\)\\ Ye
Me EtOH, 100 °C
Me N- /N_O
Bn’ OH Bn
1.128 1.129 1.130
In a 1973 report by Laughlin, Cope-type hydroamination may have transpired, although
multiple complex side-reactions occurred as well (Equation 1.53). *’° The side-products

stemming from secondary reactions with the nitrone, and the attainment of all the

possible hydroamination products render this transformation inefficient.

Me,NOH NMe, NMe

\/ﬁ
A
1.131 1.132 1.133 1.134 1.
Nitrones can also be obtained from the intermolecular hydroamination of alkynes but
only aryl acetylenes were tolerated under conditions developed by Padwa and Wong

(Equation 1.54).>* The products without pendant dipolarophiles were isolated in low

yields due to their instability but others could be trapped with an intramolecular [3+2]

cycloaddition.
P MeNHOH-HCI, Me £.00
= NaOH aq. N side-products
+ derived from [3+2]
CgHe, A, reactions 1.54
21h 69%
1.12 1.136

1.3.4 Progress by the Beauchemin group

54 padwa, A.; Wong, S. K. J. Org. Chem. 1986, 51,3125
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In order to fill the large gaps in the literature, the Beauchemin group started investigating
ways to improve intermolecular Cope-type hydroaminations. Upon experimentation we
discovered mild, metal-free conditions whereupon heating aqueous hydroxylamine with
alkenes (Equation 1.55) and alkynes (Equation 1.56) afforded the intermolecular

hydroamination products.”

H H. _OH
H—N’Q1'137 NH,OH aq. \N/ ' 55
PN H i-PrOH, A R}\,H
1.138 1.139
H 1137
N ) OH
H—N’O\ NH,OH aq. N~
: , 1.56
Ri~s H  dioxane Zr -PrOH R1)J\
S
1.140 1.141

Preliminary reactions with alkenes used norbonene as the exploratory substrate since the
molecular strain could offer extra reactivity. The release of strain could also provide more
favourable thermodynamics as intermolecular alkene hydroaminations are typically
nearly thermoneutral.” After considerable optimization, the quantitative conversion of
norbornene was observed and the conditions were applied successfully to other strained
alkenes as well as styrene.

The intermolecular hydroamination of alkynes predominantly yielded the Markovnikov
ketoxime products under the optimized reaction conditions. Steric and electronic
variations on the aromatic ring of the acetylene substituent were tolerated as well as

internal alkyne substrates and those with alkyl chains.

55 Beauchemin, A.M.; Moran, J.; Lebrun, M.-E.; Séguin, C.; Zhang, L.; Gorelsky, S.1.
Angew. Chem. Int. Ed. 2008, 47, 1410
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To account for the experimental results and the improved reactivity observed using
alcoholic solvents, density functional theory (DFT) computations were performed for two
proton transfer pathways in both systems. The calculations suggested the relative ease of
a bimolecular transfer step over a unimolecular transformation (Figure 1.5) and this
explains the successful results obtained when propanol was used as solvent. A protic
species like water or alcohol can mediate the proton transfer step, pushing the reaction is
a forward direction towards the more stable hydroxylamine or oxime products and
prevent the Cope-elimination from occurring on the amine oxide intermediate.

R ¥
H H O-H
- v & H, _OH
H-N-Q H-N-Q M2 OC Y 00 g
3 . H™ | N®

N
> & S L(:D H H /\\*/H
R? R°S Ri°Y S H R!

R1
5 kcal/mol

20 kcal/mol

Figure 1.5: Bimolecular versus unimolecular proton transfer step

Further studies in the intermolecular hydroamination of alkenes with N-
alkylhydroxylamines further validated the suggestion that alcoholic solvents enabled the
desirable reaction (Equation 1.57). % As assorted side reactions were observed,’” various
additives were investigated and sodium cyanoborohydride was revealed to partially

inhibit the decomposition pathways. Using the optimized reaction conditions a variety of

56 Moran, J.; Gorelsky, S.1.; Dimitrijevic, M.-E.; Bédard, A.-C; Séguin, C.; Beauchemin,
AM. J. Am. Chem. Soc. 2008, 130, 17893

57 Horiyama, S.; Suwa, K.; Yamaki, M.; Kataoka, H.; Katagi, T.; Takayama, M.
Takeuchi, T. Chem. Pharm. Bull. 2002, 50, 996
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N-alkylhydroxylamines were reacted successfully with norbornene to prepare the

hydroxylamine products. Vinylarenes also reacted well with N-benzylhydroxylamine.

2 2

RZ 1142 RNHOH, gz oy
H_N’O\ m N 157

e L .
= H n-PrOH, A 1/\/H
R 1.138 R
1.143
20 examples

up to 90% vyield

The work of this thesis continued to build on the research previously done in the
Beauchemin lab. In view of the fact that the group had expanded the scope of
intermolecular Cope-type hydroamination of alkenes, sights were set on developing
useful challenging intramolecular variations, specifically to form six-membered rings.
Thus the synthesis (£)-pumiliotoxin C was selected as one of the targets pursued using
the aforementioned strategy as its key step. This work will be discussed in Chapter 2.

Additionally, investigations were also made into the intermolecular Cope-type
hydroamination of allenes and alkynes to form ketonitrones. This research initiated
improvements in Schiff base chemistry generating the same class of compounds. This

work will be presented in Chapter 3.
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2 The Synthesis of 2-epi-Pumiliotoxin C Via a Key
Intramolecular Cope-Type Hydroamination of an
Alkene®®

2.1 Pumiliotoxin C as a useful target to develop intramolecular
hydroamination reactivity

To date, the use of hydroamination in the total synthesis of molecules containing
saturated six-membered rings is uncommon, within which only terminal alkenes have
been utilized as substrates. This void, which limits product formation to piperidine rings
with an a-methyl substituent, can be attributed to one of the major drawbacks of the
hydroamination methodology: the diminished reactivity of substituted alkenes. There are
only a few examples in hydroamination literature where non-terminal olefins are used

(Equation 2.1 through Equation 2.4), 2>4%%

Lanthanides catalysis:

{CGC)YBCH(TMS), (5 mol%)
J(\k/ Benzene-dg A(j\/
2.1
NHX 120°C, 25h

2 82% H
2.1 2.2
Acid catalysis: TIOH (20 mol%)
Toluene
o ST
NHTS 100°C, 4h N
51% TIs
2.3 24

>¥ Portions of this chapter have been published, see ref 24
%% Ryu, J.; Marks, T.J..; McDonald F.E.. Org. Lett. 2001, 3, 3091
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= TfOH (20 mol%)
Toluene (j\ 23

NHTs 100°C, 2h N Ph
83% Ts
2.6

Iron/acid catalysis:

~ FeCly®H,0 (10 mol%)
Ph DCE R 2.4

NHTs N Ph
80°C, 2h Ts
2.7 94% 2.8

Within the context of Cope-type hydroamination, the use of mono-substituted alkenes
restricts products to a-methyl piperidine N-oxides thereby limiting the applicability of the
methodology in the synthesis of more complex molecules. Furthermore, the increased
reactivity of N-methylhydroxylamines (Equation 2.5 and Equation 2.6) reduces the
instances of products with free nitrogen positions. This potentially general strategy of
heterocycle formation is currently suffering from extreme limitations that must be
overcome.
Generally, N-methylhydroxylamines (Equation 2.5) are the substrate of choice in Cope-
type hydroamination since aliphatic nitrogen substitution has been shown to increase the
rate of reactions. Refluxing solvent conditions are commonly exercised, such as in
chloroform, methanol or hydrocarbons. The reaction reported by House and Lee*™*
(Equation 2.6) is one of the few examples whereby a primary hydroxylamine is cyclized
to form a six-membered ring.
CHCl, 61 °C, t;5 2h
(Nj\ complete conversion G&g\ 2o
7 "OH 0
29 2.10
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(I 1) xylene, 145 °C, 1.5h
H’N‘OH\ 2) Zn, AcOH, Ac,0 - (Nj\ 2.6
70-80 °C, 9h
2.1 ~27% overall yield Oéz
The abovementioned restrictions nullify hydroamination’s potential to form a vast array
of natural or biologically active molecules, specifically those containing an aza-bicyclic
ring system or a substituent other than a methyl group at the a-position. In order to fill
the void in the literature, the Beauchemin group decided to investigate the reactivity of

Cope-type hydroamination by studying the total synthesis of pumiliotoxin C 2.13

(Equation 2.7).

2.7
H H H
2.13
(-)-pumiliotoxin C

Pumiliotoxin C was selected as a substrate due to the relative simplicity of its framework
and the comparative ease of accessing the key intermediate necessary to test the
intramolecular Cope-type hydroamination. Pumiliotoxin C, with its six-membered aza-
bicyclic ring system and lack of a fully-substituted nitrogen, has the characteristic traits
of a difficult Cope-type hydroamination. The cyclization performed can be used as a
testing ground for novel developments in the field of saturated heterocycle synthesis. If
this cyclization is achieved with a primary hydroxylamine it would set a strong precedent
in the field and the methodology can then be applied to the synthesis of other natural

products containing piperidine frameworks, such as sedamine 2.14 and pinidine 2.15

(Equation 2.8). These compounds would be excellent targets to which the intramolecular
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hydroamination technique could be applied as they contain two different substituents
adjacent to the nitrogen atomand would present exceptional opportunities to develop
more stereoselective hydroamination methods. Before delving into our retrosynthetic
strategy, an overview of previously reported syntheses of pumiliotoxin C will be briefly
discussed in Section 2.2. Of significance is the fact that none of these procedures took

advantage of a hydroamination step in its assembly.

W N
H
sedamine pinidine
2.14 2.15

2.2 Previous synthetic reports on pumiliotoxin C

Pumiliotoxin C is a physiologically active alkaloid found in Dendrobatidae neotropical
frog skin secretions,’® which reversibly blocks nicotinic acetylcholine receptors and ion
channels in the nervous system. Once in the blood stream, intense convulsions,
suffocation, fierce palpitations and, finally, cardiac arrest can follow. The frogs, more
commonly known as poison dart frogs, amass the alkaloid from ants in their diet and
approximately 250 frogs are required to isolate 15 mg of the toxin. Pumiliotoxin C has
been the target of synthetic efforts, both asymmetric and racemic, due to the difficulty of
its isolation from natural sources, its cis-fused decahydroquinoline skeleton, four

stereogenic centres, and interesting neurological properties.

% Daly, J.W.; Spande, T.F. in Alkaloids: Chemical and Biological Perspectives, ed. S.\W.
Pelletier, Wiley, New York, 1986; vol. 4, ch 1, pp. 1-274.
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Pumiliotoxin C was the first of more than thirty alkaloids in the 2,5-disubstituted
decahydroquinoline class to be identified by mass spectrometry in 1969.°" while
Oppolzer and Flaskamp revised the absolute configuration of the natural product in
1977.%% Syntheses between 1969 and 1976 have been previously reviewed® and in the
quarter century following that mark there were approximately fifty publications
synthesizing pumiliotoxin C, eleven of which used asymmetric routes.®* There are many
reported syntheses of pumiliotoxin C**%** and its stereoisomers using a variety of

approaches including electrochemical,’®® Haller-Bauer cleavage,”” aminocyclization

. 6 f’ . . Ln, . . H
reactions,””™®  cycloaddition reactions,”™™® [3-3]-sigmatropic  rearrangements,*

. . . 65
6k biomimetic approaches,”™ and Beckmann

Grignard reagent additions,
rearrangements.®>® The syntheses by means of Diels-Alder cycloadditions or Beckmann

rearrangements have been previously discussed in an earlier thesis in the Beauchemin

61 Daly, J. W.; Tokuyama, T.; Habermehl, G.; Karle, 1. L. Liebigs Ann. Chem. 1969, 729,
198

52 Oppolzer, W.; Flaskamp, E. Helv. Chem. Acta 1971, 60, 204

% Inubushi, Y.; Ibuka, T. Heterocycles, 1977, 8, 633

% Oppolzer, W.; Flaskamp, E.; Bieber, L.W. Helv. Chem. Acta 2001, 84, 141

% Pumiliotoxin C has been synthesized numerous times using a variety of routes. For
selected syntheses, see: (a) Mori, M. Heterocycles 2009, 78, 281 (b) Amat, M.; Griera,
R.; Fabregat, R.; Molins, E.; Bosch, J. Angew. Chem. Int. Ed. 2008, 47, 3348 (c) Lauzon,
S.; Tremblay, F.; Gagnon, D.; Godbout, C.; Chabot, C.; Mercier-Shanks, C.; Perreault,
S.; DeSeve, H. Spino, C. J. Org. Chem. 2008, 73, 6239 (d) Garrido, N.M.; Diez, D .;
Dominguez, S.H.; Garcia, M.; Sanchez, M.R.; Davies, S.G. Tetrahedron: Assymetry.
2006, 17,2183 (e) Girard, N.; Hurvois, J-P.; Moinet, C.; Toupet, L. Eur. J. Org. Chem.
2005, 2269 (f) Akashi, M.; Sato, Y.; Mori, M. J. Org. Chem. 2001, 66, 7873 (g) Riechers,
T.; Krebs, H. C.; Wartchow, R.; Habermehl, G. Eur. J. Org. Chem. 1998, 2641 (h) Back,
T. G.; Nakajima, K., Tetrahedron Lett. 1997, 38, 989 (1) Mehta, G.; Praveen, M. J. Org.
Chem. 1995, 60, 279 (j) Polniaszek, R. P.; Dillard, L. W. J. Org. Chem. 1992, 57, 4103
(k) Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1991, 32, 5697 (1) LeBel, N. A.;
Balasubramanian, N. J. Am. Chem. Soc. 1989, 111, 3363 (m) Bonin, M.; Besseliévre, R_;
Grierson, D. S.; Husson, H. P. Tetrahedron Lett. 1983, 24, 1493 (n) Overman, L. E.;
Jessup, P. ). J. Am. Chem. Soc. 1978, 100, 5179 (o) Oppolzer, W.; Fehr, C.; Warneke, J.
Helv. Chim. Acta 1977, 60, 48
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group” and therefore will not be expanded upon here. The synthetic pathways using a
biomimetic strategy (Section 2.2.1) or tandem process (Section 2.2.2) will be presented.
Of notable interest is the fact that although pumiliotoxin C has been synthesized
numerous times using a variety of creative methods, none have examined hydroamination
as a key step. As such, the Beauchemin group is the first to investigate this methodology
in the synthesis of the toxic alkaloid. The rest of the second chapter will discuss the new

reactivity encountered.

2.2.1 Synthesis via a Biomimetic Approach

Although little is known about the biosynthetic pathway of pumiliotoxin C and other 2,5-
disubstituted decahydroquinolines, some have hypothesized that they’re derived from the
polyketide route by the aminocyclization of polycarbonyl intermediates. In line with this
speculation, Amat, Bosch and co-workers approached the synthesis of (-)-pumiliotoxin C
2.13 in an enantioselective bio-mimetic fashion.®® The researchers used 1,5-
polycarbonyls, as corresponding synthetic equivalents to the proposed biogenetic
polyketide intermediates, and (R)-phenylglycinol 2.19 as a chiral source of ammonia in

their enantioselective aminocyclization (Scheme 2.1).
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Scheme 2.1: Biomimetic synthetic pathway towards (-)-pumiliotoxin C
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The polycarbonyl was prepared from 5-oxohexanoyl chloride 2.16, converted to the
tricyclic hydroquinolone lactam 2.20 via an intramolecular aldol condensation followed
by the cyclocondensation with (R)-phenylglycinol 2.19. The lactam carbonyl makes
substitution at the 2-position available with relative ease. The tricyclic hydroquinolone
lactam 2.20 was manipulated over numerous steps into the desired natural product. The
lactams, however, are easily accessed and can be employed in the assembly of complex
hydroquinoline ring systems.

2.2.2 Synthesis via a Tandem Mitsonobu/3,3-Sigmatropic
Rearrangement

Recently, Spino and co-workers®® demonstrated the application of their tandem
Mitsonobu/3,3-sigmatropic rearrangement of chiral allylic azides on a variety of
alkaloids, including a synthesis of the enantiomer of (+)-pumiliotoxin C 2.26 (Scheme
2.2). The chiral auxiliary used can be obtained over two steps from either enantiomer of

menthone and can be regenerated at the end of the synthetic sequence.
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Scheme 2.2: Synthesis of (+)-pumiliotoxin C via a Tandem Mitsonobu/3,3-
sigmatropic rearrangement pathway
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Racemic 2-methylfuran 2.21 was converted into alcohol 2.22 over seven steps and then
finally into azide 2.23 using the tandem procedure. Ring-closing metathesis was used to
form the heterocycle 2.24 and cleave the auxiliary. The second cyclization, by radical
methods, gave poor yield but extensive variations of the system did not improve results.
These reactivity supports previous findings that 6-exo-trig cyclizations of decaline-type
systems are quite difficult.®® The synthesis was completed over fifteen steps with an

overall yield of 4% despite the low yield of the radical cyclization.

2.3 Pumiliotoxin C : A retrosynthetic analysis

The first retrosynthetic analysis for pumiliotoxin C via Cope-type hydroamination
prepared by Dr. A. Beauchemin and M.E. Lebrun allows three possible pathways
demonstrating its versatility.”’ The key intramolecular step can be easily tested from three
different precursors: the oxime 2.28, the hydroxylamine 2.29, and the hydrazine 2.30, all

of which can be readily prepared from the same ketone intermediate 2.31. This possibility

8 7ard, S.Z. In Radical Reactions in Organic Synthesis; Oxford University Press: New
York, 2003; p 224.
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can be exploited later on by comparing the relative reactivities of the different
hydroamination precursors.

The common ketone precursor itself can be procured via an umpolung alkylation between
an alkyl iodide 2.33 and a dithiane 2.32 used as a masked acyl anion. The conversion of
an ester group to the halogen functional group would yield the alkyl iodide. A Johnson-
Claisen rearrangement from the allylic alcohol 2.36 can produce this ester 2.35. A similar
alcohol was used in this type of rearrangement by Toyota and co-workers®’ in the
synthesis of (+)-pumiliotoxin C to give the ester in 78% yield thus suggesting the
likelihood of the reaction working with our ethyl 2-(6-methylcyclohex-2-enyl)acetate
2.35. The anti (+)-4-methylcyclohex-2-enol 2.36 is prepared by an Sy2° opening of the
epoxide of 1,3-cyclohexadiene 2.37 according to previous literature precedent.®® This
retrosynthetic pathway seemed promising as a rapid route to explore intramolecular
Cope-type hydroamination, especially since multiple intermediates can be synthesized for

investigation.

67 Toyota, M.; Asoh, T.; Matsuura, M.; Fukumoto, K. J. Org. Chem. 1996, 61, 8687
6 Marino, J. P.; Jaén, J.C. J. Am. Chem. Soc. 1982, 104, 3165.
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Figure 2.1: Retrosynthetic Analysis of pumiliotoxin C

Intramolecular hydroamination to form the desired product will be examined shortly,
however first the stereochemistry expected from this intramolecular Cope-type

hydroamination from a mixture of hydroxylamines will be discussed.

2.4 Predicted Stereochemistry of the Intramolecular Cope-Type
Hydroamination
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Upon closer examination of the Cope-type hydroamination of the hydroxylamine it was

evident that complications could arise. Although the desired product of the

hydroamination reaction being explored was the N-hydroxy-pumiliotoxin C, this was by

no means the only product possible. Due to the non-selective reduction of the oxime

with sodium cyanoborohydride there were two diastereomers (and their enantiomers) of

hydroxylamines 2.40 and 2.41 present in the reaction system. Each of the diastereomers

would be able to cyclize via two pathways forming a cis and trans decahydroquinoline

respectively (Figure 2.2). In the best case scenario, the cis pathway would be more

favoured than that of the trans thereby giving a possible 1:1 ratio of (x)-N-hydroxy-

pumiliotoxin C 2.42 and (+)-N-hydroxy-2-epi-pumiliotoxin C 2.43.
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Figure 2.2: Possible cyclizations via trans or cis pathways from either diastereomer
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According to molecular models built (Figure 2.3), the tricyclic transition state forming a
cis-decahydroquinoline junction seemed more favourable than that of the trans due to the
chair conformation of the six-membered ring forming and the more organized transition
state. In the instance of the frans decahydroquinoline formation, the hydroxylamine did
not seem properly arranged to establish the necessary co-planar orientation required for
the transformation to occur, and the six-membered ring developing seemed more
strained. Therefore the construction of the aza-bicycle via a cis pathway was proposed to

be the more plausible channel.”
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Figure 2.3: Plausible tricyclic transition state of hydroamination
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The probable ratio of N-hydroxy-pumiliotoxin C 2.42 and N-hydroxy-2-epi-pumiliotoxin

C 2.43 was more difficult to predict although it was expected that the N-hydroxy-

pumiliotoxin C 2.42 would form faster than the epimer 2.43 (Figure 2.4). This was based

on the more stable conformation of the two alkyl substituents being located in equatorial

positions in the product. The epimer would have the methyl group in an equatorial

position but the propyl group in the less favoured axial position, generating additional

1,3-diaxial interactions therefore making it the less likely of the two to cyclize.
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2.5 Pumiliotoxin C : Progress towards the hydroamination
precursor

The hydroxylamine precursor 2.29, as can be seen from the retrosynthetic strategy, can be
obtained in nine steps from 1,3-cyclohexadiene 2.37, a commercially available material.
As a consequence of its new cost being prohibitive, it was initially synthesized from
cyclohexene 2.47 over two steps with an overall yield of 36% (Scheme 2.3). The
purification after step 1 was a time-consuming distillation that often required repetition
but produced a good yield of 88%.®° The second step of the process used the highly toxic
and carcinogenic HMPA as solvent, generates a vile residue, and supplied a low yield of
41%.”° Using literature procedure’' the epoxide 2.49 was obtained in 28% yield, in a
1.12:1 mixture of desired and undesired epoxide products. Care was exercised during the
addition of the peracid to the diene to ensure the reaction temperature did not exceed 0
°C. The products, until this step in the synthesis inclusively, were purified via distillation.
4-Methylcyclohex-2-en-1-0l 2.36 was formed via literature procedure in 29% yield.*®
This step required several attempts and was determined to be extremely sensitive to salt
content and impurities in the methyl lithium reagent. As with most copper-lithium
chemistry, the ratio of the reagents was tremendously vital for the success of the reaction.
A mixture of two isomers was obtained in a 4.44:1 ratio and separated to the best of

capability. The tribulations of this reaction sequence were resolved upon purchase of 1,3-

% (a) Johnson, J. R.; McEwen, W.L. Org. Synth. 1941, Coll Vol 1, 521 (b) Snyder, H.R.;
Brooks, L.A. Org. Synth. 1943, Coll Vol 2, 171

7 Gluchowski, C.; Tiner-Harding, T.; Smith, J.K.; Bergbreiter, D.E.; Newcomb, M., J.
Org. Chem. 1984, 49, 2650

"I Crandall, J. K.; Banks, D. B.; Colyer, R. A.; Watkins, R. J.; Arrington, J. P. J. Org.
Chem. 1968, 33, 423
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cyclohexadiene from a cheaper supplier. The inseparable impurities from the prior
reactions were affecting the outcome of the reactions and the synthesis proceeded

smoothly after this acquisition.

Scheme 2.3: Synthesis of pumiliotoxin C precursors
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Using the commercially available 1,3-cyclohexadiene 2.37, the synthesis was continued
(Scheme 2.4) and the same epoxidation’' was performed with a yield of 50% (previously
28%). The organocuprate addition occurred in 87% yield giving a 10:1 ratio of
stereoisomers according the procedure of Marino and Jaen.”® The rrans relationship
between the methyl and alcohol groups was verified by comparing °C NMR of the
synthesized sample to those of the frans and cis products reported in the literature.”* The
Johnson-Claisen rearrangement was executed on the frans-4-methylcyclohex-2-enol 2.36
via acid catalysis®’ yielding the ester in 65% yield. The ester 2.35 was reduced to the
alcohol 2.50 with standard lithium aluminum hydride conditions followed by a Fieser
quench in 91% yield. The alcohol was then converted to the alkyl halide 2.33 in 96%
yield using iodine and triphenylphosphine. All products were purified by column
chromatography but care was taken during concentration in vacuo due to their volatility.

The alkyl halide was subjected to an umpolung reaction with thioacetal-protected

2 Young, D.; Kitching, W.; Wickham, G. Aust. J. Chem. 1984, 37, 1841

45



butyraldehyde 2.32 and butyl lithium”® but an attempt at this reaction failed. The dithiane
protected aldehyde was synthesized by the reaction of 1,3-propanedithiol and
butyraldehyde in the presence of boron trifluoride-diethyl etherate in 99% yield.”* Both
the alkyl halide and thioacetal-protected butyraldehyde required multiple azeotropes with
benzene (three times) prior to addition to the reaction conditions and considering the
volatility of the alkyl halide it is possible that the starting material was lost in the process.
The fastidious nature of this reaction tempted us to re-evaluate the synthetic pathway
devel