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Abstract

Herein is described the gold(l)-catalysed nucleophilic allylation of azinium ions
utilising allyl pinacolboronates. The reaction is regioselective for the 4-position of the
azinium ion, generating functionalised 1,4-dihydropyridines and 1,4-dihydroquinolines
in excellent yields. In-depth mechanistic studies confirm o-allylgold(l) species as the
reactive intermediates, generated via Sg2’ transmetalation from the corresponding allyl
pinacolboronate. These reactions represent the first example of accessing allylgold(l)
intermediates from allylboron reagents. Attempts to develop an enantioselective variant
of this reaction are also described.

P _ [Au]
b | o + yZ B(pin) —_—
Sy N >35 examples

° O

Furthermore, this mode of reactivity has been extended to include other nucleophilic
coupling partners. In particular, the gold(l)-catalysed regioselective nucleophilic addition

of propargyl pinacolboronates has been established.

Ir::’ TR — [Au]

TMS——
T\ -
5 <. | S * B(pin)
~ 9 examples
Xe 6 7 obtained by J. Smithson 6
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1.0 Introduction

1.1 Transition Metal-Catalysed Allylation Reactions

Carbon-carbon (C-C) bonds form the ‘backbone’ of the majority of organic
compounds. Therefore, forming C-C bonds will always be one of the most valuable and
essential reactions in the development of synthetic organic chemistry.! The transition
metal-catalysed allylation reaction has been an important transformation in forming C-C
bonds in recent years. This reaction can be categorised via the reactivity of the allyl
moiety, exhibiting either an electrophilic or nucleophilic profile. Transition metal-
catalysed allylation reactions involving allylic radicals are another powerful technique to
form C-C bonds. Generating w-allyl intermediates via a radical addition can proceed with
high selectivity, building unparalleled complexity in a single step.?

The transition metal-catalysed electrophilic allylation reaction (Scheme 1) typically
involves the oxidative addition of metals into allylic fragments producing allylmetal
species that are susceptible to nucleophilic attack.® Stabilised nucleophiles attack at the
carbon chain of the in-situ formed =m-allyl complex, whilst unstabilised nucleophiles
directly react with the metal centre, typically via transmetalation, followed by subsequent

reductive elimination leading to C-C bond formation.*

Rﬂ/\/\x —_—> R1/\I'/
Scheme 1: Typical metal-catalysed electrophilic allylation reaction.

The transition metal-catalysed nucleophilic allylation reaction (Scheme 2)
characteristically involves the addition of an allylmetal species, formed via
transmetalation, to a m-electrophile. This allows for the installation of two versatile
functional groups within close proximity to one another.® This reaction allows for the
direct synthesis of functionalised homoallylic alcohols and amines which are key
chemical precursors for the synthesis of complex natural products.® Homoallylic alcohols
and amines often contain multiple functional handles, which facilitates further

modification, increasing molecular complexity. Allylmetal species can be generated from



a variety of allylic precursors via transmetalation. The most commonly utilised allylic
precursors are allylic silanes,” allylic stannanes,® allylic Grignards,® and allylic

boronates.!°

[M] = Ir, Rh, Au, Co, Cu etc.

XH
M]
X >
+ /\/ R1j2\/\

X =B, Si, Sn, Mg, In etc.

X
R1JJ\R2

Scheme 2: Typical metal-catalysed nucleophilic allylation reaction.

In 1983 Denmark and co-workers classified the nucleophilic addition of allylmetal
species to m-electrophiles. (Scheme 3).1! This classification is supported by previous
findings, including Hoffman’s model.'>*® Type | additions involve the activation of the
electrophile to form a closed six-membered chair-like transition state. This typically
generates the y-allylated product, retaining the geometry of the allylic metal species. Due
to the organised transition state, type | reactions typically exhibit superior
diastereocontrol in comparison to type Il. Type Il additions require a Lewis acid to
activate the electrophile and proceed through an open transition state with antiperiplanar
or synclinal orientation, predominately forming the syn-adduct. Finally, type Il reactions
proceed via a closed transition state similar to type I, predominately forming the anti-
adduct, as rapid equilibration of (E)- vs. (Z)-allylmetal intermediates forms the

thermodynamically favourable (E)-isomer.

Type |
H OH
[m]
R’ _/, \\// ———
Rs O RT XYY
Rz R1 RZ
[M] = B, Al, Si etc. mixture of syn/anti
Type Il
LA OH
o Rzm‘,/\/ M —_—
ﬂ\ + R! X
R1 H R2
[M] = Si, Sn etc. predominantly syn
Type Il
H [M] OH
R/ - . )\/\
R2 RZ” YOS
R
[M] = Rh, Ir etc. predominantly anti

Scheme 3: Modes of addition for different allylmetal reagents.



Allylic precursors have been utilised extensively in combination with various
transition metals to generate synthetically valuable products. Palladium is the most
commonly reported metal to perform such transformations;** however, other metals have
been shown to participate in similar reactivity such as rhodium,*, cobalt,® copper, 1’ and
gold.*®

1.2 Gold-Catalysed Allylations

Homogeneous gold catalysis has been shown to catalyse a myriad of synthetic
organic transformations.'®-2! Acting as strong carbophilic Lewis acids which are both air-
and moisture tolerant,??> gold-catalysed transformations predominately involve the
addition of nucleophiles to unsaturated C-C bonds under mild reaction conditions
(Scheme 4). This alkenyl gold intermediate can undergo further reactivity to form
complex molecular scaffolds through unique reaction pathways. These transformations
exhibit excellent chemoselectivities and good overall functional group tolerance, which
has led to its widespread utility towards the synthesis of complex biologically relevant

targets.?

S} [Au]

— > ——
R'—= R'—/= R

Nu
Scheme 4: Gold reactivity with alkynes.

In a significant proportion of gold-catalysed transformations, a silver additive is
required to enable reactivity. This forms a more active cationic gold complex with a
bound counterion, generating AgCl as a by-product. The exact role of this counterion
formed via this process is currently unknown; however, some general trends have been
documented by Bandini and co-workers.?* Weakly coordinating anions such as SbFg-
and BF4~ will generate a more electrophilic gold centre, facilitating reactivity. Strongly
coordinating anions can affect the catalyst resting state or promote protodeauration.
Furthermore, basic anions such as tosylates and acetates can exert a ‘folding effect’
forcing reactive partners into a favourable geometry, controlling chemo-, regio- and

enantioselectivity.



Gold catalysis has been applied to allylation chemistry, expanding its applicability
towards the synthesis of densely functionalised compounds.*® The unique capability of
gold catalysis to promote site-selective rearrangements allows for the incorporation of
allyl moieties, generating greater molecular complexity.'® This literature review will
categorise each gold-catalysed allylation based on the absence/presence of an oxidation
change within the gold complex, further sub-divided based on the reactivity profile of
the allylating agent. Furthermore, gold-catalysed hydrofunctionalisation of allenes
followed by nucleophilic addition to alkynes and alkenes is another approach towards
installing allyl fragments. However, these transformations will not be discussed within

this literature review.2>26

1.2.1 Redox Neutral Gold-Catalysed Allylations

The vast majority of gold-catalysed allylations typically maintain either a +1 or +3
oxidation state with respect to the catalyst utilised. Gold was considered one of the most
inert metals, having a high redox potential (Au'/Au'"), preventing undesired reaction
pathways.?2° However recently, two electron redox cycles involving gold (Au'/Au''")
have been achieved, requiring harsh stoichiometric oxidants to enable reactivity.%0-33
This alternative two electron redox cycle is characteristic of late transition metals and has

emerged as an alternative approach to install allyl fragments.

1.2.1.1 Addition of Nucleophiles to Electrophilic Allylating Agents

The addition of nucleophiles to electrophilic allylating agents is a common
technique to install allyl fragments within complex molecular structures. The structure
of the allylic precursor and gold catalyst determines whether the reaction belongs to a

formal Sn1, Sn2 or Sn2' reaction profile (Scheme 5).



Sp2 Ve A
S)
Nu
[Au]

A -
AP N
SN2

©

Scheme 5: Modes of activation for gold-catalysed addition of nucleophiles to allylic

precursors.

In 2009, Bandini and co-workers reported the intramolecular enantioselective
allylation of malonate substituted indoles, generating the desired products in high yields
and enantioselectivities (Scheme 6).3* The counterion of the silver additive proved crucial
for enabling reactivity, increasing both the reaction rate and stereoinduction. The
functional group tolerance was modest, with both electron-withdrawing (2a) and
electron-donating substituents (2b) on the indole fragment, producing the desired
products with good enantiocontrol. Variation of the malonate moiety was limited to alkyl
groups (2c). Subjecting (E)-allylic alcohols to the reaction conditions, gave the desired
product in reduced yields and enantioselectivity. The formation of water as the only by-

product underlines the sustainability of this reaction.

N

MeO I PAr,
R MeO PAr,

;

L1 (10 mol%) R
(Me,S)AuCI (20 mol%) @ \ L1 £Bu

_ =
AgOTf (20 mol%) N B
toluene, 0 °C, 24 h H = Ar = § OMe
2

10 examples t-Bu
52-91%, 80-96% ee b 4
selected examples
EtO,C t-BuO.
B': 2 T WCOE : f WCO,Et ¢ T WCO,t-Bu
N
H T
2a 60%, 86% ee 2b 79%, 84% ee 2¢ 53%, 92% ee

Scheme 6: Enantioselective gold-catalysed allylation of indoles.



The proposed mechanism is initiated by the co-ordination of the active gold catalyst
with the allylic moiety of indole 1, affording species 3 (Scheme 7). Supported by DFT
calculations, the authors propose the triflate counterion exerts a ‘folding effect’ forcing
both reactive partners into a favourable geometry. A formal Sn2' anti-auroindolination
of the alkene occurs, forming intermediate 4. Nucleophilic attack of the C3 indole carbon
is disfavoured with respect to nucleophilic attack by the C2 carbon. Rearomatisation of
the indole via proton transfer occurs, assisted by the triflate counterion, generating
species 5. Subsequent anti-elimination follows, liberating the desired product 2 and

regenerating the active gold catalyst.

2 (MeZS)AuCI + 2 AgOTf+ L1

2AgCI
\
[Au] + OTf
+ H,0

Scheme 7: Proposed mechanism for the formation of 2.

Bandini and co-workers extended this concept to include enamine catalysis,
reporting the intramolecular enantioselective allylation of aldehydes with allylic alcohols
(Scheme 8a).%® The reaction generated the desired products in good yields and excellent
enantioselectivities. Of note to reactivity was the utilisation of electrophilic gold catalyst
7, which gave superior yields in comparison to other known catalysts. In 2009, Chan and
co-workers reported the gold(l11)-catalysed allylation of 1,3-dicarbonyls with allylic
alcohols, generating the desired products (11) in good yields under mild reaction
conditions (Scheme 8b).*” However, densely substituted allylic alcohols gave poor

regiocontrol. In 2012, Yamamoto published a synthetic route towards 2-indanones via a



gold(l) annulation pathway (Scheme 8c).2® The reaction was tolerant to a wide array of
functional groups, accessing the desired products in excellent yields. The reaction was
extended to access substituted cyclopentadienes through an analogous pathway.

0

(a) NMe
‘\\\Me
Bn €}
N Me
H {-Bu SbFg
o) (20 mol%) o) tBu,, r @
7 (10 mol%) —Au(NCMe)
H / H s~‘§
OH PhCO,H (20 mol%) O O
X THF, RT, 42 h X
6 8
10 examples
34-90%, d.r. 2-19:1, 84-98% ee
(b) o 0 OH AuCly (5 mol%) o] o]

AgSbFg (15 mol%
R'IJ]\/U\RZ + R3/\)\R4 u R! R2

MeNO,, RT, 45 min
RET N g
1
10 examples
70-96%, d.r. 1-3:1

9 (4.0 equiv)
10

(C) R1
AgSbFg (10 mol%)

TIPS Ph3P)AuCI (5 mol%)
) ‘ TIPS
R CH2CI2 RT, 2h
RZ
13

14 examples
70-99%

Scheme 8: Gold-catalysed allylations via dehydration.

The generation of a-gold(l) enals was investigated by Bandini and co-workers.
(Scheme 9).3° The electrophilic activation of allenamide 14, followed by nucleophilic
attack by water and elimination gave the reactive a-gold(l) enal 19. This species would
further react with an allylic alcohol furnishing the desired allylated product 16 as seen
previously (see Scheme 7). The authors had to increase the electrophilicity of the gold
catalyst, which in turn generated a more nucleophilic a-gold(l) enal, producing the
desired product in increased yield. The substrate scope was good, with various electron-
donating (16a) and electron-withdrawing substituents (16b) being tolerated in the
reaction without any significant loss in yield. Moreover, the methodology could be
extended to furnish acyl silanes (16c¢) and aldehydes (16d). Experimental evidence in
conjunction with DFT calculations conducted by the authors suggest the active reaction

pathway occurs through a Sn1 mechanism.



t—Bu/N N ~t-Bu

AuCl
Rt 0 oH (2.5 mol%) o R
)\ J\ J\/\ AgNT¥, (7.5 mol%)
N (¢} + 3 3 — > =
. R R 1 3
Rz\( \__/ toluene, RT, 15 min R | R
(1.5 equiv)
2
R 1 15 R? “R?

16
21 examples
36-95%

selected examples

Me Br

=
Bn = O MeasiWPh H)‘j\)\/\Ph
Br

16a 57% 16b 50% 16¢c 77% 16d 36%

Scheme 9: Gold-catalysed allylation of allenes.

In 2016, Maulide and co-workers extended the work of Bandini towards the
synthesis of substituted indenes via the coupling of allenes and allylic alcohols (Scheme
10).4 The corresponding indenes were generated in good yields; however, poor
diastereocontrol was observed. As stated by Bandini, a highly electrophilic gold catalyst

(7) was required to promote reactivity.

R1 R1 \ =)
. SbF

OH
) 7 (1 mol%) ey, fBUg
'YR + = _ /r, !
Ph Ph P—Au(NCMe)
CH,Cl,, RT, 5 min Ph

R (1.1 equiv) 3
. uiv

22

12 examples
40-96%, d.r. 1-2.6:1

Scheme 10: Gold-catalysed coupling of alcohols and allenes.

The proposed mechanism (Scheme 11) is initiated by activation of the allylic alcohol
by the cationic gold complex, forming carbocation 23. The formation of a carbocation
via a Sn1 pathway is supported by mechanistic experiments whereby the product
formation is governed via the highest stabilising benzylic carbocation. Carbocation 23 is

intercepted by allene 24 forming intermediate 25. A Friedel-Crafts type cyclisation,

8



followed by rearomatisation affords the desired indene (27), liberating water as a by-
product and regenerating the desired active catalyst.

Ph

\ OH

+ H,0O )\/\
I o et
Ph [Au] 21
3
27 R2 N [Au]OH
[Au]OH
Ph
R1
® N\ 23 o
ph N ey
Ph
R2 R Ry
26
@/&.YM
25 24 R3
R'" Ph
N A pn
"’
R2" "R3

Scheme 11: Proposed mechanism for the formation of 27.

Previous reports involved C-C bond formation exclusively; however, in 2008,
Aponick pioneered a gold-catalysed allylation reaction forming tetrahydropyrans in high
yields with good diastereocontrol, forming the cis-adduct exclusively (Scheme 12a).%
To achieve good diastereoselectivity, lower temperatures were required. DFT
calculations were later conducted by Aponick to reveal a potential mechanism.*? This
involves an intramolecular carbon-oxygen (C-O) bond formation via an anti-addition to
the gold-coordinated alkene complex, generating intermediate 30. This C-O bond
forming step adopts a chair-like conformation, governing the stereochemical outcome of
the reaction. This is followed by a concerted hydrogen transfer and anti-elimination,
forming water as the sole by-product. This two-step pathway is extremely facile due to
favourable hydrogen bonding between the diol functionalities. In 2011, Aponick reported
a variant of this process, accessing tetrahydropyrans in a highly stereoselective fashion
when utilising enantioenriched chiral allylic alcohols.*®* Moreover, enantioselective
variants were later reported by both Bandini,** and Rueping.*® In 2017, Hong and co-

workers applied this chemistry towards the total synthesis of (+)-laurencin.*

In 2013, Bandini and co-workers reported a one-pot intramolecular enantioselective
synthesis of functionalised indoles (32) using gold(l) catalysis (Scheme 12b).*

Interestingly, the use of a single gold complex enabled the synthesis of both the pyrrolyl

9



core and the subsequent enantioselective alkoxylation. As seen previously, the
counterion had a profound effect on the enantioselectivity of the reaction.

AgOTf (1 mol%)
(Ph3P)AuCI (1 mol%)
CH,Cly, 4A M.S.

RT, 30 min

15 examples
79-99%, d.r. 5-25:1

L2 (5 mol%)

.
(MeZS )AUCI (10 mol%) @ A R‘\\\R1 <O O PAr,
AgNTf2 (10 mol%) N 0 0
toluene, RT, 22 h \\<\
32
16 examples Ar = % OMe
30-94%, 82-96% ee

Scheme 12: Gold-catalysed C-O allylations via dehydration.

The proposed mechanism for the formation of 32 in Scheme 12b is initiated by the
co-ordination of the active gold catalyst with the alkyne moiety of 31, affording species
33 (Scheme 13). A formal anti-addition of the alkyne occurs, assisted by triflimide,
forming intermediate 34. Protodeauration of 34 occurs, regenerating the active catalyst
and liberating species 35. Co-ordination of the gold catalyst with the alkene of species
35 furnishes intermediate 36. The authors propose the triflimide counterion exerts a
‘folding effect’ forcing both reactive partners into a favourable geometry. This C-O bond
forming step is similar to previous examples (see Scheme 7), occurring via an anti-
addition, followed by hydrogen atom transfer furnishing 37. Anti-elimination occurs,
forming water as the sole by-product, liberating the desired product 32 and regenerating

the active gold catalyst.

10



NTf,  NHTf,

[Au] + NTf2
N 0 HNTf, N o—n. A CFs
0%
b Jhe
® \  o-HIN
[Au] [Au 0=%
\/ CF,4

Scheme 13: Proposed mechanism for the formation of 32.

(Me,S)AuCI + AgNTf2 +L2
AgCI
¢

P4

/

Intermolecular allylic etherification of alcohols was reported by Lee and co-workers
(Scheme 14).%8 Alkyl alcohols are poor nucleophiles and therefore typically do not
participate in allylic substitution reactions.*® Nevertheless, the authors demonstrated that
gold was able to promote reactivity enabling the synthesis of allylic ethers in good yields
with high regio- and stereoselectivity. The substrate scope was modest, with primary
(40a), secondary and tertiary alcohols generating the desired products in good yields.
Reducing steric hinderance around the alkene gave lower (E)-selectivity (40c).
Moreover, highly substituted allylic alcohols gave mixtures of regioisomers (40d) with
respect to the allylic alcohol (38). The reaction proceeds via gold-assisted activation of
the alkene (41), followed by nucleophilic attack of the external alcohol, forming
intermediate 42. The high (E)-selectivity arises due to the formation of a 6 membered

chair-like transition state.
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OH R* (Ph3P)AUNTT, (5 mol%) R" R3 R4

+ R5—OH
= R®
R’ R2 R® (5.0 equiv) toluene, 50 °C R? X 0~
38 39 16-65 h 40
26 examples
40-91%, E/Z 5-20:1
stereoselective rationale:
s S
R H R H RS
\ —_— —_— R
R = O-R' [Au] 8—R1 RN 0~
4“1 [Au] 42 43 (E-selectivity)

selected examples

Me Me Me
Ph Ph
t—Bu)\/\Ot—Bu t—Bu)\/\O/\(\O Ph)\/\o/\/ Ph/\r\o/\/
M
(6] Me e

40a 57%, E/Z: 20:1 40b 77%, E/Z: 20:1 Me 40c 67%, E/Z: 6:1 40d 74%, E/Z: 20:1
(ouy: 1:1)

Scheme 14: Gold-catalysed allylic etherification.

Lee extended this concept, reporting the coupling of allylic alcohols and thiols
(Scheme 15).%° This methodology gave access to the Sn2’ regioselective product (46),
which was unobtainable using conventional transition metal catalysis. The reaction was
tolerant to both alkyl and aryl-derived thiols, with alkyl derivatives requiring longer
reaction times. DFT calculations indicated the observed regiocontrol was indicative of

the thermodynamic stability of the product.

S
OH 7 (5 mol%) R R4 By SbFg
+ R5—SH S RS I—BU,, ] ®
R'ge V¥ R (1.1 equiv) CHClIg, 35 °C R2 s~ P—Au(NCMe)

R3

45 24-72 h R3 7
; . IO
31 examples

40-92%, E/Z 4-20:1

Scheme 15: Gold-catalysed allylic thioetherification.

Liu and co-workers demonstrated the first direct synthesis of allylic amines from
allylic alcohols using gold catalysis (Scheme 16a).%! Utilising AuCls gave the desired
allylic amine 49 in 90% yield. The authors propose an Sny1 pathway due to the
observation of mixtures of regioisomers with respect to the allylic alcohol. In 2009, Chan
and co-workers expanded this methodology, developing an intramolecular allylic
amination, synthesising 1,2-dihydropyridines in excellent yields (Scheme 16b).>? A
concise synthesis of (+)-angustureine was performed, demonstrating the applicability of

this chemistry.

12



(a)
OH AuCl; (2 mol%) NHTs

+ Ts —NH, )\/\
Ph)\/\Me i MeCN, RT, 2 h Me oen

(2.0 equiv)
a7 8 49 90%
(b)
R!
OH AuCls (5 mol%)
AgSbFg (15 1%
= R? gSbFg (15 mol%) X
R1
50 toluene, RT, 1 h N R2
NHTs Ts
51
18 examples

42-90%
Scheme 16: Gold-catalysed allylic aminations.

Evidence towards an Sn1 pathway was demonstrated by the authors, suggesting the
involvement of an allylic carbocation (Scheme 17). Subjecting both regioisomeric
compounds 52 and 54 to the reaction conditions gave the same product 53 in 91% and
87% vyield respectively. This provides evidence toward common intermediate 55,
indicative of a Sn1 pathway.

OH AuCl; (5 mol%) AuCl; (5 mol%) OH

P AgSbFg (15 mol%) AN AgSbFg (15 mol%) A
Ph > - Ph
toluene, RT, 1 h N Ph toluene, RT, 1 h
NHTs 52 91% Ts 87% NHTs 54

53

common intermediate

P
Ph
55
NHTs

Scheme 17: Common mechanistic carbocation intermediate.

Further applications of this work was reported by Widenhoefer, demonstrating the
synthesis of enantioenriched piperidines from enantioenriched allylic alcohols (Scheme
18).%® Subjecting 56 to their optimised reaction conditions gave the desired piperidine 57
in 96% ee, with no loss in optical purity. These products can be easily derivatised to

access naturally occurring alkaloids.

G)SbF
t-Bu 6
Bn

705 mol%) N X _Me tBu,, ' AS()NCMe
7
E)/\r 14 dioxane, 100 °C
&
56 96% ee 57 99%, 96% ee

Scheme 18: Gold-catalysed C-N allylation via dehydration.
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Widenhoefer and co-workers later developed an enantioselective variant, coupling
allylic alcohols and carbamates, forming nitrogen heterocycles in high yields and
enantioselectivities (Scheme 19).>* Utilising AgClOs was crucial in amplifying
stereoinduction within the reaction system. The substrate scope was modest with allylic
alcohols bearing no gem-dialkyl substitution (59b) generating the desired product in
reduced enantioselectivity. Furthermore, subjecting (Z)-alkenes to the reaction
conditions generated the desired product 59c in high yield but low enantioselectivity,
demonstrating the requirement of (E)-alkenes for stereoinduction. However, the reaction
was applicable towards the synthesis of six-membered nitrogen heterocycles (59d). The
proposed mechanism is analogous to that of Scheme 7.

R2 MeO PAr,
| 2
NH AgCIO, (10 mol%) 'f O
[L1](AuCI), (5 mol%) N .
A L1 t-Bu
Y —_—
" J:MH/\/\OH AN
RV )n

R dioxane, RT, 48 h

58 R! Ar = % OMe
59
9 examples
69-99%, 62-94% ee tBu
selected examples
Fmoc II:moc I|=moc Fmoc
N R N “ N “ N WX
W \ < 7\| \ n \ X
Et" Ph'' Et
Et Ph Et
59a 95%, 94% ee 59b 89%, 62% ee 59¢ 99%, 5% ee 59d 69%, 77% ee
from (Z)-58

Scheme 19: Gold-catalysed intramolecular allylic amination.

In 2021, Ryu and co-workers reported the intramolecular amination of sulfamate
esters (60) with allylic alcohols, producing cyclic sulfamides in high yields with modest
diastereocontrol (Scheme 20).*° Alternating the silver salt additive drastically changed

both the reaction yield and diastereoselectivity, with AgBFs showing the best

performance.
o O o O
\\S// AgBF, (5 mol%) \\S//
0" " NH, (IPr)AuCI (5 mol%) o” " NH
-
oh N oy  CHCL.RT 5h Ph =
60 61 82%, d.r. 5:1

Scheme 20: Gold-catalysed C-N allylation via dehydration.
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Allylic acetates have been shown to participate in similar reactivity to that of allylic
alcohols in a seminal report by Echavarren (Scheme 21a).%® Screening various metal
catalysts, the authors found cationic gold complex 7 could efficiently promote reactivity
over more traditional transition metals such as rhodium and palladium, forming the
desired allyl-allyl coupled product in 86% vyield. Direct evidence of an allylgold(l)
complex via transmetalation with the allylic stannane could not be identified, with the
authors suggesting complexation between the gold catalyst and alkene being more
favourable. This forms an allylic cation via an Sn1 pathway, that is quenched with the
corresponding allylstannane. Moreover, an oxidative addition pathway between the gold
catalyst and the allylic acetate could not be observed. Guo and co-workers extended this
concept of utilising allylic acetates via an allylation and cycloisomerisation cascade
reaction (Scheme 21b).>" Intermolecular allylation occurs between allylic acetate 64 and
propargyl alcohol 65 forming allylated intermediate 67. Subsequent cycloisomerisation
yields 68, followed by B-H elimination and protodeauration generates the desired
product. Similar examples of this reactivity have been later reported.®°

SnBuj

t-Bu,, y- €]
7 (3 mol%) Ph%s/}d\ “P—Au(NCMe)
., 7
62
DCE, 50 °C, 30 min PhO,S oy

63 86%, d.r. 7:1

OAc R! (0] R5
/\/¥ N =~ ToH (PhsP)AUNTF, (15 mol%) |
1 3 4 >
RV LR R CH,Cl,, RT, 1h
65 ~
64 2
(6.0 equiv) R® R*
R2
66
15 examples
37-92%, d.r. >19:1
via: A
rs [Au]

(o} RS Rl _O RS

}éRA R! B-hydrogen
0 elim |
—_— @ —_—T
A - [Au] <" [Au]
R1 R2 R3 R4 R3 R4

2 2
67 R® 68 R® 69

Scheme 21: Gold-catalysed allylations from allylic acetates.

Previous examples discussed demonstrated the reactive allylating partner as an
intermediate within the reaction pathway; however, in 2020, both Tilset and Bourissou
independently reported the first isolated example of an =-allylgold complex (Scheme

22).5081 Of note, o-allylgold complexes have been characterised since the 1980’s;
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however, their direct synthetic utility has been underexploited.®2% Gold complex 71 was
synthesised via transmetalation with allylmagnesium bromide. This was further reacted
with AgSbFe, releasing a coordination site for the alkene double bond, forming gold
complex 72. Upon heating no rotation from the n3-coordination complex to the n'-
coordination complex was observed, indicating rigid coordination. Furthermore, DFT
calculations demonstrated that n*-coodinated gold complexes are less stable than n?*-
coodinated gold complexes.

©sbF
e . o
(-Pr)oP—Au—l (1.0 equiv) (-Pr)sP—Au AgSbFg (1.0 equiv) (FP2P——Au
THF, -78 °C to RT CD,Cly, RT, 5 min
15 min 99%
98%
70 71 72

Scheme 22: Formation of cationic gold species 72.

Reactivity studies were conducted to compare such gold complexes to the well-
known palladium-catalysed Tsuji-Trost reaction (Scheme 23). Complex 72 reacted with
diethylmalonate, affording the desired product in 71% yield. Interestingly, complex 71

was unable to generate the desired product.

(0] (0]

EtoJ\/U\OEt

73 NaH (1.0 equiv)
THF, RT, 30 min

SbFG =
®\\ EtO J\/U\oa

(i-Pr),P—Au [¢]

THF RT, 22 h )‘\i‘;

72 74 71%

Scheme 23: Gold-catalysed allylation of malonate 73.

In 2021, Bourissou and co-workers extended this concept, performing in-depth
experimental and computational analysis on the reactivity of w-allylgold complexes and
comparing them to similar electrophiles found in the palladium-catalysed Tsuji—Trost
reaction (Scheme 24).%* The authors found that the addition of the nucleophile can occur
at the central and terminal positions of the m-allyl, as well as the gold centre, in stark
contrast to the preference of the terminal position in the palladium-catalysed Tsuji—Trost

reaction. This indicates that both outer and inner sphere mechanisms are operating

16



congruently within the reaction system. o-Allyl complex 75 and auracyclobutane 77 were
isolated and fully characterised. Nucleophilic addition to the central position of the z-
allyl and to the gold centre were found to be reversible over time, congregating into the

n-alkene complex 76 and generating the desired product 77.

o o
Eto/JL\v/JL\OEt
7 Et0,C._ _CO,Et
l NaH (1.0 equiv)
THF, RT, 30 min .
P (I-Pr)zP—Au—\_

C> o o)

75
(\ Ejﬁ/coza
SbF6

o o
(i-Pr) P———Au ' (Prp—naid
EtO OEt
—» R
CO we L .
74

(o]
EtO,C
,{\002&

(i-Pr),P—Au

77

Scheme 24: Nucleophilic addition to w-allylgold(I111) complex 72.

1.2.1.2 Rearrangement Cascades

Gold-catalysed rearrangement cascades proceed via multistep transformations that
can generate complex molecular scaffolds from simple precursors. These reactions are
advantageous due to their mildness, high selectivities and well-understood reactivity. %
Gold-catalysed rearrangements involving allyl moieties typically comprises of an initial

gold-catalysed transformation which facilitates a concerted or stepwise allylic transfer.

In 2011, Rhee and co-workers reported the gold-catalysed synthesis of y-
hydroxyketones via a sigmatropic allyl transfer domino sequence (Scheme 25a).%” The
reaction required a highly electrophilic catalyst to enable reactivity, generating the

corresponding products in good yields. The proposed mechanism is initiated by
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coordination of the active gold catalyst to the alkyne, followed by anti-nucleophilic
attack of the ether linkage, generating species 80. A sigmatropic rearrangement occurs,
forming oxocarbenium 81 via migration of the allyl fragment. Nucleophilic attack by
water followed by protodeauration furnishes species 82 which ring-opens to form the
desired y-hydroxyketone product. Later that year, Gagosz reported a similar process,
synthesising poly-substituted furans in high yields (Scheme 25b).% The substrate scope
was modest with complex allylic fragments participating in this transformation
efficiently. The reaction mechanism is similar to the mechanism shown in Scheme 25a.
Further expansion of this work in terms of its application towards different scaffolds were
later reported.®®7°

(a) j/\( AgSbF (5 mol%) 0
[(C6F5)3PIAUCI 5mo|%) RZ R

HO\/\)W\ ;
(/// CH,Cly/H,0 (10:1) R
0 °C, 2-90 min

79

8 examples
77-90%
via
R! R' R'
@2/\*'?2 T\ _R? H,0 T\ _R?
E>—\R3 T e Sw = ° R?
[Au] [Au] OH
80 81 82

‘/\(
RO RS [(CeF5)sPIAUNTY, (2 mol%) R1‘§IY\
4 RS
I/ CH,Cly, RT, 10 min 3R

19 examples
18-99%

Scheme 25: Gold-catalysed alkoxycyclisation and sigmatropic allyl migration.

Hashmi extended this concept towards the synthesis of y-butyrolactone 86 via a 5-
endo-dig cyclisation of propargy!l ester 85 (Scheme 26).”* The reaction proceeds via an
anti-nucleophilic addition to gold-bound species 87, forming oxonium intermediate 88.
Intermediate 88 collapses into a stabilised carbocation, furnishing 89. Coupling of the

two fragments occurs, producing the desired y-butyrolactone product.
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o
o J/ AgSbFg (3 mol%)
=

(IPr)AuCl (3 mol%) X \ o
B
CH,Cl, RT, 3h MeO g’ ©
MeO 85 86 46%

(0] Et
SO ¢ L} ﬁ“‘"}
0 7 @
[Au]
/©)\/ > —»/@/\/
MeO 87 MeO

Scheme 26: Gold-catalysed synthesis of y-butyrolactone 86.

Zhang and co-workers later reported an extension of this work, initially describing
the racemic synthesis of allylbutenolides via a Claisen rearrangement,’ followed by an
enantioselective variant (Scheme 27).” Crucial for reactivity is the incorporation of the
amine functionality within L3, enabling the isomerisation of the alkyne of 90 to an allene.
Subsequent cycloisomerisation, followed by a Claisen rearrangement and alkene

isomerisation yields the desired product 91.

L3
(0] NaBArF (5 mol%) o o]
(L3)AuCI (20 mol%)
— o/\/ — > Ph _ P(Ad),
7 5 A MS, DCE X
Bn 90 80°C,2h
91 84%, 99% ee N
M

Scheme 27: Gold-catalysed synthesis of y-butyrolactone 91.

Given the hazardous nature surrounding diazo compounds, methods that avoid their
preparation are advantageous. Tang reported such a procedure, showing the
rearrangement of allylic oxonium ylides, generating dihydrofuran-3-ones in high yields.
(Scheme 28).”* The proposed mechanism involves N-oxide 94 as an oxygen source,
forming species 95 in-situ. Nucleophilic attack onto species 95, generates oxonium ylide
96. When substrate 96 contains an alkyl backbone, a concerted [2,3]-sigmatropic
rearrangement occurs, delivering the desired product 93. When substrate 96 contains an
aryl backbone, tautomerisation to the more thermodynamically stable intermediate 97
ensues, followed by a 1,4-allyl migration and subsequent Claisen rearrangement,

furnishing the desired product 93. The reaction tolerated a wide array of functionality,
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with electron-donating substituents leading to lower overall yields (93c). Moreover,
modest to good diastereocontrol was observed when using substrates containing an alkyl
backbone (93d and 93e).

94 (2.0 equiv)
(IPr)AuNTf, (5 mol%)
/\H\ Yb(OTf);3 (1.1 equiv)
DCE, 80 °C,3h

19 examples
48-85% d.r. 1.5-19:1

via: R2 = alkyl
93

[2 3] f
o=I[Au] o)

G <I&M SJosSE e

selected examples

O O O O
CO,Et cl CO,Me COo,Me
l¢] o MeO 0 Me o
A X X X
93a 81% 93b 58% 93c 48% 93d 65% d.r. 19:1 93e 67%, d.r. 1.5:1

Scheme 28: Gold-catalysed rearrangement of allylic oxonium ylides.

Aponick reported an intermolecular variant, utilising a Claisen rearrangement to
form y, 8-unsaturated ketones in high yields and diastereoselectivities (Scheme 29).” The
reaction generated the desired products 101b and 101c with exclusive syn-selectivity in
good yields. However, regioisomeric mixtures were observed when using unsymmetrical
alkynes (101d). The reaction proceeds via a gold-catalysed intermolecular

hydroalkoxylation of the substituted alkyne, followed by a Claisen rearrangement.

AgBF,4 (5 mol%) 0O R'R?
OH R! (IPr)AuClI (5 mol%) N
U\ +  RI—=—=—R R3W
Ty 100 THF, 65 °C, 15 h L
99 (3.0 equiv) 120”3(63,,)6 h 101
16 examples

50-99%, d.r. 1-19:1

selected examples

)J\MPSG/ wDPS I nocwl
NPhth )KC/
101a 83% 101b 70%, d.r. 19:1 101c 59%, d.r. 19:1 101d 87%, r.r. 9:1

Scheme 29: Gold-catalysed intermolecular hydroalkoxylation/Claisen rearrangement.
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A more sustainable variant was later reported by Nolan and co-workers (Scheme
30).”® Modification of Aponick’s initial conditions by reducing the catalyst loading,
avoiding the use of additives and performing the reaction neat with respect to the allylic
alcohol, generated the desired products (104) in good vyields but with modest
diastereocontrol. Similar regioselectivity issues with respect to utilising unsymmetrical

alkynes were encountered as previously observed in Aponick’s work.

. R3 R4 ; cl_105 CI .
OH R3 . . 105 (0.5 mol%) Pr
+ R — R / R1
RA\%\W 103 120 °C, 1-21h
R? 104
102 15 examples - P" ! iPr
(3.0 equiv) 60-98%, d.r. 1-5:1 Nsz

Scheme 30: Gold-catalysed synthesis of homoallylic ketones.

Allylic ethers have been shown to demonstrate similar reactivity to allylic alcohols.
Rhee and co-workers reported the coupling of allylic ethers and alkynes via a [3,3]-
sigmatropic rearrangement, generating the desired product 108 in 83% yield (Scheme
31).”" Notable was the lack of alkene-alkyne coupling, indicating good chemoselectivity.
Furthermore, the product was obtained as the (Z)-isomer exclusively. The authors

propose transition state 109, accounting for exclusive branch selectivity.

OMe T
OMe (PhsP)AUSDF (8 mol%) \EECOZMe 108 COMe ]
+ ——CO,Me /I\\/OM
o [Au] e
K/\(CHZ)SPh 107 MeNO,, 15 °C, 20 h A (CHy)sPh Ph(H,C )i/

106 (10.0 equiv)

108 83%

Scheme 31: Gold-catalysed intermolecular coupling of alkynoates and allylic ethers.

In 2011, Gagosz and co-workers reported the intermolecular synthesis of indolyl
cores via a gold-mediated [3,3] Claisen rearrangement (Scheme 32).”® The reaction
accommodated multiple substitution patterns with respect to the allylic alcohol (111);
however, limited diastereocontrol was observed. Remarkably, the construction of two
quaternary contiguous stereocentres was feasible without any significant loss in yield
(112c and 112d). Moreover, both electron-withdrawing (112d) and electron-donating
substituents (112e) were tolerated in the reaction conditions. Later that year, Zhang
reported an extension of this work, expanding on the nucleophilic component,

synthesising indole frameworks.”
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. DCE, 60 °C, 1-24 h N
(10.21(a1qU|v) H R3 R2
110 112
9 examples
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2 1
=Z JR\)R\ 113 (5 mol%) CsHyg
- 1
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selected examples
(0] [0}

CsH1q CsHyq
X Me
N N N
H  Me HMe Me
112a 92%, d.r. 3:1 112b 79% 112¢ 59%, d.r. 9:11  Me
0] (0]
CsHq CsHiq
cl N Nt MeO N N
e
H ph H
112d 79%, d.r. 4:1 112e 79%

Scheme 32: Gold-catalysed synthesis of substituted indolyl cores.

The proposed mechanism is initiated by activation of the alkyne functionality of
azide 114, via gold catalyst 113 (Scheme 33). Anti-nucleophilic attack between the azide
and alkyne occurs, followed by gold-assisted extrusion of N2, forming gold carbene 117.
Subsequent nucleophilic addition of the allylic alcohol generates species 119.
Protodeauration and rearomatisation gives intermediate 120. The authors propose a gold-
mediated Claisen rearrangement in contrast to a thermal pathway due to the mild reaction

conditions, generating the desired allylated product 121.

o o] _ CsH1s
Z
CsH /> ®
N N N N2 @
H H Ns
121 120
H
Ay 1@/~
/) CsHy
N
119
OH
/\/ ®
118 [Au]
117
116 [Au]
/77— CsHn
N N CsHyq
N
N>

N2

Scheme 33: Proposed mechanism for the formation of 121.
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In a seminal report by Nakamura and co-workers, allylic sulfides have been shown
to undergo similar reactivity to that of allylic ethers via the generation of sulfonium
intermediates (Scheme 34a).8° Reacting allylic sulfide 122 with catalytic AuCls gave
allylbenzothiophene 123 in 93% vyield. A proposed mechanism is initiated by
coordination of the active gold catalyst with the alkyne moiety of 122, affording species
124. Anti-addition of the alkyne occurs, forming intermediate 125. Migration of the allyl
group, followed by aromatisation gives the desired product. In 2011, Stevens expanded
this work to synthesise thiazoles in high yields (Scheme 34b).8! The reaction suffered
from poor functional group tolerance, with limited examples reported. The reaction
proceeds through a 5-exo-dig pathway, forming species 130. Chloride-promoted addition
onto the terminal position of the allyl moiety generates the desired product 128.

Ph

@ Y N
(j\/ AuCl (2 mol%) N

> Ph
S/\/ toluene, RT, 2 h g

122 123 93%
via:
€] S
Bl e [Aul a1z
4
_ S s
s /7
124 125 126
(b) P N
= [ AuCls (5 mol%) M
> Me
YS S/Y CH,Cly, RT, 15 min s s/\(
Me Me
127 128 93% Me
via:
AuCl, Cle/-)

Scheme 34: Gold-catalysed rearrangements of allylic sulfonium species.

An intermolecular variant was later reported by Zhang and co-workers (Scheme
35).82 Coupling allylic sulfides and alkynes under gold(l) catalysis generated the desired
products (133) in excellent yields, but with poor diastereocontrol. Critical to reactivity
was the utilisation of novel P,S-bidentate ligand L4. The reaction proceeds via the

generation of a a-oxo gold carbene intermediate. Substrate scope was good, with aryl-
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(133a), alkenyl- (133b) and alkyl-substituted (133c) alkynes generating the desired
products in good yields. However, poor diastereocontrol was observed when using
substituted allylic sulfides (133d).

P(Ad),
C[S/t-Bu
3 134 (1.3 equiv) R3 L4
, R (L4)AuCI (2 mol%) 9
RI— + RS 5 > R 5 =
5)\/\" NaBArF, (3 mol%) R 7R P
131 R* DCE, 60 °C, 10 h R2/S R SN
|
(1.5 equiv) 133 Me Oe
132 27 examples 134

47-86%, d.r. 1-3:1

selected examples

o (0] (0] o CO,Et
Ph)J\(\/ F W C10H21)J\H\/
SPh SPh SPh SPh
133a 86% 133b 78% 133¢c 74% 133d 73%, d.r. 3:1

Scheme 35: Gold-catalysed coupling of alkynes and allylic sulfides.

Zhang’s work was expanded upon by Davies to incorporate ynamides (135)
(Scheme 36).8° Modification of the N-oxide and gold catalyst was required to enable

reactivity. The reaction proceeds via the a [2,3]-sigmatropic rearrangement. This reaction

t-Bu
PAuNTf,
(¢}

offers an alternative to the Doyle-Kirmse reaction.®

t-Bu 3
) 138 (5 mol%) o 138
R\ 139 (1.3 equiv) . N
— 3 S - R
N——=rR + e ~ X N = |
R2 CH,Cly, RT, 2-24 h | P
135 (1.2 equiv) R? R® S—g4 @l}l CO,Me
136 137 Oe
15 examples 139 J

55-77%
Scheme 36: Gold-catalysed coupling of ynamides and allylic sulfides.

In 2020, Shin reported an enantioselective variant, coupling allylic sulfides and
alkynes to generate the corresponding products (142) in high vyields and
enantioselectivities (Scheme 37).% Interestingly, the authors propose the sulfonium-
induced [3,3]-sigmatropic rearrangement (143) minimises allyl dissociation, rendering
the reaction enantioselective. The substrate scope was extremely broad, forming optically

active quaternary centres with no significant loss in yield. The reaction required an
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electron-deficient aryl sulfide to enhance enantioselectivity. The authors propose that
reducing electron-density on the sulfur atom results in a tighter transition state.

NaBArF (5 mol%) CO,t-Bu

s P L (L5)AUCI, (5 mol%) S AR
/©/ \/\( + =—COjfBu — > R2
R? 141 DCE, RT, 2-5d
F 140 (3.0 equi F S
.0 equiv) 142

11 examples
52-84%, 81-99% ee

P/-\rz cozz Bu
(1-naphthyl),P

N [Au]

R2

Scheme 37: Gold-catalysed thioallylation of propiolates with allyl sulfides.

A select few gold catalysts have been shown to act as superacids, allowing for
unique modes of reactivity to be established. One such example was reported by Stevens
and co-workers, demonstrating the synthesis of benzo[c]thiophenes (145) in good yields

(Scheme 38).% The reaction has a modest substrate scope, being restricted to terminal

=
NF S
@ s \F  AuCl; (5-10 mol%) /
= S
S CH,Cl,, RT, 1-96 h = _

145
9 examples
15-92%

alkynes.

Scheme 38: Gold-catalysed synthesis of benzo[c]thiophenes.

Mechanistic investigations revealed the requirement for strongly acidic conditions
to promote reactivity. Moreover, utilising strong acids that contained a nucleophilic
counterion gave undesired side-products. This culminated in the following proposed
cycle (Scheme 39). The active catalyst is formed via the addition of water to AuCls,
forming the active HAuCls species. Acidic activation of the alkyne moiety of 144 occurs,
forming intermediate 146. A 5-exo-dig cyclisation ensues, followed by a Claisen
rearrangement, furnishing species 148. Aromatisation yields the desired product,

regenerating the active gold catalyst.
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AuCly + H,0

f

AuCI,(OH) + HCl  AuClg

Scheme 39: Proposed mechanism for the formation of 149.

Allylic amines have been shown to participate in similar reactivity, first reported by
Stevens.®’ Stevens and co-workers demonstrated the intramolecular synthesis of indoles
by utilising 1 mol% AuCls in CH2Cl». (Scheme 40a). The key reactive step is a 5-exo-
dig cyclisation producing intermediate 153. Addition onto the terminal position of the
allyl moiety occurs, generating species 154. Aromatisation via a [1,5]-prototropic shift
furnishes the desired product 151. An extension of this work was later reported by Roy
and co-workers, synthesising highly substituted indoles (Scheme 40b).%8 First,
coordination of the gold catalyst to the alkyne moiety occurs, followed by nucleophilic
attack of the amine, producing species 158. A [3,3]-sigmatropic rearrangement ensues,

with subsequent aromatisation generating the desired product 154.
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Scheme 40: Gold-catalysed rearrangements of allylic amines.

In 2018, Guinchard reported the intramolecular cyclisation of enantioenriched

allylic amines (160) onto allenes, furnishing the desired products in good yields and

excellent diastereoselectivities (Scheme 41).8% Migration of the allyl fragment from the

nitrogen atom to the carbon backbone occurs via an analogous mechanism to that of

scheme 40b.
Ri o
— 2
Qo W~
N 7 (2 mol%)
H toluene, 70 °C, 4-6 h

160 93-95% ee

161
8 examples
48-88%, d.r. >19:1

€]
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Scheme 41: Gold-catalysed rearrangements of allylic amines.
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All reactions discussed so far involve the addition of a heteroatom-based
nucleophile. Utilising alkenes as the nucleophilic component has found significant use in
rearrangement cascades and typically involves allylsilanes. Toste and co-worker reported
a gold-catalysed sila-Cope rearrangement, generating vinylsilanes in modest to excellent
yields (Scheme 42).%° Utilising MeOH as the nucleophilic component resulted in the
cyclic derivative 164 as the major product. However, using PhOH reversed the selectivity
of the reaction, forming acyclic derivative 165 as the major product. This is due to the
relative rate of nucleophilic addition vs. ring-opening. Substrate scope was modest, with
variations on the allyl moiety of 162 resulting in mixtures of both cyclic and acyclic

derivatives.

R® R3 OR* 3
AgBF, (5 mol%) R

R2 R2 2
t-BuzP)AuCI (5 mol% R
\(& s rion ~PuPACTEOmI or OR"
Ph—si 3.0 equiv CH,Cly, RT, 1-12h Ph—Si A\ _, Ph—Si__~
1 \‘SSK\ s / ) 4 R
1

163 Ph Ph
R 164 165
162 R* = Me R*=Ph
9 examples 12 examples
39-82% 46-99%

Scheme 42: Gold-catalysed sila-Cope rearrangement.

The proposed mechanism is shown in Scheme 43 and first involves the coordination
of the cationic gold complex to 162, forming species 166. Sg2' addition of the allylsilane
via a 6-endo-dig cyclisation occurs, stabilised by the B-silyl effect, furnishing
intermediate 167. Stabilisation of this intermediate allows for the addition of MeOH,
followed by protodeauration generating cyclic product 169. When the rate of nucleophilic
addition is reduced, ring-opening of intermediate 167 via B-silyl fragmentation occurs,
forming species 170. This species is then intercepted by PhOH and subsequent

protodeauration, forms the acyclic product 171, regenerating the active gold catalyst.
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Scheme 43: Proposed mechanism for the formation of 169 and 171.

That same year, Lee and co-workers extended this approach via modification of
Toste’s original reaction conditions, forming exclusively the acyclic product 174, with
high (Z)-selectivity (Scheme 44).%! The authors propose an identical cycle to Scheme 43.

Utilising sterically encumbered alcohols, promotes ring-opening over direct nucleophilic

quenching.
R2 R R2
AgSbFg (1 mol%) J\
OH (PhsP)AUCI (5 mol%)
+ > .
Ph—Si R R  CH,Cly, RT, 10 min Ph=Si P g
Ph \ 173 P
R! 174
172 19 examples

55-89%
Scheme 44: Gold-catalysed sila-Cope rearrangement forming acyclic product 174.

In 2008, Murakami reported the synthesis of silole cores via an intramolecular trans-
allylsilylation reaction, forming the desired products in high yields under mild reaction
conditions (Scheme 45).%2 Crucial to reactivity was the incorporation of ligand L6,
increasing product formation significantly. The functional group compatibility of the
reaction was good, with both electron-donating and electron-withdrawing substituents
providing the product in appreciable yields.
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Scheme 45: Gold-catalysed synthesis of 3-allyl-1-silaindenes.

The proposed mechanism is initiated by the activation of the alkyne moiety of 175,
forming intermediate 177 (Scheme 46). A 7-exo-dig cyclisation occurs via nucleophilic
attack of the allylsilane onto the alkyne component of 177, generating species 178. -
silyl fragmentation occurs, forming allylated intermediate 179. Subsequent electrophilic
ring closure furnishes cationic species 180. Aromatisation gives the desired product,
regenerating the active gold catalyst. DFT calculations performed by Ujaque in 2010
provide further evidence towards the proposed catalytic cycle.®®

®
RS Al s
R4 é 5
A\ _R® R
O T Rt R R
3
[Au]
178 \ RS
S —R*
i )
\_/
R1 \R2

Scheme 46: Proposed mechanism for the formation of 176.

Horino and co-workers extended this concept by incorporating water, intercepting
the silyl cation intermediate 179 proposed by Murakami in Scheme 46. Subsequent

nucleophilic ring-closure gave the desired bezoxasiloles in high yields (Scheme 47).%
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Scheme 47: Gold-catalysed synthesis of bezoxasiloles.

An intermolecular variant was reported by Lee and co-workers, coupling allylsilanes

with 1,5-enynes, synthesising cyclised product 185 in high yields with modest levels of

diastereocontrol (Scheme 48).% The reaction is initiated via a 6-endo-dig cyclisation,

assisted by gold, affording intermediate 186. A pinacol-type rearrangement occurs,

generating species 187. Nucleophilic attack of the alcohol arises, forming acetal 188.

Subsequent reformation of an oxonium species ensues, followed by nucleophilic addition

of the allylsilane generating the desired product (190). Exploration of the substrate scope

was modest, with various alcohols participating in the reaction (185b and 185c).

Variation with respect to the alkyne was poor, with reactivity shutting down upon

introducing steric bulk. Furthermore, poor diastereocontrol was observed when

subjecting 3-buten-2-ol (185e) to the reaction conditions.

OTBS
Me

+

/\/SiMe3
(3.0 equiv)
7 (1 mol%)
R?0OH >
(1.1 equiv) CH,Cl,, RT, 1h

184

OR? o
Me t-Bu SbFyg
AN tBu,, y (€]
—Au(NCMe)
7
R" 185 O
11 examples

0-92%, d.r. 1-15:1

via:
OTBS

=

R1
186

OTBS OTBS

e
R2OH
® E—
[Au]

R [Au] R [Au]

OR2
/\/SIM63
f[Au}

OR?
ﬁ/\
R’l

R [Au]

selected examples

Oj-Pr
Me

185a 72%

Oi-Pr

185b 73% 185¢ 81%

185d 85% 185e 84%, d.r. 1.1:1

Scheme 48: Gold-catalysed carbocyclisation of enynes.
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Gold-catalysed rearrangements containing propargylic carboxylates have been
shown to undergo cascade reactions, building molecular complexity from simple
precursors.®® Furthermore, they have been shown to participate in allylic rearrangements,
furnishing net allylated products. A seminal report by Davies and co-workers coupling
propargylic carboxylates and allylic sulfides via gold-catalysis was reported (Scheme
49).%" The reaction tolerated various propargylic carboxylates (193a and 193b), affording
the desired products in 82% and 72% yield respectively. Moreover, both aryl (193c) and

alkyl (193d) allylic sulfides were well tolerated, delivering the aforementioned products

in good yields.
i o
OJLRZ AuClI (5 mol%) )]\
* /\/S\Rs _—
1 DCE, 70 °C, 9-42 h R? A S\
R J\% 192
191 (1.03-2.0 equiv)

193
11 examples
54-93%

selected examples

] o] o]
)J\ O)J\t Bu O)J\Me Me O)]\Me
Ph X SPh X SPh Ph \¢\/8\© Ph \C\/S
= = = )
193a 82% 193b 72% 193¢ 54% 193d 63%

Scheme 49: Gold-catalysed intermolecular coupling of propargylic esters and allylic sulfides.

The authors propose the following catalytic cycle shown in Scheme 50. First,
activation of the alkyne moiety of 191 occurs via coordination to AuCl, forming species
194. Nucleophilic attack of the propargylic carboxylate ensues, followed by back-
donation from the gold metal centre, generating carbenoid 196. Nucleophilic attack from
the allylic sulfide to the gold carbenoid intermediate generates species 197. A subsequent

1,4-shift yields the desired product, regenerating the active gold catalyst.
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Scheme 50: Proposed mechanism for the formation of 193.

Davies later reported an intramolecular variant coupling sulfoxides with in-situ
generated sulfur ylides (Scheme 51).%8 Cycloisomerisation of sulfoxides which contain a
tethered alkyne and allyl fragment generates 199 in high yields but poor diastereocontrol.
The mechanism is similar to Scheme 50 and proceeds via the anti-nucleophilic attack of
the sulfoxide group to the gold-activated alkyne moiety of 198, affording intermediate
201. Back-donation from the metal centre ensues, forming gold carbenoid 202.
Subsequent nucleophilic attack from the allylic sulfide followed by ylide formation

occurs. A [2,3]-sigmatropic rearrangement furnishes the desired product.
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Scheme 51: Gold-promoted cycloisomerisation of 198.
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In 2009, Toste and co-workers reported the first enantioselective gold-catalysed
synthesis of benzopyrans by utilising propargylic carboxylates, furnishing products that
contain a quaternary centre in high enantioselectivities (Scheme 52).%° Crucial for high
levels of enantiocontrol was the implementation of bulky substituents on the phosphine
aryl rings of L1. As seen previously, gold carbenoid species 207 is formed. This
intermediate is intercepted by the allylic ether moiety of 207, forming enantioenriched
oxonium species 208. Subsequent rearrangement of this oxonium species ensues,

involving the formation of an allyl cation, affords the desired product.
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Scheme 52: Gold-catalysed intramolecular propargylic carboxylate rearrangements.

Dual-catalysed transformations promote unique reaction pathways due to
synergistic behaviours between two different metal centres. Gold-catalysed
transformations often produce reactive intermediates that potentially could be intercepted
by other metal centres. This was first realised by Blum and co-workers, reporting the
gold/palladium-catalysed synthesis of butenolides (Scheme 53).1%° Gold-catalysed
cyclisation of 210 affords allyl oxonium species 212. This species is suspectable to
oxidation addition by Pdz(dba)s, forming species 213 and 214. Transmetalation followed

by reductive elimination furnishes the desired product.

34



o—/= AgOTf (5 mol%)

o (PhsP)AUCI (5 mol%) o ) Me
__wR!
._\“RZ Pd,(dba)s (5 mol%) R 7
Me 910 CD,Cl,, RT, 2-24 h R N\
211
7 examples
60-91%
via
@O/\/ o
oTf | ®
Pd,(dba
@ Me  Pdadoal ) Me pd] o
+
R R?
R2 [Au] Rz [Au] 214
212 213

Scheme 53: Gold- and palladium-catalysed synthesis of butenolides.

Hashmi and co-workers extended this concept reporting the cycloisomerisation of
alkynylbenzoate ester 215, generating the cross-coupled product 216 in 98% yield
(Scheme 54).101

0

o \F AgOTf (7.5 mol%)
(PhsP)AUCI (7.5 mol%)

»

X Pd,(dba); (7.5 mol%)

215 O CH,Cl,, RT, 2 h
OMe

Scheme 54: Gold- and palladium-catalysed cyclisation of alkynylbenzoate esters.

216 98%

In 2012, Gong reported a ternary system involving gold, palladium and Brgnsted
acid catalysts, synthesising allylic pyrrolidine derivatives in modest to high yields
(Scheme 55).1292 The reaction is initiated via activation of the alkyne fragment of 217.
Anti-nucleophilic addition followed by protodeauration yields intermediate 220. Assisted
by TRIP, palladium-catalysed oxidative addition occurs, forming species 221.
Nucleophilic attack to the cationic palladium allyl species ensues, forming the desired
allylated pyrrolidine product 218. The reaction scope was good, with electron-
withdrawing substituents (218a) generating the desired products in reduced yields.
Bulkier bi-aryl (218b) and naphthyl (218d) derivatives furnished the desired products in
80% and 76% respectively. Furthermore, substrates that had no substituents at the a-
carbon of the amine fragment, gave the desired product in drastically reduced yield.
However, modification of the palladium catalyst gave the aforementioned product in 80%
yield (218c).
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Scheme 55: Gold-, palladium- and Brgnsted acid-catalysed hydroamination/allylic alkylation.

Intramolecular additions to alkenes are a viable synthetic strategy towards the
conversion of allylic alcohols to allylic amines. Dang and co-workers reported a highly
efficient gold-catalysed Overman rearrangement, forming trichloroacetimidates (223) in
high yields (Scheme 56).1°® Remarkably, the reaction could be performed in water
without any significant decrease in yield. The reaction tolerated alkyl (223a) and ester
moieties (223c), furnishing the desired products in excellent yields. However, substrates

containing phenyl-substituted alkenes (223d) diminished reactivity.
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Scheme 56: Gold-catalysed Overman rearrangement.
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Yang and co-workers reported a variant of this reactivity, demonstrating the
decarboxylative amination of allylic carbamates (224) via an aza-Claisen rearrangement
(Scheme 57).1% This rearrangement exhibited excellent stereocontrol with respect to the
alkene, favouring the (E)-configuration. The reaction could be performed in water;

however, an acidic nitrogen atom was required to facilitate reactivity.

o}

AuClI (5 mol%)
0”7 DNHTs  AgOTf (5 mol%) NHTs
ph NF DIPEA (1.0 equiv)  pp” X
H,0,75°C, 2 h
224 225 92%, E/Z 19:1

Scheme 57: Gold-catalysed decarboxylative amination of allylic N-tosylcarbamates.

The reaction is initiated via deprotonation of N-tosylcarbamate 224, followed by
alkene activation via gold coordination, forming imidate 227 (Scheme 58).
Intramolecular anti-nucleophilic addition occurs, generating species 228. Fragmentation
forms 229, regenerating the active gold catalyst. Subsequent decarboxylation and

protonation affords the desired allylic amine.
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Scheme 58: Proposed mechanism for the formation of 225.

In 2007, Nolan and co-workers reported the gold-catalysed rearrangement of allylic
acetates, forming primary allylic acetates from secondary allylic acetates (Scheme 59).1%
The reaction required a bulky ligand to enable conversion to the isomerised product. The
reaction could be performed using either conventional heating or microwave-assisted

heating, with the later reducing the reaction time to 12 minutes, forming product 230.

QA AgBF, (2 mol%) OAc AgBF, (2 mol%) QAc
NS (IPr)AuCI (3 mol%) = (IPr)AuCI (3 mol%) NS
uW, 80 °C, 12 min DCE, 85°C,12h
F F F
230 95% 231 230 95%

Scheme 59: Gold-catalysed rearrangement of allyl acetates.

37



1.2.1.3 Addition of Nucleophilic Allylating Agents to Electrophiles

The addition of nucleophilic allylating agents to electrophiles catalysed by gold is
much less commonly reported than the addition of nucleophiles to electrophilic allylating
agents. However, several examples have been described and they commonly utilise
allylic silanes. A pioneering report by Campagne coupling allylic silanes and propargyl
alcohols was described (Scheme 60).1% The reaction operates under mild reaction
conditions and tolerated electron-rich (234a and 234b) aromatic propargyl alcohols;
however, electron-poor substituents (234c) gave no reactivity. Moreover, alkyl-derived

(234d) propargyl alcohols were well tolerated.

OH s NaAuCl,+2H,0 (5 mol%) =
+ /\/ iMe3 >
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Scheme 60: Gold-catalysed nucleophilic allylation of propargylic alcohols.

Subjecting enantioenriched propargyl alcohol 235 to their optimised reaction
conditions generated the corresponding allylated product 236 in 97% yield with no
asymmetric induction (Scheme 61). The authors propose the involvement of an in-situ

generated carbocation via a Sn1 reaction pathway.

OH s NaAuCl,+2H,0 (5 mol%) ~
+ N >Mes >
Ph)\ Z CH,Cly, RT PhT N
235 i Fh
1:5 equiv) 236 97%, 0%
96% ee o, b ee

Scheme 61: Gold-catalysed nucleophilic allylation of propargylic alcohol 235.

In 2009, Liu and co-workers reported the first gold-catalysed addition of allylsilanes
to aldehydes, followed by cycloisomerisation affording 1,3-disubstituted aryl rings in
excellent yields (Scheme 62).2%7 Alkynal 237 was transformed into product 239 in 90%
yield using (PhsP)AuCI as the catalyst in CH2Cl> for 5 h.
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Scheme 62: Gold-catalysed nucleophilic allylation of aldehydes.

A plausible mechanism begins with coordination of the gold catalyst to the aldehyde
of 237 (Scheme 63). Addition of allylsilane 238 occurs, forming carbocation 241.
Elimination of Me3SiOTf via a triflate anion ensues, forming gold-bound allylated
product 242. Exchange of the gold-bound intermediate 242 with Me3SiOTf, regenerates
the active gold catalyst which in turn, coordinates to the alkyne of 243, forming species
244. A 6-endo-dig cyclisation generates carbocation 245 which can be in resonance with
its gold carbenoid form (246). Subsequent deprotonation of 245 occurs, forming gold-
bound cyclohexadienyl 247. Elimination of MesSiOH followed by protodeauration
generates the desired disubstituted aryl product 239.
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Scheme 63: Gold-catalysed formation of 239.

Liu and co-workers extended this concept, reporting a cascade reaction via the [3+2]

annulation of allylic silanes to form complex highly strained bicyclic frameworks (249)
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in excellent yields and diastereoselectivities (Scheme 64).1% The suggested mechanism
for the formation of 1,5-enyne 250 is analogous to that proposed by Campagne (Scheme
61). Supported by deuterium studies, the authors propose a cycloisomerisation pathway
followed by a 1,2-hydride shift yielding 252. Formation of carbocation 253 ensues.
Subsequent ring expansion and nucleophilic trapping by allylsilane delivers the desired

product.
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@ ® [Au] n-Bu n-Bu n-Bu
250 251

. J

Scheme 64: Gold-catalysed nucleophilic allylation/cycloisomerisation.

Liu reported another intramolecular deoxygenative cyclisation followed by a
nucleophilic addition cascade, generating polycyclic frameworks from simple precursors
(Scheme 65).1%° First, cyclisation via nucleophilic addition of the alkene to the gold-
bound aldehyde forms a cationic intermediate that is intercepted by allylic silane 255,
garnishing species 257. Subsequent gold-mediated deoxygenation occurs, furnishing
cationic species 258. Intramolecular cyclisation forms stabilised intermediate 259,
followed by alkene formation affording the desired polycyclic product. This
methodology was applied towards the synthesis of biologically relevant targets from the
brazilane family and could be applied to a range of other electrophiles and

nucleophiles, 11011
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Scheme 65: Gold-catalysed deoxygenated cyclisation.

In 2009, Krause and co-workers demonstrated a robust methodology involving the
gold-catalysed ring-opening allylation of dihydrofurans (Scheme 66).1'? Gold-catalysed
epimerisation of dihydrofurans is known to operate via a zwitterionic intermediate,
therefore, the authors propose that trapping this intermediate with a nucleophile would
generate complex acyclic products. The reaction was regioselective towards the 2-
position of furan 260, affording the desired product 261 in 60% yield. However, loss of
diastereocontrol was observed due to the formation of a cationic intermediate.

<=> o8N A HAUCI,+3H,0 (5 mol%) A~ -OH
PR / + /\/S'Mes — >
o CH,Cl,, —40 °C to 20 °C = Ph NOBn
260 233 4h
d.r. >19:1 (4.0 equiv) then 261 60%, d.r. 1.5:1

TBAF (4.0 equiv)

Scheme 66: Gold-catalysed ring-opening allylation of dihydrofurans.

The reaction is initiated by the gold-mediated ring-opening of 260, forming
zwitterionic intermediate 262 (Scheme 67). Nucleophilic attack of the allylic silane
occurs at the 2-position, forming species 263. Cleavage of the carbon-silicon bond forms
intermediate 264, regenerating the active gold catalyst. Remove of the silyl group using
TBAF affords the desired product.

7 L VU - OSiMes [Au] "N
-

260

Z Ph ~OBn = Ph  ~OBn d.r. >19:1

233
o~ SMes

Scheme 67: Proposed mechanism for the formation of 261.

The isolation and characterisation of allylic gold(l11) complexes was first reported

by Komiya in 1988.%2 The first application of these complexes was later reported by
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Komiya, demonstrating the nucleophilic allylation of aldehyde 265, generating
homoallylic alcohol 267 in high yield with modest diastereocontrol (Scheme 68).11
Gold(I11) allylic complex 266 was synthesised via Grignard displacement from the
corresponding gold halide counterpart. The reaction is y-selective with respect to the
allylic gold(I11) complex.

Me OH

Ph Me—Au CeDg, RT, 24 h
265 F',Ph3 e
266 (+)-267 92%, d.r. 5:1
(2.0 equiv)

Scheme 68: Allylation of aldehydes using allylgold reagents.

Due to preliminary mechanistic considerations by the authors, a hypothesised closed
six-membered chair-like transition state (269) was proposed, whereby the gold(l11) centre
adopts trigonal planar geometry due to the dissociation of PPhz (Scheme 69).
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Me Me J OAuMe,
Me — — PPh; Mi/:/ Ph ~
| —_ | > Me—7_
Mo~ A PPh Me=Au Ph\‘z’o\\ﬂ] PPN
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PPh3 3 ® ® Me
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Scheme 69: Mechanistic rationale for the formation of 270.

Enantioselective variants incorporating nucleophilic allylating agents under gold
catalysis are extremely rare. One such example was reported by Mikami and co-workers,
demonstrating the nucleophilic allylation of glyoxylate imines with allylic stannanes
(Scheme 70).1** Utilisation of the BIPHEP-gold complex 274 rendered the reaction
enantioselective, showing increased catalytic activity in comparison to BINAP
derivatives. This may be due to the Au-Au intramolecular interaction that gold complex
274 exhibits, providing a more rigid transition state. The substrate scope was poor, with
variation with respect to the nitrogen substituent (273a and 273b) forming the desired
homoallylic amines in good yields but modest to good enantioselectivities. Furthermore,
modification of the reaction conditions was required when varying the ester moiety of
the glyoxylate imine (273c and 273d). However, only modest enantioselectivities were

observed.
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Scheme 70: Enantioselective gold-catalysed allylation of glyoxylate imines.

In 2016, Liu and co-workers reported a one-pot gold-catalysed three-component
coupling of enynes, aldehydes and amines, generating densely functionalised
homoallylic amines in goods yields and modest to good diastereoselectivities (Scheme
71).1° The reaction proceeds by anti-nucleophilic attack of aniline 277 onto enyne 275,
forming intermediate 279. Proton transfer forms allylgold species 280. Nucleophilic
allylation of imine 281, formed via condensation between 276 and 277 affords the desired

product. The reaction is y-selective with respect to the allylic gold(l) intermediate 280.

R' R?
R R? AgNTf, (5 mol%) " o
O (PhzP)AUCI (5 mol%) R
| + i + 0 AM—NH, — > |
R % . RS 277 MeCN, RT, 3-11 h Ar1/NH N\EWG
275 N/R 276 (2.1 equiv) NI
EVIVG (1.2 equiv) 278 A
22 examples
57-77%, d.r. 4-19:1
via AI‘1
281
R1 RZ R1 Rz HN ® R'] RZ
| H@ | 5” RS R3 i
Au Au R
A R¢ Ar' Z R* A7 “EWG
) N SNTONT Toas
H ) | N
EWG EWG Ar
279 280

Scheme 71: Gold-catalysed Mannich cascade reaction.

Xu and co-workers reported the first isolation of an allylic gold(l) complex,

displaying its capability to allylate isatin-derived ketimines (Scheme 72).11¢ The reaction
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utilises a cooperative catalysis approach involving a gold catalyst and an enantioenriched
chiral organocatalyst (285), furnishing products that contain vicinal stereocentres. The
reaction delivered the desired products in excellent yields, diastereoselectivities and
enantioselectivities. Furthermore, the reaction could be extended to include isatins,

affording homoallylic alcohols with excellent enantiocontrol.

NBoc
285 (10 mol%)

o
J]\ . o (L8)AUCI (5 mol%)
—_—_—
R" °N
H

N DCE, 30 °C, 16 h
2

37 examples
57-94%, d.r. >19:1
96-99% ee

e N

Me (0]

Me Me =
O L8 PhHN o
Me P(t-Bu),

285

i-Pr i-Pr

i-Pr

. J

Scheme 72: Enantioselective gold-catalysed allylation of isatins.

The authors propose the following mechanism (Scheme 73). Coordination of the
gold catalyst to the alkyne of 282 occurs, forming species 286. A 5-endo-dig cyclisation
ensues via anti-nucleophilic addition affording vinylgold intermediate 287.
Aromatisation assisted by quinine-derived squaramide catalyst 285 forms allylgold(1)
complex 288. Se2’ allylation facilitated by the organocatalyst occurs via a formal hetero-

ene reaction producing the desired product (284), regenerating the active gold catalyst.

. )
[Au] R1J\N
H

282

286 © J'HH[AUC})
R1JJ\N
H

R1

Scheme 73: Proposed mechanism for the formation of 284.
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1.2.1.4 Miscellaneous Additions of Allyl Fragments

Gold-catalysed ring-opening of cyclopropenes is an alternative methodology to
incorporate allyl moieties. This was first realised by Lee and co-workers, reporting the
regioselective ring-opening of cyclopropenes followed by coupling with MeOH to give
tert-allylic ether 290 in 86% yield (Scheme 74).1!" Increasing the steric bulk surrounding

the alcohol generates mixtures of regioisomers.

Me n-CgHyg
(Ph3P)AuUNTTf, (5 mol%) Me n-CgHyqg
+ MeOH _—
(6.0 equiv) CH.Cl,, RT, 2h —; ;OMe

289
290 86%

Scheme 74: Gold-catalysed ring-opening of cyclopropenes.

The authors propose initial activation of the cyclopropene, forming intermediate 291
(Scheme 75). Subsequent ring-opening ensues, affording species 292. Delocalisation of
the positive charge of intermediate 292 between the C-1 (292), C-3 (293) and Au atoms
can occur. Regioselective addition of MeOH ensues; however, the identity of the
nucleophile can alter the regioselectivity of the reaction. When utilising Ph2SO as the
nucleophile, exclusive attack at the C-1 carbon occurs. Protodeauration furnishes the

desired product 290.

Me n-CoHyg Me n-CgHig Me @ n-CgHig Me n-CgHyg
| | MeOH Me n-CgHqg
®: | ol —/ OMe
[AI.I] [Au] [ALI] [ALI] [Au]
291 292 293 294 295

Scheme 75: Mechanistic Rationale for the formation of 290.

To support their mechanism, the authors subjected CD3OD to their reaction
conditions, observing high deuterium incorporation at the vinylic position of 296

(Scheme 76).

Me n-CgHyg
(Ph3P)AUNTf; (1 mol%) Me n-CgHyg
+ CD5;0D >
(6.0 equiv) CHoCly, RT, 2h 0CD, (100%)

(90%) D 296 86%

289

Scheme 76: Deuterium mechanism evaluation.
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An extension of this work was later reported incorporating thioacids as the
nucleophilic component (Scheme 77).1!8 Intercepting the ring-opened intermediate with
thioacid 298 gave a 9:1 mixture of C-1 (299) vs. C-3 (300) allylated products in 80%

yield. The regioselectivity of the reaction was highly dependent on the nucleophile.

n-CgHyqs n-CgHyq3

i |
-CeHiz_ ,m-CeH
eles e J (PhsP)AUNT, (5 mol%) Me - "CoHio
+  Ph” sH - . X 0
208 CH,Cl,, RT, 10 min S.__0 =/%
207 299 \\f? 300 ph

Ph 809

299:300 9:1

Scheme 77: Gold-catalysed addition of thioacids.

Stabilised vinyl diazo derivatives have found use within gold-catalysed allylations.
In 2013, Barluenga and co-workers demonstrated the regioselective coupling of diazo
derivatives and alkenes, furnishing allylated products (303) in modest to good yields
(Scheme 78).11° Neither the [2+1] cyclopropane product nor the allylic C-H insertion
product were observed. The authors propose that diazo derivative 301 acts as an allylic
cation in the reaction, allowing for the regioselective synthesis of vy-substituted
compounds. The reaction could be extended to activated arenes, affording allylated

phenyl derivatives in excellent yields.

N R3 R'
2 RS R® (IPDAUNTE, (5 mol%) o,
1 + — =
RESS EWG 6 CH,Cl,, RT, 1h 7 TEWG
R2 R RS R6 R2
301 R

302 303

(4.0 equiv) 12 examples

40-92%, E/Z: 1-4:1
Scheme 78: Gold-catalysed allylation using vinyl diazo derivatives.

The reaction is initiated by the interaction of vinyl diazo derivative 301 with the gold
catalyst, forming carbenoid intermediate 305 (Scheme 79), which can be in resonance
between its carbenoid form (305) and its allylic cation form (304). Nucleophilic addition
at the C-3 position occurs, furnishing the most stable carbocation 306. Deprotonation,
followed by protodeauration gives the desired product, regenerating the active gold

catalyst.
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Scheme 79: Proposed mechanism for the formation of 303.

Lopez and co-workers extended this concept to incorporate ferrocenes, exploiting
the unique reactivity of gold carbenoid intermediates initially reported by Barluenga
(Scheme 80).1%° Coupling stabilised diazo species 307 with ferrocene gave the desired C-

H functionalised allylated derivative 309 in 75% yield.

N = \—
\)]i @ [(IPr)Au(MeCN)|SbF (5 mol%) ] CO,Et
X + Fe > €

CO,Et Cb CH,Cl,, RT, 1h
307 (DX
308 309 75%
(4.0 equiv)

Scheme 80: Gold-catalysed allylation of ferrocene.

An enantioselective variant was later reported by Sun and co-workers (Scheme
81).12 The authors demonstrated the gold-catalysed regioselective insertion of 2-
pyridones into stabilised diazo compounds, forming allylic ethers (312) in modest to
excellent yields. The reaction was rendered enantioselective using bisphosphine ligand
L9. The reaction tolerated several functionalised diazo intermediates (312a), affording
the desired products in excellent yields and good enantioselectivities. Reducing the steric
bulk surrounding the ester moiety (312b) gave reduced enantioselectivity. Limited
functional group tolerance was observed for the 2-pyridone, resulting in diminished

enantioselectivities (312d).
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Scheme 81: Enantioselective gold-catalysed vinylcarbene insertion.

1.2.2 Redox Active Gold-Catalysed Allylations

Two electron redox cycles involving gold (Au'/Au'") typically require harsh
stoichiometric oxidants to enable reactivity due to the high redox potential of Au'/Au'""".?’
However, several synthetic applications of gold catalysis involving two electron cycles
that incorporate stoichiometric oxidants have been reported.!?>!2® More recently,
methods that avoid these stoichiometric oxidants have been developed and have shown

promising applications in several allylation reactions.!4128

In 2014, Toste reported a pioneering example of a gold-catalysed cross-coupling
between aryl boronic acids and allyl bromides in the absence of a stoichiometric oxidant
(Scheme 82).12* This methodology provides access to sp2-sp® cross-coupled products
under mild reaction conditions. Crucial for reactivity was the bimetallic gold complex
315. The reaction tolerated both electron-rich (314a) and heteroaromatic (314c) boronic
acids. Interestingly, substrates containing halides (314b) reacted with complete
regioselectivity for the external bromide. Furthermore, sterically demanding substrates
(314d) generated the desired products in good yields. Utilising substituted allylic
bromides gave the linear product (314e) exclusively, albeit in poor E/Z selectivity. The

reaction did not tolerate basic or nucleophilic functionality.
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B(OH), 315 (5 mol%)
.\ Br/\/\Rz - > Z "R?
R Cs,CO3 (3.0 equiv) R!
MeCN, 65 °C, 18 h
313 314
(4.0 equiv) 17 examples

50-86%

selected examples

BocHN — = N Z
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| OMe S

314a 58% 314b 51% (10 mol% 315) 314c 53%
Me Me Me
Me Me Me Me Me Me O
314d 68% 314e 82% E/Z 2:1 314f 76%

Scheme 82: Gold-catalysed allylation of boronic acids.

To elucidate the mechanism, the authors synthesised substrate 316 (Scheme 83).
Transmetalation upon treatment with (IPr)AuOH ensues, forming gold complex 317 in
81% yield. Heating in CD3CN afforded oxidative aurocycle 318. This strained complex
exhibited hampered reductive elimination, allowing for its direct observation. Finally,
halide abstracting facilitates reductive elimination, furnishing the desired product. With
this information, the authors propose base-assisted transmetalation, oxidative addition

and rapid reductive elimination as the most favourable reaction pathway.

(IPr) (IPr)
Br | Br
B(pin) ) Au Br—Au
(IPr)AuOH (1.0 equiv) AgSbFg (1.9 equiv)
_— R _
CeDe, RT, 2h CD3CN, 40 °C, 8 h CD,Cl,, RT, 3 min
OMe OMe OMe OMe
316 317 81% 318 86% 319 74%

(2.0 equiv)
Scheme 83: Isolated products of oxidative addition/reductive elimination pathway.

Xie and co-workers later extended this methodology towards the C-H activation of
cyclopropenes, avoiding the use of stoichiometric oxidants (Scheme 84).12° Similar to
Toste’s original paper, the use of dinuclear gold complex 323 was crucial for reactivity.
The authors propose that AgsPO4 facilitates the C-H activation step and acts as a halide
scavenger, increasing reaction efficiency. The reaction scope was modest, with electron-
rich substituents shutting down reactivity. The reaction tolerated both aryl- (322a) and

alkenyl- (322b) substituted cyclopropenes, generating the desired products in poor to
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modest yields. Alkyl-derived cyclopropenes (322c) required increased catalyst loadings
to improve product formation. Variation of the allyl fragment was limited (322d).

R,0,C 3 Ar,P PAr,
2v2 323 (5 mol%) R20C R R | |
+ )\/ B ——— AuCl  AuCl
Ag;PO, (1.0 equiv)

R 323

320 321 toluene, 120 °C
(5.0 equiv) 16-48 h 322 Ar = § cl
25 examples

34-86%

selected examples

MeOZC CO,Me MeO,C_ CO,Me MeO,C. CO,Me MeO,C_ CO,Me
Me

Ph OA/\ ﬁ&/\ M
322a 66% 322b 35% 322¢ 41% 322d 56%

(10 mol% 323)
Scheme 84: Gold-catalysed C-H activation of cyclopropenes.

The proposed mechanism is detailed in Scheme 85. Reacting cyclopropene 324 and
gold complex 323 in the presence of AgsPOs4 forms intermediate 325. This process
repeats itself, forming complex 326. This dinuclear gold complex was isolated and fully
characterised. Oxidative addition with allyl bromide ensues, affording intermediate 327.

Reductive elimination furnishes the desired product, regenerating dinuclear catalyst 325.

MeO,C_  CO,Me / N\
Ar,P PAr,
324 + | |
Au'cl Ad'Cl
R1
AgsPO, l 323

Arz Ar2 MeO,C. CO,M
e >Me

MeO,C. CO,Me MeO,C z
A/\ MeOZC)V/ =

R X
328 AgsPO,
Ar=§
326
/ \ X =Cl, Br / N
Ar,P PAr Ar2P PAr2
|

Br—Au u u
MeOZC><( j>< 0,Me MeOzC><( j><COZMe
MeO,C CO,Me Me0,C CO,Me

R’ R! R R?

327
Br
/\/

Scheme 85: Proposed mechanism for the formation of 328.
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Rodriguez and co-workers reported an analogous procedure to Toste’s original
paper, coupling indoles and allylic acetates under gold catalysis, generating C-3 allylated
indoles in good yields (Scheme 86).12° Starting from either a-(330) or y-substituted allylic
acetates afforded the a-allylated product (331) exclusively, suggesting the involvement

of a w-allylgold complex.

Ph
332 (5 mol%)
OA AgSbFg (1.05 i
N, /\( o AgSbF, (1.05 equiv) A\
N\ Ph K3POy4 (1.0 equiv) N\
DCE/MeOH (50:1)
329 330
Ph 80°C,2h Ph

331 64%
Scheme 86: Gold-catalysed allylation of indoles

The reaction is initiated via the coordination of the gold complex to allylic acetate
330, forming species 333 (Scheme 87). Oxidative cleavage of the C-O bond occurs,
generating m-allylgold(lll) intermediate 334. This intermediate was confirmed
spectroscopically. Nucleophilic attack of the indole ensues, generating the desired

product.

Scheme 87: Proposed mechanism for the formation of 331.

Metallophotoredox catalysis is another approach to avoid stoichiometric oxidants.
One such report demonstrated the sp?-sp* coupling of aryldiazonium reagents (335) and
allylsilanes, yielding allylarenes in modest to excellent yields (Scheme 88).12" The
reaction proceeds under mild reaction conditions and has modest functional group
tolerance. The reaction did not tolerate any functionality with respect to the allylic silane,

and the authors attribute this to steric factors.
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N,BF, _
2BFy ) /\/SiMe3 [Ru(bpy)3(PFe),l (2 mol%;
233 MeCN, RT, 3 h

335 (4.0 equiv) 23 WCFL 336
29 examples
42-77%

Scheme 88: Gold-catalysed allylation of aryl diazonium salts.

The reaction is initiated by the photoexcitation of the ruthenium(ll) catalyst (Scheme
89). Quenching of the photoexcited catalyst by the aryldiazonium salt occurs, extruding
nitrogen gas, forming an aryl radical, that is intercepted by gold complex 337, forming
species 338. A single electron transfer between species 338 and the now oxidised
ruthenium(I11) catalyst, affords cationic species 339 and regenerates the ruthenium(ll)
catalyst. Transmetalation ensues, followed by subsequent reductive elimination,
furnishing the desired cross-coupled product 341.

o . §
Ny + BF, + Ar [Ru" [Au]"—Ar
ArN,BF, \}f 338 Cl—[Au]'

[Ru"]* 337

Ar—\_
ho ﬂ‘“}\\\ [Ru'"] 339 1
cl
C|' 340 |
[Aul—Ar lAuHJ“'—Ar
N"sivte,

233
Scheme 89: Proposed mechanism for the formation of 341.

In 2018, Shi reported the thioallylation of alkynes in the absence of an external
stoichiometric oxidant (Scheme 90).1% The reaction furnished stereoselectively tri- and
tetra-substituted alkenes in modest to high yields. The gold catalyst acts as a w-acid for
alkyne activation and as a redox catalyst, whereby the in-situ generated sulfonium cation
345 operates as a mild oxidant, forming intermediate 346. The reaction displayed good
functional group tolerance, with both aryl- (344a) and alkyl- (344b) substituted thiols
affording the desired products in good vyields. Increasing the catalyst loading was
required for di-substituted alkynes (344d). The authors propose catalyst deactivation

when using amides (344e), accounting for the decrease in isolated yield.
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Scheme 90: Gold-catalysed thioallylation of alkynes.

1.3 Nucleophilic Dearomatisation of Azinium Salts via Allyl Reagents

Functionalisation of pyridines represents a powerful tool for the construction of
complex biologically relevant targets.'?® However, the direct modification of pyridine is
challenging, most notably due to chemoselectivity issues and its comparatively low 7-
energy relative to benzene, therefore, requiring substituents to activate the pyridine
scaffold towards electrophilic aromatic substitution.!® Nucleophilic aromatic
substitution relies on the installation of good leaving groups.** Furthermore,
organometallic alternatives are typically unstable and difficult to access.'®? The
nucleophilicity of the nitrogen substituent can be exploited to synthesise cationic
intermediates that exhibit increased electrophilic character, known as azinium ions
(Scheme 91). Due to their increased electrophilicity, azinium ions can undergo
nucleophilic dearomatisation via the addition of either a hydride or a nucleophile,
forming dihydropyridine derivatives, which serve as direct precursors to piperidine

cores, 133135

Nu Nu
AN N-activation AN [Nu] X
[ ) —— 1) — | v ] T/
N N N Nu N N Nu N
CIN | | | |
RZ R2 R2 R2 R2

azinium ion

Scheme 91: Functionalising azinium salts.
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Azinium ions contain reactive sites at the C2-, C4- and C6-positions of the pyridine
ring. Regioselectivity is governed by the nature of the nucleophile. In general, hard
nucleophiles, such as Grignard reagents are selective towards 1,2-additions, while soft
nucleophiles such as organocuprates are selective towards 1,4-additions.3® Moreover,
increasing the steric hinderance of the activating agent can further increase
regiocontrol.®® High regioselectivity is desired as further modification of the
corresponding dihydropyridine product provides access to distinct molecular scaffolds.
Azinium ions containing stabilising electron-withdrawing substituents at the 3-position

have shown increased selectivity towards the 1,4-adduct.!3®

Over the past few decades, a plethora of nucleophiles have been used in the
dearomatisation of azinium ions, with the most common being the addition of aryl, ¥’
alkenyl 1® and alkyl organometallic reagents,'* cyanide reagents “° and enolates.'*!
However, the addition of allyl reagents is comparably underdeveloped.®*® This section of
the review will solely focus on the nucleophilic dearomatisation of azinium ions via allyl

reagents, categorised by the allylic precursor utilised.

1.3.1 Addition of Allylstannanes

Nucleophilic allylation of azinium ions to access allylated dihydropyridine
derivatives is not well described within the scientific literature. Yamaguchi and co-
workers reported one of first examples, coupling allylic stannanes with in-situ generated
azinium ions, accessing the 2-allylated product (348) in modest to excellent yields
(Scheme 92).142 Functional group compatibility was modest, with only seven examples
reported. Moreover, an inseparable mixture of regioisomers was obtained for a
significant majority of examples (348b). The reaction tolerated quinolinium ions (348d),

affording the desired product in 92% yield.

54



(0]
(1.0 equiv)
25 X R! )J\ N 1

2 Cl OMe LN R
i | + /\/snBUS > :(' | N
RN CH,Clp, RTto -78°C Sy, .

272 > N X

5h
347
(1.2 equiv)

|
CO,Me
348

7 examples
28-94%

selected examples

m(ﬁ\(ﬁ\@i/\
Me” N \*rr X III\ III\

|
CO,Me CO,Me CO,Me CO,Me

348a 28% 348b 74% 348c 96% 348d 92%
(rr. 3:1)

Scheme 92: Addition of allylstannanes to azinium ions.

Yamaguchi and co-workers later extended this methodology, examining the allylic
stannane scope (Scheme 93).23 Interestingly, when using prenyl allylic stananne 350, the
4-allylated product was observed exclusively, affording y-allylated product 351 in
excellent yields. The substrate scope was not explored thoroughly, with only four
examples reported. However, the reaction was tolerant towards esters (351a), aldehydes
(351b) and nitriles (351c), generating the desired products in excellent yields.
Unfortunately, the products were not stable and had to be hydrogenated using PtO and
Ho, affording the corresponding piperidine derivatives. The switch in regioselectivity can
be explained by the Hard Soft Acid Base theory (HSAB).!3 Prenyl stannane is a softer
nucleophile than allyl stannane, therefore, it preferentially attacks at the 4-position of the

in-situ generated azinium ion.**®

Me
o)
1 )]\ (1.1 equiv) = Me
R
X cl”” SoMe R’
| + Me = SnBuj, | |
=
N CH,Cl,, RT, 2-5 h
Me 350 hll
349
(1.2 equiv) CO,Me
351
3 examples

94-99%

selected examples

Me Me Me
= Me = Me = Me
CO,Me CHO CN
|| || ||
N N N
I | |

CO,Me CO,Me CO,Me
351a 99% 351b 98% 351¢ 94%

Scheme 93: Addition of substituted allylstannanes to azinium salts.
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Magnus and co-workers applied Yamaguchi’s methodology towards the synthesis
of (%)-nirurine (Scheme 94).1* Nucleophilic dearomatisation of 352 via the addition
allylstannane generated the desired product in 81% yield. Further transformations

furnished (£)-nirurine.

O
N ° ° OMe 13 steps
| SnBu (1 3 equiv)
_ + /\/ 3
N | | CH20|2 o °C to RT /7
272
352
(1.2 equiv) ™S MeOzC )-nirurine

353 81%
Scheme 94: Total synthesis of (£)-nirurine.

In 1993, Yamaguchi and co-workers discovered that pyridines containing an
electron-withdrawing substituent at the 4-position gave the 4-allylated product as the
major regioisomer, regardless of the hardness of the nucleophile (Scheme 95).24° This
was due to a stabilisation effect within reactive intermediate 358. Once again, an
inseparable mixture of regioisomers was reported for the majority of examples. Allylic
stannanes containing an electron-withdrawing substituent (356a, 356b and 356c) were
required for maintaining high levels of regiocontrol. Reacting 2-methylallyl stannane
(357a) gave the reverse selectivity, favouring the 2-allylated product. This is due to the

stabilisation of the carbocation by the methyl substituent on the allylic fragment.

OMe
1 3
)\/SnB% ( equiv)
CH,Cl,, 0 Cto RT

355
(1.01 equiv) COZMe COZMe

356 357
8 examples CO,Me

64-91%

selected examples

O O O MeO_ _O
Me MeO MeO
CO,Me CO,Me CN N "
e
|| || || |
N N

| | ) )

CO,Me CO,Me CO,Me CO,Me
356a 70% 356b 91% 356¢ 68% 357a 89%
356:357 2:1 356:357 19:1 356:357 19:1 356:357 1:19

Scheme 95: Addition of allylstannanes to 4-substituted azinium salts.
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An asymmetric variant was later reported by Yamada and co-workers (Scheme
96).14¢ Utilising an enantioenriched chiral auxiliary (359), the diastereoselective addition
of allylstannane was reported, generating the 6-allylated product (360) in 85% yield, with

good regiocontrol but poor diastereocontrol.

o)
s s )]\ (1.5 equiv) S S
J§ o Nome ~ I
N N s + /\/snBua |
| / CH,Cl,, 0°C, 2 h N
pZ 3 272 = N S
N Ph (1.2 equiv) com Ph
359 2Me
360 85%
r.r. >19:1
d.r. 1.6:1

Scheme 96: Addition of allyl stannanes to substituted pyridines.

Very recently, an anion-binding strategy was applied towards the allylation of
azinium ions via allylic stannanes (Scheme 97).147 Utilising organocatalyst 363, the
reaction could be rendered enantioselective, forming the desired allylated products in
good yields and modest to good enantioselectivities. The reaction scope was modest with
substituted quinolinium ions affording the desired products in varying
enantioselectivities (362a). The reaction did tolerate both electron-donating and halide
functionalities (362b), generating the desired product in 94% yield and 32% ee.
However, reaction inhibition was observed when attempting to from quaternary centres
(362c).

TrocCl (1.0 equiv)
@ N toluene, 0 °C, 1 h @ S Me
N then 363 (10 mol%) N
-78°C, 18 h |
Troc
362

15 examples
56-90%, 20-78% ee

361 Me (1.25 equiv)

SnBuj

selected examples

Cl
MeO
N N N
| | |

Troc Troc Troc

362a 79%, 62% ee 362b 94%, 32% ee 362¢ 0%, 0% ee

CF3

Scheme 97: Enantioselective dearomatisation of azinium ions.
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1.3.2 Addition of Allylsilanes

Allylic silanes are generally less toxic and exhibit better functional group tolerance
than allylic stannanes. Therefore, methodologies that utilise allylic silanes are highly
advantageous. However, allylic silanes are less nucleophilic, and often need additives to
facilitate reactivity. Yamaguchi and co-workers demonstrated the first example of
coupling allylic silanes with quinolinium ions, affording the desired allylated products
(365) in good yields (Scheme 98).148 AgOTf was required to enable reactivity, as it is
proposed to replace the chloride ion of the quinolinium ion, increasing its electrophilicity.

o] .
R2 - )j\ (1.5 equiv) R2 R3
R Ré Cl OPh R Ré
| X CH,Cly, RT, 1h X
7
then
N AgOTf (10 mol%) '\|' ~
364 /\/SiMe3 CO,Ph
. 365

(é-?- e;:?]/) 7 examples

53-92%
Scheme 98: Addition of allylsilanes to substituted quinolines.

An expansion of this methodology to include isoquinolines was later investigated
(Scheme 99).14° Interestingly, bicyclic product 367 was obtained in 77% yield under their
standard reaction conditions. The reaction proceeds via the addition of the allylic silane
to the in-situ generated isoquinolinium ion, forming species 368. Intramolecular addition
of the enamide ensues, forming iminium ion 369. A second equivalent of allylic silane

quenches the iminium ion, forming the desired bicyclic product.

o .
)J\ (1.5 equiv)
Cl OPh Me;Si
@ CH,Cly, RT, 1h _ _
=N then N\
266 AgOTf (10 mol%) CO,Ph
/\/SlMe;;
0,
(2.0 equiv) 367 77%
RT, 24 h
via: @OTf
@ . Me;Si
SiMey €3Sl
—_—
o= 7 e
N N oTf
\ @\
368 CO,Ph 369 CO,Ph

Scheme 99: Addition of allylsilanes to isoquinolines.
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In 2002, Yamaguchi and co-workers reported the regioselective addition of
enantioenriched allylic silanes (371) to quinolinium ions, generating the 2-allylated
product 372 in modest yields and enantioselectivities (Scheme 100).2%° Utilising
enantioenriched allylic silanes delivered the corresponding products with good
enantiospecificity. The authors propose a si-face attack through an anti-Sg2’ mechanism,
supported by the exclusive formation of the (E)-alkene.

o .
)J\ (1.2 equiv)

Cl OPh

| A MeCN, RT, 1 h @
N/ then N /\/Ph

AgOTf (10 mol%) |
370 SiMes COPh

= (R)-371 372 65%, 68% ee
Ph 76% ee
(2.0 equiv)
RT, 24 h

Scheme 100: Addition of enantioenriched allylsilanes to substituted quinolines.

1.3.3 Addition of Allyl Halides

Nucleophilic allylations of azinium ions involving allylic halides typically
incorporate stoichiometric quantities of indium and proceed under the Barbier-type
mechanism, which couples together an alkyl halide with an electrophile. Loh and co-
workers reported the first indium-mediated regioselective allylation of azinium ions by
allylic halides, furnishing the desired products in good yields (Scheme 101).%>! This was
the first example of complete regiocontrol when using pyridine (373). The substrate

scope was not explored thoroughly, with few examples reported.

[¢]
(1.0 equiv)
R? )J\
Cl OPh

@ ’ )\/Br | N
~
N

373

then N
374 In (2.0 equiv) )
(3.0 equiv) DMF, RT, 16 h CO,Ph

375
3 examples
65-70%

Scheme 101: Allylation of pyridine using allylic indium reagents.

In 2002, Yoon and co-workers demonstrated the indium-mediated coupling of

allylic halides with 1-ethoxy-1-(ethoxycarbonyl)-1,2-dihydroquinoline (EEDQ) in the
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presence of acetic acid to give the corresponding allylated products (380) with excellent
a-selectivities with respect to the allylic indium reagent (Scheme 102).1%2 Reacting
EEDQ (376) with acetic acid, forms quinolinium ion 377, whereby the anion can act as
a nucleophile attacking the quinolinium ion forming intermediate 378. Fragmentation
yields quinoline and amide coupling reagent 379. The rate of nucleophilic attack of the
in-situ generated allylic indium reagent is sufficient to trap quinolinium intermediate 377,
forming allylated products.

S0 O = OO 0D L

376 COzEt COZEt 378 COzEt
377

;
R\A B" i (1.2 equiv)
fast THF, RT, 1h

R2 (1.2 equiv)
X

N X
' 1 Q2
Et0,C R' R

380
7 examples
74-99%, d.r. 4-9:1

Scheme 102: Allylation of EEDQ using allylic indium reagents.

Yoon and co-workers later reported an extension of Loh’s initial finding, exploring
the effect of substituted allylic halides on the regioselectivity of the reaction with respect
to the quinolinium ion (Scheme 103).1%® Poor regiocontrol was observed for the majority
of examples, with 2-bromoallyl bromide giving the corresponding product 383a in a 5:1

mixture of regioisomers. Utilising prenyl bromide reversed the regioselectivity (383b).

R4 )j\ (2.2 equiv) R1 *\ \
R
(Ij e - TCLL

then |
382 In (2.0 equiv) PhO,C R2 R3
(3.0 equiv) THF, RT, 30 min
383
8 examples
25-96%

selected examples

oo O oL

|
PhOZC PhO,C Ph020
383a 74%, r.r.5:1 383b 75%, r.r.3:1 383c 87%, r.r.19:1

Scheme 103: Allylation of substituted quinolines using allyl indium reagents.
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In 2007, Yamada demonstrated the regioselective addition of allylic reagents to in-
situ generated azinium ions (Scheme 104).1%* Utilising enantioenriched chiral auxiliary
384, the diastereoselective addition of allylic stannane was reported, generating the 2-
allylated product 386 in 89% yield. Furthermore, a change in regioselectivity was
observed when utilising allylic indium reagents, generating the 4-allylated product (385)
in 69% vyield with good regiocontrol and diastereocontrol. DFT calculations indicated
transition state 387 as the most stable conformer, allowing for the selective addition of

the allylic reagent from the least hindered face.

(2.0 equiv) O Me Me )OJ\ (2.5 equiv)
CI X Cl OMe
In (1.8 equiv) THF, 0°C,1h
Me then
Y\(S/O equiv) /\/SnBu3

Me THF 0°C, 18 h (2.2 equiv)
RT, 24 h

MeOZC O Me Me

Me
/\:LMeO Me  Me X
B o Kk S SRe:
|\ N o +Me . ) Me
L e Q S< \ )Ba‘ Me
A Bn Me MeO,C _~

MeO,C 387 Me Me
386 89%, r.r. 12:1

385 69%, r.r. 12:1 d.r. >19:1
dr. >19:1

Scheme 104: Regioselective addition of allyl nucleophiles to substituted pyridines.

1.3.4 Addition of Miscellaneous Allyl Reagents

Maron reported the insertion of pyridine derivates into allyl calcium, generating the
4-allylated product (Scheme 105).1* Supported by DFT calculations and NMR
spectroscopy, the mechanism is initiated by the coordination of pyridine to calcium,
affording activated intermediate 388. Nucleophilic dearomatisation at the C2-position
occurs, followed by a Cope rearrangement, generating calcium-bound intermediate 389,
which can further react with methyl chloroformate to afford the desired allylated product
390.
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1,2- |nsert|on py\
Ca(allyl), ————— > (allyl),C
(1.0 equiv) pyridine, RT, 30 min followed by

Cope rearrangement

Z )j\(z .0 equiv)
MeO” Cl
N THF-d8, RT, 30 min
390 |
CO,Me

Scheme 105: Calcium-catalysed allylation of azinium ions.

In 2017, Liu and co-workers reported a metal-free oxidative C-H allylation of 1,2-
dihydroquinolines, forming the desired product in 90% yield (Scheme 106).2 The
reaction utilises an oxidant and occurs via an initial hydrogen atom extraction, forming a
quinolinium ion. Subsequent nucleophilic addition by potassium allyltrifluoroborate
generates the desired product (393).

AN [TEMPO]BF, (1.1 equiv) AN
@\H ' /\w/zBFBK CH,Cly, RT, 30 min ©5Nj\/\
391

I ) I
CO,Me (1.5 equiv) CO,Me
393 90%

Scheme 106: Oxidative allylation of 1,2-dihydroquinoline.

The addition of allylmagnesium reagents to in-situ generated azinium ions has been
reported extensively; however, its widespread utility has been hindered due to the
reaction producing mixtures of inseparable regioisomers and its poor functional group
compatibility. Smith and co-workers reported a predictive model for the addition of
Grignard reagents to azinium ions (Scheme 107).%" In general, the selectivity of the
reaction is affected by numerous factors including the substituent pattern of the azinium

ion (394) and the nature of the nucleophile.

MeOTf (1.0 equiv)

bz
N then N AN

MgBr
394 Y |

Me
395
(1.0 equiv) 396 19%

THF, -78 °C, 2 h

Scheme 107: Addition of Grignard reagent 395 to azinium ion 394.
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1.4 Summary

In summary, gold-catalysed allylations have been extensively researched over the
past two decades. In particular, the addition of nucleophiles to electrophilic allylating
agents and allylations resulting from rearrangement cascades are well-known. In
contrast, gold-catalysed additions of nucleophilic allylating agents to electrophiles are
comparatively underdeveloped. Moreover, accessing nucleophilic allylating agents via
transmetalation from an allyl precursor could give access to unique reaction pathways.

The nucleophilic dearomatisation of azinium ions by allyl reagents is a powerful tool
to access functionalised dihydropyridines cores. However, there are no robust
methodologies for the regioselective allylation of azinium ions. Furthermore, current
synthetic strategies favour the 1,2-adduct, often forming inseparable mixtures of
regioisomers, therefore, there is a need for methodologies favouring the 1,4-adduct
exclusively. As a result, the development of a gold-catalysed nucleophilic allylation of
azinium ions, forming the 1,4-adduct with high levels of regiocontrol and stereocontrol,

would be beneficial to synthetic chemists.
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2.0 Results and Discussion

2.1 Aims and Objectives

As summarised, it is evident that a nucleophilic allylation of azinium ions, with high
levels of regio- and stereocontrol, would be highly desirable. We were interested in
utilising allylic boronates as the allylic precursor as they are readily prepared, stable, and
have broad functional group tolerance. Our aim was to demonstrate the first metal-
catalysed highly regioselective coupling of azinium ions with allylic boronates which
would operate under mild conditions and have good functional group tolerance (Scheme
108).

H Enantiocontrol?
W Regiocontrol?
B Alkene Functionalisation?

Scheme 108: Reaction principle.

2.2 Reaction Optimisation

In 2012, Lam and co-workers reported the first enantioselective rhodium-catalysed
allylation of Kketimines, generating homoallylic amines in high vyields and
enantioselectivities (Scheme 109).%® The reaction scope incorporated various cyclic
aldimines (400a and 400b) and cyclic ketimines (400c and 400d), with a variety of
electron-donating and electron-withdrawing substituents, generating the corresponding
homoallylic amines in good yields and excellent enantioselectivities. Highly substituted
allylic boronates (400d and 400e) gave the anti-adduct in high diastereoselectivities, with

y-selectivity.
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o 0O
\Y%
PN

X~ \lN . Rzﬁ/\/BFBK [Rh(L10)CI], (1.5 mol%) X~ °NH
uw 3 ) MeOH (5.0 equiv) N
398 R® (1.5 equiv) THF, dioxane R1R2 Re
399 55°C, 15 h
400
24 examples
61-97%, 90-99% ee
selected examples
0 0 0 0 o] o] o]
W % Oy SN SN
0" NH 0”7 NH STNH S=NH S—NH
o] NQ N, N
AN A X X X
H H Me ph Me ph Me
n-Pr Me Me
o)
CN o

400d 61%, d.r. 17:1, 99% ee 400e 75%, 95% ee

400b 94%, 98% ee 400c 83%, 93% ee

(dioxane at 80 °C)

400a 97%, 98% ee

Scheme 109: Rhodium-catalysed allylation of cyclic imines.

In the presence of methanol, potassium allyltrifluoroborates undergo reversible
methanolysis, generating species 402 (Scheme 110).%° Transmetalation ensues, forming
allylrhodium species 403. Coordination of aldimine 404 occurs, proceeding through a
cyclic chair-like transition state, generating intermediate 406. Protonolysis of 406

releases the desired product, regenerating the active rhodium catalyst 401.

O\\S//
07 "NH
2 R1
R [Rh]—X
X =ClI, F, OMe KB(OMe),F3.,X
401
[Rh] —
O\\ R RZ%V[Rh]
/
O//S\ R2 R1
o 0.0
403 \//
O/S\N
405 Rh] |
o) \?RZ H
% N= 404
07> R!
e}

Scheme 110: Proposed mechanism for the formation of 407.

The similarities between the described cyclic imine system and our targeted azinium
ion led us to utilise the reported reaction conditions as a foundation to establish initial

reactivity. However, modification of the solvent system was required to increase the
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solubility of the azinium salt. Pleasingly, subjecting azinium salt 408 and potassium
allyltrifluoroborate 392 to a slight modification of Lam’s previous conditions gave the
corresponding 4-allylated (409) and 6-allylated (410) dihydropyridines in 25% and 22%
yield respectively (Scheme 111).

/
NO NO. NO
gr RN(C0dICI (5 mol%) 2 =z 2 2
A ]+ | | - ||
THF/MeOH (8:2) N N N
(1.5 equiv) 55°C, 16 h | | |
392 Bn Bn Bn
4°3 409:410 (1.1:1) 409 25% 410 23% 411 14%

side-product

Scheme 111: Rhodium-catalysed allylation of 408.

Notably, side-product 411 was isolated in 14% yield. Mechanistically, the formation
of side-product 411 may proceed via a hydride addition from 412, analogous to NADPH
within biological systems (Scheme 112).2%8 This forms side-product 411 and allylated
azinium ion 413 as a by-product. However, the presence of 413 could only observed by

mass spectrometry.

Z4
QLA NO, N0z
N@ N N@
Br I!%n I|3n Br l|3n
408 411 413

Scheme 112: Speculative formation of side-product 411. Only one regioisomer shown for

clarity.

Having established the feasibility of our process, certain reaction parameters were
investigated to increase regiocontrol. A preliminary solvent screen was conducted (Table
1). Regrettably, solvents such as EtOAc, acetone and DCE (entries 1,2 and 5) gave
diminished yields. Pleasingly, using TFE (entry 3) gave the desired allylated products in
a 6.2:1 ratio of 4-allylated vs. 6-allylated. During optimisation, side-product 411 was
observed within the majority of reactions. For all screening reactions, the remaining mass
balance is attributed to unreacted starting material. TFE was chosen as the solvent for

further reaction optimisation.
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Table 1: Solvent screening.

=z
MeOH (5.0 equiv)
Xy 02 srk  [Rh(cod)Cll; (5 n:“c:ll%) NO Y NO,
D LT - L LT e ]
Br@ zn@ (1-53‘;‘;““’) solvent, 60 °C, 16 h E ,}1 I}l
n Bn Bn
408 409 410 411
side-product
Entry Solvent Yield (%) Ratio of 409:410
409 410 411 Total
1 EtOAC 16 18 40 74 1:1.1
2 acetone - - - - -
3 TFE 31 5 22 58 6.2:1
4 HFIP 9 2 32 43 45:1
5 DCE 12 9 40 61 1.3:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as the internal standard.

Before conducting additional optimisation reactions, a control reaction was
performed without the addition of the rhodium catalyst (Scheme 113). Unfortunately,
comparable yields and regioselectivities were observed, suggesting that rhodium does
not effectively promote reactivity. Therefore, using rhodium as the catalyst was not

explored further.

=z
Xy V02 THF/MeOH (8:2) NG, = NO
R T |
Bre ’}l@ (1.5 equiv) 56°C,16h '}l '}‘
Bn 392 Bn Bn
408 409 18% 410 14%

Scheme 113: Catalyst free allylation of 408. Isolated yields.

We hypothesised that allyl pinacolboronate 414, which is less nucleophilic than its
organotrifluoroborate equivalent,*® could minimise the competitive racemic background
allylation. Therefore, allyl pinacolboronate 414 was subjected to the rhodium free
reaction conditions at room temperature and pleasingly, no reactivity was observed
(Scheme 114). As such, allyl pinacolboronate was chosen as the boronate coupling

partner for all further reactions.
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o NO2 NO, _ NO,
L e T | |
Br@ l}l® (1.5 equiv) TFE,0°Cto RT, 16 h |}| ,}1
Bn 414 Bn Bn
408 409 410

Scheme 114: Allylation of 408 using allyl pinacolboronate 414.

The screening of various metal catalysts to establish reactivity was first investigated
utilising allyl pinacolboronate 414 (Table 2). CH.Cl, was chosen as the solvent to
increase the solubility of the azinium ion. LiOt-Bu was added to activate the allyl
pinacolboronate, promoting transmetalation with the metal catalyst. Subjecting either
[Ir(cod)Cl]2 (entry 1) or NiBr2-glyme (entry 2) to the reaction conditions gave no
conversion of azinium salt to the desired allylated product. Moreover, palladium catalysis
gave no desired product formation (entry 5). Our first significant breakthrough came with
the use of (Me2S)AuUCI (entry 4). Remarkably, this catalyst gave the 4-allylated product
exclusively, albeit in poor yield. This is surprising since gold catalysis is not commonly
associated with nucleophilic allylation reactions utilising allyl pinacolboronates. Achiral
bis-phosphine based bimetallic gold catalyst 415 (entry 9) was synthesised and utilised
in the reaction, affording the corresponding allylated products in poor yields. Moreover,
enantioenriched phosphoramidite-derived gold catalyst 416 was utilised in the reaction,
affording the corresponding products in reduced yields and as a racemic mixture.
Shibasaki and co-workers have reported several copper-catalysed allylations of either
alcohols or amines utilising allyl pinacolboronates.'” 1661 However, when applying their
optimised conditions to our reaction system, no reactivity was observed (entry 6).
Furthermore, modifying the solvent (entry 7) or copper catalyst (entry 8) gave no product
formation. For all screening reactions, significant formation of side-product 411 was

observed within the crude *H NMR spectra.
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Table 2: Metal screening.

7
NO, NO NO NO
A _ [M] (10 mol%) 2 =z 2 2
Y e (VL Ly Or
N ) LiOt-Bu (0.5 equiv)
Bre EIBn@ (1.54(:(31”'\,) CHZCl, RT, ;16 h En Zn En
408 409 410 41
side-product
RO O W
Ph. /\/g’\/AuCI 0\P_N>—Ph
/FI’ Ph o’
clau” L OO AuC|> Ph
Me
415 416 )
Entry Metal Yield (%) Ratio of 409:410
409 410 411 Total
1@ [Ir(cod)CI]. - - - - -
2 NiBrz-glyme - - 42 42 -
30 AgNO;3 - - 38 38 -
4 (Me2S)AuCl 23 - 44 67 >19:1
5 Pd(PPhs)s - - 14 14 -
6! CuOAc - - 35 35 -
7 CuOAc - - 14 14 -
gld] CuTc - - 19 19 -
ofel 415 trace  trace 6 6 -
10 416 13 6 15 34 2.2:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as the internal standard. [a] Reaction conducted using 5 mol%
metal catalyst, [b] Using 5 mol% CuOAc and 6 mol% BINAP, [c] Conducted in MeCN using
5 mol% CuOAc and 6 mol% BINAP, [d] Using 5 mol% CuTc and 12 mol% phosphoramidite,
[e] Conducted in MeCN at —20 °C.

Having established the feasibility of our reaction, various control reactions were
conducted to confirm the requirement of all reagents. (Table 3). Reducing the
temperature (entry 1) exclusively gave the 4-allylated product, with no formation of side-
product 411. In the absence of LiOt-Bu (entries 2 and 3), reactivity shut down, thereby
suggesting its requirement to activate the allyl pinacolboronate towards transmetalation.

Crucially, in the absence of the gold catalyst (entry 4) no product formation was
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observed. Gold exhibits Lewis acidic characteristics, therefore, various transition metal
based Lewis acids were explored (entries 5, 6, and 7). Interestingly, reactivity shut down
when utilising other Lewis acidic metals; however, diminished yields were observed
when employing both Au(SMe2)Cl and La(OTf)s. This suggests that gold does not act as
a Lewis acid to facilitate the allylation of the azinium ion.

Table 3: Control reactions.

=
LiOt-Bu (0.5 equiv)

NO, NO, NO,
(j/ N (MeZS)AuCI(1OmoI%) ] . | /| : U

CH,Cl,, RT, 16 h
@ | "o (1.5 equiv) e '}l ’}‘ '}l
414 Bn Bn Bn
408 409 410 411

side-product

Entry Alteration Yield (%) Ratio of 409:410
409 410 411  Total

1 at0°C 21 - - 21 >19:1
2 no LiOt-Bu - - - - -
3w no LiOt-Bu - - - - -
4 no [Au] - - 23 23 -
5! La(OTf)s, no [Au] - - - - -
6! La(OTf)s 12 - - 12 >19:1
71 Sc(OTf)s, no [Au] - - 6 6 -

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as the internal standard. [a] Conducted at —10 °C, [b] Using
La(OTf); 10 mol%, [c] Using Sc(OTf); 10 mol%.

To optimise yields, an extensive solvent screen was performed at —20 °C to avoid
the formation of side-product 411 (Table 4). Conducting the reaction in MeCN (entry 2)
gave a drastic increase in yield, albeit lowering the regioselectivity to 4.5:1. Interestingly,
utilising DCE (entry 3), an analogous solvent to CH>Cl. diminished reactivity. MeOH
(entry 5) reversed the regioselectivity, affording the 6-allylated product in 30% yield.
Utilising either Et,O (entry 8) or benzonitrile (entry 10) generated the corresponding 4-
allylated dihydropyridine in 13% and 52% vyield respectively, with modest levels of
regiocontrol. THF (entry 6) and EtOAc (entry 11) generated the desired product in
modest to excellent yields with 7:1 ratio of 4- vs. 6-allyated dihydropyridine. A
combination of EtOAc/CH2Cl> (1:1) gave the highest regioselectivity with excellent
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yields (entry 12) and was therefore chosen as the solvent system for further optimisation

reactions.
Table 4: Solvent screening.
=
O ST - e
S !
408 409 410
Entry Solvent Yield (%) Ratio of 409:410
409 410 Total

1 CHCl, 21 - 21 >19:1

2 MeCN 68 15 83 45:1

3 DCE 4 trace 4 >19:1

4 acetone 41 16 57 2.6:1

5 MeOH 20 30 50 1:1.5

6 THF 49 7 56 71

7 DMF 16 9 25 1.8:1

8 Et.O 13 - 13 >19:1

9 MeO(CHz).OH 55 16 71 3.4:1

10 PhCN 52 20 72 2.6:1

11 EtOAC 85 12 97 71

12 EtOAC/CH.Cl,(1:1) 80 7 87 11:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard.

A second series of control reactions were conducted (Table 5). Pleasingly, the
catalyst loading could be lowered from 10 mol% to 2.5 mol% without any significant
loss of yield and regiocontrol (entries 1 and 2). All previous optimisation reactions were
performed under an inert atmosphere, using deoxygenated anhydrous solvents.
Fortunately, conducting the reaction in an open flask without special precautions to
exclude air or moisture gave no significant loss in yield (entries 3, 4, and 5), thus,
highlighting the robustness of this methodology. Repeat experiments revealed optimised

conditions with 5 mol% catalyst loading gave the most consistent results at this scale.
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Table 5: Control reactions.

Z
LiOt-Bu (0.5 equiv)
| N B (M;ZS)ALLJJCI (1§qn:21%) ) NO; | = | NO
+ = +
o l}l/® (1.5 equiv) EtOAC/CH,Cl, (1:1) N N
Br Bn 414 -20°C,16h Bn Bn
408 409 410
Entry Alteration Yield (%) Ratio of 409:410
409 410 Total
1 5 mol% [Au] 81 9 90 9:1
2 2.5 mol% [Au] 79 7 86 11:1
3 no degassing sol. 79 8 87 10:1
4 no drying/degassing sol. 81 9 90 9:1
5 open to air 80 8 88 10:1
6 no [Au] trace  trace - -

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard.

Encouraged by our findings, the temperature and duration of the reaction were then
varied (Table 6). Performing the reaction at room temperature for 16 hours gave a
decrease in both yield and regioselectivity (entry 1), with formation of side-product 411.
However, the reaction time could be lowered from 16 hours to 90 minutes without any

loss in yield (entry 2).

Table 6: Temperature and reaction time screening.

=
LiOt-Bu (0.5 equiv)
| Xy 2 B(pin) (Me,S)AuCI (5 r?wol%) NO; N0
_ + Y || | |
N _ EtOAC/CH,Cl, (1:1) N N
Br@ E|5n® (1.54(:(1uw) temperature, time én én
408 409 410
Entry Alteration Yield (%) Ratio of 409:410
409 410 Total
1 at RT for 16 h 55 7 62 8:1
2 at—20°Cfor15h 84 7 91 12:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard.
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Mixed-solvent systems were then investigated (Table 7). Increasing the ratio of
EtOAc to CHClI> resulted in slightly diminished yields and regioselectivities (entries 1,
2 and 3). Increasing the ratio of CH2Cl, to EtOAc (entries 4, 5, and 6) gave a slight
increase in regiocontrol; however, lower overall yields were observed. The results
indicate an independence on the ratio of EtOAc to CH:Cl, with respect to the
regioselectivity of the reaction. Therefore, EtOAc/CHCI> (1:1) remained as the optimum

mixed solvent system for our reaction conditions.

Table 7: Solvent mixture screening.

=
| t NO: . P &L(Zts'?:u(gifesegﬂi,) ) NO; . | 7 | NO,
o) dogg  EORCC0 Dy v
408 409 410
Entry Solvent System Yield (%) Ratio of 409:410
409 410 Total
1 EtOAC/CH.Cl, (2:1) 67 7 74 10:1
2 EtOAC/CHCI; (4:1) 75 8 83 9:1
3 EtOACc/CHCI; (9:1) 65 7 72 9:1
4 EtOAC/CHCI; (1:2) 75 8 83 9:1
5 EtOAC/CH.Cl, (1:4) 69 7 76 10:1
6 EtOAC/CH.Cl, (1:9) 69 5 74 14:1
7 EtOAC/CH.Cl, (1:1) 80 7 87 11:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard.

Finally, a series of reactions concerning the equivalents of each reagent were
performed (Table 8). Either increasing or decreasing the equivalents of base gave no
increase in overall yield (entries 1, 2 and 3). Additionally, lowering the equivalents of
allyl pinacolboronate in the reaction system proved detrimental for the yield (entries 4
and 5). Further experiments investigating the use of phosphine substituted gold catalysts
such as (PhsP)AuCl and (Me3P)AuCI were also attempted. However, any deviation from
the “standard” reaction conditions diminished reactivity, with only trace amounts of

product being observed in the crude *H NMR spectra.
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Table 8: Equivalents of allylic boronate and base screening.

=

| t NO2 . PP (ML;Sst_)itc(:)r(an:z?%) ) NO; . | = | NO;
10 m o l

408 409 410

Entry Equivalents Yield (%) Ratio of 409:410
Allylic Boronate Base 409 410 Total

1 15 1.0 85 9 94 9:1
2 15 0.3 52 7 59 71
3 15 0.2 38 4 42 9:1
4 1.2 0.5 65 7 72 9:1
5 11 0.5 56 5 61 11:1

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as the internal standard.

With our optimised conditions in hand, exploration of the substrate scope was the
next logical step; however, reproducibility issues were encountered when using a newly
purchased bottle of LiOt-Bu (Scheme 115). A drastic decrease in yield was observed
when using newly purchased LiOt-Bu from various manufacturers. This suggests that an
impurity in the original bottle of LiOt-Bu was impacting the reaction efficiency. LiOt-
Bu is known to decompose to LiOH and Li>COs when exposed to moisture over
significant periods of time.’®2 However, subjecting both LiOH and Li,COs; gave a
decrease in yield. 'H NMR spectroscopy of the original LiOt-Bu from Honeywell
Research Chemicals identified slight irregularity in the associated peaks; however, no
significant conclusions could be drawn from this. Further experiments investigating H.O
as an additive gave reduced yields, while variation in the equivalents of base gave no

increase in yield.

=
NO, LiOt-Bu (1.5 equiv) NO NO
| A Bipin) (Me,S)AUCI (5 mol%) 2 = 2
_ + /\/ P | | + | |
EtOAC/CH,CI, (1:1
B@ ’]‘@ (1.5 equiv) 200021;; ) '}‘ '}‘
" Bn 414 B v Bn Bn
408 409 410
Using LiOt-Bu found in the laboratory from Honeywell Research Chemicals 84% 409, 9% 410
Using newly purchased LiO¢-Bu from Strem Chemicals 30% 409, 3% 410
Using newly purchased LiO¢-Bu from Sigma-Aldrich 49% 409, 4% 410
Using newly purchased LiO¢-Bu from Alfa Aesar Chemicals 69% 409, 7% 410

Scheme 115: Examination of different suppliers for LiOt-Bu.
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A base screen was conducted to find an alternative to LiOt-Bu (Table 9). Subjecting

NaOt-Bu (entry 1) to the reaction conditions gave the desired product in 36% yield with

respectable levels of regiocontrol. Switching to KOt-Bu (entry 2) gave trace product,

suggesting the cation may influence reactivity. LiOt-Bu is known to decompose to LiOH,

therefore, NaOH and KOH (entries 3 and 4) were examined. Both gave reduced yields

and regioselectivities. Alternative alkoxides were analysed (entries 5, 6, and 7).

Fortunately, LiOi-Pr (entry 5) gave an outstanding yield of 97% with an excellent 13:1

ratio of 4- vs. 6-allyated dihydropyridine. Utilising carbonates as bases (entries 8, 9 and

10) resulted in diminished yields in comparison to LiOt-Bu. Therefore, LiOi-Pr was

selected for the remainder of our studies, circumventing any issues associated with using

LiOt-Bu. However, any attempts to render LiOi-Pr sub-stoichiometric as observed with

LiOt-Bu proved unsuccessful.

Table 9: Base screening.

base (1.5 equiv)

N . B(pin) (Me,S)AuCI (5 mol%) =
o T ey
s | -
Entry Base Yield (%) Ratio of 409:410
409 410 Total

1 NaOt-Bu 36 5 41 71

2 KOt-Bu trace - - -

3 NaOH 46 4 50 11:1
4 KOH 19 4 23 51

5 LiOi-Pr 90 7 97 13:1
6 NaOMe trace - - -

7 KOAc trace - - -

8 Na,CO3 - - - -

9 K2COs - - - -

10 Cs2CO3 trace - - -

11 K3PO4 - - - -

Reactions conducted with 0.1 mmol of 408. Yields determined by *H NMR spectroscopy
using 1,3,5-trimethoxybenzene as the internal standard.
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A final set of conditions were settled upon to investigate the substrate scope (Scheme
116). A lower catalyst loading of 2.5 mol% was preferred when exploring the substrate
scope given the use of a precious metal catalyst.

=
NO, LiOi-Pr (1.5 equiv) NO,
| A B(pin) (Me,S)AuCI (2.5 mol%) | |
_ + /\/ >
o l}l@ 15 ) EtOAc/CH,Cl, (1:1) '}j
.5 equiv 90 °

Br~ gp 114 20°C,15h Bn

408 409

Scheme 116: Optimised conditions.

2.3 Reaction Scope

First, wvarious substituted allyl pinacolboronates were synthesised. Allyl
pinacolboronates featuring a- or B-substitution (418) were synthesised according to the
methods of Singaram (Scheme 117).1%3 Under Barbier conditions, formation of an allylic
Grignard reagent occurs, followed by attack on pinacolborane, eliminating

hydridomagneisum bromide to form the corresponding allyl pinacolboronate 418.

R3 Mg (1.2 equiv) R3
H(Bpin) (1.0 i
R%Br (Bpin) ( equ'v)= %(B(pin)
, THF, RT, 2h AN
R (2.0 equiv) R'R
417 418
Me Ph
}\/B(pin) )\/B(pin) /XB(pin)
Me Me
418a 81% 418b 49% 418c 62%
B(pin B(pin
/\r (pin) = (pin)
Me Me Me
Me
rac-418d 79% rac-418e 62%
(2.63 equiv Mg)

Scheme 117: Synthesis of functionalised allyl pinacolboronates.

Allyl pinacolboronates featuring y-substitution (420) were synthesised via a one-
step procedure from commercially available allylic alcohols (Scheme 118).1%4 Due to the

preference for m-allylpalladium species to undergo nucleophilic substitution at the least
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hindered carbon, regioisomeric allylic alcohols could be utilised, forming exclusively the

NMe2
d E (2.5 mol%)
2(p

RW in), (1.1 equiv) = RWB(pin)
R2 R3 TsOH+H,0 (2.5 mol%) R2 R3
MeOH/DMSO (1:1)
419 50°C, 12 h 420

(E)-allyl pinacolboronate.

QB(Pi”) Me. = B(pin) Me B(pin) Ph = B(pin)
NN = NN
7\/:\/

rac-420a 20% (E)-420b 45% 420c 44% 420d 29%
[3.0 equiv B,(pin),] (5 mol% TsOH+H ,0)

Scheme 118: Palladium-catalysed synthesis of functionalized allyl pinacolboronates.

With our optimised conditions and a range of functionalised allyl pinacolboronates
in hand, the scope of the reaction was explored (Table 10). Allyl pinacolboronate 414
reacted successfully with various 3-substituted N-benzylpyridinium bromides to give
409-423b in 41-90% yield. In most cases, the reaction time was extended to 20 hours to
achieve full consumption of starting material with only one single regioisomer being
observed. 2-Methylallyl pinacolboronate (418a) and 2-phenylallyl pinacolboronate
(418Db) are effective allylating agents and provided 423c—423f in excellent yields. These
yields are higher than those of the corresponding reactions with allyl pinacolboronate
(409-423b), this may be attributed to the higher nucleophilicity of 2-methylallyl
pinacolboronate and 2-phenyallyl pinacolboronate. Interestingly, the reaction of a,o-
dimethylallyl pinacolboronate (418c) occurred with high a-regioselectivity (with respect
to the allylating agent) to give the reverse-prenylated 1,4-dihydropyridine 423g in 58%
yield, and none of the alternative prenylation product resulting from y-allylation was
observed. High a-regioselectivities were also observed with a-methyl-substituted allyl
pinacolboronate rac-418d and the geranyl-bromide-derived o,a-disubstituted allyl
pinacolboronate rac-418e, which gave 1,4-dihydropyridines 423h and 423i in 57% and
25% vyield, respectively, as mixtures of inseparable diastereomers. Cyclohexenyl allyl
pinacolboronate rac-420a gave 1,4-dihydropyridine 423j in 70% yield as a 2.2:1 mixture

of inseparable diastereomers.

77



Table 10: Allyl pinacolboronate scope.

RZ
RS
=z R4
EWG R2 LiOj-Pr (1.5 equiv) R EWG
| N B(pi (Me,S)AUCI (2.5 mol%)
in)
_ * = P > ||
° I}l@ R1 RS R* EtOAC/CH,CI, (1:1) N
Br- gn —20°C,20 h ||3
(1.5 equiv) n
421 422 423
Allyl pinacolboronate Product
/
EWG 409 EWG=NO, 90%!
_A~_-Blpin) | | 423a EWG =CN 65%
N 423b EWG = CO,Et 41%
414 én
R
EWG 423c EWG=NO, R=Me 98%M
R ] 423d EWG=NO,, R=Ph 82%
%I,\/B(pin) 423e ENG=NO,, R=Ph 87%
l}l 423f EWG = CO,Et, R=Ph 75%
418aR = Me Bn
418b R = Ph Me
=z Me
B(pin) EWG
/X ) 423g EWG = NO, 58%
Me Me
N
418c B
Me
/
= B(pin) EWG
| | 423h EWG = NO,, 57%
Me N d.r. 2:1
| Me
rac-418d Bn / Me
Me
) =
= B(pin)
EWG
Mé Me 423i EWG = NO, 25%
— | | d.r. 2.1:1
N
Me |
rac-418e Bn
423j EWG = NO, 70%
B(pin) EWG d.r. 2.2:1
|
rac-420a '}l

Bn

Reactions conducted on 0.5 mmol scale. Isolated yields. [a] 1.5 h, [b] 4.5 h.
Pleasingly, a single crystal of 423c was grown using a CH2Cly/petroleum ether
solvent system and submitted for X-ray crystal analysis, confirming the regioselectivity

of the allylated dihydropyridine (Figure 1).
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Bn

423c
CCDC 2102857

Figure 1: X-ray crystal structure for 423c at 50% atomic probability distributions for
ellipsoids.

Additional experiments revealed examples where lower a:y selectivity with respect
to the allyl pinacolboronate were observed (Scheme 119). Regioisomeric mixtures were
detected in the reactions of azinium salt 408 with crotyl pinacolboronates. Subjecting
(2)-crotyl pinacolboronate to the reaction conditions gave a 12:1 mixture of regioisomers
in 76% yield, favoring the a-allylation product 424 over the y-allylation product 423h,
the latter of which was formed in 2:1 diastereoselectivity. In contrast, when subjecting
(E)-crotyl pinacolboronate to the reaction conditions, the a:y selectivity decreased to
2.3:1 and interestingly, the a-addition product 424 was isolated as the Z-isomer, with

423h being formed in 1.4:1 diastereoselectivity.

?>/ Y _Me
NO, LiOi-Pr (1.5 equiv)
A . (Me,S)AuCI (2.5 mol%) NO,
| + 1N B(pin) + | ]
N/ ‘/\/ EtOAc/CH,CI, (1:1)
® . NG N
Br@ én Me (15 equw) -20 OC, 20 h |
e (2)-420b Bn
424 423h (2:1d.r)
76%
(12:1 inseparable mixture)
a Y _Me
/
NO. LiOi-Pr (1.5 equiv)
| X2 Mow 1 ~a_Bipin)  (Me2S)AUCI (2.5 mol%) NO,
e +
N/ ' g EtOAC/CH,Cl, (1:1) B l l
) c/CH,Cl, (1:
82 1© (1.5 equiv) -20°C,20h |
45; (E)-420b Bn
424 423h (1.4:1 d.r)

78%
(2.3:1 inseparable mixture)

Scheme 119: Allylation of 408 using (Z)- and (E)-crotyl pinacolboronate.

X-ray crystallographic data was collected for 424 (Figure 2) using a

CH:Cly/petroleum ether solvent system, confirming the geometry of the olefin.
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Bn

424
CCDC 2102858

Figure 2: X-ray crystal structure for 424 at 50% atomic probability distributions for ellipsoids.

Comparatively to the preference of a-substitution observed with crotyl
pinacolboronates, prenyl pinacolboronate 420c (Scheme 120) gave a 4:1 mixture of
inseparable regioisomers 423g and 425 favoring the reverse prenylated product 423g.
This result should be contrasted with the reaction using a,a-dimethylallyl
pinacolboronate (418c) (Table 10), which gave only the reverse prenylation product
423g. The rationale behind this switch in regioselectivity with respect to prenyl

pinacolboronate 420c is explained by DFT calculations shown in section 2.5.

Me Me Y o
o,
2 Me =
N2 (MLI(;I)_: rc(:1| '(Szesqw?f’/ ) NO, Me NO2
. e u .0 MO
| + Me AN B(pin) 2 0> | | + | |
Z N
N EtOAC/CH,Cl, (1:1) N
°©® Me (1.5 equiv) '
: -20°C,20h I
B Bn 420c ’ Bn Bn
408 4239 425

31%
(4:1 inseparable mixture)

Scheme 120: Allylation of 408 using prenyl pinacolboronate 420c.

(E)-Allyl pinacolboronate 420d displayed poor reactivity, with modest starting
material consumption, while producing a complex crude *H NMR spectrum (Scheme
121). Product isolation proved challenging, with characterisation not possible by NMR

techniques due to the complex nature of the spectra.

Ph

/
N NO, LiOi-Pr (1.5 equiv) NO,
| Ph B(pin) (Me,S)AuCI (2.5 mol%) | |
_ + \/\/

o N % . EtOAc/CH,Cl, (1:1) N

50 1 (1.5 equiv) -20°C, 20 h !
Bn 420d Bn
408 426

complex mixture

Scheme 121: Allylation of 408 using allyl pinacolboronate 420d.
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Allyl pinacolboronates featuring an a-cyclopropyl substituent were synthesised
according to Aggarwal and co-workers (Scheme 122).1%° Deprotonation followed by
reaction with vinyl pinacolboronate 428 generates a boronate intermediate which

undergoes a 1,2-metalate rearrangement to afford the desired product.

R? R

LITMP (1.1 equi
>—Br + cfA\‘B(mn) _LTMP (1.1 equ) C;ATZS;B(WH)

THF, 0 °Cto RT, 16 h
428

(1.1 equiv)
427 429
Me
/KB(pin) /LKB(pin)
429a 66% 429b 72%

Scheme 122: Synthesis of a-cyclopropylallyl pinacolboronates.

Subjecting a-cyclopropylallyl pinacolboronate 429a to our optimised reaction
conditions gave no desired product formation, with the recovery of starting material
accounting for mass balance (Scheme 123). Interestingly, o-cyclopropylallyl
pinacolboronate 429b gave the desired product in 15% yield. This change in reactivity

may be attributed to the higher nucleophilicity of 429b in comparison to 429a.

/
NO LiOi-Pr (1.5 equiv)
N 2 B(oi (Me,S)AuCI (2.5 mol%) NO,
| .G - (]
ﬁ/ EtOAC/CH,Cl, (1:1) N
5o | ~20°C,20h |
Bn (1.5 equiv) Bn
408 429a 430
Me
Me LiOi-Pr (1.5 equiv)
N02 0, NOZ
| N . B(pin) (Me,S)AUCI (2.5 mol%) | |
ﬁ/ EtOAC/CH,CI, (1:1) N
Bl | ~20°C,20h |
Bn (1.5 equiv) Bn
408 429 431

15% (NMR yield)
Scheme 123: Allylation of 408 using allyl pinacolboronates 429a and 429b. Yield determined by
'H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal standard.

Next, the substrate scope with respect to the azinium salt was investigated. First, a
range of azinium salts were synthesised from commercially available substituted
pyridines via N-alkylation using benzyl bromide (Scheme 124). This process could be

performed on a multi-gram scale, requiring no purification by column chromatography.

81



~ 1 1
(27 | A R R2X (1.5 equiv) PELN | N R
1 1
e A 2 MeCN, 90 °C, 18 h Sy 7
432 @ "?2
433
[e]
CO,Et CO,n-B
N NO, | SN CN | SN Me l SN CO,Me | XN A l N Ln-Bu
l Pz Pz N/ N/ N/ N/
No No ® ® ® ®
| o | Q | o | Q |
° | re Br Br Br Bn Br Bn
408 71% 433a 68% 433b 98% 433c 84% 433d 97% 433e 100%
(i-PrOH, RT) (i-PrOH, RT)
O
B NO CO,Et
| - COPh l N \-OMe ] O ] Ly ] N 2 | N 2
|
Z g Me N7 N Me” N7 Me™ N7
N e e
01® o 1@ 0 1@ 019 019 019
Br Bn Br Bn Br Bn Br Bn Br Bn Br Bn
433f 81% 4339 82% 433h 70% 433i 100% 433j 12% 433k 22%
(i-PrOH, RT)
O
CO,Et Bn
| NN | XN Me | Xy ©02 \
N/ N/ N/
€] | @ €] 1@ o | @ @
Br Bn Br Bn Br Bn Br r Bn
4331 61% 433m 82% 433n 78% 4330 79% 433p 50%
NO NO.
N NO, l X NO, l SN NO, l SN NO, l SN > | N H
l / Pz N/ N/ N/ Pz
© |@ 1 @ ol ) 019
Br n-Bu I n-Bu Br n-Oct Br Cl Ts
4339 31% 433r 12% 433s 40% 433t 11% 433u 79% OO 433v 6%
(neat, RT, 20 h)
M
NO
| SN | SN Me l SN CF; l X >
Pz Pz N/ N/
N N
019 0 1® 0 1® 0 1®
r r r r
433w 87% 433x 71% 433y 99% 4332 74%

Scheme 124: Synthesis of azinium salts.

The scope of the reaction with respect to the azinium salt was examined using 2-
methylallyl pinacolboronate (418a), as it provided superior yields in comparison to allyl
pinacolboronate (414) (Scheme 125). In all reported examples, complete regiocontrol
was observed, allylating exclusively at the 4-position of the azinium salt, with the
exception of 435p. In addition to the high-yielding reaction to form 423c, the reaction
was successful with N-benzyl azinium salts containing various electron-withdrawing
groups at the 3-position, such as cyano (435a), acetyl (435b) and a variety of esters
(435¢c—435f). 1,4-Dihydropyridine 435d could also be synthesised on gram scale with no

significant loss in yield. Lower yields were observed for both N-benzyl azinium salts

82



containing an n-butyl ester (435e) and Weinreb amide (435g) at the 3-position. Notably,
substrates containing chloro- or bromo- groups at the 3-position also reacted successfully
to give 1,4-dihydropyridines 435h and 435i in 94% and 82% vyield, respectively. N-
Benzyl-2-methyl-5-nitropyridinium bromide provided 1,4-dihydropyridine 435j in a
poor 28% yield, most likely due to the modestly electron-donating methyl group reducing
the electrophilicity of the substrate. Pleasingly, a range of N-benzylquinolinium salts also
reacted efficiently to give 1,4-dihydroquinolines 4351-435p in 40-94% vyield; these
substrates contained a cyano (435l), acetyl (435m), ester (435n), Weinreb amide (4350),
or benzyl (435p) group at the 3-position. Interestingly, N-benzylquinolinium salt
containing a benzyl substituent gave the 2-allylated product 435p exclusively.

> EWG Me LiOi-Pr (1.5 equiv)
o | A )\/B(pm) (Me,S)AuCI (2.5 mol%)
Qe ~ * = >
L 5 ,},@ (1.5 equiv) EtOAc/COH2CI2(1.1)
5 Bn 4182 -20°C,20h
434
Me Me Me Me
o)
NO, CN CO,R
[ ] [ ] T | ]
\ N I I
Bn Bn Bn Bn
423¢ 98%0 435a 91% 435b 83% 435c R=Me 75%
435d R=Et 89% (85%)P!
435e R = n-Bu 59%
435f R=Ph 83%
Me Me Me
o)
_Me X R
B B [ ]
OMe
) ) e
Bn Bn Bn
4359 32% 435h X =Cl 94% 435 R=NO, 28%
435i X=Br 82% 435k R = CO,Et 71%
Me Me
0
CN Bn
R N Me
N \ 0
Bn Bn Bn
4351 84% 435m R = Me 94% 435p 40%
435n R = OEt 93%

4350 R = N(OMe)Me 84%

Scheme 125: Azinium salt scope. Reactions conducted on 0.5 mmol scale. Isolated yields.
[a] 4.5 h, [b] Reaction conducted on 4.0 mmol scale.
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Following the azinium salt scope, variation of the nitrogen substituent and
counterion was briefly investigated (Scheme 126). The addition of 2-methylallyl
pinacolboronate (418a) to N-methyl-3-nitropyridinium iodide provided 1,4-
dihydropyridine 437a in 58% yield, which is lower than that obtained with N-benzyl-3-
nitropyridinium bromide (423c). Changing the N-substituent to an n-butyl fragment gave
the desired product in 84% from the bromide salt (433r); however, the iodide salt (433s)
gave reduced yield, attributed to solubility issues. Increasing the carbon chain to an n-
octyl substituent afforded 1,4-dihydropyridine 437c in excellent yield. N-(2-
Naphthylmethyl)-3-nitropyridinium bromide was an effective substrate and gave 437d
in 87% yield. N-Tosyl-3-nitropyridinium bromide 437e gave the desired product in 10%
yield by crude *H NMR spectroscopy, with fragmentation of the nitrogen-tosyl bond

accounting for the majority of mass balance.

Me

NO, Me LiOi-Pr (1.5 equiv) NO
| A )\/B(pin) (Me,S)AUCI (2.5 mol%) 2
_ * =z —> |
o No (15 equiv) E{OAC/CH,Cly (1:1) N
X~ R! 418a -20°C,40h R
Me Me Me Me Me
) h ! N N
Me n-Bu n-Oct k Ts
Ar
437a 58% 437b 84% (from X = Br) 437¢ 81% 437d 87% 437e 10%
(from X =1) 437b 37% (from X = 1) (from X = Br) (from X = Br) (from X = Cl)
Ar = 2-naphthyl

Scheme 126: Protecting group scope. Reactions conducted on 0.5 mmol scale. Isolated yields.
[a] Reaction conducted on 0.1 mmol scale, yield determined by *H NMR spectroscopy using
1,3,5-trimethoxybenzene as the internal standard.

No reactivity was observed when substrates containing either a proton or methyl
group at the 3-position of the azinium salt were subjected to the reaction conditions
(Scheme 127). Furthermore, 3-trifluoromethyl azinium salt gave the desired product as a
mixture of regioisomers; however, purification of 439c proved challenging with

significant decomposition on silica.
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Me

R Me LiOi-Pr (1.5 equiv)

R’I
| A )\/B( in) (Me,S)AUCI (2.5 mol%)
P v NP ||
o r\ll@ (1.5 equiv) EtOAc/COHQCI2(1.1) ,}1
Br Bn 418a -20°C,20 h Bn
438 439
Me Me Me
Me CF;
N N
| | |
Bn Bn Bn
439a 439b 439c

Scheme 127: Unsuccessful allylation of azinium salts.

We postulated that utilising N-oxide 440 could provide allylated pyridine 441

(Scheme 128). However, upon reacting 440 under our standard reaction conditions, no
product formation was observed.

Me
CN Me LiOi-Pr (1.5 equiv) CN
A ) (Me,S)AuCI (2.5 mol%) X
| . B(pin) )
Pz Z4 — _
'}‘@ (1.5 equiv) EtOAC/CH,Cl, (1:1) N
©0 418a -20°C, 20 h 441

440

Scheme 128: Unsuccessful allylation of N-oxide 440. Substrate 440 was synthesised by H.
Green.

On further assessment of the reaction scope, it was postulated that subjecting
azinium salt 433z, which contains a methyl group at the 4-position, would potentially
block allylation at this site (Scheme 129). Indeed, reaction of 433z with allyl

pinacolboronate (414) gave a mixture of the allylated product 442 in 43% yield and the
allylated product 443 in 13% yield.

Me " -
NO, LiOi-Pr (1.5 equiv)
| D Bpiny  (Me2S)AuCI (2.5 mol%) o NO2 . P NO,
7 + P A —— - | |
tOAC :
S NS (1.5 equiv) s g(h ) N N _ .
Bn 414 . 1 Y
433
’ 442 43% 443 13%

Scheme 129: Gold-catalysed allylation of 433z using 414. Isolated yields.
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2.4 Product Manipulations

The synthetic utility of the corresponding dihydropyridine products was briefly
investigated (Scheme 130). Enamide reduction of dihydropyridine 409 using NaBHa,
followed by epimerisation with silica gel gave piperidine 444 in 72% vyield as a 15:1
inseparable mixture of diastereoisomers. A trans-diaxial relationship was observed,
allowing the two bulky substituents to occupy the more favourable equatorial positions.
Hydroboration and oxidation of the remaining alkene afforded primary alcohol 445 in
51% yield as a 19:1 inseparable mixture of diastereoisomers.

HO
/ /
No,  NaBH, (7.0equiv) NO,  9-BBN (3.0 equiv) “NO,
B MeOH, 0 °C, 45 min THF, 0 °C to RT, 24 h '
then then

N Si0,, RT, 5h N H,0,, NaOH, H,0 N

Bn Bn 0°CtoRT, 1h Bn

409 444 72%, 15:1 d.r. 445 51%, 19:1 d.r.

Scheme 130: Product derivatisation of 409.
Further product manipulations are shown in Scheme 131. Hydrogenation of
dihydropyridine 435d selectively reduced the 1,1-disubstituted exocyclic alkene and the
less substituted enamide, furnishing tetrahydropyridine 446 in modest yield. Reduction

of the remaining enamide using NaBH3CN gave piperidine 447 in 94% yield.

Me Me
Me'
H, (1 atm)
| | COE Pd/C (10 mo|% COREt NaBH3CN (1.2 equiv) COEt

N MeOH RT, 4h MeOH/AcOH (2:1) N

| RT, 3h |

Bn Bn
435d 446 51% 447 94%, 1.1:1 d.r.

Scheme 131: Product derivatisation of 435d.

2.5 Mechanistic Studies

Our substrate scope indicated a complex reaction mechanism not yet described in
the literature; therefore, we hypothesised three potential reaction pathways (Scheme
132). Pathway A involves the direct addition of allyl pinacolboronate 448 to the azinium

ion. Pathway B involves transmetalation between the allyl pinacolboronate and the gold
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catalyst, generating allylgold intermediate 451, that cannot interconvert between its two
o-allyl isomers. This intermediate then undergoes nucleophilic addition onto the azinium
ion. Pathway C involves a similar process to that of pathway B, except allylgold
intermediate 451 can interconvert between its two c-allyl isomers (451 and 452).

Pathway A /_\
B(pin)

\ /N Bn

448 R1 R1
449

Pathway B

[Au] RO )
)
:_‘\\H \B(pin) [Au] m Br
X ®

R1
R 449
450
Pathway C
RZ
[Au] PRI Y e
XN = \/\r * N\ BN
R R 451 g

449
452

Scheme 132: Viable mechanistic pathways.

To provide evidence for transmetalation between the allyl pinacolboronate and gold
catalyst, enantiopure allyl pinacolboronate 453 was subjected to our optimised reaction
conditions (Scheme 133). Utilising 3-nitro- or 3-cyano-N-benzyl pyridinium bromide
generated the desired product with no asymmetric induction. The loss of
enantiospecificity with respect to allyl pinacolboronate suggests that boron is not
involved in the C-C bond forming step. This indicates that pathway A may not be
operating within our reaction conditions. Thus, the two more likely pathways are either

pathway B or pathway C, suggesting transmetalation is likely occurring.

/
CO,i-Pr LiOi-Pr (1.5 .

SN EWG i0i-Pr (1.5 equiv) EWG
| o (Me,S)AUCI (2.5 mol%)

P * 4. )"COo,iPr ||

,}1@ "0 EtOAC/CH,CI, (1:1) N

8> Bn (1.5 equiv) —20°C Bn

421 453 454

EWG = NO,, 30 min, 88%, 0% ee
EWG = CN, 20 h, 52%, 0% ee

Scheme 133: Investigating the effect of using enantiopure allyl pinacolboronate 453.
Yields determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as the internal
standard.
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To discern between pathway B and C, the reaction of 408 with o,a-dideuterated allyl
pinacolboronate ([D]»-414) was conducted (Scheme 134). This reaction gave a 2:1
mixture of regioisomers [D]2-455 and [D]2-456 in 76% yield, in favour of the a-allylation
product [D].-455. This scrambling of the deuterium label strongly suggests that pathway
C is in operation and that the allylgold species can interconvert between its c-allyl
isomers post-transmetalation. Alternative mechanisms involving allyl pinacolboronates
as the nucleophilic component would be expected to furnish [D].-455 exclusively,
providing further evidence against pathway A. To observe an unequal mixture of
products suggests that, either one of the c-allylgold isomers is more reactive, leading to
the formation of a major allylation product or the rate of isomerisation between the two
o-allylgold isomers is slower than that of nucleophilic addition. However, at this moment
it is important to state that these results provide no evidence to support or disprove

whether transmetalation is a a- or y-selective process.

=
N NO, LiOi-Pr (1.5 equiv) D NO,
| . B(pin) (Me,S)AuCI (2.5 mol%) 7
) A :
N So o :
Br~ Bn (1.5 equiv) ’ Bn
408 [D],-414 [D],-455 [D],-456

76%, (2:1 inseparable mixture)

Scheme 134: Gold-catalysed allylation of 408 using [D].-414.

Allylic radicals may account for the formation of the regioisomeric products
observed in Scheme 120, therefore, TEMPO studies were conducted to investigate this
(Scheme 135). The addition of stoichiometric TEMPO gave no change in yield, nor could

any radical adducts be detected. This is highly suggestive of a non-radical process.

=4
NO, LiOi-Pr (1.5 equiv) NO,
| N B(pin) (Me,S)AuCI (2.5 mol%)
_ + /\/ > | |
r;|® (15 equiv) EtOAC/CH,Cl, (1:1) N
5 Bn M4 -20°C,1.5h B
408 409

TEMPO (0.5 equiv) 90%
TEMPO (1.0 equiv) 88%

Scheme 135: Investigating the effect of TEMPO on the allylation of 408. Reaction
conducted on 0.1 mmol scale, yields determined by *H NMR spectroscopy using 1,3,5-
trimethoxybenzene as the internal standard.

To provide further evidence for the formation of an allylgold(l) intermediate, several

equimolar control reactions were performed and analysed by 'H and B NMR
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spectroscopy (Scheme 136). First, equimolar quantities of allyl pinacolboronate 414 and
LiOi-Pr in the absence of (Me,S)AuCI were mixed in DMSO-d6 (Scheme 136a). By 'H
spectroscopy, minute changes were detected; however, no significant conclusions could
be established due to broadening of the signals, attributable to the incomplete solubility
of LiOi-Pr. A new signal was observed by 'B spectroscopy at 7.1 ppm, which is
consistent with either a hydroxide or isopropoxide boronate complex.1%®1%7” The presence
of H>O in DMSO-d6 likely accounts for the hydroxide group which would react with
LiOi-Pr to give LiOH.

Next, equimolar quantities of allyl pinacolboronate 414, LiOi-Pr, and (Me2S)AuCl
were mixed in DMSO-d6 (Scheme 136b). Full consumption of allyl pinacolboronate 414
was not observed; however, new signals consistent with the formation of a 1:1 mixture
of allylgold(l) species 458 and HOB(pin) emerged. !B NMR spectroscopy provided
further evidence for the formation of HOB(pin) at 22.2 ppm. This peak may contain trace
quantities of i-PrOB(pin), resulting from LiOi-Pr; however due to the large presence of
H>0 in DMSO-d6, HOB(pin) is expected to be the major boron-containing by-product.

The formation of CIB(pin) (ca. 28 ppm) was not observed. 8169

(a) 1 .
1B NMR: 32.4 ppm B NMR: 7.1 ppm
L@ ?R
/\/B(pin) LiOi-Pr (1.0 equiv) P B(pin)
. DMSO0-d6, RT e
414 (1.0 equiv) 457 R = H or LiOj-Pr
(b) 1 1
H NMR: H NMR:
1.61 ppm (2H, dt, J = 7.5, 1.5 Hz) 2.11-2.08 ppm (2H, m)
LiOi-Pr (1.0 equiv) ,— 2.03 ppm (6H, s)
; (Me5,S)AUCI (1.0 equiv)
/\/B(pm) 2 /\/AU(SMeZ) +  HOB(pin)
DMSO-d6, RT "
414 (1.0 equiv) 458 B NMR: 22.2 ppm

ca. 55% conversion .
(1:1 mixture)

Scheme 136: Observation of 458.

In the annotated *H NMR spectrum (Figure 3) for the reaction described in Scheme
136b, a new multiplet appeared at 2.11-2.08 ppm, attributable to the methylene protons
adjacent to the gold centre. A broad singlet appeared at 7.99 ppm, referable to the
hydroxyl proton of HOB(pin). The alkenyl protons of allylgold species 458 were
assigned; however, due to the incomplete consumption of allyl pinacolboronate 414,

minute overlap of signals was observed.
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O—B(pin)

g- 1.004%0-—-9\

3 4.0 3.5 3.0 2.5 2.0 1.5 1.0

7.5 7.0 6.5 6.0 5.5 5.0 4.
f1 (ppm)

Figure 3: Annotated *H spectrum of reaction described in scheme 136b.

To investigate the equilibria between the o-allylgold isomers as seen in Scheme 132,
equimolar quantities of allyl pinacolboronate 418c, LiOi-Pr, and (Me2S)AuCl were
mixed in DMSO-d6 (Scheme 137). This reaction produced a very complex crude 'H
NMR spectrum, with product identification proving extremely challenging due to the

complex nature of the spectra. No significant conclusions could be drawn from this

experiment.
LiOi-Pr (1.0 equiv)
= B(pin) (Me,S)AuUCI (1.0 equiv)= MeY\/Au(SMeZ) . = Au(SMe,)
Me Me DMSO-d6, RT Me 459 Me Me

460
418c (1.0 equiv)

Scheme 137: Attempted observation of isomerisation.

An additional experiment was performed whereby equimolar quantities of LiOi-Pr
and (Me2S)AuCl were mixed in DMSO-d6 for 30 min in the absence of allyl
pinacolboronate 414 (Scheme 138). The *H NMR spectrum was extremely complex, and
no conclusions could be drawn concerning the equilibria between gold chloride,
hydroxide, and isopropoxide intermediates. Subsequent addition of allyl pinacolboronate
414 led to identical results as seen previously (Scheme 136b), whereby, the formation

of a 1:1 mixture of allylgold(l) species 458 and HOB(pin) was directly observed.
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LiOi-Pr (1.0 equiv)

Au(SM .
(Me,S)AuCI . NAAUEMe) L LoB(pin)
(1.0 equiv) DMSO-d6, RT, 30 min 458
then B(pin) (1:1 mixture)
Pt
(1.0 equiv)

414
Scheme 138: Sequential addition to observe 458.

The delayed addition of azinium salt 408 to in-situ generated allylgold(l) species
458 was investigated (Scheme 139). Generation of allylgold(l) intermediate 458 via the
addition of allylmagnesium bromide to (Me2S)AuCI,*° followed by subsequent addition
of azinium salt 408 did not produce the desired product. This lack of reactivity may be
attributed to the instability of allylgold(l) species 458. The remaining mass balance of

the reaction was unreacted starting material 408.

V02
B
N™ 408
€] =z
MgBr |
AN Br Bn NO,
(1.0 equiv) (1.0 equiv)
(Me,S)AuCI > /\/AU(SMez) > |
(1.0 equiv) CH,Cl,,0°C, 2 h EtOAC/CH,Cl, (1:1) N
458 -20°C,20 h I
Bn
409 NR

Scheme 139: In-situ formation of 409.

Since we are suggesting HOB(pin) as a by-product after transmetalation between
the allyl pinacolboronate and (Me>S)AuCI, we looked to investigate the effect of water
on our reaction (Table 11). All previously mentioned reactions utilise solvents that were
undried, obtained from commercial vendors and used without further purification.
Utilising anhydrous solvents (entry 1) without the addition of water as an additive gave
a drastic decrease in yield to 36%. Increasing the equivalents of water (entries 2 and 3)
increased the yield, indicating the important role of water within our reaction. However,
further increasing the equivalents of water (entries 4, 5 and 6), shut down reactivity due

to the formation of an emulsion within our system
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Table 11: Investigation of H,O as an additive.

| t No2 . )Ai/s(pm) (MI(;IZ(;’)_APL:((:}.(SZ?E:Z?%) ) NO:
o 12 g Diowe
408 -20°C,20h 409
Entry H.O Yield (%)
1 anhydrous solvents 36
2 0.2 66
3 0.5 51
4 1 42
5 2 11
6 5 10

Reactions conducted with 0.1 mmol of 408. Yields determined
by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as the
internal standard.

To probe whether the dimethyl sulfide ligand of our gold catalyst was bound
throughout the course of the reaction, gold catalyst 462 was synthesised as dissociation
of ligand 461 could be observed by *H NMR spectroscopy (Scheme 140a). Subjecting
one equivalent of catalyst 462 to our optimised reaction conditions gave the desired
product 423a in 78% yield and 0% ee (Scheme 140b). Upon analysis of the *H NMR

spectrum, no un-bound ligand could be detected, suggesting no dissociation of the ligand.

@) HCI (12 M) Me
MeOH, 0 °C ﬂﬁ
AuCly > Me
(1.0 equiv) Me Me™ s
" ﬂq AuCI
en
M
Me/ks e 462 86%
(2.0 equiv)

461
0 °C to RT, 15 min

(b) Me
/'ql Me (1.0 equiv) =
NO, Me™ s, 462 NO,
X AuCl
| _ LiOi-Pr (1.0 equiv) | |
+ . >
o Ve BRI EoAc/CHCl (1:1) N
B Bn (1.0 equiv) ~20°C,15h Bn
408 414 409 78%, 0% ee

Scheme 140: Evidence against ligand displacement.
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To provide clarity on the role of gold with respect to regioselectivity within the
reaction, several uncatalysed addition reactions were performed (Scheme 141). The
addition of potassium allyltrifluoroborate gave the desired products in 28% vyield as a
1:1.2 mixture of regioisomers, favouring the 6-allylated product. Allyltributylstannane
and allylindium bromide gave increased formation of the desired products; however,
poor regiocontrol was observed in both instances, favouring the 4-allylated product.
These results suggest that a combination of both the C3-electron withdrawing group on

the azinium ion and the gold metal centre are responsible for high regioselectivity.

/

NO NO, NO

| X ? THF/MeOH (4:1) B | Z | 2

+ BE.K _— +

N AN 50 °C, 18 h N N
® o . |

B Br (1.5 equiv) Bn .

392

408
409 28% 410

(409:410 = 1:1.2)

/
NO, NO, NO
| X CH,Cl, ] | = | 2
+ SnB +
N/ A nbug 0°C.2h N N
1® © | \
Bn Br 272 Bn Bn
(1.14§guw) 409 56% 410
(409:410 = 2:1)
/
NO, NO, NO
| A In (2.0 equiv) | | | = | 2
+ B —_— +
= e DMF, RT, 20 h N N
® O ) |
|I3n Br (3.0 equiv) Bn én
463
408 409 410

43%
(409:410 = 1.3:1)

Scheme 141: Probing the effect of gold on regiospecificity.

To gain additional mechanistic insight, computational studies were performed at the
PBEO0"%/def2-TZVP"1172/SMD-(CHCI2)!" level by Dr. Kristaps Ermanis. All quantum
mechanical calculations were carried out using Gaussian 16. All DFT structure
optimisations and frequency calculations were done with the implicit SMD solvent
model. The molecular geometries were optimised at the DFT level of theory using the
PBEO functional with the def2-TZVP basis set. Frequency calculations were performed
on all structures and confirmed to contain no imaginary frequencies or just one imaginary

frequency for ground states and transition states, respectively. The free energies were
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corrected using quasi-harmonic approximation and corrections were done using the
GoodVibes script.t’

First, we investigated the structure of the active catalytic species within our reaction
(Scheme 142a). Three catalytic species were considered: (Me2S)AuCl, (Me2S)AuOi-Pr
and (Me2S)AuOH. (Me.S)AuOi-Pr is formed via ligand exchange between (Me2S)AuCl
and LiOi-Pr. As we take no precaution to exclude moisture or air from the reaction, LiOH
may be present, formed by reaction of LiOi-Pr with H20. Therefore, (Me2S)AuOH may
be formed by reaction with LIiOH. The relative computational free energies of
(Me2S)AuCl, (Me2S)AuOQi-Pr and (Me2S)AuOH were calculated to be 0.0 kcal/mol, 5.8
kcal/mol, and 1.8 kcal/mol, respectively. This suggests (Me2S)AuOi-Pr is not the active
catalyst. As (Me2S)AUCI is unable to catalyse the reaction itself (Table 3, entry 2),
(Me2S)AUOH is assumed to be the active catalyst for all further computational
calculations. The reaction of both primary allyl pinacolboronate 420c and tertiary allyl
pinacolboronate 418c (Scheme 142b) were investigated computationally to compare their
transmetalation, interconversion between their c-allylgold isomers and to gain an insight

into the a:y allylation regioselectivity of the reaction.

(@) LiOi-Pr + H,0
(Me,S)AuCl (Me,S)AuCl ”
LiOi-Pr LiOH + i-PrOH
LiCl LiCl
(Me,S)AuCl (Me,S)AuOi-Pr (Me,S)AuOH
(0.0 kcal/mol) (5.8 kcal/mol) (1.8 kcal/mol)

Scheme 142: Investigation of the active metal catalyst. Free energies are calculated at
PBEO/def2-TZVP/SMD-(CH:Cl.).

First, the reaction of primary allyl pinacolboronate 420c was modelled
computationally (Scheme 143a). Transmetalation was calculated to be most favourable
via an Sg2’ mechanism (Scheme 143b). Transmetalation was found to occur through
complex 464, whereby, the alkene moiety of 420c is coordinated to [(Me2S)Au]".
Transition state 420c—464 gives rise to complex 464 via a syn pathway allowing for the
facile transfer of the hydroxide ligand from the gold centre to the boron centre with

minimal ion separation. Transmetalation can be completed via an Sg2" mechanism from
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intermediate 464, forming a carbon-gold bond, extruding HOB(pin) as a stoichiometric
by-product. The formation of tertiary gold species 460 occurs through transition state
464-460 with a relatively low barrier of 17.9 kcal/mol with respect to the starting

materials. Transmetalation is thermodynamically favourable.

Me Me

(a) Z4 Me =
NO, LiOi-Pr (1.5 equiv) NO, Me NO,
| X Me B(pin) (Me,S)AuCI (2.5 mol%) | |
_ + = | *
N EtOAc/CH,CI, (1:1) N
® ) 212 N
| Me (1.5 equiv) _20°C. 20 h ) |
Br Bn 420¢ 0°¢C.20 Bn Bn
408 423¢g 425
31%
(4:1 inseparable mixture)
(b)
N0z
| -
L0 L@ * i
r n
Me,S_s* H ® SMe, MeaS
408 Au-O. 5 Au HO Au oH
+ —_— Me,, \  HB(pin) > Me, ! (H \B@' \ ’é ;
o = rn Menj===_,B(PIN)
(Me,S)AuOH Me Me M
+ 464 e
420c-464 TS
(12.9 kcal/mol) 464-460 TS

Me = B(pin)
Y\/ Sg2' transmetalation

Me 420c
HOB(pin) </1

(MeZS)Au>(\

Me Me

460
(—14.3 kcal/mol)

Scheme 143: Modelling of transmetalation between (Me,S)AuOH and 420c.

From here (Scheme 144), tertiary gold species 460 can be intercepted by azinium
salt 408 via an Sg2' allylation to give intermediate 425-Au-Br. This occurs via transition
state 460—425 with a barrier of 23.3 kcal/mol. Liberation of gold-bound intermediate
425-Au-Br with LiOH ensues, forming prenylated product 425. However, this was the
minor product observed experimentally (see Scheme 143a), with the reverse-prenylated
isomer (423g) being the major product. This reverse-prenylated isomer may arise via the
isomerisation of tertiary gold species 460. This can occur through m-allylgold transition
state 460—459 with a barrier of 21.2 kcal/mol, forming primary gold species 459. This
pathway was found to be 2.1 kcal/mol lower in energy than the competing Sg2’
nucleophilic allylation of tertiary gold species 460 and was determined to be
thermodynamically favourable. Primary gold species 459 reacts with azinium salt 408

via a nucleophilic Sg2’ allylation. Liberation of gold-bound intermediate 423g-Au-Br
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with LiOH forms product 423g. Independently, computational studies predicted the
reverse-prenylated isomer (423g) as the major product which coincides with
experimental findings.

®
(Mezs)Au\
¥ Me Me
=
(Meﬁ;“‘f Me NO,
/,,"
(Me,S)Au 408 —=\NO2  Br LiOH ||
X —_— Me/‘—__\‘ S— — — = N
Me Me Se2 8 @ N—Bn o \
Br Bn Bn
460 460-425 TS 425-Au-Br 425
(23.3 kcal/mol) )
isomerisation LiBr + (Me,S)AuOH
+ (—49.3 kcal/mol)
?Mez
Au
Me., Vs \\ (21.2 kcal/mol)
Me Me,S)A
460-459 TS (Me,S) u Me
+ = Me
l (Me,S)Au NO,
408 L__NO B LiOH ||
Me Au(SMey) ——— EEEENN sZM —_—
= Sg2' PPl N
'~ ®N—Bn I I
Me Me QY Br_ Bn Bn
459 459-423g TS 4239g-Au-Br 4239
(25.8 kcal/mol)

LiBr + (Me,S)AuOH
(~38.3 kcal/mol)

Scheme 144: Modelling of the allylation between 420c¢ and 408.

A free-energy diagram (Figure 4) clearly represents the previously discussed
information, showing that isomerisation (red line) is more favourable than the competing
nucleophilic Sg2' allylation (blue line) even though we are forming the less
thermodynamically stable product (AG = —38.3 kcal/mol for 423g vs. AG = —49.3
kcal/mol for 425). The stabilities of primary and tertiary allylgold complexes seen within

our calculations are consistent with a previous report by Hashmi and co-workers.!’®

420c-464 TS 464-460 TS 460-459 TS Sg2' TS Product-Au  Products
177 17.9 Allylgold complexes

isomerisation

6.9

460-425TS
459-423g TS

9.0 -

464
—— Transmetalation

AG,
kcal/mol

408
-10.1
* & 425-Au-Br
(Me,S)AuOH
+
420c

423g-Au-Br

(Me,S)AuOH

425 + LiBr + -49.3
(Me,S)AuOH

Figure 4: Free-energy plot for the reaction between 420c and 408. Free energies shown
are relative to the starting materials and calculated at PBEO/def2-TZVP/SMD(CH:CI,).
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Additional mechanistic pathways were mapped computationally (Scheme 145).
Direct Sg2 transmetalation from allyl pinacolboronate 420c was found to have a very
high barrier of 29.7 kcal/mol in comparison to 17.7 kcal/mol for Sg2’ transmetalation.

Therefore, it is likely that this pathway is not operational within our reaction system.

NO Sg2 transmetalation
A z (Me,S)AUOH
i 2
| _ . MeWB(pln) - MeY\/Au(SMez) + HOB(pin)
N 29.7 kcal/mol
© 1@ Me  420c ( ) Me 459
Br Bn

408

Scheme 145: Computational modelling for direct Sg2 transmetalation from 420c. Free
energies shown are relative to the starting materials and calculated at PBEQ/def2-TZVP/SMD-
(CH.CL).

An alternative pathway for producing either reverse-prenylated product 423g or
prenylated product 425 via direct nucleophilic Sg2 allylation from 460 or 459
respectively was investigated (Scheme 146). Direct nucleophilic Sg2 allylation from
tertiary gold species 460 was found to be impossible. Alternatively, the tertiary gold
species isomerises upon approach towards the azinium salt to form primary allylgold
species 459. Direct nucleophilic Se2 allylation from primary gold species 459 was found
to have a high barrier of 36.7 kcal/mol in comparison to 25.8 kcal/mol for nucleophilic

Se2’ allylation. Therefore, nucleophilic Sg2 allylation is not a productive pathway.

] o SMe,
(Me,S)Au isomerisation Alu Me Au(SMe,)
— Me SN — Y\/
1y, ¢ \
Me Me /77 Me
460 460-459 TS 459
408 Sg2 (not possible) (36.7 kcal/mol) 408 Sg2
LiOH LiOH
Me
Me
=z Me =z
NO, Me NO,
w w
Bn Bn
423g 425
LiBr + (Me,S)AuOH LiBr + (Me,S)AuOH

Scheme 146: Computational modelling for direct Sg2 allylation. Free energies shown are
relative to the starting materials and calculated at PBEO/def2-TZVP/SMD-(CH.Cl.).

Next, we investigated tertiary allyl pinacolboronate 418c computationally which

gave the reverse-prenylated product 423g exclusively (Scheme 147a). Transmetalation
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via intermediate 465 was found to be thermodynamically favourable (AG = -38.4
kcal/mol) (Scheme 147b). As seen previously (see Scheme 143), transmetalation occurs
via an Se2’' mechanism from intermediate 465, forming a carbon-gold bond, extruding
HOB(pin). There is a high thermodynamic driving force due to the formation of a more

stable primary gold species relative to tertiary allyl pinacolboronate 418c.

Me
(a) = Me
L VoS (8 Mot No,
| B(pin) (Me,S)AUCI (2.5 mol%) | |
z AN g
° rxll@ mé Me EtOAC/CH,Cl, (1:1) N
Bro g . —20°C,20 h I
(1.5 equiv) Bn
408 418c 4239 58%
(b)
NO
Y
N/
t
o1® ¥
Br_ Bn MeS_ 5* H @?Mez MesS
408 LT Soin) L, AU HOg A2 OH
+ - — - = Blpin) — | % B(pin)
(Me,S)AuOH H Ve H N
+ Me Me Me M Me
B(pin) 418c-465 TS 465 ~
/X (6.1 kealimol) 465-459TS
Me Me Sg2' transmetalation
418c
Hos(pin)/i
Me,S)Au Me
(Me3S). SN
459  Me

(—38.4 kcal/mol)

Scheme 147: Modelling of transmetalation between (Me,S)AuOH and 418c.

From here (Scheme 148), primary gold species 459 can be coupled with azinium
salt 408 via an Sg2’ allylation to give gold-bound intermediate 423g-Au-Br. This occurs
via transition state 459—-423g with a barrier of 25.8 kcal/mol. Liberation of gold-bound
intermediate 423g-Au-Br with LiOH ensues forming reverse-prenylated product 423g.
Isomerisation from 459 to 460 was found to be 4.3 kcal/mol higher in energy than the
direct Se2’ nucleophilic allylation of primary gold species 459. Therefore, the production
of the tertiary gold species 460 followed by nucleophilic Sg2’ allylation to give prenylated
product 425 is much less feasible. Once again, both our experimental and computational
studies are consistent since the computational study predicted the reverse-prenylated

isomer exclusively.
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+ Me
= Me
(Me;S)Au NO,
Me,S)A Me == ’
(Me,S) u\/\r 408 ‘—} LiOH | " |
Me Sg2' Q. GN—Bn o |
459 Br Bn Bn
459-423g TS 423g-Au-Br 423g
isomerisation (25.8 kcal/mol)
" LiBr + (Me,S)AuOH
(-53.4 kcal/mol)
?Mez
Au
‘;Q\\\Me (30.1 kcal/mol)
’ ®
Me (Me,S)Au_
459-460 TS " Me. ™ _
(Mezs)Au Me NO,
Me,, €}
408 " NO,  Br ||
Au(SMe,) ———>» TNV —
AR T Me/—\‘—‘s’a N
—Bn | |
Me Me N\ B> Bn Bn
460 460-425 TS 425-Au-Br 425

(23.3 kcal/mol) LiBr + (Me,S)AuOH

(—64.4 kcal/mol)

Scheme 148: Modelling of the allylation between 418c and 408.

A free-energy diagram (Figure 5) clearly represents the previously discussed
information, showing that isomerisation (red line) to the tertiary allylgold complex is less

favourable than competing nucleophilic Sg2’ allylation (blue line) of the primary
allylgold species.
418c-465TS 465-459 TS 459-460 TS Sg2' TS Product-Au Products

9.4 Allylgold complexes
6.1 6.9 isomerisation

465

408 Transn
+
(Me,S)AuOH
+
418¢

6.2 - 460-425TS

459-4239 TS
-12.6

-25.3 - 423g-Au-Br

AG,
kcal/mol

425-Au-Br

423g + LiBr + -53.4
(Me,S)AuOH

425 + LiBr + -64.4
(Me,S)AuCH —~

Figure 5: Free-energy plot for the reaction between 418c and 408. Free energies shown
are relative to the starting materials and calculated at PBEQ/def2-TZVP/SMD-(CHCIl.).

As seen in Scheme 149, direct Sg2 transmetalation from tertiary allyl
pinacolboronate 418c was considered and found to be not possible due to steric
hinderance surrounding the boron centre. Therefore, it is likely that this pathway is not

operational. Moreover, direct nucleophilic Sg2 allylation from primary gold species 459
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had a very high barrier of 36.7 kcal/mol in comparison to nucleophilic Sg2’ allylation at
25.8 kcal/mol.

NO Sg2 transmetalation
X 2 .
| = B(pin) (Me,S)AuOH = Au(SMe,)
P + + HOB(pin)
o '}l@ Me Me (36.7 kcal/mol) Me Me
Br Bn 418c 460

408

Scheme 149: Computational modelling for direct Sg2 transmetalation from 418c. Free
energies shown are relative to the starting materials and calculated at PBEQO/def2-TZVP/SMD-
(CH.CL).

With all the previously discussed information, a catalytic cycle is proposed (Scheme
150). First, the reaction of LiOi-Pr with H2O yields LiOH, which in turn reacts with
(Me2S)AuCI to form (Me2S)AuOH. Transmetalation with allyl pinacolboronate 418c
occurs through intermediate 465 via an Sg2' pathway generating primary allylgold
intermediate 459. Isomerisation to tertiary gold species 460 is unfavorable. Direct Sg2’
nucleophilic allylation ensues producing gold-bound complex 423g-Au-Br. Reaction
with LiOH releases the desired product, regenerating the active gold catalyst and forming

LiBr as a stoichiometric by-product.

Me
=z Me

NO, LiOi-Pr + H,0
| ] (Me,S)AuCI ﬂ

hll LiOH + j-PrOH
Licl
423g +  LiBr

(Me,S)AuOH B(pin)
LiOH Me Me
418¢c
(Me,S)A
SMe2
®Au HO\@
H/,, .j \H B(pln)
Au(SMe.
= ( 2) H Ve
Me Me Me
423g-Au-Br 465
HOB(pin
(j/ >\ (Mo,S)A /Q (pin)
© |@
Br Bn

408

Scheme 150: Proposed catalytic cycle.
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2.6 Extension to Other Nucleophiles

Having successfully developed the regioselective allylation of azinium ions with
allyl pinacolboronates, we were curious to explore the viability of utilising alternative
nucleophiles. Logically, we began with the alkenylation of azinium ions using vinyl
pinacolboronate 466 (Scheme 151). However, upon subjecting this to our optimised
reaction conditions, no product formation could be observed, with retention of unreacted

starting material.

X
o g A
| _ + ZB(pin) 2 : o | ]
o e (1.5 equiv) EOAC/CHCl (1:1) N
Br™ Bn 466 ~20°C, 20 h IR
408 w67

Scheme 151: Gold-catalysed alkenylation of 408 using 466.

Next, the homoallyation of azinium ions was investigated (Scheme 152). We
postulated accessing cyclopropyl gold species 471 via an Sg2' transmetalation as seen
previously in Scheme 143. Unfortunately, the product of this reaction was not detected,
with only starting material being observed within the crude *H NMR spectrum. A brief
screening of the reaction conditions yielded no promising results; therefore, this was not

explored further.

N
N NO, LiOi-Pr (1.5 equiv) NO,
. (Me,S)AuClI (2.5 mol%)
| _ + NB(pm) - | |
o I}l@ (1.5 equiv) EtOAc/CH,Cl, (1:1) |}1
Br- Bn 468 -20°C, 20 h L
408 469

via: SMe2 HO\@
®p B(pin)
(L/:/) ————————»  (Me,S)Au

470

471

Scheme 152: Gold-catalysed homoallylation of 408 using 468.

The addition of allenyl-derived nucleophiles to azinium ions has not been previously
reported. As such, we sought to develop this area by subjecting allenyl pinacolboronate

472 to our reaction conditions (Scheme 153). Fortunately, the desired 4-allenylated
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product 473 was isolated in 59% yield along with a 1:1 inseparable mixture of 4-
propargylated product 474 and 6-allenylated product 475. The observation of both
allenylated (473) and propargylated (474) products suggests an isomerisation pathway
post-transmetalation between both the o-propargyl and c-allenylgold(l) intermediates.
To observe an unequal mixture of products suggests that, either one of the o-gold isomers
is more reactive, leading to the formation of a major product or the rate of isomerisation

between the two c-gold isomers is slower than that of nucleophilic addition.

. AN
NO, LiOi-Pr (1.5 equiv)
| N o (Me,S)AuCI (2.5 mol%) NO, NO, o~ N0,
+ == -
Z . + +

N _B(pin)  EtOAC/CH,CI, (1:1) ] || . |

B o 1® (1.5 equiv) 20 °Co0h N N N

" Bn 472 - ' I I I
Bn Bn Bn

408
473 59% 474 475

35%
(1:1 inseparable mixture)

Scheme 153: Gold-catalysed allenylation of 408 using 472.

Having observed the formation of 474 from allenyl pinacolboronate, we considered
whether the direct propargylation of azinium ions would be feasible. In 2010, Fandrick
and co-workers reported the enantioselective copper-catalysed propargylation of
aldehydes, generating the desired alcohols in excellent yields and enantioselectivities
(Scheme 154).17® The reaction utilises propargyl pinacolboronate 477 and has been

further extended to include both ketones and aldimines.t’"178

L11 (9 mol%)

JO]\ . TMS;\ Cu(i-butyrate), (7 mol%) ) /
R1” H (15equiv) BPM  |i0tBu (7 mol%) R1
476 477 THF, -30, 18 h

478 t- Bu t- Bu

10 examples
77-99%, 90-99% ee

Scheme 154: Copper-catalysed enantioselective propargylation of 476 using 477.

The proposed mechanism is initiated via transmetalation of propargyl
pinacolboronate 477 with the copper catalyst, assisted by LiOt-Bu, forming allenyl
copper intermediate 479 (Scheme 155). Coordination of aldehyde 476 ensues, affording
species 480, followed by subsequent propargylation yielding copper alkoxide species
481. Transmetalation between species 481 and propargyl pinacolboronate 477
regenerates the active allenyl copper intermediate and yields the desired product after

work-up.
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TMS——
477 B(pin)

[Cul+ L11 + LiOt-Bu

(pin)BOt-Bu
in)B
(pin) ~o T™S
I &
R’I / =-=< fL
4 479 TMS
82 R “H
476
TMS——
477 B(pin)
R1
[Cu] 480 >:O\
(0] P TMS H [Cu]
/ —
Lz
R 481 ™S

~_

Scheme 155: Proposed mechanism for the formation of 482.

Considering this precedent, we synthesised propargyl pinacolboronate 477 (Scheme
156a). Upon subjecting this coupling partner to our reaction conditions, we were pleased
to observe an 86% *H NMR vyield of 4-propargylated product 484 and none of the
allenylated product 485 (Scheme 156b). We propose the reaction occurs via the

formation of allenyl gold species 487 through a Sg2’ transmetalation mechanism.

(a) n-BuLi (1.025 equiv)
MgCl, (1.0 equiv) B(pin)
THF, -78 °C, 3 h
TMS——=——Me + i-PrO—B(pin) > TMS——
i O then
1.077 equiv
( 483q ) )J\ (1.1 equiv) 477 50%
Me” cl
MTBE, -78 °C to RT
2h
T™S
(b)
X A ™S
NO, T™MS — LiOi-Pr (1.5 equiv)
| = — \B( " (Me,S)AUCI (2.5 mol%) & NO, ) NO,
+ pin >
— .
No (1.5 equiv) EtOAG/CH,Cl, (1:1) *
o a77 . N N
Br™ gn -20°C,20h A |
Bn 86% Bn
e 484 (100:0) 485
NMR Yield
via: ?Mez
®Au HO© (Me,S)Au
B(pin) ———————>
!
=~ p
TMS—— 9 T™S "
486 487

Scheme 156: Gold-catalysed propargylation of 408 using 477. Yield determined by *H
NMR spectroscopy 1,3,5-trimethoxybenzene as the internal standard.
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A small preliminary scope of the reaction with respect to the azinium salt was
examined (Scheme 157). In both reported examples (484 and 488a), complete
regiocontrol was observed, propargylating exclusively at the 4-position of the azinium

salt. Azinium salts containing either a nitro (484) or ester (488a) substituent were well

tolerated.
™S
X
EWG _ LiOi-Pr (1.5 equiv)
| A TMS—= \B( " (Me,S)AUCI (2.5 mol%) R EWG
+ pin
— .
o No (1-54‘;‘;”"’) EtOAC/CH,Cly (1:1) N
B dn -20°C, 20 h ,

T™MS TMS
X X
NO, CO,Et
N N
| |
Bn Bn
484 95% 488a 87%

Scheme 157: Azinium salt scope. Reactions conducted on 0.5 mmol scale. Isolated yields.

The optimisation and scope of the propargylation reaction was further examined
within our group by Jack Smithson (Scheme 158). The equivalents of both LiOi-Pr and
propargyl pinacolboronate 477 could be lowered without any significant loss in yield.
Furthermore, the reaction could be performed at room temperature without any loss in
regiocontrol. N-Benzyl azinium salts containing various electron-withdrawing groups at
the 3-position, such as cyano (489a), acetyl (489b) and a variety of esters (489c—489d)
were well tolerated. Pleasingly, a range of N-benzylguinolinium salts also reacted
efficiently to give 1,4-dihydroquinolines 489e—489g in 15—-71% yield; these substrates
contained a cyano (489e), acetyl (489f), and ester (489g) group at the 3-position. Further

attempts to expand the substrate scope are ongoing.
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~ EWG LiOi-Pr (1.1 equiv)

7 | X TMS—=——"\ (Me,S)AuCI (2.5 mol%)
' + B(pin) >
[N pZ i
YONG (12 equiv) EtOAC/CH,CI (1:1)
B o RT, 20 h
434
™S ™S ™S
X X X
0
CN COR
[ ] T [ ]
) ) )
Bn Bn Bn
489a 59% 489b 66% 489c R = Me 90%

489d R=Ph 61%

TMS TMS
A A
(6]
CN
B "
N N
Bn Bn
489e 15% 489f R=Me 49%

489g R = OEt 71%

Scheme 158: Azinium salt scope. Reactions conducted on 0.5 mmol scale. Isolated yields.
All reactions performed by J. Smithson.

2.7 Development Towards an Enantioselective Variant

Following our investigations towards a racemic gold-catalysed regioselective
allylation of azinium ions, we were interested in whether an enantioselective variant
would be feasible. Asymmetric gold(l) catalysis is extremely challenging due to the
linear coordination favoured by gold(l) catalysts (Figure 6a).1’® This linear geometry
places the chiral ligand and substrate on opposite sides of the gold metal centre.
Moreover, both the substrate bond and the chiral ligand bond to the gold catalyst are free
to rotate. As discussed previously, our reaction system adopts a linear transition state
with regards to the C-C bond forming step. Consequently, the chiral inducing

environment is distant from this event, rendering an enantioselective variant challenging.

Nevertheless, there are four main strategies for rendering gold(l) catalysis
enantioselective (Figure 6b). Two of the most widely utilised strategies involve either

bimetallic gold complexes in conjunction with asymmetric bis-phosphine based ligands
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or monodentate chiral phosphoramidites. Both strategies use commercially available
ligands with tuneable steric and electronic properties. More recently, chiral NHC based
ligands and chiral counteranions have emerged as potential alternatives to govern

enantioselectivity within gold(l)-catalysed reactions.

(a) m Linear Geometry

m Outer-Sphere Pathways

——=NO0,
m Distal C-C Formation \—_}
<\ @ N—Bn
m Linear Transition State

Figure 6: Challenges with rendering the reaction enantioselective and typical ligand
classes for governing enantioselectivity using gold(l) catalysts.

We began our investigation with a ligand screen (Table 12). Regrettably, when
subjecting both mono-phosphine (L12, L15, L16, and L17) and bis-phosphine (L13,
L14, L20 and L21) ligands to our reaction conditions, no enantioselectivity was
observed. Phosphoramidite-derived ligands (L18, L19 and L22) generated the desired
product in poor yields and very poor enantioselectivity. For all screening reactions
mentioned, regioselectivity with respect to the azinium salt remained high. A further sixty
examples of enantiopure chiral ligands were evaluated; however, they all gave similar
results as seen in Table 12. To investigate whether the poor enantioselectivities were due
to substrate 4330, several alternative azinium salts were subjected to identical reaction

conditions with no improvement to enantioselectivity.
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Table 12: Ligand screening using 4330.

Me
0 ligand (3 mol%) le)
Me LiOi-Pr (1.5 equiv)
OMe OMe

| SN ,}l/ . )\/B(pin) (Me,S)AuCI (2.5 mol%) [}l/

7 Me (15 equiv) EtOAC/CHCI, (1:1) N Me

5© | ® 418a -20°C,20h I

Bn Bn

4330 4350

><o O O Pty
NH PPh N
2 2 H H (0] Me
()/Pph2 o PPh, p—tBuU \\><M
>< O Q PPh, N—/ “Me
ifPr

L12, 6%, 7% ee

Me g NMe, Me
Php” F

PhP A
2" SNHMe ° Me 'V'e

L13, 7%, 4% eel® L14, NR, n.d.l L15, NR, n.d.

—N Y Ar= 4©7t-8u
o™

Ar

L16, 9%, 0% ee L17,NR, n.d.

Melmq
90 g
o >—Me @ Me

0 o
p Ph,R NH  HN PPh,
p_Me N
e

/
°© \—Me
PR
L21, trace, n.d.

L19, 9%, -3% ee

L18, 51%, 0% ee

L22, 17%, 0% ee

Yields determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene the internal
standard. Reactions conducted using 0.1 mmol of 4330. [a] (Me2S)AuCI (5 mol%).

Having demonstrated the successful propargylation of azinium salts (see Scheme
158), we were interested in developing an enantioselective variant. Due to the proposed
formation of an allenyl intermediate, we hypothesised that this may be more influenced
by chiral ligands, allowing for greater enantiocontrol in comparison to the allylation
reaction. We began our investigation with a ligand screen (Table 13). Pleasingly
moderate to good enantioselectivities were observed, albeit with a significant reduction
in product formation. N-Benzylpyridinium bromide containing a nitro substituent gave
higher yields due to its increased electrophilicity, while N-benzylpyridinium bromides

containing an ester substituent gave higher enantioselectivities. Several classes of
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privileged ligands were examined, including mono-phosphines (L12, L23, L24, L15,
L16 and L17), bis-phosphines (L13) and phosphoramidites (L25, L19, L26 and L27).
QUINAP (L23) gave the best combination of both yield and enantioselectivity. A further
sixty examples of privileged ligands were evaluated; however, they all gave inferior
results as compared to QUINAP (L23). As a result, we began to optimise our reaction
using QUINAP as the chiral ligand; however, any deviations from the standard

conditions shown in Table 13 gave poorer results.

Table 13: Ligand screening using 421.

T™S

\
ligand (3 mol%) N
EWG LiOi-Pr (1.5 equiv) EWG
AN — (Me,S)AUCI (2.5 mol%)
| + TMST\ | |
NZ (1.5 equiv) B(PIN) EtOAC/CH,CI, (1:1) N
5@ 1@ 477 -20°C, 20 h |
r Bn Bn
421 488

NH,

o8 90
N
# OMe
PPh, PPh, PPh, \\O><Me
y 99 99 Pere ) e

i-Pr

L12 L23 L24 L15
EWG = NO,, trace, n.d. EWG = NO,, 47%, 28% ee EWG = NO,, 11%, 4% ee EWG = NO,, 13%, —2% ee
EWG = CO,Et, trace, n.d. EWG = CO,Et, 9%, 57% ee EWG = CO,Et, trace, n.d. EWG = CO,Et, trace, n.d.
Ar Ar
I\:/Ie %\\\NM% MeO O\ Me
PhP_ A PhoP F P—N Ar =§ Me
2" NHMe ° Me /Y
B @ MeO* 0 Me
Ph
Ar Ar
L16 L17 L25
EWG = NO,, 9%, 4% ee EWG = NO,, 18%, -8% ee EWG = NO,, 28%, 9% ee
EWG = CO,Et, 9%, 41% ee EWG = CO,Et, trace, n.d. EWG = CO,Et, 13%, 51% ee

e} Ar
OO F. O Ar
Ph >< Ph
>_ F Me_ O 0 > Ve
Me [e] \
O\P N PPh, EOMS

" >< PN e
- PPh ¢ o
fo) }—Me E o) > (o] 0 R Me
Ph F>< A e PR
o}
L19 L13 L26
EWG = NO,, 15%, 31% ee EWG = NO,, trace, n.d.[a EWG = NO,, trace, n.d.
EWG = CO,Et, trace, n.d. EWG = CO,Et, NR, n.d.1& EWG = CO,Et, NR, n.d.
Ar Ar Ar Ar
M9><O 3 Al Meg /° %
P-N O r=§4< > >< P—N Ar=§ tBu
Me W / .
o' o __/ Me o O/
Ar Ar
Ar L27 Ar L18
EWG = NO,, NR, n.d. EWG = NO,, trace, n.d.
EWG = CO,Et, 11%, 60% ee EWG = CO,Et, 75%, 9% ee

Yields determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene the internal
standard. Reactions conducted using 0.1 mmol of 421. [a] (Me2S)AuCl (5 mol%).
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Due to the limited success when utilising phosphorus containing ligands, we turned
our attention towards sulfur-containing ligands as the racemic reaction utilises
(Me2S)AUCI as the catalyst. Asymmetric alternatives to (Me2S)AuCl may generate the
desired products with greater enantiocontrol. Asymmetric sulfur ligands have been
utilised for enantioselective catalysis extensively.'®-182 Sulfur is considered soft and can
have strong interactions with soft metals such as copper, palladium and gold. In
comparison to phosphine containing ligands, sulfur derivatives are inferior o-donor and
n-acceptors.82 However, sulfur-containing ligands are widely available from either
chiral pools or direct modification of other heteroaromatic ligands. We began by
synthesising gold catalyst 462 (Scheme 159). Subjecting this catalyst to our reaction
conditions generated the desired product 409 in good yield and regioselectivity, but the
product was racemic. Near identical reactivity was observed when utilising propargyl
pinacolboronate 477 as the nucleophilic partner. However, we were encouraged by these

results due to significant increases in yield as compared to phosphine containing ligands.

Me

462
Me/(si Me (2.5 mol%) =

NO NO
AN 2 ‘AuCl 2
| Me LiOi-Pr (1.5 equiv) ||
Pz + B(oi
o Vo (PIN)  E{OAC/CH,CI, (1:1) N
Br_ Bn (15 equiv) -20°C, 20 h Bn
408 418a 409 80%, 0% ee
Me TMS
ﬂq 462 A
Me (2.5 mol%
" Me/ks\ (2.5 mol%) “
| A 2 AuCl ) 2
N/ . TMST\B( " LiOi-Pr (1.5 equiv) ‘ "
pin .
o Ve (15 equiv) EtOAc/C;HZCIZ (1:1) |
Br Bn 477 -20°C,20 h Bn
408 484 77%, 0% ee

Scheme 159: Investigating catalyst 462 for generating enantioenriched products.

We hypothesised that increasing the steric bulk surrounding the pinacolboronate
may increase enantiocontrol within the reaction. Therefore, we subjected both geranyl-
bromide-derived o,a-disubstituted allyl pinacolboronate rac-418e and cyclohexenyl allyl
pinacolboronate rac-420a to the reaction conditions using gold catalyst 462 (Scheme
160). Unfortunately, no enantiocontrol was observed nor any significant increase in

diastereocontrol.
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Me
Me / Me
ﬂq 462 Me
" Me/kSMe @5mol%) F "
| X2 B(pin) ‘Auc B 2
_ . M Me LiOi-Pr (1.5 equiv)
N
Bn

N )
o (15 squiv) E1OACICH;, (1:1)
Br Bn rac-418e Me - ’
408 423i 28%, 0% ee
d.r. 2:1
Me
ﬂq 462
" Me/:gMe (2.5 mol%) "
2 . \ 2
| X B(pin) AuCl | |
_ LiOi-Pr (1.5 equiv)
+ >
° Ve EtOAC/CH,Cl, (1:1) N
Br 4%2 (1.5 equiv) -20°C,20 h Bn
rac-420a 423j 60%, 0% ee
dor. 2:1

Scheme 160: Increasing steric bulk for generating enantioenriched products.

Next, we began to synthesise alternative sulfur-containing ligand scaffolds from
commercially available chiral pools. The Zhao group have utilised ligand 493 (Scheme
161) for various enantioselective cyclisation cascade reactions.!®38 A modified
synthetic route gave access to the desired ligand in four steps. First, N-tosyl protection of
amino alcohol 490 followed by O-mesyl protection afforded product 492. Sn2
displacement using thiophenol yields compound 493. Treatment under acidic conditions
with AuClz did not yield the corresponding gold complex 494 due to solubility issues
with regards to ligand 493 in methanol. Fortunately, treatment with (CO)AuClI followed
by precipitation gave the desired gold complex in 57% vyield.

TsClI (1.0 equiv) EtsN (2.0 equiv)
©i>""OH DMAP (1.0 equiv) ©i>""OH MsCl (1.0 equiv) ©i>----ow|s
Et;N (3.0 equiv) CH,Cly, 0 °C to RT

3 CH,Cl,, RT, 2 h 3h 3
NH, 491719 NHTS 492999 NHTS

\

zv

490

HCI (12 M)

AuCl3 (1.0 equiv)
@_Sph MeOH, 0 °C ©i>_sph PhSH (1.0 equiv)
‘Auc

z then B K,CO3 (3.0 equiv)
494 NHTs 493 (2.0 equiv) 493 66% NHTs DMF, 100 °C, 12 h
0 °C to RT, 15 min

(>:>_3Ph (CO)AUCI (1.0 equiv)
/ “AuC

3 CH,Cly, RT, 18 h
494 57% NHTs

Scheme 161: Synthesis of 494.
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We sought to incorporate an additional binding mode using the same scaffold as
seen in Scheme 161 to restrict conformational changes and enhance rigidity within the
reaction transition state. The Jacobsen group have shown that electron-deficient thioureas
can promote regio- and enantiocontrol via the formation of multiple hydrogen bonds. 8>
188 We hypothesise that ligands bearing an electron-deficient thiourea may coordinate to
the anion of the azinium salt, inducing an asymmetric environment within the reaction
system. Our synthesis began (Scheme 162) with the N-Boc protection of amino alcohol
490, followed by mesylation of the alcohol affording product 496. Sn2 displacement
using thiophenol yields compound 497. Boc deprotection under acidic conditions
followed by subsequent addition of isothiocyanate 499 generated the desired ligand 500.
Treatment with (CO)AuCI followed by precipitation gave the desired gold complex.
However, the exact position of the gold metal centre within the complex could not be
identified (501 or 502). Furthermore, any attempts to perform X-ray crystallography via
the growth of a single crystal were unsuccessful. An alternative route involving an

electron-deficient urea would circumvent this problem.

Et3N (2.0 equiv)
A NaHCO; (1.0 equiv) Z CH,Cl,, 0 °C to RT Z

3 THF/H,0 (1:1) 3 1h 3
a0 2 RT 4h 495929, \HBOC 496 99% NHBoC
(>:>—8Ph 4M HCl in dioxane (>:>—3Ph PhSH (1.0 equiv)
2z RT, 10 min B K,CO3 (3.0 equiv)
498 49% NH2 497 60%  NHBoc DMF, 100 °C, 12 h
FsC NCS

(CO)AUCI (1.0 equiv)

C QC|2, T, 18 F3C
00 63% "
5

Scheme 162: Synthesis of 501 or 502. All reactions performed by H. Green.

Unfortunately, when replacing (Me>S)AuCl with sulfur-containing ligand 494 in

both our allylation and propargylation reaction (Scheme 163), no enantioselectivity was
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observed. Furthermore, ligand 501/502 gave similar results, forming the desired product
in modest to good yields but as a racemate. Evaluation of various reaction conditions

gave no improvement to yield nor enantioselectivity.

/  auc

Z F3C
494 NHTs on
Me
(0] (0]
Au] (2.5 mol%)
Me [
AN n-Me _ LiOi-Pr (1.5 equiv) N Ve
| | + )\/B(pln) | | )
_ OMe EtOAC/CH,Cl, (1:1) OMe
o Ve (1.5 equiv) ~20°C, 20 h \
Br Bn 418a Bn
4330 4350
using 494 67%, 0% ee
using 501/502 58%, 0% ee
T™MS
X
Au] (2.5 mol%)
EWG L EWG
X TMST\ LiOi-Pr (1.5 equiv)
| = * B(Pin)  EtOAGICH,CI, (1:1 L
N (1.5 equiv) C -Ho > (1:1) N
o 1® 477 -20°C,20 h |
Br Bn Bn
421 488
using 494 EWG = NO,, 88%, 0% ee
using 494 EWG = CO,Et, 79%, 0% ee

using 501/502 EWG = NO, 84%, 0% ee
using 501/502 EWG = CO,Et, 73%, 0% ee

Scheme 163: Evaluation of ligands 494 and 501/502.

Our second iteration of ligand design focussed on significantly increasing the steric
bulk surrounding the gold metal centre by utilising a C2-symmetric scaffold.
Dibenzothiophene as a core scaffold has been utilised in asymmetric catalysis,'® in
particular palladium-catalysed allylic substitutions. This scaffold is easily derivatised,
with chirality being introduced by coupling chiral auxiliaries adjacent to the sulfur centre,
giving access to a diverse range of C2-symmetric ligands. Our synthetic route began with
the synthesis of each core component of the ligand structure (Scheme 164). First,
commercially available dibenzothiophene was bislithiated and quenched with CO;
forming dicarboxylic acid 503 (Scheme 164a). Chiral auxiliary 505 was prepared by
mono N-tosyl protection of diamine 504 (Scheme 164b). Finally, chiral auxiliary 507
was prepared in two steps via a mono O-benzyl protection/Smiles rearrangement

sequence (Scheme 164c).
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n-BulLi (4.0 equiv)
TMEDA (4.0 equiv) O O
cyclohexane

0°Cto80°C,4h
then

CO, (solid) 503 28%
®) TsClI (1.0 equiv)
s .0 equiv
NH; EtsN (1.1 equiv)

CH,Cl,, 0 °Cto RT, 2 h
NH, “NHTs
504 505 78%
(0]
Me
NH,

Br (2.0 equiv)
KI (10 mol%)
K,CO3 (2.0 equiv)
OH DMSO, 50 °C, 12 h

O OBn then

NH,

l OBn

OO OH acetone, 60 °C, 12 h

Scheme 164: Synthesis of ligand fragments 503, 505 and 507. Synthesis of 503 was
performed by H. Green.

NaOH (12.5 equiv)
130 °C, 8 h

OO BnBr (1.0 equiv) O
OH K,CO3 (1.5 equiv)

506 78% 507 69%

The final ligands could be assembled via the formation of an acid chloride from 503
followed by quenching with the appropriate chiral amine precursor (Scheme 165).
Coupling of dicarboxylic acid 503 and 505 gave ligand 508 in 70% yield, followed by
treatment with (CO)AuUCI affording the desired gold complex 509 (Scheme 165a). An
analogous procedure was utilised for the formation of gold complex 511 (Scheme 165b).
Finally, gold complex 515 (Scheme 165c) was prepared via a three-step procedure. First,
amide formation by coupling of amino alcohol 512 with dicarboxylic acid 503 using
thionyl chloride. Mesylation of the alcohol and subsequent dehydrative cyclisation
generates oxazoline 514. Complexation using (CO)AuCI gave the desired product in 42%

yield.
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SOCI,/CHCI; (2:1)
90°C2h (CO)AUCI (1.0 equiv)
> _— S
then NH CH,Cl,, RT, 18h N 5 ,‘!\uCIO NH

o) 503 0 505 (2.2 equiv)
Et3N (5.0 equiv
Ch,Cly. 0°C to RTOHNHTS TsHN\Q ON-NHTS TsHN\Q
1en 508 70% 509 43%

O O SOCI,/CHCI (2:1) O O
90°C2h
then > O OBn BnO Q
507 (2.2 equiv) O HN NH Q

503 Et3;N (5.0 equiv)

CH,Cl,, 0 °C to RT O . Q
6 h O 510 64% Q

(CO)AUCI (1.0 equlv)
CH,Cl,, RT, 18 h

O O SOCI, (30.0 equiv) O O MsCI (1.15 equiv) O O
CHCI;,65°C,6 h Et;N (2.4 equiv)
R E _ s
~

then CH,Cl,, RT, 10 h

HO OH HN N= N
o 503 o) Et3N (5.0 equiv) o} o 0 o
CH,Cly, 0 °C to RT Me"*
16 h —OH Me' Me
S Ph Ph
H,N OH Ph Ph
\ / 513 84% 514 28%
Mé  Ph
(2.3 equiv)
512

O O (CO)AUCI (1.0 equiv)
CH,Cl,, RT, 18 h

515 42%

Scheme 165: Synthesis of ligands 509, 511 and 515. All reactions for the synthesis of 515
were performed by H. Green.

Unfortunately, when replacing (Me2S)AuCl with our C2-symmetric sulfur
analogues 509, 511 and 515 in both our allylation and propargylation reaction (Scheme
166), little to no enantioselectivity was observed. Once again, optimisation of various

reaction parameters gave no improvement to enantioselectivity.
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0Bn BnO O s
NH HN N= =N
AuCI z AuCI Q o AUl 4
wiNHTs TSHN Me" ,__ Me
Ph 515 Ph
Me
[e) O
[Au] (2.5 mol%) M
LiOi-Pr (1.5 equiv) NE
+ )\/B(pln) > | | |
EtOAC/CH,Cl, (1:1) OMe
(1.5 equiv) —20°C,20h '}‘
Br Bn 418a Bn
4330 4350
using 509 37%, 0% ee
using 511 60%, 3% ee
using 515 37%, 1% ee
TMS
X
EWG [Au] (2.5 mol%) EWG
T™S LiOi-Pr (1.5 equiv) | |
+ B(pin) .
(1.5 equiv) EtOAc/(iHZCIZ (1:1) N
477 -20°C,20 h h
Bn
488
using 509  EWG = NO,, 94%, 0% ee
using 509 EWG = CO,Et, 79%,4% ee
using 511 EWG = NO,, 69%, 0% ee
using 511 EWG = CO,Et, 56%, 0% ee
using 515 EWG =NO,  84%, 2% ee
using 515 EWG = CO,Et, 58%, 0% ee

Scheme 166: Evaluation of ligands 509, 511 and 515.

Our final attempt to render these reactions enantioselective involves exploiting the
low solubility of azinium salts in apolar organic solvents, an asymmetric phase-transfer
catalytic approach.'®>1°! This approach has been utilised previously in conjunction with
azinium salts forming the desired products in high yields and enantioselectivities.**® This
methodology utilises a coordinating anionic catalyst, whereby specific interactions
towards the cationic azinium ion may allow a phase transfer to occur, transferring the
previously insoluble azinium ion into the organic phase where reactivity can occur. By
incorporating an asymmetric fragment within this catalyst, the reaction may be rendered
enantioselective. Our synthetic route began with the coupling of Boc-Tle-OH with
alcohol 516, affording product 517 (Scheme 167). Boc deprotection followed by
condensation with aldehyde 519 and subsequent reduction gave the desired ligand 521.
Complexation using (CO)AuUCI afforded catalyst 522. The active anionic catalyst should

be formed in-situ via reacting with excess LiOi-Pr in the reaction medium.
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(0] DCC (1.2 equiv)

t—Bu\|)J\ HO:@ DMAP (20 mol%) BocHNJﬁ( D 4M HClin dioxane |, NJ}( D
OH +

CH,Cly, RT, 24 h 0°CtoRT, 1.5h
NHBoc  MeS vz ° es

(1.1 equiv) 517 99% 518 89%

516
\O
[ :I o ©
so; Na

(1.0 equiv)

t-Bu
O o
(:(\ D NaBH4 (9.0 equiv) (:(%N)\[( D 519
MeOH, 0 °C, 2 h © 0 Et;N (3.0 equiv
SO3H 303 MeS 3 ( q )
Na @ s20

Mg,S0y (3.0 equiv)
CH,Cl,, RT, 22 h

521 32%

(CO)AuCI (1.0 equiv) @(\ D
CH,Cl,, RT, 18 h SO4H
Au

522 53%

Scheme 167: Synthesis of ligand 522.

However, upon subjecting phase-transfer catalyst 522 to our optimised allylation
and propargylation reaction conditions in toluene as the apolar solvent, limited product
formation was observed, with no enantioselectivity (Scheme 168). Any attempt to
optimise the reaction with respect to solvent, base and temperature was unsuccessful,
with the majority of mass balance attributed to unreacted starting material. Furthermore,

alternative phase-transfer catalysts did not effectively promote reactivity.

t-Bu
J\[(O
N
CrvY T O
SOH  Mes Me
o AuCl fo)
522 (2.5 mol%) M
LiOi-Pr (1.5 equiv) NEe
+ )\/B(pln | | |
toluene, —20 °C, 20 h OMe
(1.5 equiv) ’}‘
418a Bn
4330 4350 6%, 0% ee
AuCI
0
N rus—= LiowPr 1 ;“zl,ﬁ?v) Ewe
—— A\ RS .
U * Blpin) g 20°C, 20 h .
N (1.5 equiv) oluene, — ! N
e 1 477 |

Br Bn Bn
421 488

EWG = NO,,  19%, 0% ee
EWG = CO,Et, 7%, 0% ee

Scheme 168: Evaluation of ligand 522.
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2.8 Conclusions and Future Work

In summary, the gold-catalysed regioselective nucleophilic allylation of azinium
salts by allyl pinacolboronates has been achieved in excellent yields and regioselectivities
(Scheme 169). This methodology gives access to a broad range of functionalised 1,4-
dihydropyridines and 1,4-dihydroquinolines, which were previously difficult to access
with existing established methodologies. The reaction operates with exclusive
regioselectivity for the 4-position of the azinium salt. The reactive species have been
elucidated with a combination of both experimental and computational studies. This
research demonstrates the first example of accessing allylgold(l) species from allyl
pinacolboronates.

oon EWG R3
227N . [Au]
' | o . y B(pin) E—
ST SN >35 examples
oI R2 R'RS

Scheme 169: Gold-catalysed regioselective nucleophilic allylation of azinium salts.

Furthermore, this mode of reactivity has been extended to include other nucleophilic
coupling partners. In particular, the gold-catalysed regioselective nucleophilic addition
of propargyl pinacolboronates has been established (Scheme 170). The reaction requires
no precautions to exclude air or moisture and shows exquisite regioselectivity for the 4-

position of the azinium salts.

225 Au
TS s —= |
+
N B(pin)
) '}‘ 9 examples
X R 7 obtained by J. Smithson

Scheme 170: Gold-catalysed regioselective nucleophilic propargylation of azinium salts.

Future work would comprise of expanding the substrate scope of the reactions to
include alternative electrophiles. One such avenue to explore is pyrazinium salts (Scheme
171). Utilising pyrazinium salts within our reaction conditions would give access to

unique molecular scaffolds.
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Scheme 171: Gold-catalysed nucleophilic allylation of pyrazinium salts.

Other classes of nucleophiles could also be explored (Figure 7). These may include
the addition of aryl boronic acids and functionalised allenyl silanes. Furthermore,
propargylic silanes may be of interest as to expand the scope of the propargylation

reaction.

TMS

A

R .k

R!

TMST<

TMS

Figure 7: Alternative coupling partners.

Various novel asymmetric gold catalysts have been synthesised. Applications of
these catalysts may be extended to other gold-catalysed transformations that have not yet
been rendered enantioselective. One such example was reported by the Guo group,
demonstrating the racemic synthesis of cyclic carbonates in high yields under gold
catalysis. (Scheme 172).1°2 If preliminary results were successful, further modifications
of these asymmetric catalysts are achievable.

[e]
(0]

)]\ AgNTH, (5 mol%) (/

o Ot-Bu (L*)AuCI (5 mol%)

(0]
O
Ph N CHCl3, 60 °C, 20 h Phﬁ
S

Scheme 172: Gold-catalysed synthesis of cyclic carbonates.

An improvement to the enantioselective variant of our reaction may also be
investigated. Enantiopure sulfoxides are an attractive scaffold due to their confirmational
stability and they can be easily prepared by a variety of methodologies.*®? They have
proven to be excellent asymmetric ligands for synthetic transformations and some
examples can be seen in Scheme 173. Sulfoxides L28 and L.29 are excellent asymmetric
ligands for the addition of boronic acids to electron-deficient alkenes,!*3% while
sulfoxides L30 and L31 could render both Mannich and cycloadditions reactions

enantioselective.19%1%
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Scheme 173: Potential sulfoxide ligands for enantioselective variant
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3.0 Experimental

3.1 General Information

All air-sensitive reactions were carried out under an inert atmosphere using oven-
dried apparatus. All commercially available reagents were used as received unless
otherwise stated. Petroleum ether refers to Sigma-Aldrich product 24587 (petroleum
ether boiling point 40-60 °C). Thin layer chromatography (TLC) was performed on
Merck DF-Alufoilien 60F254 0.2 mm precoated plates. Compounds were visualized by
exposure to UV light or by dipping the plates into solutions of potassium permanganate,
ninhydrin, phosphomolybdic acid or vanillin followed by gentle heating. Flash column
chromatography was carried out using silica gel (Fisher Scientific 60 A particle size 35-
70 micron or Fluorochem 60 A particle size 40-63 micron). Melting points were recorded
on a Gallenkamp melting point apparatus and are uncorrected. The solvent of
recrystallisation is reported in parentheses. Infrared (IR) spectra were recorded on Bruker
platinum alpha FTIR spectrometer on the neat compound using the attenuated total
refraction technique. NMR spectra were acquired on Bruker Ascend 400 or Ascend 500
spectrometers. *H and *3C NMR spectra were referenced to external tetramethylsilane via
the residual protonated solvent (*H) or the solvent itself (:3C). !B, °F and 3P NMR
spectra were referenced through the solvent lock (°H) signal according to the IUPAC-
recommended secondary referencing method following Bruker protocols. All chemical
shifts are reported in parts per million (ppm). For CDCl3, the shifts are referenced to 7.26
ppm for *H NMR spectroscopy and 77.16 ppm for 3C NMR spectroscopy. For DMSO-
d6, the shifts are referenced to 2.50 ppm for *H NMR spectroscopy and 39.52 ppm for
13C NMR spectroscopy. Coupling constants (J) are quoted to the nearest 0.1 Hz. High-
resolution mass spectra were recorded using electrospray ionization (ESI) techniques. X-
ray diffraction data were collected at 120 K on an Agilent SuperNova diffractometer

using CuKa radiation.
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3.2 Preparation of Pinacolboronates

4,4,55-Tetramethyl-2-(2-methylallyl)-1,3,2-dioxaborolane (418a)

Me Mg (1.2 equiv) Me
H(Bpin) (1.0 equiv
)\/Br Bein) ( d )~ )\/B(pin)
THF, RT, 2 h
(2.0 equiv) 418a

S1

Following a modification of a reported procedure,'®® an oven-dried flask equipped with
a magnetic stir bar was charged with magnesium turnings (146 mg, 6.00 mmol) and was
purged with argon for 30 min. Anhydrous THF (9 mL) was added, followed by
pinacolborane (725 uL, 5.00 mmol). 3-Bromo-2-methylprop-1-ene (S1) (504 uL, 5.00
mmol) was added dropwise over 5 min. The solution was stirred at room temperature for
30 min, then additional 3-bromo-2-methylprop-1-ene (S1) (504 pL, 5.00 mmol) was
added dropwise over 5 min and the solution was stirred at room temperature for an
additional 1.5 h. The reaction was diluted with petroleum ether (7 mL) and quenched
carefully with the slow addition of 0.1 M aqueous HCI solution (15 mL). The reaction
mixture was extracted with petroleum ether (3 x 20 mL) and the organic layers were
combined, dried (MgSOs), and concentrated in vacuo to give the title compound 418a as
a colourless oil (735 mg, 81%). *H NMR (400 MHz, CDCls3) § 4.69-4.65 (2H, m, CH=),
1.77 (3H, s, =CCHjs), 1.72 (2H, s, CH:B), 1.25 (12H, s, 2 x C(CHa)2); *3C NMR (101
MHz, CDCls) 6 143.0 (C), 110.3 (CHz), 83.4 (2 x C), 24.9 (4 x CHa), 24.6 (CHs3), the
secondary carbon (CH2) next to boron was not observed due to quadrupolar coupling

effects of 1'B. Data consistent with previously reported literature.®3

Preparation of substrate 418b

Ph NBS (1. ) Ph Mg (1.2 equiv) Ph
-1 equiv H(Bpin) (1.0 equiv)
> Br > B(pin)
%I\Me CHCly, 70 °C, 18 h %\/ THF, RT, 2 h )\/
(2.0 equiv) 418b
S2
Ph (3-Bromoprop-1-en-2-yl)benzene (S2). To a solution of a-methylstyrene

Br

(2.30 mL, 10.0 mmol) in CHCIs (5 mL) was added NBS (1.96 g, 11.0 mmol).
The mixture was stirred at 70 °C for 18 h and cooled to room temperature. The reaction
mixture was filtered and concentrated in vacuo. Purification of the residue by column

chromatography (100% petroleum ether) gave the title compound S2 as a colourless oil
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(964 mg, 49%). *H NMR (400 MHz, CDCls) § 7.52-7.48 (2H, m, ArH), 7.41-7.31 (3H,
m, ArH), 5.57 (LH, s, CHaHb=), 5.50 (1H, s, CHaHb=), 4.39 (2H, s, CH2Br); 13C NMR
(101 MHz, CDCls) & 144.4 (C), 137.7 (C), 128.6 (2 x CH), 128.4 (CH), 126.2 (2 x CH),
117.3 (CHy), 34.3 (CHy). Data consistent with previously reported literature.%’

Ph 4,4,5,5-Tetramethyl-2-(2-phenylallyl)-1,3,2-dioxaborolane (418D).
oo Following a literature procedure for similar compounds,*®® an oven-dried
flask equipped with a magnetic stir bar was charged with magnesium turnings (58.3 mg,
2.40 mmol) and was purged with argon for 30 min. Anhydrous THF (5 mL) was added,
followed by pinacolborane (290 pL, 2.00 mmol). (3-Bromoprop-1-en-2-yl)benzene (S2)
(394 mg, 2.00 mmol) was added dropwise over 5 min. The solution was stirred at room
temperature for 30 min, then additional (3-bromoprop-1-en-2-yl)benzene (S2) (394 mg,
2.00 mmol) was added dropwise over 5 min and the solution was stirred at room
temperature for an additional 1.5 h. The reaction was diluted with petroleum ether (7 mL)
and quenched carefully with the slow addition of 0.1 M aqueous HCI solution (15 mL).
The reaction mixture was extracted with petroleum ether (3 x 20 mL) and the organic
layers were combined, dried (MgSO4), and concentrated in vacuo. Purification of the
residue by column chromatography (0 to 2% Et,O/petroleum ether) gave the title
compound 418b as a colourless oil (238 mg, 49%). *H NMR (500 MHz, CDCl3) § 7.48-
7.45 (2H, m, ArH), 7.32-7.28 (2H, m, ArH), 7.25-7.21 (1H, m, ArH), 5.36 (1H, d, J =
1.4 Hz, CHaHb=), 5.11-5.10 (1H, m, CHaHv=), 2.16 (2H, s, CH2B), 1.17 (12H, s, 2 x
C(CHj3)2); 13C NMR (101 MHz, CDCls) § 144.5 (C), 142.0 (C), 128.2 (2 x CH), 127.3
(CH), 126.0 (2 x CH), 112.3 (CH>), 83.5 (2 x C), 24.7 (4 x CH3), the secondary carbon
(CH2) next to boron was not observed due to quadrupolar coupling effects of 1'B. Data

consistent with previously reported literature.%®

4,4,5,5-Tetramethyl-2-(2-methylbut-3-en-2-yl)-1,3,2-dioxaborolane (418c)

Mg (1.2 equiv)

Me Br H(Bpin) (1.0 equiv) B(pin)
= =
Y\/ THF, RT, 2h /X

Me (2.0 equiv) Me  Me
s3 418¢c

Following a modification of a reported procedure,'®® an oven-dried flask equipped with

a magnetic stir bar was charged with magnesium turnings (146 mg, 6.00 mmol) and was
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purged with argon for 30 min. Anhydrous THF (9 mL) was added, followed by
pinacolborane (725 pL, 5.00 mmol). 1-Bromo-3-methylbut-2-ene (S3) (578 pL, 5.00
mmol) was added dropwise over 5 min. The solution was stirred at room temperature for
30 min, then additional 1-bromo-3-methylbut-2-ene (S3) (578 pL, 5.00 mmol) was
added dropwise over 5 min and the solution was stirred at room temperature for an
additional 1.5 h. The reaction was diluted with petroleum ether (7 mL) and quenched
carefully with the slow addition of 0.1 M aqueous HCI solution (15 mL). The reaction
mixture was extracted with petroleum ether (3 x 20 mL) and the organic layers were
combined, dried (MgSOs), and concentrated in vacuo. Purification of the residue by
column chromatography (0 to 2% Et,O/petroleum ether) gave the title compound 418c
as a colourless oil (612 mg, 62%). *H NMR (400 MHz, CDCls) § 5.99-5.93 (1H, m,
=CH), 4.93-4.91 (1H, m, CHaHp=), 4.90-4.87 (1H, m, CHaHv=), 1.22 (12H, s, 2 x
C(CHa)2), 1.06 (6H, s, BC(CHs)2); C NMR (101 MHz, CDCls) & 146.8 (CH), 110.1
(CH2), 83.3 (2 x C), 24.7 (4 x CH3), 23.6 (2 x CHj3), the quaternary carbon (C) next to
boron was not observed due to quadrupolar coupling effects of !B. Data consistent with

previously reported literature. 63

2-(But-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (rac-418d)

Mg (2.63 equiv)
Me A~ Br H(Bpin) (2.19 equiv) = B(pin)

>

S4 THF, RT, 25h Me
rac-418d

Following a modification of a reported procedure,®® an oven-dried flask equipped with
a magnetic stir bar was charged with magnesium turnings (292 mg, 12.0 mmol) and was
purged with argon for 30 min. Anhydrous THF (17.5 mL) was added, followed by
pinacolborane (1.45 mL, 10.0 mmol). (E)-1-Bromobut-2-ene (S4) (0.70 mL, 4.56 mmol)
was added dropwise over 5 min. The solution was stirred at room temperature for 2 h.
The reaction was diluted with petroleum ether (7 mL) and quenched carefully with the
slow addition of 0.1 M aqueous HCI solution (15 mL). The reaction mixture was
extracted with petroleum ether (3 x 20 mL) and the organic layers were combined, dried
(MgSO0.), and concentrated in vacuo to give the title compound rac-418d as a colourless
oil (656 mg, 79%). *H NMR (400 MHz, CDCls) § 5.94 (1H, ddd, J = 17.3, 10.3, 7.1 Hz,
=CH), 5.00-4.90 (2H, m, CH>=), 1.94-1.85 (1H, m, CHB), 1.24 (12H, s, 2 x C(CH3)>),
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1.10 (3H, d, J = 7.3 Hz, CH3); ®°C NMR (101 MHz, CDCl3) § 141.1 (CH), 112.1 (CH»),
83.3 (2 x C), 24.8 (4 x CH3), 14.2 (CHj3), the tertiary carbon (CH) next to boron was not
observed due to quadrupolar coupling effects of 1'B. Data consistent with previously

reported literature. 163

2-(3,7-Dimethylocta-1,6-dien-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane  (rac-
418e)

Mg (1.2 equiv)
MeW/ Br H(Bpin) (1.0 equiv) = B(pin)
Me Me THF, 0°Cto RT, 2 h /M?<_\_<Me
(2.0 equiv) rac-418e —
S5 Me

Following a modification of a reported procedure,'®® an oven-dried flask equipped with
a magnetic stir bar was charged with magnesium turnings (146 mg, 6.00 mmol) and was
purged with argon for 30 min. Anhydrous THF (9 mL) was added at 0 °C, followed by
pinacolborane (725 pL, 5.00 mmol). (E)-1-Bromo-3,7-dimethylocta-2,6-diene (S5) (992
ML, 5.00 mmol) was added dropwise over 5 min. The solution was stirred at room
temperature for 30 min, then additional (E)-1-bromo-3,7-dimethylocta-2,6-diene (S5)
(992 uL, 5.00 mmol) was added dropwise over 5 min and the solution was stirred at room
temperature for an additional 1.5 h. The reaction was diluted with petroleum ether (7 mL)
and quenched carefully with the slow addition of 0.1 M aqueous HCI solution (15 mL).
The reaction mixture was extracted with petroleum ether (3 x 20 mL) and the organic
layers were combined, dried (MgSO4), and concentrated in vacuo. Purification of the
residue by column chromatography (0 to 2% Et,O/petroleum ether) gave the title
compound rac-418e as a colourless oil (819 mg, 62%). *H NMR (500 MHz, CDCls3) §
5.91 (1H, dd, J =17.4, 10.8 Hz, CH>=CH), 5.15-5.10 (1H, m, CH.CH=), 4.97-4.91 (2H,
m, CH»>=), 1.97-1.91 (2H, m, CH2C=), 1.67 (3H, s, =C(CHa3)2), 1.59 (3H, s, =C(CH3)>),
1.52 (1H, ddd, J = 13.3, 11.0, 6.0 Hz, BCCHaHp), 1.36 (1H, ddd, J = 13.3, 11.0, 6.0 Hz,
BCCHaHb), 1.22 (12H, s, 2 x C(CH3)2), 1.07 (3H, s, BCCHa); *C NMR (125.8 MHz,
CDCl3) 6 145.5 (CH), 131.2 (C), 125.2 (CH), 111.9 (CH>), 83.3 (2 x C), 38.5 (CH>), 25.9
(CHz3), 24.82 (2 x CHz3), 24.76 (2 x CHz3), 24.5 (CH), 19.7 (CHs), 17.7 (CHa), the
quaternary carbon (C) next to boron was not observed due to quadrupolar coupling

effects of *B. Data consistent with previously reported literature.'*
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2-(Cyclohex-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (rac-420a)

NMe2
d }i (2.5 mol%)
2(pin), (3.0 equw
OH B(pin)
TsOH+H,0 (5 mol%)

MeOH/DMSO (1:1)
50 °C, 12 h

rac-420a

Following a literature procedure for similar compounds,*%* an oven-dried two-necked
flask was charged with cyclohex-2-en-1-ol (491 pL, 5.00 mmol) and purged with argon
for 30 min. Anhydrous MeOH (10 mL) and anhydrous DMSO (10 mL) (both of which
were freshly degassed under a stream of argon for 30 min) were added, followed by
TsOH-H20 (47.6 mg, 0.25 mmol), di-p-chlorobis{2-[(dimethylamino)methyl]phenyl-
C,N}dipalladium(Il) (69.0 mg, 0.13 mmol) and bis(pinacolato)diboron (3.81 g, 15.0
mmol). The resulting mixture was stirred at 50 °C for 12 h. The solution was cooled to
room temperature and H20 (15 mL) was added. The solution was extracted with Et,O (3
x 30 mL) and the combined organic layers were dried (MgSQa.), filtered and concentrated
in vacuo. Purification of the residue by column chromatography (2% Et.O/petroleum
ether) gave the title compound rac-420a as a colourless oil (208 mg, 20%). *H NMR (400
MHz, CDCls) 6 5.74-5.64 (2H, m, CH2CH=and =CHCH), 2.02-1.97 (2H, m, CH>), 1.83-
1.55 (5H, m, CHB, CH,, CH,) 1.24 (12H, s, 2 x C(CH3)2); 3C NMR (101 MHz, CDCls)
8 127.7 (CH), 126.2 (CH), 83.3 (2 x C), 25.2 (CH2), 24.9 (2 x CHs), 24.8 (2 x CH3), 24.3
(CHy2), 22.7 (CHy), the tertiary carbon (CH) next to boron was not observed due to
quadrupolar coupling effects of 'B. Data consistent with previously reported

literature.1%*

(E)-2-(But-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [(E)-420b]

NM62
d E (2.5 mol%)

Me _~_OH Bo(pin), (1.1 equiv) Me._~_B(pin)

:

TsOH-H ,0 (2.5 mol%) (E)-420b
MeOH/DMSO (1:1)
50 °C, 12 h
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Following a literature procedure for similar compounds,'®* an oven-dried two-necked
flask was charged with (E)-but-2-en-1-ol (427 pL, 5.00 mmol) and purged with argon
for 30 min. Anhydrous MeOH (10 mL) and anhydrous DMSO (10 mL) (both of which
were freshly degassed under a stream of argon for 30 min) were added, followed by
TsOH-H20 (23.8 mg, 0.13 mmol), di-p-chlorobis{2-[(dimethylamino)methyl]phenyl-
C,N}dipalladium(1l) (69.0 mg, 0.13 mmol) and bis(pinacolato)diboron (1.40 g, 5.50
mmol). The resulting mixture was stirred at 50 °C for 12 h. The solution was cooled to
room temperature and H2O (15 mL) was added. The solution was extracted with Et20 (3
x 30 mL) and the combined organic layers were dried (MgSQa.), filtered and concentrated
in vacuo. Purification of the residue by column chromatography (2% Et.O/petroleum
ether) gave the title compound (E)-420b as a colourless oil (409 mg, 45%). *H NMR (400
MHz, CDCls)  5.50-5.35 (2H, m, CHsCH= and =CHCH), 1.65-1.62 (5H, m, CH3 and
CH:1B), 1.25 (12H, s, 2 x C(CHs3)2); *C NMR (101 MHz, CDCls) & 126.0 (CH), 125.5
(CH), 83.3(2 x C), 24.9 (4 x CH3), 18.2 (CHj3), the secondary carbon (CH>) next to boron
was not observed due to quadrupolar coupling effects of '!B. Data consistent with

previously reported literature.?%

4,4,5,5-Tetramethyl-2-(3-methylbut-2-en-1-yl)-1,3,2-dioxaborolane (420c)

NMe2
d E (2.5 mol%)

Me B,(pin), (1.1 equiv) M B(pi
Y\/ . eY\/ (pin)

Me TsOH+H,0 (2.5 mol%) Me
MeOH/DMSO (1:1) 420c
50 °C, 12 h

Following a literature procedure for similar compounds,®* an oven-dried two-necked
flask was charged with 3-methylbut-2-en-1-ol (508 pL, 5.00 mmol) and purged with
argon for 30 min. Anhydrous MeOH (10 mL) and anhydrous DMSO (10 mL) (both of
which were freshly degassed under a stream of argon for 30 min) were added, followed
by TsOH-H>0 (23.8 mg, 0.13 mmol), di-p-chlorobis{2-[(dimethylamino)methyl]phenyl-
C,N}dipalladium(l1) (69.0 mg, 0.13 mmol) and bis(pinacolato)diboron (1.40 g, 5.50
mmol). The resulting mixture was stirred at 50 °C for 12 h. The solution was cooled to
room temperature and H20O (15 mL) was added. The solution was extracted with Et2O (3

x 30 mL) and the combined organic layers were dried (MgSQ.), filtered and concentrated
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in vacuo. Purification of the residue by column chromatography (2% Et.O/petroleum
ether) gave the title compound 420x as a colourless oil (430 mg, 44%). *H NMR (400
MHz, CDCl3) & 5.25-5.19 (1H, m, =CH), 1.69 (3H, s, (CH3)2C=), 1.62-1.57 (5H, m,
(CHs)2C=and CH2B), 1.24 (12H, s, 2 x C(CH3)2); *3C NMR (101 MHz, CDCl3) 6 131.6
(C), 118.6 (CH), 83.2 (2 x C), 25.8 (CH>), 24.9 (4 x CH3), 17.8 (2 x CH3). Data consistent

with previously reported literature. 64

2-Cinnamyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (420d)

NMe2
d E (2.5 mol%)

Ph\/\/OH By(pin), (1.1 equlv) Ph\/\/B(pin)

TsOH-H ,0 (5 mol%) 420d
MeOH/DMSO (1:1)
50°C,12h

Following a literature procedure for similar compounds,'®* an oven-dried two-necked
flask was charged with trans-cinnamyl alcohol (643 pL, 5.00 mmol) and purged with
argon for 30 min. Anhydrous MeOH (10 mL) and anhydrous DMSO (10 mL) (both of
which were freshly degassed under a stream of argon for 30 min) were added, followed
by TsOH-H20 (47.6 mg, 0.25 mmol), di-p-chlorobis{2-[(dimethylamino)methyl]phenyl-
C,N}dipalladium(ll) (69.0 mg, 0.13 mmol) and bis(pinacolato)diboron (1.40 g, 5.50
mmol). The resulting mixture was stirred at 50 °C for 12 h. The solution was cooled to
room temperature and H2O (15 mL) was added. The solution was extracted with Et2O (3
x 30 mL) and the combined organic layers were dried (MgSQ.), filtered and concentrated
in vacuo. Purification of the residue by column chromatography (2% Et.O/petroleum
ether) gave the title compound 420d as a colourless oil (352 mg, 29%). *H NMR (400
MHz, CDCls) 6 7.35-7.31 (2H, m, ArH), 7.29-7.25 (2H, m, ArH), 7.18-7.14 (1H, m,
ArH), 6.37 (1H, d, J = 15.8 Hz, CCH=), 6.28 (1H, dt, J = 15.8, 7.2 Hz, =CHCH)), 1.97
(2H, d, J = 7.2 Hz, CH2B), 1.26 (12H, s, 2 x C(CHs3)2); *C NMR (101 MHz, CDCls) §
138.3 (C), 130.4 (CH), 128.5 (2 x CH), 126.6 (CH), 126.4 (CH), 126.0 (2 x CH), 83.5 (2
x C), 24.9 (4 x CH3), the secondary carbon (CH) next to boron was not observed due to
quadrupolar coupling effects of 'B. Data consistent with previously reported

literature.?

4,4,5,5-Tetramethyl-2-(1-vinylcyclopropyl)-1,3,2-dioxaborolane (429a)
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LiTMP (1.1 equiv)

> 8+ A Bpn) ——— e B(pin)
(pin) THF, 0 °Cto RT, 16 h /K

(1.1 equiv)
429a

To a stirred solution of 2,2,6,6-tetramethylpiperidine in THF (3.0 mL) under argon at 0
°C was added n-BuLi (2.5 M in hexanes, 2.2 mL, 5.50 mmol) dropwise over 15 min. The
solution was stirred for 30 min at 0 °C, warmed to room temperature and stirred for a
further 30 min. A separate flask was charged with cyclopropyl bromide (441 pL, 5.50
mmol) and vinylboronic ester (848 pL, 5.00 mmol) and purged with argon for 30 min.
Anhydrous THF (17 mL) was added followed by the dropwise addition of the LiTMP
solution (see above) at 0 °C over 15 min. The reaction was stirred for 2 h at 0 °C, warmed
to room temperature and stirred for a further 14 h. The reaction was quenched with
saturated aqueous NaHCOs3 (15 mL) and extracted with Et2O (3 x 15 mL). The combined
organic layers were washed with H>O (20 mL), brine (20 mL), dried (MgSO,), filtered
and concentrated in vacuo. The residue was purified by column chromatography (0 to
10% CH2Clz/n-pentane), to give the title compound 429a as a colourless oil (642 mg,
66%). Caution: product is volatile. *H NMR (400 MHz, CDCls) 6 5.78 (1H, dd, J =17.3,
10.5 Hz, CH,=CH), 5.10 (1H, dd, J = 17.3, 1.7 Hz, CH:Hv=), 4.87 (1H, dd, J = 10.5, 1.7
Hz, CH.Hb=), 1.22 (12H, s, 2 x C(CHa3)2), 0.96-0.93 (2H, m, CCHy), 0.68-0.66 (2H, m,
CCH,); **C NMR (126 MHz, CDCl3) § 142.6 (CH), 111.8 (CHy), 83.3 (2 x C), 24.8 (4 x
CHs), 14.1 (2 x CHy), the quaternary carbon (C) next to boron was not observed due to
quadrupolar coupling effects of 'B. Data consistent with previously reported

literature.6°

4,4,5,5-Tetramethyl-2-[1-(prop-1-en-2-yl)cyclopropyl]-1,3,2-dioxaborolane (429b)
Me Me

LiTMP (1.1 i
>—Br + )\B(pin) —>I (11 equiv) )KB(P”‘)

THF, 0°Cto RT, 16 h

(1.1 equiv)
429b

To a stirred solution of 2,2,6,6-tetramethylpiperidine in THF (3.0 mL) under argon at 0
°C was added n-BuLi (2.5 M in hexanes, 2.2 mL, 5.50 mmol) dropwise over 15 min. The
solution was stirred for 30 min at 0 °C, warmed to room temperature and stirred for a
further 30 min. A separate flask was charged with cyclopropyl bromide (441 uL, 5.50
mmol) and 4,4,5,5-tetramethyl-2-(prop-1-en-2-yl)-1,3,2-dioxaborolane (940 uL, 5.00
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mmol) and purged with argon for 30 min. Anhydrous THF (17 mL) was added followed
by the dropwise addition of the LiTMP solution (see above) at 0 °C over 15 min. The
reaction was stirred for 2 h at 0 °C, warmed to room temperature and stirred for a further
14 h. The reaction was quenched with saturated aqueous NaHCOs (15 mL) and extracted
with Et;0 (3 x 15 mL). The combined organic layers were washed with H.O (20 mL),
brine (20 mL), dried (MgSOa), filtered and concentrated in vacuo. The residue was
purified by column chromatography (0 to 5% CH.Cl./n-pentane), to give the title
compound 429b as a yellow solid (752 mg, 72%). *H NMR (400 MHz, CDCls) § 4.74-
472 (1H, m, CHaHp=), 4.68-4.67 (1H, m, CHaHb=), 1.82 (3H, s, CCH3), 1.21 (12H, s,
2 x C(CHs3)2), 0.83-0.81 (2H, m, CCHy), 0.63-0.61 (2H, m, CCHy>); 3C NMR (101 MHz,
CDCl3) § 148.7 (C), 109.9 (CH>), 83.3 (2 x C), 24.7 (4 x CHa), 23.2 (CH3), 11.9 (2 x
CHy), the quaternary carbon (C) next to boron was not observed due to quadrupolar

coupling effects of *'B. Data consistent with previously reported literature.'5°

Diisopropyl (4R,5R)-2-allyl-1,3,2-dioxaborolane-4,5-dicarboxylate (453)

CO,i-Pr
Et,0 o)
-78°CtoRT, 3h / " .
B(Oi-Pr), + /\/MQBI’ > /\/B\o 'CO,i-Pr
then
(1.015 equiv) (+)-DIPT (1.1 equiv) 453
RT, 16 h

An oven-dried flask was purged with argon for 30 min, followed by the addition of
anhydrous Et20 (1.1 mL). B(OiPr)3 (1.00 mL, 4.33 mmol) in anhydrous Et.O (1.1 mL)
and allylmagnesium bromide (1.0 M in Et>0, 4.40 mL, 4.40 mmol) were added dropwise
simultaneously at —78 °C. The solution was then allowed to warm to room temperature
and stirred for 3 h. The slurry was cooled to 0 °C and quenched with 1 M aqueous HCI
solution saturated with NaCl and stirred for 15 min. The solution was extracted with
anhydrous CH2CI2/Et20 (1:5, 3 x 6 mL) and to the combined organic layers was added
(+)-DIPT (1.00 mL, 4.76 mmol). The resulting mixture was stirred at room temperature
for 1 h. Anhydrous Na,SO4 was added, and the mixture was stirred for an additional 15
h. The mixture was filtered and concentrated in vacuo to give the title compound 453 as
a colourless viscous oil (1.18 g, 96%), contaminated with 32% (+)-DIPT. *H NMR (400
MHz, CDClz) 6 5.94-5.83 (1H, m, =CH), 5.19-5.09 (2H, m, and 2 x CH(CHj3).), 5.05-
4.97 (2H, m, CH2>=), 4.77 (2H, s, 2 x CHC), 1.92 (2H, d, J = 7.2 Hz, CH2B), 1.29 (12H,
d, J=4.5Hz, 2 x CH(CHj3),); 3C NMR (101 MHz, CDCl3) § 168.9 (2 x C), 132.7 (CH),
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115.8 (CHy), 77.7 (2 x CH), 77.0 (2 x CH), 21.5 (4 x CHj3), the secondary carbon (CHy)
next to boron was not observed due to quadrupolar coupling effects of 1!B. Data

consistent with previously reported literature.?°*

2-(Allyl-1,1-d2)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane ([D]z-414)

CID,l (1.4 equiv)
n-BulLi (1.3 equiv)

2 B(pin) > B(pin)
/
THF, =78 °C to RT, 16 h /?<D
[D],-414

An oven-dried flask was purged with argon for 30 min, followed by the addition of
vinylboronic acid pinacol ester (678 uL, 4.00 mmol), CICD2l (0.99 g, 5.60 mmol), and
anhydrous THF (17 mL). n-BuLi (2.5 M in hexanes, 2.08 mL, 5.20 mmol) was added
dropwise at —78 °C and the solution was allowed to warm to room temperature and stirred
for 16 h. H20 (10 mL) and n-pentane (50 mL) were added, and the mixture was passed
through a plug of celite (8 cm in height and 2 cm wide) using n-pentane (50 mL) as the
eluent. The filtrate was washed with saturated aqueous NH4Cl solution (50 mL),
extracted with n-pentane (3 x 30 mL), dried (MgSOsa), filtered and concentrated in vacuo.
Purification of the residue by column chromatography (0 to 1% Et,O/n-pentane) gave
the title compound [D]2-414 as a colourless oil (264 mg, 39%), contaminated with 15%
vinylboronic acid pinacol ester. *H NMR (400 MHz, CDCls) & 5.86 (1H, dd, J = 16.4,
10.6 Hz, =CH), 5.00 (1H, dd, J = 17.1, 2.1 Hz, CHaiH,=), 4.93 (1H, dd, J = 10.6, 2.1 Hz,
CHaHb=), 1.25 (12H, s, 2 x C(CH3)2); 2H NMR (77 MHz, CHCl3) 6 1.72 (2D, d, J = 1.2
Hz, CD,); 3*C NMR (101 MHz, CDCls) & 137.2 (CH), 115.0 (CH_), 83.4 (2 x C), 24.9
(4 x CHs3), the quaternary carbon (C) next to boron was not observed due to quadrupolar

coupling effects of 1!B. Data consistent with previously reported literature.%?

Trimethyl[3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-1-yn-1-yl]silane
477)
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n-BuLi (1.025 equiv)
MgCl, (1.0 equiv)
THF, -78 °C, 3 h
TMS———Me +  iPrO—B(pin) > TMS—=—\
(1.077 equiv) Q then B(pin)
(1.1 equiv) a77
Me Cl
MTBE, -78 °C to RT
2h

An oven-dried flask was charged with trimethyl(prop-1-yn-1-yl)silane (4.94 mL, 33.4
mmol), and purged with argon for 30 min. Anhydrous THF (30 mL) was added, followed
by the dropwise addition of n-BuLi (1.9 M in hexanes, 16.7 mL, 31.8 mmol) at —78 °C.
The resulting solution was stirred at —78 °C for 1 h. A separate oven-dried flask was
charged with MgCl> (2.95 g, 31.0 mmol) and purged with argon for 30 min. Anhydrous
THF (30 mL) and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.32 mL, 31.0
mmol) were added followed by the dropwise addition of the lithiopropyne solution (see
above) at —78 °C. The resulting suspension was warmed to room temperature over 1 h
and stirred for an additional 1 h. Acetyl chloride (2.42 mL, 34.1 mmol) in MTBE (2.42
mL) was added to the suspension at —78 °C and the reaction mixture was warmed to room
temperature over 1 h and concentrated in vacuo. Petroleum ether (75 mL) was added, and
the suspension was filtered, washed with petroleum ether (2 x 25 mL) and the filtrate
was concentrated in vacuo. The residue was purified by vacuum distillation (100 °C, 1.0
mbar) to give the title compound 477 as a colourless oil (3.97 g, 50%). *H NMR (500
MHz, CDCl3) & 1.87 (2H, s, CH2B), 1.27 (12H, s, 2 x C(CHa)2), 0.13 (9H, s, Si(CHa)3);
13C NMR (126 MHz, CDCl3) § 103.3 (C), 84.2 (2 x C), 83.3 (C), 24.8 (4 x CH3), 0.4 (3
x CHz), the secondary carbon (CH2) next to boron was not observed due to quadrupolar

coupling effects of 1!B. Data consistent with previously reported literature,?%

3.3 Preparation of Azinium Salts

General Procedure A: Preparation of Azinium Salts

~ 1 ~ 1
r::’\l A R R2X (1.5 equiv) r::’\l X R
1 - 1
G A 2 MeCN, 90 °C, 18 h G A 2

~ N ~ N ®

e !
X R?
433

Following a modification of a reported procedure,?® a flask was charged with the

appropriate substituted azine (1.0 equiv) and MeCN. The appropriate alkyl halide (1.5
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equiv) was added in one portion and the resulting mixture was stirred at 90 °C for 18 h.
The mixture was cooled to room temperature and transferred to a beaker which was
cooled to 0 °C and stirred vigorously for 5 min. EtO (30 mL per mmol of azine) was
added portionwise, and the mixture was stirred vigorously at 0 °C for 15 min, at which
point the product precipitated. If no precipitation occurred, the mixture was sonicated
until precipitation occurred. The precipitated product was removed by vacuum filtration,
washed with ice-cold Et2O (3 x 5 mL per mmol of azine) and dried under vacuum to give

the desired product.

No, 1-Benzyl-3-nitropyridin-1-ium bromide (408). The title compound was

=
@\N(; prepared according to General Procedure A, using 3-nitropyridine (2.00 g,
B gn 16.1 mmol), benzyl bromide (2.88 mL, 24.2 mmol) and MeCN (30 mL) to

give a dark yellow solid (3.35 g, 71%). m.p. 161-162 °C (Et.O); IR 2982, 1639, 1528
(NOy), 1455, 1353 (NOy), 1125, 1030, 963, 731, 663 cm™; H NMR (400 MHz, DMSO-
d6) & 10.36 (1H, s, ArH), 9.52 (1H, dd, J = 6.2, 1.2 Hz, ArH), 9.38-9.34 (1H, m, ArH),
8.43 (1H, dd, J = 8.6, 6.1 Hz, ArH), 7.63-7.59 (2H, m, ArH), 7.49-7.44 (3H, m, ArH),
6.06 (2H, s, NCH2); 3C NMR (101 MHz, DMSO-d6) & 149.2 (CH), 146.7 (C), 142.5
(CH), 140.2 (CH), 133.6 (C), 129.6 (CH), 129.18 (2 x CH), 128.15 (CH), 129.1 (2 x
CH), 63.8 (CH2); HRMS (ESI) Exact mass calculated for [C12H11N202]*: 215.0815,
found 215.0808.

cN  1-Benzyl-3-cyanopyridin-1-ium bromide (433a). The title compound

=
@\N@l was prepared according to General Procedure A, using 3-cyanopyridine
B &n (2.00 g, 9.61 mmol), benzyl bromide (1.71 mL, 14.4 mmol) and MeCN (15

mL) to give a pale pink solid (1.78 g, 68%). 'H NMR (500 MHz, DMSO-d6) § 10.05
(1H, s, ArH), 9.47 (1H, dd, J = 6.3, 1.3 Hz, ArH), 9.15-9.11 (1H, m, ArH), 8.38 (1H, dd,
J =8.1, 6.2 Hz, ArH), 7.63-7.60 (2H, m, ArH), 7.48-7.44 (3H, m, ArH), 5.93 (2H, s,
NCHy>); 13C NMR (126 MHz, DMSO-d6) & 149.1 (CH), 149.0 (CH), 148.0 (CH), 133.4
(C), 129.6 (CH), 129.22 (2 x CH), 129.15 (2 x CH), 128.8 (CH), 113.9 (C), 113.2 (C),

63.9 (CH>). Data consistent with previously reported literature.?%
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o) 3-Acetyl-1-benzylpyridin-1-ium bromide (433b). The title compound

f | Me was prepared according to General Procedure A, using 3-acetylpyridine
= N® (1.01 mL, 10.0 mmol), benzyl bromide (1.78 mL, 15.0 mmol) and MeCN
(20 mL) to give an off-white white solid (2.86 g, 98%). 'H NMR (400

MHz, DMSO-d6) & 9.85 (1H, s, ArH), 9.39 (1H, d, J = 6.0 Hz, ArH), 9.04 (1H, dd, J =
8.1, 1.4 Hz, ArH), 8.32 (1H, dd, J = 8.0, 6.1 Hz, ArH), 7.63-7.59 (2H, m, ArH), 7.48-
7.41 (3H, m, ArH), 6.03 (2H, s, NCHy>), 2.75 (3H, s, CH3); **C NMR (101 MHz, DMSO-
d6) 6 194.1 (C), 147.3 (CH), 145.4 (CH), 144.5 (CH), 135.8 (C), 134.1 (C), 129.4 (CH),
129.2 (2 x CH), 128.9 (2 x CH), 128.6 (CH), 63.3 (CH2), 27.4 (CHz3). Data consistent

with previously reported literature.?%

Bn

1-Benzyl-3-(methoxycarbonyl)pyridin-1-ium bromide (433c)

(j/COZMe BnBr (1.0 equiv) | - C02Me
i-PrOH, RT, 18 h N/
[CINIC)

Br Bn

433c

206 3 flask was charged with methyl

Following a modification of a reported procedure,
nicotinate (1.37 g, 10.0 mmol) and i-PrOH (5 mL). Benzyl bromide (1.19 mL, 10.0
mmol) was added dropwise, and the resulting mixture was stirred at room temperature
for 18 h. MTBE (20 mL) was added in one portion and the mixture was sonicated until
precipitation occurred. The product was removed by vacuum filtration and washed with
MTBE (5 x 10 mL) and dried under vacuum to give the title compound 433c as an off-
white solid (2.58 g, 84%). *H NMR (400 MHz, CDCl3) § 10.08 (1H, dd, J=6.2, 1.4 Hz,
ArH), 9.79 (1H, s, ArH), 8.84 (1H, dt, J = 8.0, 1.5 Hz, ArH), 8.25 (1H, dd, J = 8.1, 6.1
Hz, ArH), 7.72-7.68 (2H, m, ArH), 7.33-7.29 (3H, m, ArH), 6.48 (2H, s, NCH>), 3.92
(3H, s, CHz3); *C NMR (101 MHz, CDCls3) § 161.5 (C), 148.7 (CH), 145.5 (CH), 145.2
(CH), 132.6 (C), 130.4 (C), 130.2 (CH), 129.9 (2 x CH), 129.7 (2 x CH), 128.7 (CH),
64.5 (CH>), 53.9 (CHs). Data consistent with previously reported literature.?%

co.et 1-Benzyl-3-(ethoxycarbonyl)pyridin-1-ium bromide (433d). The title

=
e\N@|> compound was prepared according to General Procedure A, using ethyl
B &n nicotinate (1.37 mL, 10.0 mmol), benzyl bromide (1.78 mL, 15.0 mmol)
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and MeCN (20 mL) to give an off-white solid (3.13 g, 97%). *H NMR (400 MHz, CDCls)
§ 10.08-10.05 (1H, m, ArH), 9.76 (1H, s, ArH), 8.83-8.80 (1H, m, ArH), 8.25 (1H, dd,
J =81, 6.1 Hz, ArH), 7.70-7.67 (2H, m, ArH), 7.32-7.28 (3H, m, ArH), 6.47 (2H, s,
NCHy), 4.37 (2H, g, J = 7.1 Hz, CH2CHs), 1.34 (3H, t, J = 7.1 Hz, CH3); *C NMR (101
MHz, CDCls)  161.0 (C), 148.6 (CH), 145.4 (CH), 145.1 (CH), 132.6 (C), 130.7 (C),
130.1 (CH), 129.9 (2 x CH), 129.6 (2 x CH), 128.7 (CH), 64.4 (CH2), 63.4 (CH,), 14.2
(CHs). Data consistent with previously reported literature.?%

1-Benzyl-3-(butoxycarbonyl)pyridin-1-ium bromide (433e)

CO,n-Bu CO,n-Bu

| AN BnBr (1.0 equiv) | AN
i-PrOH, RT, 18 h
N o Ne

|
Br Bn

433e

Following a modification of a reported procedure,?®® a flask was charged with butyl
nicotinate (1.71 mL, 10.0 mmol) and i-PrOH (5 mL). Benzyl bromide (1.19 mL, 10.0
mmol) was added dropwise, and the resulting mixture was stirred at room temperature
for 18 h. MTBE (20 mL) was added in one portion and the mixture was sonicated until
precipitation occurred. The product was removed by vacuum filtration and washed with
MTBE (5 x 10 mL) and dried under vacuum to give the title compound 433e as an off-
white solid (3.50 g, 100%). m.p. 96-97 °C (Et20); IR 3041, 3382, 2958, 1726 (C=0),
1629, 1294, 1209, 1105, 750, 708 cm™; *H NMR (400 MHz, CDCl3) 6 10.12 (1H, dt, J
=6.3, 1.3 Hz, ArH), 9.50 (1H, s, ArH), 8.83 (1H, dt, J=8.1, 1.5 Hz, ArH), 8.29 (1H, dd,
J=8.1, 6.1 Hz, ArH), 7.69-7.65 (2H, m, ArH), 7.39-7.35 (3H, m, ArH), 6.44 (2H, s,
NCH>), 4.35 (2H, t, J = 6.7 Hz, OCHy), 1.75-1.70 (2H, m, CH>CH>CH?3), 1.44-1.34 (2H,
m, CH,CH2CHs), 0.92 (3H, t, J = 7.4 Hz, CH3); *C NMR (101 MHz, CDCls3) § 161.1
(C), 149.1 (CH), 145.1 (CH), 145.0 (CH), 132.4 (C), 130.8 (C), 130.3 (CH), 130.1 (2 x
CH), 129.8 (2 x CH), 128.8 (CH), 67.3 (CH2), 65.0 (CH), 30.4 (CH), 19.1 (CH>), 13.7
(CHs); HRMS (ESI) Exact mass calculated for [C17H20NO2]": 270.1489, found 270.1496.

_~_CoPh - 1-Benzyl-3-(phenoxycarbonyl)pyridin-1-ium bromide (433f). The
SNa title compound was prepared according to General Procedure A, using
Bn phenyl nicotinate (498 mg, 2.50 mmol), benzyl bromide (446 pL, 3.75

134



mmol) and MeCN (5 mL) to give an off-white solid (750 mg, 81%). m.p. 158-159 °C
(Et20); IR 3060, 1751 (C=0), 1632, 1585, 1285, 1189, 1088, 729, 694, 668 cm™; H
NMR (400 MHz, CDCls) & 10.05-10.03 (2H, m, ArH), 8.93 (1H, d, J = 7.9 Hz, ArH),
8.25 (1H, dd, J = 8.1, 6.0 Hz, ArH), 7.74-7.71 (2H, m, ArH), 7.39-7.31 (5H, m, ArH),
7.28-7.23 (3H, m, ArH), 6.50 (2H, s, NCH,); 3C NMR (101 MHz, CDCl3) & 159.9 (C),
150.0 (C), 149.0 (CH), 146.1 (CH), 145.6 (CH), 132.6 (C), 130.2 (CH), 130.1 (2 x CH
and C), 129.78 (2 x CH), 129.76 (2 x CH), 128.8 (CH), 126.9 (CH), 121.4 (2 x CH), 64.6
(CH>); HRMS (ESI) Exact mass calculated for [C19H16NO2]": 290.1176, found 290.1180.

Preparation of substrate 433g

(0] (@] (@]

| A OH SOCl,, 90 °C, 1 h | X n-oMe BnBr (1.5 equiv) NN/OMG
| |
7 then G Me MeCN, 90 °C, 18 h G Me
CH3NHOCHg+HCI (1.1 equiv) © e
A s6 B ) 433g
NEt; (2.5 equiv) n

CH,Cl,, RT, 1.5 h

0 N-Methoxy-N-methylnicotinamide (S6). A flask was charged with
OMe

| NN nicotinic acid (1.48 g, 12.0 mmol). Thionyl chloride (10.0 mL) was

7 Me
N added in one portion and the reaction was stirred at 90 °C for 1 h. The

reaction was cooled to room temperature and concentrated in vacuo to leave a residue,
which was dissolved in anhydrous CH2Cl, (10 mL). N,O-Dimethylhydroxylamine
hydrochloride (1.29 g, 13.2 mmol) was added, followed by the dropwise addition of
triethylamine (4.18 mL, 30.0 mmol) at 0 °C. The reaction mixture was stirred at room
temperature for 1.5 h. HO (30 mL) was added and the resulting mixture was extracted
with CH2Cl; (3 x 50 mL), and the combined organic layers were dried (MgSQ.), filtered,
and concentrated in vacuo to give the title compound S6 as a brown oil (1.94 g, 97%).
'H NMR (400 MHz, CDCls) & 8.95-8.93 (1H, m, ArH), 8.67 (1H, dd, J = 4.9, 1.7 Hz,
ArH), 8.03 (1H, dt, J = 8.0, 2.0 Hz, ArH), 7.36 (1H, dd, J = 8.0, 4.9 Hz, ArH), 3.54 (3H,
s, CHs), 3.38 (3H, s, CH3); **C NMR (101 MHz, CDCls3) § 167.4 (C), 151.2 (CH), 149.2
(CH), 136.5 (CH), 130.1 (C), 123.2 (CH), 61.4 (CHs3), 33.3 (CHs3). Data consistent with

previously reported literature.%®
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o) 1-Benzyl-3-[methoxy(methyl)carbamoyl]pyridin-1-ium bromide
(E)J\T/OME (433g). The title compound was prepared according to General
B?\'f ® Me Procedure A, using S6 (831 mg, 5.0 mmol), benzyl bromide (892 pL,
o 7.5 mmol) and MeCN (10 mL) to give a light brown solid (1.39 g,
82%). m.p. 144-145 °C (Et,0); IR 3030, 2994, 1646 (C=0), 1627, 1462, 1199, 982, 772,
715, 678 cm®; 'H NMR (400 MHz, CDCls) & 9.99 (1H, d, J = 5.9 Hz, ArH), 9.37 (1H,
s, ArH), 8.70 (1H, d, J = 7.9 Hz, ArH), 8.17 (1H, dd, J = 8.1, 6.0 Hz, ArH), 7.70-7.65
(2H, m, ArH), 7.40-7.36 (3H, m, ArH), 6.44 (2H, s, NCH>), 3.62 (3H, s, CH3), 3.36 (3H,
s, CH3); 1*C NMR (101 MHz, CDCl3) § 161.8 (C), 147.0 (CH), 145.1 (CH), 144.5 (CH),
133.9 (C), 132.6 (C), 130.3 (CH), 130.0 (2 x CH), 129.9 (2 x CH), 128.2 (CH), 64.9
(CHy), 62.7 (CHa), 33.2 (CH3); HRMS (ESI) Exact mass calculated for [C1sH17N202]":
257.1285, found 257.1288.

_~._¢ 1-Benzyl-3-chloropyridin-1-ium bromide (433h). The title compound

@\N®| was prepared according to General Procedure A, using 3-chloropyridine
B Bn (951 pL, 10.0 mmol), benzyl bromide (1.78 mL, 15.0 mmol) and MeCN (20
mL) to give an off-white solid (1.99 g, 70%). m.p. 137-138 °C (Et.0); IR 3004, 1621,
1492, 1329, 1169, 1131, 772, 741, 715, 694 cm™; *H NMR (400 MHz, CDCls) § 9.77
(1H, d, J = 6.1 Hz, ArH), 9.72 (1H, s, ArH), 8.37 (1H, dd, J = 8.7, 1.7 Hz, ArH), 8.09
(1H, dd, J = 8.4, 6.1 Hz ArH), 7.77-7.73 (2H, m, ArH), 7.39-7.35 (3H, m, ArH), 6.45
(2H, s, NCH,); *C NMR (101 MHz, CDCls) § 145.2 (CH), 144.0 (CH), 143.9 (CH),
135.9 (C), 132.6 (C), 130.4 (CH), 130.1 (2 x CH), 129.8 (2 x CH), 129.0 (CH), 64.4

(CH2); HRMS (ESI) Exact mass calculated for [C12H11CIN]*: 204.0575, found 204.0577.

Br 1-Benzyl-3-bromopyridin-1-ium bromide (433i). The title compound was

=
e\N@l prepared according to General Procedure A, using 3-bromopyridine (963
B g uL, 10.0 mmol), benzyl bromide (1.78 mL, 15.0 mmol) and MeCN (20 mL)

to give an off-white solid (3.29 g, 100%). *H NMR (400 MHz, DMSO-d6) & 9.74 (1H,
s, ArH), 9.25 (1H, d, J = 6.2 Hz, ArH), 8.91 (1H, ddd, J = 8.7, 1.9, 1.1 Hz, ArH), 8.13
(1H, dd, J = 8.4, 6.2 Hz ArH), 7.62-7.58 (2H, m, ArH), 7.48-7.41 (3H, m, ArH), 5.87
(2H, s, NCH>); °C NMR (101 MHz, DMSO-d6) § 148.4 (CH), 146.0 (CH), 143.8 (CH),
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133.8 (C), 129.5 (CH), 129.3 (CH), 129.2 (2 x CH), 129.0 (2 x CH), 122.4 (C), 63.4
(CH>). Data consistent with previously reported literature.?%®

_~_No; 1-Benzyl-2-methyl-5-nitropyridin-1-ium bromide (433j). The title
Me/gg/ compound was prepared according to General Procedure A, using 2-
B g methyl-5-nitropyridine (1.38 g, 10.0 mmol), benzyl bromide (1.78 mL,
15.0 mmol) and MeCN (20 mL) to give a black solid (359 mg, 12%). m.p. 149-151 °C
(Et20); IR 2961, 1640, 1582, 1536 (NOy), 1356 (NO.), 1293, 812, 740, 732, 553 cm™;
'H NMR (400 MHz, DMSO-d6) & 10.25 (1H, s, ArH), 9.33 (1H, d, J = 8.7 Hz, ArH),
8.37 (1H, d, J = 8.7 Hz, ArH), 7.48-7.34 (5H, m, ArH), 6.13 (2H, s, NCHy), 2.84 (3H, s,
CHs); 3C NMR (101 MHz, DMSO-d6) & 161.4 (C), 145.1 (C), 143.7 (CH), 139.5 (CH),
132.3 (C), 131.0 (CH), 129.1 (2 x CH), 129.0 (CH), 127.7 (2 x CH), 61.4 (CH>), 20.4
(CHs3); HRMS (ESI) Exact mass calculated for [CizH1sN202]": 229.0972, found
229.0980.

Preparation of substrate 433k

CO,Et

| AN BnBr (1.0 equiv) | AN
= i —
Me N i-PrOH, RT, 18 h Me” o NG

Following a modification of a reported procedure,?® a flask was charged with ethyl 6-
methylnicotinate (1.65 g, 10.0 mmol) and i-PrOH (5 mL). Benzyl bromide (1.19 mL,
10.0 mmol) was added dropwise, and the resulting mixture was stirred at room
temperature for 18 h. The mixture was added dropwise to Et,O (200 mL) at 0 °C and
stirred vigorously for 5 mins, at which point the product precipitated. The precipitated
product was removed by vacuum filtration and washed with ice-cold Et,O (3 x 50 mL)
to give the title compound 433k as an off-white solid (733 mg, 22%). m.p. 175-176 °C
(Et,0); IR 2980, 1747, 1731 (C=0), 1637, 1449, 1298, 1173, 1144, 740, 700 cm™*; H
NMR (400 MHz, CDClIs) 6 9.42 (1H, s, ArH), 8.76-8.73 (1H, m, ArH), 8.29 (1H, d, J =
8.2 Hz, ArH), 7.39-7.35 (5H, m, ArH), 6.32 (2H, s, NCHy), 4.39 (2H, q, J = 7.1 Hz,
OCHy), 3.14 (3H, s, CCHg), 1.37 (3H, t, J = 7.1 Hz, CH2CH3); *C NMR (101 MHz,
CDCl3) 6 161.3 (C), 160.6 (C), 146.3 (CH), 144.7 (CH), 131.3 (CH), 131.0 (C), 129.9
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(CH), 129.8 (2 x CH), 128.9 (2 x CH), 128.6 (C), 63.3 (CH>), 62.7 (CH2), 22.5 (CHs3),
14.2 (CHs3). HRMS (ESI) Exact mass calculated for [C16H1sNO2]": 256.1332, found
256.1344.

_~_CN 1-Benzyl-3-cyanoquinolin-1-ium bromide (433l). The title compound
Q;Nj@l)/ was prepared according to General Procedure A, using 3-
B Bn quinolinecarbonitrile (771 mg, 5.00 mmol), benzyl bromide (892 pL,
7.50 mmol) and MeCN (10 mL) to give a light green solid (988 mg, 61%). m.p. 181-182
°C (Et20); IR 2947, 2246 (C=N), 1627, 1381, 1249, 1163, 1051, 752, 731, 698 cm™; H
NMR (400 MHz, DMSO-d6) & 10.44 (1H, d, J = 1.7 Hz, ArH), 10.03 (1H, d, J = 1.7 Hz,
ArH), 8.57-8.53 (2H, m, ArH), 8.37 (1H, ddd, J = 8.8, 7.0, 1.5 Hz, ArH), 8.14 (1H, t, J
= 7.6, ArH), 7.53-7.50 (2H, m, ArH), 7.42-7.34 (3H, m, ArH), 6.42 (2H, s, NCH>); *C
NMR (101 MHz, DMSO-d6) & 152.6 (2 x CH), 138.7 (CH), 137.9 (C), 133.2 (C), 131.9
(CH), 131.3 (CH), 129.0 (2 x CH), 128.9 (CH), 128.8 (C), 127.5 (2 x CH), 119.8 (CH),
114.6 (C), 107.2 (C), 60.8 (CH2); HRMS (ESI) Exact mass calculated for [C17H13N2]":

245.1073, found 245.1072.

Preparation of substrate 433m

o o)
| X %% soci, 90°c, 1h | X n-OMe MemgBr (2.0 equiv) | X Me
|
N then ' NS Me THF, 0°CtoRT, 3h N S8
CH3NHOCH3+HCI (1.1 equiv)
NEt; (2.5 equiv) s7
CH,Cly, RT, 1.5h o
N Me BnBr (1.5 equiv)
| P MeCN, 90 °C, 18 h
SO @ 433m
" Bn
o N-Methoxy-N-methylquinoline-3-carboxamide (S7). A flask was

| N ',“/OMe charged with 3-quinolinecarboxylic acid (3.46 g, 20.0 mmol).

7 Me
N

Thionyl chloride (20.0 mL) was added in one portion and the
reaction was stirred at 90 °C for 1 h. The reaction was cooled to room temperature and
concentrated in vacuo to leave a residue, which was dissolved in anhydrous CH2Cl, (20
mL). N,O-Dimethylhydroxylamine hydrochloride (2.15 g, 22.0 mmol) was added,
followed by the dropwise addition of triethylamine (6.97 mL, 50.0 mmol) at 0 °C. The
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reaction mixture was stirred at room temperature for 1.5 h. H,O (50 mL) was added and
the resulting mixture was extracted with CH2Cl> (3 x 100 mL), and the combined organic
layers were dried (MgSO.), filtered, and concentrated in vacuo. Purification of the
residue by column chromatography (100% EtOAc) gave the title compound S7 as a
brown solid (2.99 g, 69%). *H NMR (400 MHz, CDCl3) § 9.21 (1H, d, J = 2.1 Hz, ArH),
8.56 (1H, d, J = 2.1 Hz, ArH), 8.13 (1H, dd, J = 8.5, 1.2 Hz, ArH), 7.88 (1H, dd, J = 8.2,
1.5 Hz, ArH), 7.78 (1H, ddd, J = 8.5, 6.9, 1.5 Hz, ArH), 7.59 (1H, ddd, J = 8.2, 6.9, 1.2
Hz, ArH), 3.56 (3H, s, CH3), 3.43 (3H, s, CH3); **C NMR (101 MHz, CDCl3) & 167.5
(C), 149.5 (CH), 148.7 (C), 137.1 (CH), 131.1 (CH), 129.4 (CH), 128.8 (CH), 127.3
(CH), 127.1 (C), 127.0 (C), 61.5 (CHs3), 33.4 (CHs). Data consistent with previously

reported literature.?°

Q 1-(Quinolin-3-yl)ethan-1-one (S8). A flask was charged with Weinreb
@j)LMe amide S7 (1.08 g, 5.00 mmol), purged with argon for 30 min, followed
i by the addition of THF (5 mL) at 0 °C. MeMgBr (3.0 M in Et.0, 3.33

mL, 10.0 mmol) was added dropwise, and the resulting solution was warmed to room
temperature and stirred for 3 h. The reaction was quenched with saturated aqueous NH4Cl
solution (10 mL) at 0 °C and extracted with EtOAc (3 x 15 mL). The combined organic
layers were washed with H.O (10 mL), brine (10 mL), dried (MgSOa), filtered, and
concentrated in vacuo to give the title compound S8 as a brown solid (790 mg, 92%). *H
NMR (400 MHz, CDCl3) 6 9.41 (1H, d, J = 2.2 Hz, ArH), 8.69 (1H, d, J = 2.2 Hz, ArH),
8.14 (1H, dd, J =8.5, 1.2 Hz, ArH), 7.93 (1H, dd, J = 8.2, 1.5 Hz, ArH), 7.82 (1H, ddd,
J=8.5,6.9,1.5Hz ArH), 7.61 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, ArH), 2.73 (3H, s, CH3);
13C NMR (101 MHz, CDCl3) & 196.8 (C), 149.9 (C), 149.3 (CH), 137.4 (CH), 132.1
(CH), 129.6 (CH), 129.5 (CH), 129.4 (C), 127.7 (CH), 126.9 (C), 26.9 (CH3). Data

consistent with previously reported literature.?!*

o) 3-Acetyl-1-benzylquinolin-1-ium bromide (433m). The title

©\/E)‘\Me compound was prepared according to General Procedure A, using S8
oN (514 mg, 3.00 mmol), benzyl bromide (535 pL, 4.50 mmol) and

|
Br Bn

MeCN (6 mL) to give a brown solid (844 mg, 82%). m.p. 232-233 °C
(Et.0); IR 2958, 1688 (C=0), 1626, 1361, 1236, 1200, 1019, 776, 742, 699 cm™; H
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NMR (400 MHz, DMSO-d6) § 10.26 (1H, d, J = 1.7 Hz, ArH), 10.01 (1H, d, J = 1.7 Hz,
ArH), 8.69 (1H, dd, J = 8.3, 1.4 Hz, ArH), 8.53 (1H, d, J = 8.9 Hz, ArH), 8.31 (1H, ddd,
J=8.9, 7.0, 1.4 Hz, ArH), 8.10 (1H, t, J = 7.6 Hz, ArH), 7.45-7.33 (5H, m, ArH), 6.54
(2H, s, NCHy), 2.89 (3H, s, CH3); *C NMR (101 MHz, DMSO-d6) & 194.3 (C), 150.2
(CH), 147.7 (CH), 138.1 (C), 137.6 (CH), 133.8 (C), 132.5 (CH), 130.7 (CH), 130.2 (C),
129.2 (C), 129.0 (2 x CH), 128.8 (CH), 127.3 (2 x CH), 119.6 (CH), 60.3 (CH>), 27.3
(CHs); HRMS (ESI) Exact mass calculated for [C1gH1sNO]": 262.1226, found 262.1227.

Preparation of substrate 433n

S COH 50, (3.0 equiv) S COEL  Bnpr (1.5 equiv) B COEt
N EtOH, 80 °C, 4 h N MeCN, 90 °C, 18 h Z

S9 Bn 433n

- C%Et  Ethyl quinoline-3-carboxylate (S9). To a stirred solution of 3-

7

N quinolinecarboxylic acid (1.73 g, 10.0 mmol) in EtOH (40 mL) was
added SOCI (2.19 mL, 30.0 mmol) dropwise at room temperature. The mixture was
stirred at 80 °C for 4 h. The reaction was cooled to room temperature and concentrated
in vacuo. The residue was dissolved in EtOAc (40 mL), washed with saturated aqueous
NaHCOs (40 mL), brine (40 mL), dried (Na2SO4) and concentrated in vacuo to afford
the title compound S9 as a brown solid (1.76 g, 88%). *H NMR (400 MHz, CDCls) §
9.45 (1H, d, J = 2.1 Hz, ArH), 8.83 (1H, d, J = 2.1 Hz, ArH), 8.16 (1H, dd, J =8.5, 1.0
Hz, ArH), 7.93 (1H, dd, J= 8.2, 1.5 Hz, ArH), 7.82 (1H, ddd, J = 8.5, 6.9, 1.5 Hz, ArH),
7.61 (1H, ddd, J=8.2, 6.9, 1.2 Hz, ArH), 4.47 (2H, q, J = 7.1 Hz, CH>CH3), 1.46 (3H,
t, J = 7.1 Hz, CHs); 3C NMR (101 MHz, CDCl3) § 165.5 (C), 150.2 (CH), 149.9 (C),
138.8 (CH), 131.9 (CH), 129.6 (CH), 129.2 (CH), 127.5 (CH), 127.0 (C), 123.4 (C), 61.6
(CHy), 14.5 (CHs). Data consistent with previously reported literature.?'?

_~_-Co:Et  1-Benzyl-3-(ethoxycarbonyl)quinolin-1-ium bromide (433n). The
@ title compound was prepared according to General Procedure A, using
B Bn S9 (1.01 g, 5.00 mmol), benzyl bromide (892 pL, 7.50 mmol) and
MeCN (10 mL) to give a light brown solid (1.45 g, 78%). *H NMR (400 MHz, CDCls) §
10.51 (1H, s, ArH), 9.54 (1H, s, ArH), 8.81 (1H, d, J = 8.9 Hz, ArH), 8.40-8.36 (1H, m,

ArH), 8.25 (1H, ddd, J=8.8, 7.0, 1.4 Hz, ArH), 7.97 (1H, t, J = 7.6 Hz, ArH), 7.49-7.45
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(2H, m, ArH), 7.36-7.30 (3H, m, ArH), 6.91 (2H, s, NCH>), 4.54 (2H, g, J = 7.1 Hz,
CH2CH3), 1.51 (3H, t, J = 7.1 Hz, CH2CHs3); 3C NMR (101 MHz, CDCls) § 161.6 (C),
150.0 (CH), 148.1 (CH), 139.7 (C), 138.5 (CH), 132.5 (C), 132.0 (CH), 131.3 (CH),
129.64 (2 x CH), 129.59 (CH), 129.3 (C), 128.2 (2 x CH), 125.0 (C), 120.7 (CH), 63.7
(CH>), 62.1 (CH>), 14.5 (CHs). Data consistent with previously reported literature.?'®

o 1-Benzyl-3-[methoxy(methyl)carbamoyl]quinolin-1-ium
wmgom bromide (4330). The title compound was prepared according to
= Erfa General Procedure A, using S7 (1.08 g, 5.0 mmol), benzyl
bromide (892 pL, 7.5 mmol) and MeCN (10 mL) to give an off-
white solid (1.53 g, 79%). m.p. 193-194 °C (Et20); IR 3036, 2879, 1668 (C=0), 1383,
1363, 1163, 1034, 753, 731, 699 cm™; *H NMR (400 MHz, CDCl3) 6 10.19 (1H, s, ArH),
9.37 (1H, s, ArH), 8.71 (1H, d, J = 9.0 Hz, ArH), 8.37 (1H, dd, J = 8.3, 1.4 Hz, ArH),
8.16 (1H, ddd, J = 8.8, 7.0, 1.4 Hz, ArH), 7.90 (1H, t, J = 7.6, ArH), 7.49-7.45 (2H, m,
ArH), 7.31-7.26 (3H, m, ArH), 6.77 (2H, s, NCH>), 3.75 (3H, s, CH3), 3.39 (3H, s, CH3);
13C NMR (101 MHz, CDCls) & 162.2 (C), 149.7 (CH), 147.2 (CH), 138.4 (C), 137.6
(CH), 132.4 (C), 131.8 (CH), 130.8 (CH), 129.51 (2 x CH), 129.50 (CH), 129.2 (C),
128.3 (2 x CH), 127.8 (C), 120.0 (CH), 62.8 (CH>), 61.6 (CHz), 33.3 (CH3); HRMS (ESI)
Exact mass calculated for [C19H19N202]": 307.1441, found 307.1448.

Preparation of substrate 433p

PR N0
(1.0 equiv)
OH 1,4-?|oxane Bn BB (15 ] Bn
80°C,1h ® nBr (1.5 equiv) @
NH, then = MeCN, 90 °C, 18 h Z
benzophenone (1.1 equiv) N Bre '}‘@
KOtBu (1.2 equiv) $10 Bn 433p
80°C,3h

x 5" 3-Benzylquinoline (S10). The title compound was prepared according to
<)|\/Nj/ a previously reported procedure,?* using 2-aminobenzyl alcohol (315 mg,
2.50 mmol), 3-phenylpropanal (332 pL, 2.50 mmol) and 1,4-dioxane (7.5 mL) to give
the title compound S10 as a brown oil (369 mg, 67%). *H NMR (400 MHz, CDCls) §
8.82 (1H, d, J = 2.2 Hz, ArH), 8.08 (1H, d, J = 8.5 Hz, ArH), 7.88 (1H, dd, J =2.2, 1.0
Hz, ArH), 7.74 (1H, dd, J = 8.0, 1.5 Hz, ArH), 7.66 (1H, ddd, J = 8.5, 6.9, 1.5 Hz, ArH),
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7.54-7.49 (1H, m, ArH), 7.35-7.30 (3H, m, ArH), 7.25-7.22 (2H, m, ArH), 4.18 (2H, s,
CH>); 3C NMR (101 MHz, CDCls) & 152.3 (CH), 147.0 (C), 139.8 (C), 135.0 (CH),
134.0 (C), 129.3 (CH), 129.1 (2 x CH), 129.0 (CH), 128.9 (2 x CH), 128.6 (C), 127.6
(CH), 126.8 (CH), 126.7 (CH), 39.4 (CHy). Data consistent with previously reported

literature.?4

_~_-Bn 1,3-Dibenzylquinolin-1-ium bromide (433p). The title compound was
@ prepared according to General Procedure A, using S10 (329 mg, 1.50

Br

B mmol), benzyl bromide (268 pL, 2.25 mmol) and MeCN (5 mL) to give
a beige solid (292 mg, 50%). m.p. 214-215 °C (Et20); IR 2949, 1585, 1528, 1492, 1370,
1217, 1027, 914, 743, 702 cm™’; 'H NMR (400 MHz, CDCl3) & 10.80 (1H, s, ArH), 8.61
(1H, s, ArH), 8.41 (1H, d, J = 8.9 Hz, ArH), 8.07 (1H, d, J = 8.2 Hz, ArH), 7.98 (1H, t,
J=8.0 Hz, ArH), 7.78 (1H, t, J = 7.6 Hz, ArH), 7.43-7.31 (6H, m, ArH), 7.28-7.23 (4H,
m, ArH), 6.64 (2H, s, NCH>), 4.53 (2H, s, CCHC); *C NMR (101 MHz, CDCl3) § 151.7
(CH), 145.7 (CH), 137.5 (C), 137.3 (C), 136.8 (C), 135.2 (CH), 132.9 (C), 130.3 (CH),
130.1 (CH), 130.0 (C), 129.6 (2 x CH), 129.5 (2 x CH), 129.4 (2 x CH), 129.3 (CH),
127.7 (2 x CH), 127.5 (CH), 119.2 (CH), 60.9 (CH2), 38.4 (CH2); HRMS (ESI) Exact
mass calculated for [C23H20N]*: 310.1590, found 310.1593.

1-Methyl-3-nitropyridin-1-ium iodide (433Qq)

NO
= 2 Mel (1.5 equiv) =
e —

NS ° NS
N 0°CtoRT, 20 h oNG

A flask was charged with 3-nitropyridine (745 mg, 6.00 mmol) and purged with argon
for 30 min. Methyl iodide (560 pL, 9.00 mmol) was added dropwise at 0 °C and the
reaction was stirred at room temperature for 20 h. The mixture was transferred to a beaker
that was cooled to 0 °C and stirred vigorously for 5 min. Et,O (200 mL) was added
portionwise, and the mixture was stirred vigorously at 0 °C for 15 min, at which point
the product precipitated. The precipitated product was removed by vacuum filtration and
washed with ice-cold EtO (2 x 30 mL) and dried under vacuum to give the title
compound 433q as a yellow solid (494 mg, 31%). m.p. 223 °C (Et.0); IR 3013, 1547

142



(NO2), 1403, 1355 (NO2), 1207, 1180, 1138, 803, 743, 652 cm™; 'H NMR (400 MHz,
DMSO0-d6) 5 10.11 (1H, s, ArH), 9.37-9.30 (2H, m, ArH), 8.42 (1H, dd, J = 8.6, 6.1 Hz,
ArH), 4.50 (3H, s, CHs); *C NMR (101 MHz, DMSO-d6) & 150.3 (CH), 145.9 (C),
143.0 (CH), 139.5 (CH), 128.2 (CH), 48.7 (CHz); HRMS (ESI) Exact mass calculated
for [CeH7N202]*: 139.0502, found 139.0508.

no, 1-Butyl-3-nitropyridin-1-ium bromide (433r). The title compound was

2
N | prepared according to General Procedure A, using 3-nitropyridine (621
®
Br by mg, 5.00 mmol), n-butyl bromide (805 pL, 7.50 mmol) and MeCN (10

mL) to give a brown solid (163 mg, 12%). m.p. 181-182 °C (Et20); IR 3099, 2930, 1650,
1590, 1542 (NO), 1361 (NO), 1210, 1183, 809, 656 cm™*; *H NMR (400 MHz, DMSO-
d6) & 10.20 (1H, s, ArH), 9.50 (1H, d, J = 5.9 Hz, ArH), 9.34 (1H, ddd, J = 8.7, 2.3, 1.1
Hz, ArH), 8.44 (1H, dd, J = 8.6, 6.0 Hz, ArH), 4.80 (2H, t, J = 7.5 Hz, NCH,), 1.98-1.90
(2H, m, CH.CH,CHa), 1.38-1.28 (2H, m, CH>CH>CHz), 0.92 (3H, t, J = 7.4 Hz, CH3);
13C NMR (101 MHz, DMSO-d6) & 149.3 (CH), 146.6 (C), 142.5 (CH), 139.7 (CH), 128.7
(CH), 61.4 (CH.), 32.7 (CH.), 18.7 (CH2), 13.3 (CHs); HRMS (ESI) Exact mass
calculated for [CoH13N20-]*: 181.0972, found 181.0968.

no, 1-Butyl-3-nitropyridin-1-ium iodide (433s). The title compound was

4
@\N®| prepared according to General Procedure A, using 3-nitropyridine (621
| by mg, 5.00 mmol), n-butyl iodide (854 pL, 7.50 mmol) and MeCN (10 mL)

to give an orange solid (616 mg, 40%). m.p. 181-182 °C (Et.0); IR 3103, 2988, 2934,
1648, 1542 (NOy), 1359 (NOy), 1182, 1131, 731, 694 cm™*; *H NMR (400 MHz, DMSO-
d6) 5 10.18 (1H, s, ArH), 9.44 (1H, dt, J = 6.2, 1.2 Hz, ArH), 9.36-9.32 (1H, m, ArH),
8.43 (1H, dd, J = 8.6, 6.2 Hz, ArH), 4.77 (2H, t, J = 7.5 Hz, NCH>), 1.98-1.90 (2H, m,
CH,CH,CHj3), 1.38-1.28 (2H, m, CH,CH>CHjs), 0.93 (3H, t, J = 7.4 Hz, CH3); 3C NMR
(101 MHz, DMSO-d6) & 149.3 (CH), 146.6 (C), 142.5 (CH), 139.7 (CH), 128.7 (CH),
61.5 (CHy), 32.7 (CH2), 18.7 (CH>), 13.3 (CHz3); HRMS (ESI) Exact mass calculated for
[CoH13N202]": 181.0972, found 181.0977.
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no, 3-Nitro-1-octylpyridin-1-ium bromide (433t). The title compound was

=
N | prepared according to General Procedure A, using 3-nitropyridine (621
®
B et mg, 5.00 mmol), n-octyl bromide (1.30 mL, 7.50 mmol) and MeCN (10

mL) to give a brown solid (169 mg, 11%). m.p. 110-111 °C (Et20); IR 3094, 2991, 2854,
1650, 1590, 1543 (NO), 1465, 1357 (NO), 731, 693 cm™; *H NMR (400 MHz, DMSO-
d6) & 10.19 (1H, s, ArH), 9.49 (1H, d, J = 6.1 Hz, ArH), 9.35-9.32 (1H, m, ArH), 8.43
(1H, dd, J = 8.6, 6.0 Hz, ArH), 4.78 (2H, t, J = 7.6 Hz, NCHy), 1.99-1.91 (2H, m,
NCH2CH), 1.34-1.21 (10H, m, (CH2)sCHj3), 0.88-0.83 (3H, m, CHs); **C NMR (101
MHz, DMSO-d6) & 149.3 (CH), 146.6 (C), 142.4 (CH), 139.7 (CH), 128.7 (CH), 61.6
(CH>), 31.1 (CHy), 30.8 (CH>), 28.42 (CH>), 28.37 (CH3), 25.3 (CH>), 22.0 (CH>), 13.9
(CHs3); HRMS (ESI) Exact mass calculated for [CizsH21N2O]": 237.1598, found
237.1600.

NO, 1-(Naphthalen-2-ylmethyl)-3-nitropyridin-1-ium bromide

SN (433u). The title compound was prepared according to General

Br K“ Procedure A, using 3-nitropyridine (1.24 g, 10.0 mmol), 2-

OO (bromomethyl)naphthalene (3.32 g, 15.0 mmol) and MeCN (20 mL)
to give a yellow solid (2.72 g, 79%). *H NMR (400 MHz, DMSO-d6) § 10.45 (1H, s,
ArH), 9.64 (1H, d, J = 6.2 Hz, ArH), 9.40-9.36 (1H, m, ArH), 8.45 (1H, dd, J = 8.6, 6.2
Hz, ArH), 8.20 (1H, s, ArH), 8.01 (1H, d, J = 8.5 Hz, ArH), 7.98-7.92 (2H, m, ArH),
7.72 (1H, dd, J=8.5, 1.8 Hz, ArH), 7.61-7.56 (2H, m, ArH), 6.29 (2H, s, NCH); HRMS
(ESI) Exact mass calculated for [CisH13N202]": 265.0972, found 265.0974. Data

consistent with previously reported literature.!3®

no, 3-Nitro-1-tosylpyridin-1-ium chloride (433v). The title compound was

=

N | prepared according to General Procedure A, using 3-nitropyridine (620
®

o5 mg, 5.0 mmol), p-toluenesulfonyl chloride (1.43 g, 7.5 mmol) and MeCN

(10 mL) to give an off-white solid (100 mg, 6%). m.p. 161-162 °C (Et20); IR 3066, 1630,
1545, 1361, 1219, 1162, 998, 724, 700, 617 cm™; *H NMR (400 MHz, DMSO-d6) § 9.38
(1H, d, J = 2.7 Hz, ArH), 8.98 (1H, dd, J = 4.8, 1.5 Hz, ArH), 8.61 (1H, ddd, J = 8.5,
2.7, 1.5 Hz, ArH), 7.74 (1H, dd, J = 8.5, 4.8 Hz, ArH), 7.49 (2H, d, J = 8.0 Hz, ArH),
7.12 (2H, d, J = 8.0 Hz, ArH), 2.29 (3H, s, CH3); 3C NMR (101 MHz, DMSO-d6) &
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155.1 (CH), 145.4 (C), 144.5 (CH), 144.4 (C), 137.8 (C), 131.6 (CH), 128.1 (2 x CH),
1255 (2 x CH), 124.6 (CH), 20.8 (CH3). HRMS (ESI) Exact mass calculated for
[C12H11N204S]* : 279.0434, found 279.0436.

= 1-Benzylpyridin-1-ium bromide (433w). The title compound was prepared
B@\,V % according to General Procedure A, using pyridine (809 pL, 10.0 mmol), benzyl

" en bromide (1.78 mL, 15.0 mmol) and MeCN (20 mL) to give an off-white solid
(2.17 g, 87%). *H NMR (400 MHz, CDCl3) § 9.61 (2H, d, J = 5.9 Hz, ArH), 8.43 (1H, t,
J=7.7Hz, ArH), 8.00 (2H, t, J = 7.0 Hz, ArH), 7.68-7.64 (2H, m, ArH), 7.28-7.25 (3H,
m, ArH), 6.26 (2H, s, NCH); *C NMR (101 MHz, CDCls) & 145.4 (CH), 145.0 (2 x
CH), 133.0 (C), 129.9 (CH), 129.53 (2 x CH), 129.50 (2 x CH), 128.3 (2 x CH), 63.8
(CH>). Data consistent with previously reported literature.?*®

me 1-Benzyl-3-methylpyridin-1-ium bromide (433x). The title compound

=
@\N®| was prepared according to General Procedure A, using 3-methylpyridine
B g (973 pL, 10.0 mmol), benzyl bromide (1.78 mL, 15.0 mmol) and MeCN

(20 mL) to give an off-white solid (1.88 g, 71%). m.p. 104-105 °C (Et.0); IR 3450,
3388, 3016, 1625, 1499, 1205, 1146, 775, 730, 707 cm™*; *H NMR (400 MHz, CDCls) §
9.55 (1H, s, ArH), 9.40 (1H, d, J = 6.1 Hz, ArH), 8.16 (1H, d, J = 7.9 Hz, ArH), 7.88
(1H, dd, J = 7.9, 6.1 Hz, ArH), 7.72-7.67 (2H, m, ArH), 7.32-7.28 (3H, m, ArH), 6.21
(2H, s, NCHy), 2.53 (3H, s, CH3); *°C NMR (101 MHz, CDCls) § 145.8 (CH), 144.6
(CH), 142.2 (CH), 139.7 (C), 133.2 (C), 129.9 (CH), 129.7 (2 x CH), 129.6 (2 x CH),
127.7 (CH), 63.7 (CH.), 18.8 (CH3); HRMS (ESI) Exact mass calculated for [C13H1aN]":
184.1121, found 184.1128.

_~_CFs  1-Benzyl-3-(trifluoromethyl)pyridin-1-ium bromide (433y). The title
@ENj@l/ compound was prepared according to General Procedure A, using 3-
B g (trifluoromethyl)pyridine (441 mg, 3.0 mmol), benzyl bromide (535 pL,
4.5 mmol) and MeCN (8 mL) to give an off-white white solid (949 mg, 99%). *H NMR
(500 MHz, CDClIs3) 6 10.13 (1H, dd, J = 6.2, 1.3 Hz, ArH), 9.95 (1H, s, ArH), 8.64-8.61

(1H, m, ArH), 8.39 (1H, dd, J = 8.1, 6.2, ArH), 7.80-7.73 (2H, m, ArH), 7.40-7.35 (3H,
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m, ArH), 6.57 (2H, s, NCH>); 3C NMR (126 MHz, CDCls) & 149.2 (CH), 142.5 (CH),
142.2 (CH), 132.3 (C), 130.9 (g, Jcr = 36.9 Hz, C), 130.5 (CH), 130.1 (2 x CH), 129.9
(2 x CH), 129.4 (CH), 121.1 (q, Jc.r = 274.4 Hz, C), 64.9 (CH,). 1°F NMR (376 MHz,
CDCl3) 6 —62.3 (s, 3 x F). Data consistent with previously reported literature.?*

Me 1-Benzyl-4-methyl-3-nitropyridin-1-ium bromide (433z). The title
= | No2 compound was prepared according to General Procedure A, using 4-
oNG methyl-3-nitropyridine (562 pL, 5.00 mmol), benzyl bromide (892 pL,

7.50 mmol) and MeCN (10 mL) to give an olive green solid (1.14 g, 74%).
m.p. 157-158 °C (Et.0); IR 2974, 1644, 1565, 1536 (NO2), 1453, 1349 (NO;), 1114,
1053, 743, 704 cm™; 'H NMR (400 MHz, DMSO-d6) & 10.17 (1H, s, ArH), 9.38 (1H,
dd, J = 6.4, 1.3 Hz, ArH), 8.37 (1H, d, J = 6.4 Hz, ArH), 7.63-7.60 (2H, m, ArH), 7.48-
7.42 (3H, m, ArH), 6.00 (2H, s, NCH,), 2.85 (3H, s, CH3); *C NMR (101 MHz, DMSO-
d6) & 154.4 (C), 146.8 (C), 146.4 (CH), 142.7 (CH), 133.7 (C), 131.9 (CH), 129.5 (CH),
129.14 (2 x CH), 129.05 (2 x CH), 63.0 (CH), 20.7 (CHs); HRMS (ESI) Exact mass
calculated for [C13H13N202]": 229.0972, found 229.0977.

3.4 Gold-Catalysed Nucleophilic Allylation of Azinium lons

4-Allyl-1-benzyl-3-nitro-1,4-dihydropyridine  (409), 2-allyl-1-benzyl-5-nitro-1,2-
dihydropyridine (410) and 1-benzyl-3-nitro-1,4-dihydropyridine (411)

/
NO NO NO
BEk [RN(E0ACH, (5 moIA)) 2 = 2 2
O~ | )« I |
THF/MeOH (8:2) N N N
@ (1.5 equiv) 55°C. 16 h | A |
Bn Bn Bn
409 410 411

An oven-dried microwave vial was fitted with a stirrer bar and charged with 1-benzyl-3-
nitropyridin-1-ium bromide (88.5 mg, 0.30 mmol), potassium allyltrifluoroborate (66.6
mg, 0.45 mmol) and [Rh(cod)Cl]. (7.4 mg, 0.015 mmol). The vial was sealed with a
septum-lined cap and purged with argon for 30 mins. Anhydrous THF (2.4 mL) and
MeOH (0.6 mL) both of which were freshly deoxygenated separately (purging with argon

for 30 min) were added. The mixture was stirred at 55 °C for 16 h. The reaction was
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cooled to room temperature, diluted with Et2O (5 mL), passed through a plug of silica
gel (8 cm in height and 2 cm wide) using Et20O as the eluent (20 mL) and concentrated in
vacuo. Purification by column chromatography (10% EtOAc/n-pentane) gave 4-allylated
product 409 (18.9 mg, 25%) as a red oil, followed by 6-allylated product 410 (17.0 mg,
22%) as a yellow oil, followed by reduced product 411 (10.6 mg, 14%) as an orange oil.

Data of major regioisomer 409: R = 0.56 (30% EtOAc/petroleum ether); IR 2918, 1672,
1593 (NOy), 1475, 1361 (NOy), 1271, 1211, 1171, 1028, 698 cm™; 'H NMR (400 MHz,
CDCls3) 6 7.96 (1H, s, NCH=C), 7.42-7.35 (3H, m, ArH), 7.23-7.21 (2H, m, ArH), 5.89
(1H, dd, J = 7.9, 1.2 Hz, NCH=CH), 5.73 (1H, dddd, J = 16.8, 10.3, 8.3, 6.5 Hz,
CH>=CH), 5.13 (1H, dd, J = 7.9, 5.1 Hz, NCH=CH), 5.07-4.99 (2H, m, CH,=CH), 4.47
(2H, s, NCH?>), 3.99-3.95 (1H, m, CHCN), 2.49-2.42 (1H, m, CH.HyCH), 2.29-2.23 (1H,
m, CHaH,CH); *C NMR (101 MHz, CDCls) & 140.7 (CH), 135.3 (C), 134.4 (CH), 129.3
(2 x CH), 128.7 (CH), 127.5 (2 x CH), 127.1 (CH), 124.9 (C), 118.2 (CH>), 112.8 (CH),
58.5 (CHy), 39.3 (CH2), 33.7 (CH). HRMS (ESI) Exact mass calculated for
[CisH16N2NaO,]* [M+Na]* : 279.1104, found 279.1106.

Data of minor regioisomer 410: R¢ = 0.48 (30% EtOAc/petroleum ether); IR 3063, 1633,
1575 (NO,), 1492, 1420, 1288, 1172, 916, 728, 698 cm™*; *H NMR (400 MHz, CDCls) §
8.14 (1H, s, NCH=C), 7.45-7.37 (3H, m, ArH), 7.29-7.25 (2H, m, ArH), 6.84 (1H, dd, J
=10.3, 1.7 Hz, CHCH=CH), 5.82 (1H, dddd, J = 16.8, 10.4, 8.0, 6.5 Hz, CH>,=CH), 5.20-
5.14 (2H, m, CH>=CH), 5.07 (1H, dd, J = 10.3, 4.8 Hz, CHCH=CH), 4.56 (1H, d, J =
14.9 Hz, NCHaHb), 4.50 (1H, d, J = 14.9 Hz, NCHaHb), 4.21-4.17 (1H, m, CHN), 2.51-
2.43 (1H, m, CHaH,CH), 2.32-2.24 (1H, m, CHH,CH); 3C NMR (101 MHz, CDCls) §
146.8 (CH), 133.8 (C), 131.6 (CH), 129.5 (2 x CH), 129.1 (CH), 128.0 (2 x CH), 123.4
(C), 120.0 (CHy), 119.3 (CH), 113.8 (CH), 59.0 (CH), 57.6 (CH), 39.1 (CH2). HRMS
(ESI) Exact mass calculated for [C1sH16N2NaO2]* [M+Na]* : 279.1104, found 279.1106.

Data of reduced product 411: Rf = 0.35 (30% EtOAc/petroleum ether); IR 2917, 2849,
1672, 1593 (NO), 1475, 1271, 1211, 1171, 1083, 698 cm™; *H NMR (400 MHz, CDCls)
6 7.90 (1H, d, J = 1.6 Hz, NCH=C), 7.43-7.34 (3H, m, ArH), 7.26-7.23 (2H, m, ArH),
5.81-5.77 (1H, m, NCH=CH), 5.23-5.18 (1H, m, NCH=CH), 4.44 (2H, s, NCH>), 3.48
(2H, dd, J=3.7, 1.7 Hz, CHCH,); 13C NMR (101 MHz, CDCls) § 140.6 (CH), 135.2 (C),
129.5 (C), 129.4 (2 x CH), 128.8 (CH), 127.5 (2 x CH), 127.3 (CH), 110.4 (CH), 58.5
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(CH>), 24.0 (CH2). HRMS (ESI) Exact mass calculated for [C12H12N2NaO2]" [M+Na]" :
239.0791, found 239.0797.

Due to the structural similarity of products 409 and 410, the exact configuration of the
two compounds was assigned based on their HMBC 2D NMR spectra. In the HMBC 2D
NMR of product 409, the benzyl methylene group at 58.5 ppm correlates with the signals
at 7.96 ppm and 5.89 ppm. Only structure 409 is compatible with this experimental data.

=z
NO,
5.89 (1H, dd) | 1| 796 (1H, s)

H L/H
L\
585 Fh
In the HMBC 2D NMR of product 410, the benzyl methylene group at 59.0 ppm
correlates with the signals at 8.14 ppm and 4.21-4.17 ppm. Only structure 410 is
compatible with this experimental data.

4.21-4.17 (1H, m) NO,

=
N

-

59.0 "Ph

8.14 (1H, s)
H

General Procedure B: Gold-Catalysed Allylation of Azinium Salts

Lo R! R® LiOi-Pr (1.5 equiv) R?
. ]L/T H\( By (MeSAUCI @S mol%)
S + = > i
RN Ng S R EtOAC/CH,Cl, (1:1) =

o | R —20°C,20h
X Bn

(1.5 equiv)

An oven-dried microwave vial fitted with a stirrer bar was charged with the appropriate
azinium salt (0.50 mmol), (Me2S)AuClI (3.7 mg, 0.0125 mmol) and LiOi-Pr (49.5 mg,
0.75 mmol). The vial was sealed with a septum-lined cap and EtOAc/CHCI; (1:1) (4.0
mL) (both of which were undried, obtained from commercial vendors and used without
further purification) was added. The mixture was stirred at —20 °C for 5 min and a
solution of the appropriate allyl pinacolboronate (0.75 mmol) in 1.0 mL of
EtOAc/CH,Cl, (1:1) was added dropwise. The resulting solution was stirred at —20 °C

for 20 h. The reaction was warmed to room temperature and then passed through a plug
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of silica (8 cm in height and 2 cm wide) using Et,O (40 mL) as the eluent and the filtrate
was concentrated in vacuo. The residue was purified by column chromatography
(EtOAc/n-pentane) to give the allylated product.

= 4-Allyl-1-benzyl-3-nitro-1,4-dihydropyridine  (409). The title
NO,

N Procedure B (in that the reaction time was 1.5 h), using azinium salt 408

o (148 mg, 0.50 mmol) and allyl pinacolboronate 414 (141 uL, 0.75 mmol),
and purified by column chromatography (5% EtOAc/n-pentane) to give a red oil (115
mg, 90%). Data for 409: see above (page 147).

compound was prepared according to a slight modification of General

= 4-Allyl-1-benzyl-1,4-dihydropyridine-3-carbonitrile (423a). The title
compound was prepared according to General Procedure B, using azinium
N salt 433a (138 mg, 0.50 mmol) and allyl pinacolboronate 414 (141 L,

0.75 mmol), and purified by column chromatography (3% EtOAc/n-
pentane) to give a green oil (77.4 mg, 65%). R = 0.38 (20% EtOAc/petroleum ether); IR
2922, 2190 (C=N), 1672, 1592, 1409, 1179, 1077, 913, 732, 699 cm™; *H NMR (400
MHz, CDCl3) 6 7.40-7.30 (3H, m, ArH), 7.22-7.18 (2H, m, ArH), 6.62 (1H, d, J =1.6
Hz, NCH=C), 5.87-5.76 (2H, m, CH>=CH and NCH=CH), 5.15-5.08 (2H, m, CH>=CH),
4.67 (1H, dd, J = 8.1, 4.1 Hz, NCH=CH), 4.28 (2H, s, NCH2), 3.36-3.31 (1H, m,
CH,CH), 2.30 (2H, t, J = 6.1 Hz, CH,CH); *C NMR (101 MHz, CDCls) § 143.2 (CH),
136.5 (C), 134.4 (CH), 129.0 (2 x CH), 128.3 (CH), 128.2 (CH), 127.2 (2 x CH), 121.2
(C), 117.9 (CHy), 105.7 (CH), 82.4 (C), 57.5 (CH2), 42.4 (CH>), 33.3 (CH); HRMS (ESI)
Exact mass calculated for [C16H1sN2Na]" [M+Na]": 259.1206, found 259.1201.

= Ethyl 4-allyl-1-benzyl-1,4-dihydropyridine-3-carboxylate (423b).
COEL The title compound was prepared according to General Procedure B,

N using azinium salt 433d (161 mg, 0.50 mmol) and allyl pinacolboronate
414 (141 pL, 0.75 mmol), and purified by column chromatography (5%
EtOAc/n-pentane) to give a green oil (57.9 mg, 41%). Rs = 0.62 (20% EtOAc/petroleum

ether); IR 2977, 1680 (C=0), 1587, 1397, 1276, 1203, 1160, 1027, 909, 730 cm™; 'H

149



NMR (400 MHz, CDClz) § 7.39-7.27 (3H, m, ArH), 7.25 (1H, d, J = 1.7 Hz, NCH=C),
7.24-7.20 (2H, m, ArH), 5.86-5.75 (2H, m, CH,=CH and NCH=CH), 5.03-4.96 (2H, m,
CH>=CH), 4.80 (1H, dd, J = 7.9, 5.0 Hz, NCH=CH), 4.35 (2H, 5, NCH,), 4.22-4.09 (2H,
m, OCH?>), 3.54-3.48 (1H, m, CH,CH), 2.30-2.14 (2H, m, CH,CH), 1.26 (3H, t,J = 7.1
Hz, CH3); *C NMR (101 MHz, CDCls) § 168.3 (C), 141.7 (CH), 137.4 (C), 136.0 (CH),
128.9 (2 x CH), 128.2 (CH), 127.9 (CH), 127.1 (2 x CH), 116.6 (CH.), 107.9 (CH), 101.2
(C), 59.5 (CH2), 57.7 (CH2), 42.7 (CH>), 32.0 (CH), 14.6 (CH3); HRMS (ESI) Exact mass
calculated for [C1gH2:NNaO;]* [M+Na]*: 306.1464, found 306.1461.

Me 1-Benzyl-4-(2-methylallyl)-3-nitro-1,4-dihydropyridine (423c). The
title compound was prepared according to a slight modification of
| General Procedure A (in that the reaction time was 4.5 h), using azinium
N salt 408 (148 mg, 0.50 mmol) and allyl pinacolboronate 418a (137 mg,
0.75 mmol), and purified by column chromatography (5% EtOAc/n-
pentane) to give a red solid (133 mg, 98%). Rs = 0.40 (20% EtOAc/petroleum ether);
m.p. 69-70 °C (Et20); IR 2922, 1667, 1583 (NO.), 1471, 1396 (NO3), 1173, 1156, 1048,
741, 697 cm®; *H NMR (400 MHz, CDCls) § 7.95 (1H, s, NCH=C), 7.42-7.33 (3H, m,
ArH), 7.24-7.20 (2H, m, ArH), 5.86 (1H, dt, J = 7.9, 1.2 Hz, NCH=CH), 5.19 (1H, dd, J
=7.9, 5.0 Hz, NCH=CH), 4.82-4.80 (1H, m, CHsH,=C), 4.65-4.63 (1H, m, CH:H,=C),
4.49 (2H, s, NCHy), 3.99 (1H, ddd, J = 8.7, 5.0, 3.5 Hz, CH>CH), 2.47-2.43 (1H, m,
CHaH,CH), 2.20 (1H, dd, J = 13.1, 8.8 Hz, CHaH,CH), 1.76 (3H, s, =CCHs3); **C NMR
(101 MHz, CDClz) & 141.8 (C), 140.3 (CH), 135.4 (C), 129.3 (2 x CH), 128.7 (CH),
127.4 (2 x CH), 126.4 (CH), 125.8 (C), 113.4 (CH2), 113.1 (CH), 58.4 (CH>), 44.3 (CH>),
32.3 (CH), 22.8 (CH3); HRMS (ESI) Exact mass calculated for [CisH1sN2NaO2]"
[M+Na]*: 293.1260, found 293.1256.

Crystals suitable for X-ray analysis were prepared by slow diffusion of petroleum ether
into a solution of 418a in CH2Cl>.
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Bn

423c
CCDC 2102857

Ph 1-Benzyl-3-nitro-4-(2-phenylallyl)-1,4-dihydropyridine (423d). The
title compound was prepared according to General Procedure B, using
| azinium salt 408 (148 mg, 0.50 mmol) and allyl pinacolboronate 418b
| (183 mg, 0.75 mmol), and purified by column chromatography (5%
EtOAc/n-pentane) to give a red oil (137 mg, 82%). Rf = 0.32 (20%
EtOAc/petroleum ether); IR 2926, 1666, 1586 (NO.), 1476, 1302 (NO>), 1262, 1173,
905, 728, 696 cm™; *H NMR (400 MHz, CDCl3) § 7.84 (1H, t, J = 1.1 Hz, NCH=C),
7.49-7.46 (2H, m, ArH), 7.42-7.35 (3H, m, ArH), 7.35-7.26 (3H, m, ArH), 7.21-7.18
(2H, m, ArH), 5.77 (1H, dt, J = 7.9, 1.2 Hz, NCH=CH), 5.38 (1H, d, J = 1.6 Hz,
CHaH,=C), 5.05 (1H, dd, J = 7.9, 5.0 Hz, NCH=CH), 5.01 (1H, d, J = 1.6 Hz, CHaH»=C),
4.42 (2H, s, NCHy), 3.97 (1H, ddd, J = 8.6, 4.9, 3.4 Hz, CH>CH), 3.19-3.14 (1H, m,
CHaH,CH), 2.61 (1H, dd, J = 13.5, 9.0 Hz, CHaH,CH); *C NMR (101 MHz, CDCls) &
144.4 (C), 140.4 (C), 140.3 (CH), 135.2 (C), 129.3 (2 x CH), 128.8 (CH), 128.4 (2 x
CH), 127.7 (CH), 127.5 (2 x CH), 126.5 (2 x CH), 126.3 (CH), 125.6 (C), 115.6 (CH>),
112.8 (CH), 58.4 (CH>), 41.4 (CH>), 32.7 (CH); HRMS (ESI) Exact mass calculated for
[C21H20N2NaO2]* [M+Na]*: 355.1417, found 355.1417.

Ph 1-Benzyl-4-(2-phenylallyl)-1,4-dihydropyridine-3-carbonitrile (423e).
The title compound was prepared according to General Procedure B, using

| azinium salt 433a (138 mg, 0.50 mmol) and allyl pinacolboronate 418b
| (183 mg, 0.75 mmol), and purified by column chromatography (2 to 5%
EtOAc/n-pentane) to give a yellow oil (136 mg, 87%). Rt = 0.56 (20%
EtOAc/petroleum ether); IR 2928, 2190 (C=N), 1672, 1591, 1409, 1179, 1119, 1028,
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902, 700 cm®; 'H NMR (400 MHz, CDCls) & 7.43-7.24 (8H, m, ArH), 7.19-7.15 (2H,
m, ArH), 6.59 (1H, d, J = 1.6 Hz, NCH=C), 5.71 (1H, dt, J = 8.1, 1.3 Hz, NCH=CH),
5.38-5.36 (1H, m, CHaH»=C), 5.11-5.09 (1H, m, CHaH»=C), 4.63 (1H, dd, J = 8.1, 4.1
Hz, NCH=CH), 4.27 (2H, s, NCH>), 3.32-3.26 (1H, m, CH,CH), 3.01 (1H, ddd, J = 13.8,
4.1,1.3 Hz, CHaHyCH), 2.62 (1H, dd, J = 13.8, 9.2 Hz, CHaH,CH); 3C NMR (101 MHz,
CDCls) § 144.3 (C), 142.9 (CH), 140.7 (C), 136.5 (C), 129.1 (2 x CH), 128.5 (2 x CH),
128.3 (CH), 127.7 (CH), 127.6 (CH), 127.3 (2 x CH), 126.5 (2 x CH), 121.3 (C), 115.7
(CHy), 105.7 (CH), 82.9 (C), 57.5 (CH.), 45.1 (CH2), 32.0 (CH); HRMS (ESI) Exact
mass calculated for [C22H20N2Na]* [M+Na]*: 335.1519, found 335.1517.

Ph Ethyl 1-benzyl-4-(2-phenylallyl)-1,4-dihydropyridine-3-carboxylate
(423f). The title compound was prepared according to General
| Procedure B, using azinium salt 433d (161 mg, 0.50 mmol) and allyl
| pinacolboronate 418b (183 mg, 0.75 mmol), and purified by column
chromatography (1 to 3% EtOAc/n-pentane) to give a yellow oil (134
mg, 75%). Rs = 0.65 (20% EtOAc/petroleum ether); IR 2979, 1678 (C=0), 1585, 1398,
1204, 1160, 1073, 907, 727, 695 cm™; *H NMR (500 MHz, CDCls) § 7.55-7.52 (2H, m,
ArH), 7.39-7.28 (5H, m, ArH), 7.27-7.25 (1H, m, ArH), 7.24-7.22 (2H, m, ArH), 7.21
(1H, s, NCH=C), 5.77 (1H, dd, J=7.9, 1.6 Hz, NCH=CH), 5.38-5.37 (1H, m, CH:H»=C),
5.01-5.00 (1H, m, CHiHp=C), 4.75 (1H, dd, J = 7.9, 5.0 Hz, NCH=CH), 4.37 (2H, s,
NCH>), 4.23-4.14 (2H, m, OCH), 3.52 (1H, ddd, J = 10.2, 5.0, 3.6 Hz, CH2CH), 3.05
(1H, dd, J = 13.3, 3.7 Hz, CHaHwCH), 2.43 (1H, dd, J = 13.3, 10.0 Hz, CH:HvCH), 1.30
(3H, 1, J=7.1 Hz, CH,CHs3); ®*C NMR (126 MHz, CDCls) § 168.5 (C), 144.7 (C), 141.5
(CH), 140.8 (C), 137.4 (C), 129.0 (2 x CH), 128.3 (2 x CH), 127.9 (CH), 127.5 (CH),
127.4 (CH), 127.1 (2 x CH), 126.5 (2 x CH), 114.5 (CH>), 107.9 (CH), 101.9 (C), 59.6
(CH), 57.7 (CH), 44.9 (CH), 30.8 (CH), 14.7 (CHs); HRMS (ESI) Exact mass
calculated for [C24H2sNNaO2]*" [M+Na]*: 382.1777, found 382.1776.

Me 1-Benzyl-4-(2-methylbut-3-en-2-yl)-3-nitro-1,4-dihydropyridine
no, (423g). The title compound was prepared according to General Procedure
» B, using azinium salt 408 (148 mg, 0.50 mmol) and allyl pinacolboronate

Bn 418c (147 mg, 0.75 mmol), and purified by column chromatography (5%
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EtOAc/n-pentane) to give a red oil (77.3 mg, 54%). Rs = 0.45 (20% EtOAc/petroleum
ether); IR 2965, 1660, 1581 (NO3), 1350 (NO2), 1265, 1176, 1073, 909, 732, 699 cm™;
'H NMR (400 MHz, CDClz) & 8.08 (1H, t, J = 1.5 Hz, NCH=C), 7.42-7.35 (3H, m, ArH),
7.24-7.21 (2H, m, ArH), 6.07 (1H, dd, J = 7.6, 1.4 Hz, NCH=CH), 5.77 (1H, dd, J =
17.4, 10.8 Hz, CH,=CH), 5.15 (1H, dd, J = 7.6, 6.3 Hz, NCH=CH), 4.89-4.83 (2H, m,
CH>=CH), 4.50 (2H, s, NCH>), 3.91 (1H, dd, J = 6.3, 1.6 Hz, CCHC), 0.91 (3H, s, CH3),
0.89 (3H, s, CH3); *C NMR (101 MHz, CDCl3) § 145.1 (CH), 140.6 (CH), 135.3 (C),
129.3 (2 x CH), 128.8 (CH), 128.4 (CH), 127.8 (2 x CH), 123.2 (C), 112.3 (CH>), 109.4
(CH), 58.8 (CH>), 45.1 (C), 41.9 (CH), 22.9 (2 x CH3); HRMS (ESI) Exact mass
calculated for [C17H20N2NaO2]* [M+Na]*: 307.1417, found 307.1414.

A~ Me 1-Benzyl-4-(but-3-en-2-yl)-3-nitro-1,4-dihydropyridine (423h). The
| NOz title compound was prepared according to General Procedure B, using

N azinium salt 408 (148 mg, 0.50 mmol) and allyl pinacolboronate rac-418d

|
Bn

(137 mg, 0.75 mmol), and purified by column chromatography (5%
EtOAc/n-pentane) to give a 2:1 mixture of inseparable diastereomers as a red solid (76.5
mg, 57%). R¢ = 0.44 (20% EtOAc/petroleum ether); m.p. 79-80 °C (Et20); IR 3069, 2963,
1666, 1576 (NO2), 1314 (NOy), 1263, 1172, 913, 737, 696 cm™; HRMS (ESI) Exact mass
calculated for [C1sH18N2NaO2]" [M+Na]*: 293.1260, found 293.1266.

NMR data of major diastereomer: *H NMR (400 MHz, CDCl3) § 7.99 (1H, t, J = 1.3 Hz,
NCH=C), 7.42-7.32 (3H, m, ArH), 7.24-7.20 (2H, m, ArH), 5.96-5.93 (1H, m,
NCH=CH), 5.64 (1H, ddd, J = 17.0, 10.4, 8.3 Hz, CH>=CH), 5.15 (1H, dd, J = 7.9, 5.4
Hz, NCH=CH), 4.97-4.90 (2H, m, CH.=CH), 4.46 (2H, s, NCH), 3.89-3.86 (1H, m,
CHCHC), 2.73-2.64 (1H, m, CHCHa), 1.01 (3H, d, J = 7.1 Hz, CHs); *C NMR (101
MHz, CDCls) 6 140.75 (CH), 140.5 (CH), 135.30 (C), 129.2 (2 x CH), 128.69 (CH),
128.2 (CH), 127.6 (2 x CH), 124.9 (C), 116.1 (CH2), 109.1 (CH), 58.58 (CH>), 40.5
(CH), 39.4 (CH>), 15.9 (CH3).

Characteristic NMR data of minor diastereomer: 'H NMR (400 MHz, CDCls) § 8.04
(1H,t,J=1.2 Hz, NCH=C), 5.99-5.96 (1H, m, NCH=CH), 5.81 (1H, ddd, J = 16.9, 10.6,
6.2 Hz, CH,=CH), 5.07-5.01 (3H, m, NCH=CH and CH,=CH), 4.48 (2H, s, NCH)),
4.01-3.98 (1H, m, CHCHC), 2.81-2.74 (1H, m, CHCHz3), 0.93 (3H, d, J = 7.1 Hz, CH3);
13C NMR (101 MHz, CDCls) & 140.83 (CH), 140.4 (CH), 135.27 (C), 129.3 (2 x CH),
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128.74 (CH), 127.6 (2 x CH), 124.4 (C), 114.1 (CH,), 109.8 (CH), 58.55 (CH.), 38.94
(CH), 38.86 (CH>), 13.4 (CHs).

Me 1-Benzyl-4-(3,7-dimethylocta-1,6-dien-3-yl)-3-nitro-1,4-

Me 78 dihydropyridine (423i). The title compound was prepared

~ NO, according to General Procedure B, using azinium salt 408 (148 mg,
| | 0.50 mmol) and allyl pinacolboronate rac-418e (198 mg, 0.75
zn mmol), and purified by column chromatography (5% EtOAc/n-

pentane) to give a 2.1:1 mixture of inseparable diastereomers as a red oil (44.0 mg, 25%).
Rf = 0.52 (20% EtOAc/petroleum ether); IR 2922, 1661, 1581 (NO>), 1375 (NO.), 1268,
1176, 1072, 909, 730, 698 cm?; HRMS (ESI) Exact mass calculated for
[C22H28N2NaO,]* [M+Na]*: 375.2043, found 375.2042.

NMR data of major diastereomer: *H NMR (400 MHz, CDCls) § 8.07 (1H, t, J = 1.5 Hz,
NCH=C), 7.41-7.33 (3H, m, ArH), 7.24-7.21 (2H, m, ArH), 6.09 (1H, dd, J = 7.6, 1.4
Hz, NCH=CH), 5.76 (1H, dd, J = 17.4, 10.8 Hz, CH>=CH), 5.14 (1H, dd, J = 7.6, 6.3
Hz, NCH=CH), 5.06-5.01 (1H, m, CH.,CH=C), 4.90 (1H, dd, J = 10.8, 1.5 Hz,
CHaHb=CH), 4.85 (1H, dd, J = 17.4, 1.5 Hz, CHaH,=CH), 4.50 (2H, s, NCH,), 3.99-3.95
(1H, m, CCHC), 1.85-1.77 (2H, m, CCH.CH>), 1.66 (3H, s, =C(CHs), 1.56 (3H, s,
=C(CHsa)), 1.42-1.27 (2H, m, CCH,CH>), 0.85 (3H, s, CHCCHj3); *C NMR (101 MHz,
CDCls) § 143.5 (CH), 140.5 (CH), 135.4 (C), 131.4 (C), 129.27 (2 x CH), 128.78 (CH),
128.7 (CH), 127.8 (2 x CH), 124.9 (CH), 123.1 (C), 113.6 (CH,), 108.7 (CH), 58.8 (CH>),
48.7 (C), 42.0 (CH), 36.5 (CHy), 25.9 (CHs), 22.9 (CH,), 17.8 (CH3), 16.9 (CHs).

Characteristic NMR data of minor diastereomer: *H NMR (400 MHz, CDClIs) 8.09 (1H,
t, J = 1.5 Hz, NCH=C), 5.59 (1H, dd, J = 17.4, 10.8 Hz, CH,=CH), 5.44-5.40 (1H, m,
CH2CH=C), 4.95 (1H, dd, J = 10.8, 1.5 Hz, CHaHv=CH), 4.16 (1H, d, J = 7.0 Hz,
CCHC), 1.68 (3H, s, =C(CHs3); *C NMR (101 MHz, CDCls) § 143.1 (CH), 140.9 (CH),
135.2 (C), 129.25 (2 x CH), 128.77 (CH), 128.4 (CH), 127.9 (2 x CH), 125.0 (CH), 123.5
(C), 114.3 (CH>), 109.4 (CH), 58.9 (CH>), 48.4 (C), 41.7 (CH), 36.4 (CH>), 25.8 (CHs3),
23.0 (CH2), 17.9 (CHj3), 16.4 (CHa).
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1-Benzyl-4-(cyclohex-2-en-1-yl)-3-nitro-1,4-dihydropyridine (423j). The

title compound was prepared according to General Procedure B, using

) azinium salt 408 (148 mg, 0.50 mmol) and allyl pinacolboronate rac-420a
N (156 mg, 0.75 mmol), and purified by column chromatography (5%
EtOAc/n-pentane) to give a 2.2:1 mixture of inseparable diastereomers as a

red solid (103 mg, 70%). R¢ = 0.48 (20% EtOAc/petroleum ether); m.p. 76-77 °C (Et20);
IR 3066, 2931, 1661, 1579 (NO2), 1345 (NO,), 1253, 1165, 931, 702, 586 cm™; HRMS
(ESI) Exact mass calculated for [C1sH20N2NaO2]* [M+Na]*: 319.1417, found 319.1418.

NMR data of major diastereomer: *H NMR (400 MHz, CDCls) § 8.06 (1H, t, J = 1.3 Hz,
NCH=C), 7.42-7.32 (3H, m, ArH), 7.25-7.21 (2H, m, ArH), 5.96-5.93 (1H, m,
NCH=CH), 5.70 (1H, dt, J = 10.1, 3.3 Hz, CH=CHCH,), 5.53-5.49 (1H, m,
CH=CHCHy>), 5.12 (1H, dd, J = 7.9, 5.4 Hz, NCH=CH), 4.49 (2H, 5, NCH,), 3.90-3.87
(1H, m, CHCHC), 2.59-2.52 (1H, m, =CHCHCH,), 1.96-1.90 (2H, m, =CHCHy), 1.81-
1.68 (2H, m, =CHCH2CH2CH>), 1.62-1.19 (2H, m, =CHCH2CH:CH>); 3C NMR (101
MHz, CDCl3) § 140.9 (CH), 135.34 (C), 129.3 (2 x CH), 129.2 (CH), 128.7 (CH), 128.3
(CH), 127.9 (CH), 127.6 (2 x CH), 124.4 (C), 110.5 (CH), 58.6 (CHy), 39.8 (CH), 37.9
(CH), 25.7 (CH2), 25.32 (CH2), 22.4 (CH,).

Characteristic NMR data of minor diastereomer: *H NMR (400 MHz, CDCls) & 8.04-
8.01 (1H, m, NCH=C), 5.82-5.76 (1H, m, CH=CHCHy), 5.45 (1H, dt, J = 10.1, 1.9 Hz,
CH=CHCHy), 5.05 (1H, dd, J = 7.9, 5.0 Hz, NCH=CH), 4.47 (2H, s, NCH>), 4.03-3.99
(1H, m, CHCHC), 2.82-2.75 (1H, m, =CHCHCH); *C NMR (101 MHz, CDCls) §
135.30 (C), 129.7 (CH), 128.8 (CH), 127.8 (CH), 127.5 (2 x CH), 124.3 (C), 111.2 (CH),
58.5 (CHy), 38.6 (CH), 37.8 (CH), 25.30 (CH>), 24.6 (CH>), 21.8 (CH>).

(2)-1-Benzyl-4-(but-2-en-1-yl)-3-nitro-1,4-dihydropyridine (424) and 1-benzyl-4-
(but-3-en-2-yl)-3-nitro-1,4-dihydropyridine (423h)

= = Me
NO, LiOi-Pr (1.5 equiv) Me NO,
| A B (Me,S)AUC! (2.5 mol%) NO,
+ (\/ pin) - || + |
° N/® EtOAC/CH,Cl, (1:1) N .
Bro | Me -20°C, 20 h I |
Bn Bn Bn
408 (2)-420b (1.5 equiv) 424 423h (2:1d.r)

76% (12:1 inseparable mixture)
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The title compounds were prepared according to General Procedure B, using azinium salt
408 (148 mg, 0.50 mmol) and allyl pinacolboronate (Z)-420b (137 mg, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give a 12:1 mixture of
inseparable regioisomers as a red solid (102 mg, 76%). Rs = 0.44 (20% EtOAc/petroleum
ether); m.p. 84-85 °C (Et,0); IR 3064, 3020, 1655, 1570 (NO2), 1496, 1365 (NO,), 1255,
1172, 908, 696 cm™*; HRMS (ESI) Exact mass calculated for [C16H1sN2NaO,]* [M+Na]*:
293.1260, found 293.1251.

NMR data of major regioisomer 424: *H NMR (400 MHz, CDCls) § 7.96 (1H, s,
NCH=C), 7.42-7.32 (3H, m, ArH), 7.25-7.21 (2H, m, ArH), 5.87 (1H, dt, J = 7.9, 1.3
Hz, NCH=CH), 5.62-5.54 (1H, m, CH3CH=CH), 5.43-4.34 (1H, m, CH3CH=CH), 5.14
(1H, dd, J = 7.9, 5.1 Hz, NCH=CH), 4.47 (2H, s, NCH,), 3.99-3.95 (1H, m, CH,CH),
2.59-2.51 (1H, m, CHaH,CH), 2.24-2.17 (1H, m, CHaHyCH), 1.58-1.54 (3H, m, CHy);
13C NMR (101 MHz, CDCls) & 140.7 (CH), 135.4 (C), 129.3 (2 x CH), 128.7 (CH), 127.4
(2 x CH), 127.3 (CH), 127.1 (CH), 125.9 (CH), 125.2 (C), 112.8 (CH), 58.5 (CH>), 34.0
(CH), 32.2 (CH2), 13.1 (CHa).

Characteristic NMR data of minor regioisomer 423h as a 2:1 mixture of
diastereoisomers; major diastereomer: *H NMR (400 MHz, CDCl3) § 7.99 (1H, t, J =
1.3 Hz, NCH=C), 4.97-4.90 (2H, m, CH,=CH), 3.90-3.86 (1H, m, CHCHC), 2.72-2.64
(1H, m, CHCHa), 1.01 (3H, d, J = 7.1 Hz, CHa); 3C NMR (101 MHz, CDCls) § 128.2
(CH), 127.6 (2 x CH), 116.1 (CH2), 109.1 (CH), 40.5 (CH), 39.4 (CH>), 15.9 (CHz3);
minor diastereomer: *H NMR (400 MHz, CDCls) § 8.04 (1H, t, J = 1.3 Hz, NCH=C),
5.07-5.01 (2H, m, CH,=CH), 2.80-2.74 (1H, m, CHCHj3), 0.93 (3H, d, J = 7.1 Hz, CH3).

Crystals suitable for X-ray analysis were prepared by slow diffusion of petroleum ether
into a solution of 424 in CH,Cl.

Bn

424
CCDC 2102858
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(2)-1-Benzyl-4-(but-2-en-1-yl)-3-nitro-1,4-dihydropyridine (424) and 1-benzyl-4-
(but-3-en-2-yl)-3-nitro-1,4-dihydropyridine (423h)

= =
NO LiOi-Pr (1.5 equiv) Me NO

Xy 2 " B (MezS)AUCI 25 mol%) 2 NO,

| _ + AN > | | + | |

o o EtOAC/CH,Cly (1:1) N N
—20° |

Br~ gn 20°C,20 h Bn én

408 (E)-420b (1.5 equiv) 424 423h (1.4:1dr)

78% (2.3:1 inseparable mixture)

The title compounds were prepared according to General Procedure B, using azinium salt
408 (148 mg, 0.50 mmol) and allyl pinacolboronate (E)-420b (137 mg, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give a 2.3:1 mixture of
inseparable regioisomers as a red solid (105 mg, 78%). Rs = 0.42 (20% EtOAc/petroleum
ether); m.p. 72-73 °C (Et.0); IR 3065, 2964, 1656, 1574 (NO2), 1364 (NOy), 1260, 1204,
1171, 909, 696 cm™*; HRMS (ESI) Exact mass calculated for [C16H1sN2NaO,]* [M+Na]*:
293.1260, found 293.1259.

NMR data of major regioisomer 424: *H NMR (400 MHz, CDClz) § 7.96 (1H, s,
NCH=C), 7.42-7.32 (3H, m, ArH), 7.25-7.20 (2H, m, ArH), 5.87 (1H, dt, J = 7.9, 1.3
Hz, NCH=CH), 5.62-5.53 (1H, m, CH3CH=CH), 5.43-4.34 (1H, m, CH:CH=CH), 5.14
(1H, dd, J = 7.9, 5.7 Hz, NCH=CH), 4.47 (2H, s, NCH2), 3.99-3.95 (1H, m, CH.CH),
2.60-2.51 (1H, m, CHaH,CH), 2.24-2.16 (1H, m, CHaH,CH), 1.58-1.53 (3H, m, CH3);
13C NMR (101 MHz, CDCls) § 140.7 (CH), 135.4 (C), 129.26 (2 x CH), 128.7 (CH),
127.42 (2 x CH), 127.36 (CH), 127.1 (CH), 125.9 (CH), 125.2 (C), 113.1 (CH), 58.5
(CH>), 34.0 (CH), 32.2 (CH2), 13.1 (CHs3).

Characteristic NMR data of minor regioisomer 423h as a 1.4:1 mixture of
diastereoisomers; major diastereomer: *H NMR (400 MHz, CDCl3) § 7.99 (1H, t, J =
1.3 Hz, NCH=C), 5.96-5.93 (1H, m, NCH=CH), 4.97-4.90 (2H, m, CH>=CH), 4.46 (2H,
s, NCH>), 3.90-3.86 (1H, m, CHCHC), 2.72-2.65 (1H, m, CHCHz), 1.01 (3H,d, J=7.1
Hz, CHs); *C NMR (101 MHz, CDCls) § 140.75 (CH), 140.5 (CH), 135.31 (C), 129.2
(2 x CH), 128.2 (CH), 127.6 (2 x CH), 124.9 (C), 116.1 (CH>), 109.2 (CH), 58.6 (CH>),
40.5 (CH), 39.4 (CH,), 15.9 (CHs); minor diastereomer: *H NMR (400 MHz, CDCls3) &
8.04 (1H, t, J = 1.3 Hz, NCH=C), 5.99-5.96 (1H, m, NCH=CH), 5.07-5.01 (2H, m,
CH>=CH), 4.48 (2H, s, NCH>), 2.79-2.74 (1H, m, CHCHz), 0.93 (3H, d, J = 7.1 Hz,
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CHs); 13C NMR (101 MHz, CDCls) § 140.83 (CH), 140.4 (CH), 135.27 (C), 129.32 (2 x
CH), 127.5 (2 x CH), 114.8 (CH>), 109.8 (CH), 39.0 (CH), 38.9 (CH>), 13.4 (CHs).

1-Benzyl-4-(2-methylbut-3-en-2-yl)-3-nitro-1,4-dihydropyridine (423g) and 1-
benzyl-4-(3-methylbut-2-en-1-yl)-3-nitro-1,4-dihydropyridine (425).

Me

Me
=z Me 2
NO, LiOi-Pr (1.5 equiv)
A : (Me,S)AuCI (2.5 mol%) NG, Me NG,
| + Me pZ B(pin) | | + | |
N2 T\/ EtOAC/CH,Cl, (1:1)
e

5 1© 20°C,20h \ \
Bn
Bn Bn
408 420c (1.5 equiv) 4239 425

31% (4:1 inseparable mixture)

The title compounds were prepared according to General Procedure B, using azinium salt
408 (148 mg, 0.50 mmol) and allyl pinacolboronate 420c (166 uL, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give a 4:1 mixture of
inseparable regioisomers as a red oil (43.9 mg, 31%). Rf = 0.49 (20% EtOAc/petroleum
ether); IR 2965, 1661, 1581 (NO.), 1478, 1350 (NO2), 1265, 1175, 1073, 909, 698 cm™;
HRMS (ESI) Exact mass calculated for [C17H20N2NaO2]" [M+Na]*: 307.1417, found
307.1418.

NMR data of major regioisomer 423g: *H NMR (400 MHz, CDCl3) § 8.08 (1H,t,J=1.6
Hz, NCH=C), 7.41-7.33 (3H, m, ArH), 7.24-7.21 (2H, m, ArH), 6.08 (1H, dd, J = 7.6,
1.4 Hz, NCH=CH), 5.77 (1H, dd, J = 17.4, 10.8 Hz, CH,=CH), 5.17-5.11 (1H, m,
NCH=CH), 4.89-4.83 (2H, m, CH>=CH), 4.50 (2H, s, NCH>), 3.90 (1H, dd, J = 6.3, 1.6
Hz, CCHC), 0.91 (3H, s, CH3), 0.89 (3H, s, CH3); *C NMR (101 MHz, CDCl3) § 145.0
(CH), 140.6 (CH), 135.3 (C), 129.2 (2 x CH), 128.7 (CH), 128.4 (CH), 127.8 (2 x CH),
123.1 (C), 112.2 (CH2), 109.4 (CH), 58.8 (CH2), 45.1 (C), 41.9 (CH), 22.9 (2 x CH3).

Characteristic NMR data of minor regioisomer 425: *H NMR (400 MHz, CDCls) § 7.95
(1H, t, J = 1.2 Hz, NCH=C), 5.86 (1H, dt, J = 7.9, 1.3 Hz, NCH=CH), 4.47 (2H, s,
NCH>), 2.53-2.43 (1H, m, CH:H,CH), 2.19-2.12 (1H, m, CH.H,CH), 1.69 (3H, s, CH3),
1.56 (3H, s, CHs); 13C NMR (101 MHz, CDCl3) § 140.7 (CH), 129.3 (2 x CH), 128.6
(CH), 127.3 (2 x CH), 127.0 (CH), 119.9 (CH), 113.4 (CH), 110.1 (C), 58.5 (CH>), 34.2
(CH), 33.3 (CHy), 26.1 (CH3), 18.0 (CHs5).
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Me 1-Benzyl-4-(2-methylallyl)-1,4-dihydropyridine-3-carbonitrile (435a).
The title compound was prepared according to General Procedure B, using
| azinium salt 433a (138 mg, 0.50 mmol) and allyl pinacolboronate 418a
| (137 mg, 0.75 mmol), and purified by column chromatography (3 to 5%
EtOAc/n-pentane) to give a green oil (114 mg, 91%). Rs = 0.51 (20%
EtOAc/petroleum ether); IR 3066, 2926, 2191 (C=N), 1672, 1591, 1409, 1179, 1077,
889, 729 cm™’; 'H NMR (400 MHz, CDCls) & 7.41-7.30 (3H, m, ArH), 7.21-7.18 (2H,
m, ArH), 6.62 (1H, d, J = 1.7 Hz, NCH=C), 5.77 (1H, dt, J = 8.1, 1.3 Hz, NCH=CH),
4.86-4.84 (1H, m, CHaHp=C), 4.74-4.69 (2H, m, CHaHp,=C and NCH=CH), 4.30 (2H, s,
NCH>), 3.40-3.35 (1H, m, CH>CH), 2.37 (1H, ddd, J = 13.5, 4.5, 1.1 Hz, CHsH,CH),
2.23 (1H, ddd, J = 13.4, 9.0, 0.8 Hz, CHaHsCH), 1.74 (3H, s, =CCH3); 3C NMR (101
MHz, CDCl3) & 143.0 (CH), 141.4 (C), 136.5 (C), 129.1 (2 x CH), 128.3 (CH), 127.7
(CH), 127.2 (2 x CH), 121.4 (C), 113.6 (CH>), 105.9 (CH), 83.1 (C), 57.5 (CHy), 47.4
(CHy), 31.7 (CH), 22.7 (CH3); HRMS (ESI) Exact mass calculated for [C17H1sN2Na]*
[M+Na]*: 273.1362, found 273.1359.

Me 1-(1-Benzyl-4-(2-methylallyl)-1,4-dihydropyridin-3-yl)ethan-1-one
o (435b). The title compound was prepared according to General
|| Me  Procedure B, using azinium salt 433b (146 mg, 0.50 mmol) and allyl
| pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column
chromatography (5 to 15% EtOAc/n-pentane) to give an orange oil (111
mg, 83%). Rs = 0.22 (20% EtOAc/petroleum ether); IR 3065, 2914, 1668 (C=0), 1614,
1570, 1384, 1208, 1177, 881, 729 cm™; *H NMR (400 MHz, CDCls) & 7.41-7.36 (2H, m,
ArH), 7.34-7.29 (1H, m, ArH), 7.24-7.21 (2H, m, ArH), 7.11 (1H, d, J = 1.4 Hz
NCH=C), 5.85 (1H, dd, J = 7.8, 1.4 Hz, NCH=CH), 4.96 (1H, dd, J = 7.8, 5.1 Hz,
NCH=CH), 4.76-4.73 (1H, m, CH.H,=C), 4.61-4.59 (1H, m, CH.H»=C), 4.43 (2H, s,
NCH>), 3.69 (1H, dt, J=9.1, 4.5 Hz, CH>CH), 2.24-2.19 (1H, m, CH:H,CH), 2.18 (3H,
s, 0=CCHj3), 2.02 (1H, dd, J = 12.7, 9.3 Hz, CHaH,CH), 1.77 (3H, s, =CCH3); *C NMR
(101 MHz, CDCl3) 6 195.1 (C), 143.0 (C), 142.7 (CH), 137.1 (C), 129.1 (2 x CH), 128.1
(CH), 127.3 (CH), 127.0 (2 x CH), 113.9 (C), 112.2 (CH>), 109.8 (CH), 57.9 (CH>), 46.9
(CH2), 29.6 (CH), 24.7 (CHas), 22.8 (CHs); HRMS (ESI) Exact mass calculated for
[C1gH22NO]* [M+H]": 268.1696, found 268.1693.
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Me Methyl 1-benzyl-4-(2-methylallyl)-1,4-dihydropyridine-3-
carboxylate (435c). The title compound was prepared according to
| General Procedure B, using azinium salt 433c (154 mg, 0.50 mmol) and
| allyl pinacolboronate 418a (137 mg, 0.75 mmol), and purified by
column chromatography (3% EtOAc/n-pentane) to give a pale-yellow
oil (106 mg, 75%). R¢ = 0.48 (20% EtOAc/petroleum ether); IR 2945, 1685 (C=0), 1588,
1408, 1271, 1161, 1082, 884, 764, 729 cm™; 'H NMR (400 MHz, CDCls) & 7.38-7.33
(2H, m, ArH), 7.32-7.27 (1H, m, ArH), 7.24 (1H, d, J = 1.6 Hz, NCH=C), 7.23-7.19 (2H,
m, ArH), 5.81 (1H, dd, J = 7.8, 1.6 Hz, NCH=CH), 4.86 (1H, dd, J = 7.8, 5.0 Hz,
NCH=CH), 4.77-4.75 (1H, m, CHaHp=C), 4.64-4.61 (1H, m, CH.Hs=C), 4.37 (2H, s,
NCH>), 3.68 (3H, s, OCHa), 3.54 (1H, dt, J = 9.0, 4.4 Hz, CH,CH), 2.27 (1H, dd, J =
12.8, 3.8 Hz, CH.H,CH), 2.08 (1H, dd, J = 12.8, 9.1 Hz, CH.HwCH), 1.76 (3H, s,
=CCHs); *C NMR (101 MHz, CDCls) & 168.8 (C), 142.8 (C), 141.5 (CH), 137.4 (C),
129.0 (2 x CH), 127.9 (CH), 127.6 (CH), 127.1 (2 x CH), 112.3 (CH), 108.2 (CH), 101.9
(C),57.7 (CHy), 51.0 (CH3), 47.9 (CH>), 30.4 (CH), 22.7 (CH3); HRMS (ESI) Exact mass
calculated for [C1sH21NNaO;]* [M+Na]*: 306.1464, found 306.1465.

Me Ethyl 1-benzyl-4-(2-methylallyl)-1,4-dihydropyridine-3-
carboxylate (435d). The title compound was prepared according to

| General Procedure B, using azinium salt 433d (161 mg, 0.50 mmol) and
| allyl pinacolboronate 418a (137 mg, 0.75 mmol), and purified by
column chromatography (3% EtOAc/n-pentane) to give a pale-yellow

oil (133 mg, 89%). R¢ = 0.55 (20% EtOAc/petroleum ether); IR 2977, 1680 (C=0), 1587,
1397, 1203, 1160, 1074, 885, 729, 697 cm™; 'H NMR (500 MHz, CDCl3) & 7.38-7.34
(2H, m, ArH), 7.32-7.28 (1H, m, ArH), 7.25 (1H, d, J = 1.6 Hz, NCH=C), 7.23-7.20 (2H,
m, ArH), 5.80 (1H, dd, J = 7.8, 1.6 Hz, NCH=CH), 4.86 (1H, dd, J = 7.8, 5.0 Hz,
NCH=CH), 4.77-4.75 (1H, m, CHaH,=C), 4.64-4.62 (1H, m, CH.H»=C), 4.38 (2H, s,
NCH>), 4.21-4.12 (2H, m, OCHy), 3.54 (1H, ddd, J = 9.0, 5.0, 3.8 Hz, CH.CH), 2.28
(1H, ddd, J = 12.9, 3.8, 1.2 Hz, CH.HyCH), 2.09 (1H, ddd, J = 12.8, 9.2, 0.7 Hz,
CHaHbCH), 1.76 (3H, s, =CCHj3), 1.27 (3H, t, J = 7.1 Hz, CH.CHa); 3C NMR (126
MHz, CDCIs) 6 168.5 (C), 142.8 (C), 141.3 (CH), 137.5(C), 129.0 (2 x CH), 127.9 (CH),
127.5(CH), 127.1 (2 x CH), 112.3 (CH>), 108.2 (CH), 102.1 (C), 59.5 (CH2), 57.7 (CH>),
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48.0 (CHy), 30.5 (CH), 22.7 (CH3), 14.6 (CH3); HRMS (ESI) Exact mass calculated for
[C19H23NNaO,]* [M+Na]*: 320.1621, found 320.16186.

Gram-Scale Reaction:

N CO,Et Me LiOi-Pr (1.5 equiv) CO,Et
| )\/B( iy (MeS)AUCI (2.5 mol%)
T e . [ ]
° Vo (1.5 equiv) Etogcéegzzg :]1 1) N
Br~ Bn 418a B ’ Bn
433d 435d

An oven-dried flask equipped with a stirrer bar was charged with azinium salt 433d (1.29
g, 4.00 mmol), (Me2S)AuCI (29.5 mg, 0.10 mmol) and LiO-iPr (396 mg, 6.00 mmol).
The vial was sealed and EtOAc/CH,Cl, (1:1) (20 mL) (both of which were undried,
obtained from commercial vendors and used without further purification) was added. The
mixture was stirred at —20 °C for 5 min and a solution of allyl pinacolboronate 418a (1.09
g, 6.00 mmol) in 10 mL of EtOAc/CH2Cl, (1:1) was added dropwise. The resulting
solution was stirred at —20 °C for 20 h. The reaction was warmed to room temperature
and then passed through a plug of silica (8 cm in height and 2 cm wide) using Et2O (100
mL) as the eluent and the filtrate was concentrated in vacuo. The residue was purified by
column chromatography using EtOAc/n-pentane (1 to 3% EtOAc/n-pentane) to give the
title compound 435d as an orange oil (1.01 g, 85%).

Me Butyl 1-benzyl-4-(2-methylallyl)-1,4-dihydropyridine-3-
carboxylate (435e). The title compound was prepared according to

|| General Procedure B, using azinium salt 433e (175 mg, 0.50 mmol)
| and allyl pinacolboronate 418a (137 mg, 0.75 mmol), and purified by
column chromatography (1 to 2% EtOAc/n-pentane) to give a brown

oil (96.0 mg, 59%). R¢ = 0.59 (20% EtOAc/petroleum ether); IR 2959, 1684 (C=0), 1588,
1455, 1271, 1162, 1044, 884, 730, 697 cm™; 'H NMR (400 MHz, CDCls) § 7.38-7.33
(2H, m, ArH), 7.32-7.27 (1H, m, ArH), 7.24 (1H, d, J = 1.6 Hz, NCH=C), 7.23-7.20 (2H,
m, ArH), 5.81 (1H, dd, J = 7.9, 1.6 Hz, NCH=CH), 4.86 (1H, dd, J = 7.8, 5.0 Hz,
NCH=CH), 4.77-4.75 (1H, m, CH.H,=C), 4.64-4.62 (1H, m, CH.Hy=C), 4.37 (2H, s,
NCH>), 4.16-4.05 (2H, m, OCHy), 3.53 (1H, ddd, J = 9.0, 5.0, 3.8 Hz, CH.CH), 2.29
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(1H, dd, J = 12.8, 3.7 Hz, CHaHyCH), 2.09 (1H, dd, J = 12.8, 9.3 Hz, CH.HsCH), 1.75
(3H, s, =CCHs3), 1.66-1.59 (2H, m, CH2CH2CHj3), 1.44-1.35 (2H, m, CH>CHs), 0.93 (3H,
t, J = 7.4 Hz, CH,CH3); *C NMR (101 MHz, CDCls) 6 168.6 (C), 142.8 (C), 141.3 (CH),
137.5 (C), 129.0 (2 x CH), 127.9 (CH), 127.5 (CH), 127.1 (2 x CH), 112.3 (CH,), 108.2
(CH), 102.1 (C), 63.5 (CHy), 57.7 (CH2), 47.9 (CH2), 31.1 (CH,), 30.5 (CH), 22.7 (CHs),
19.5 (CH), 13.9 (CHs); HRMS (ESI) Exact mass calculated for [Ca1H27NNaO2]*
[M+Na]*: 348.1934, found 348.1929.

Me Phenyl 1-benzyl-4-(2-methylallyl)-1,4-dihydropyridine-3-
carboxylate (435f). The title compound was prepared according to
| General Procedure B, using azinium salt 433f (185 mg, 0.50 mmol) and
h allyl pinacolboronate 418a (137 mg, 0.75 mmol), and purified by
column chromatography (1 to 3% EtOAc/n-pentane) to give a brown oil
(144 mg, 83%). R = 0.65 (20% EtOAc/petroleum ether); IR 2929, 1699 (C=0), 1582,
1415, 1195, 1148, 1026, 907, 726, 690 cm™; *H NMR (400 MHz, CDCl3) § 7.48 (1H, d,
J =1.5Hz, NCH=C), 7.42-7.30 (5H, m, ArH), 7.27-7.24 (2H, m, ArH), 7.21-7.16 (1H,
m, ArH), 7.12-7.09 (2H, m, ArH), 5.86 (1H, dd, J = 7.9, 1.5 Hz, NCH=CH), 4.96 (1H,
dd, J = 7.9, 5.0 Hz, NCH=CH), 4.81-4.78 (1H, m, CH.H,=C), 4.69-4.67 (1H, m,
CHaHw=C), 4.44 (2H, s, NCH>), 3.65 (1H, dt, J = 9.0, 4.5 Hz, CH,CH), 2.38 (1H, dd, J
= 12.8, 4.1 Hz, CHiH,CH), 2.19 (1H, dd, J = 12.8, 9.0 Hz, CHaHs,CH), 1.77 (3H, s,
=CCHj3); *C NMR (101 MHz, CDCls) § 166.8 (C), 151.5 (C), 142.9 (CH), 142.7 (C),
137.1 (C), 129.4 (2 x CH), 129.1 (2 x CH), 128.1 (CH), 127.4 (CH), 127.2 (2 x CH),
125.2 (CH), 122.1 (2 x CH), 112.6 (CH>), 109.1 (CH), 100.9 (C), 57.9 (CH2), 47.9 (CH>),
30.6 (CH), 22.7 (CHs); HRMS (ESI) Exact mass calculated for [CasH23NNaO2]"
[M+Na]*: 368.1621, found 368.1620.

Me 1-Benzyl-N-methoxy-N-methyl-4-(2-methylallyl)-1,4-

0 dihydropyridine-3-carboxamide (435g). The title compound was

| N prepared according to General Procedure B, using azinium salt 433g

N (169 mg, 0.50 mmol) and allyl pinacolboronate 418a (137 mg, 0.75
mmol), and purified by column chromatography (15% EtOAc/n-

pentane) to give a brown oil (49.3 mg, 32%). Rf = 0.32 (40% EtOAc/petroleum ether);
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IR 2929, 1672 (C=0), 1591, 1397, 1349, 1170, 1134, 885, 728, 700 cm™; *H NMR (400
MHz, CDCls) & 7.37-7.32 (2H, m, ArH), 7.30-7.27 (1H, m, ArH), 7.24-7.20 (2H, m,
ArH), 7.08 (1H, d, J = 1.6 Hz, NCH=C), 5.84 (1H, dd, J = 7.8, 1.6 Hz, NCH=CH), 4.79
(1H, dd, J = 7.8, 4.9 Hz, NCH=CH), 4.76-4.74 (1H, m, CH.H,=C), 4.66-4.63 (1H, m,
CHaHy=C), 4.34 (2H, s, NCH>), 3.75 (1H, dt, J = 9.3, 4.7 Hz, CH.CH), 3.57 (3H, s,
CHa), 3.20 (3H, s, CHa), 2.19 (1H, dd, J = 13.0, 4.5 Hz, CHaH,C), 2.07 (1H, ddd, J =
13.0, 9.2, 0.8 Hz, CHaH,C), 1.74 (3H, s, =CCHs); **C NMR (101 MHz, CDCls) § 170.7
(C), 142.8 (C), 139.0 (CH), 137.9 (C), 128.9 (2 x CH), 127.8 (2 x CH), 127.2 (2 x CH),
112.3 (CHy), 106.9 (CH), 104.8 (C), 60.4 (CHs), 57.6 (CH>), 48.3 (CH3), 34.6 (CHs),
31.2 (CH), 22.5 (CHs3); HRMS (ESI) Exact mass calculated for [C19H24N2NaO2]*
[M+Na]*: 335.1730, found 335.1730.

Me 1-Benzyl-3-chloro-4-(2-methylallyl)-1,4-dihydropyridine (435h). The
title compound was prepared according to General Procedure B, using
| azinium salt 433h (142 mg, 0.50 mmol) and allyl pinacolboronate 418a
| (137 mg, 0.75 mmol), and purified by passing through a plug of neutralised
silica (8 cm in height and 2 cm wide) using 89:10:1 n-pentane:EtOAc:EtsN
(60 mL) as the eluent to give a brown oil (122 mg, 94%). R = 0.50 (10%
EtOAc/petroleum ether); IR 2928, 1674, 1615, 1392, 1214, 1168, 1024, 887, 729, 697
cm’; 'H NMR (400 MHz, CDCls3) & 7.38-7.32 (2H, m, ArH), 7.31-7.27 (1H, m, ArH),
7.24-7.20 (2H, m, ArH), 6.08 (1H, d, J = 1.6 Hz, NCH=C), 5.82 (1H, dt, J = 7.9, 1.2 Hz,
NCH=CH), 4.84-4.81 (1H, m, CH:Hy=C), 4.71-4.69 (1H, m, CH.H»=C), 4.47 (1H, dd,
J=17.8, 3.9 Hz, NCH=CH), 4.20 (2H, s, NCH>), 3.44 (1H, dt, J = 8.5, 3.8 Hz, CH2CH),
2.51 (1H, dd, J = 13.4, 3.7 Hz, CH:H,CH), 2.18 (1H, dd, J = 13.4, 9.0 Hz, CH.HvCH),
1.74 (3H, s, =CCHj3); 13C NMR (101 MHz, CDCl3) § 142.6 (C), 138.2 (C), 129.1 (CH),
128.85 (CH), 128.83 (2 x CH), 127.7 (CH), 127.3 (2 x CH), 112.7 (CHy), 111.2 (C),
101.0 (CH), 56.9 (CH), 45.3 (CH>), 38.7 (CH), 22.9 (CHa3); HRMS (ESI) Exact mass
calculated for [C16H19CIN]* [M+H]": 262.1176, found 262.1173.
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Me 1-Benzyl-3-bromo-4-(2-methylallyl)-1,4-dihydropyridine (435i). The
title compound was prepared according to General Procedure B, using
| azinium salt 433i (165 mg, 0.50 mmol) and allyl pinacolboronate 418a (137
| mg, 0.75 mmol), and purified by passing through a plug of neutralised silica
(8 cm in height and 2 cm wide) using 89:10:1 n-pentane:EtOAc:Et:N (60
mL) as the eluent to give a brown oil (124 mg, 82%). Rs = 0.54 (10% EtOAc/petroleum
ether); IR 2928, 1671, 1610, 1389, 1213, 1166, 1010, 887, 728, 696 cm™; *H NMR (400
MHz, CDCl3) & 7.38-7.33 (2H, m, ArH), 7.31-7.27 (1H, m, ArH), 7.24-7.20 (2H, m,
ArH), 6.22 (1H, d, J = 1.6 Hz, NCH=C), 5.84 (1H, dt, J = 7.9, 1.1 Hz, NCH=CH), 4.84-
4.81 (1H, m, CHaHb=C), 4.72-4.69 (1H, m, CH.H=C), 4.43 (1H, dd, J = 7.9, 4.1 Hz,
NCH=CH), 4.20 (2H, s, NCH>), 3.48 (1H, dt, J = 9.5, 3.8 Hz, CH,CH), 2.52 (1H, dd, J
= 13.2, 3.4 Hz, CHaHsCH), 2.19 (1H, dd, J = 13.2, 9.2 Hz, CH.H,CH), 1.73 (3H, s,
=CCHjs); *C NMR (101 MHz, CDCls) § 142.5 (C), 138.2 (C), 131.7 (CH), 129.0 (CH),
128.8 (2 x CH), 127.7 (CH), 127.3 (2 x CH), 112.8 (CHy), 101.6 (C), 100.9 (CH), 56.9
(CH2), 46.0 (CH2), 39.8 (CH), 22.9 (CHz3); HRMS (ESI) Exact mass calculated for
[C16H1oBrN]* [M+H]*: 306.0680, found 306.0675.

Me 1-Benzyl-2-methyl-4-(2-methylallyl)-5-nitro-1,4-dihydropyridine
(435j). The title compound was prepared according to General
|| "o Procedure B, using azinium salt 433j (155 mg, 0.50 mmol) and allyl
| pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column
chromatography (5% EtOAc/n-pentane) to give a red oil (40.3 mg,
28%). Rs = 0.34 (20% EtOAc/petroleum ether); IR 2914, 1676, 1600 (NO2), 1386 (NO>),
1271, 1210, 1075, 891, 726, 695 cm™; 'H NMR (400 MHz, CDCls) & 7.96 (1H, s,
NCH=C), 7.42-7.36 (2H, m, ArH), 7.35-7.30 (1H, m, ArH), 7.21-7.17 (2H, m, ArH),
4.98 (1H, dd, J = 5.3, 1.3 Hz, NC=CH), 4.83-4.81 (1H, m, CH:Hy,=C), 4.69 (1H, d, J =
16.5 Hz, NCHaHb), 4.66-4.64 (1H, m, CHaHw=C), 4.57 (1H, d, J = 16.5 Hz, NCHaHb),
3.99-3.93 (1H, m, CH2CH), 2.44 (1H, dd, J = 13.2, 3.5 Hz, CH:H,CH), 2.21 (1H, dd, J
=13.2, 8.6 Hz, CHaH,CH), 1.81 (3H, s, NCCHj3), 1.77 (3H, s, =CCHj3); 13C NMR (101
MHz, CDClIs) 6 142.1(C), 142.0 (CH), 136.9 (C), 132.6 (C), 129.3 (2 x CH), 128.3 (CH),
126.3 (C), 126.1 (2 x CH), 113.3 (CH>), 110.8 (CH), 55.3 (CH>), 44.3 (CH>), 33.1 (CH),
23.0 (CHj3), 18.2 (CHs); HRMS (ESI) Exact mass calculated for [Ci7H20N2NaO2]*
[M+Na]*: 307.1417, found 307.1416.

164



Me Ethyl 1-benzyl-6-methyl-4-(2-methylallyl)-1,4-dihydropyridine-3-
carboxylate (435k). The title compound was prepared according to
| General Procedure B, using azinium salt 433k (168 mg, 0.50 mmol)
| and allyl pinacolboronate 418a (136 mg, 0.75 mmol), and purified by
column chromatography (1 to 3% EtOAc/n-pentane) to give a yellow
oil (111 mg, 71%). R¢ = 0.59 (20% EtOAc/petroleum ether); IR 2978, 1683, 1603 (C=0),
1403, 1367, 1203, 1168, 1064, 726, 695 cm™; *H NMR (400 MHz, CDCls) & 7.38-7.32
(2H, m, ArH), 7.29-7.27 (1H, m, ArH), 7.25 (1H, s, NCH=C), 7.21-7.18 (2H, m, ArH),
4.76-4.75 (1H, m, CHaHb=C), 4.69-4.66 (1H, m, NC=CH), 4.64-4.57 (2H, m, CHaHp=C
and NHaHb), 4.47 (1H, d, J = 16.9 Hz, NHaHy), 4.19-4.11 (2H, m, OCHy), 3.51 (1H, dt,
J =8.9, 4.4 Hz, CHCC), 2.28 (1H, dd, J = 12.8, 3.8 Hz, CH.H,CH), 2.09 (1H, dd, J =
12.8, 9.0 Hz, CHaH,CH), 1.76 (3H, s, =CCHz3), 1.75 (3H, s, NCCH3), 1.26 (3H,t, J = 7.1
Hz, CH2CHzs); **C NMR (101 MHz, CDCls) § 168.5 (C), 143.1 (C), 143.0 (CH), 138.9
(C), 133.1 (C), 128.9 (2 x CH), 127.5 (CH), 126.0 (2 x CH), 112.1 (CH,), 106.3 (CH),
102.6 (C), 59.5 (CH2), 54.3 (CH>), 47.9 (CHy), 31.5 (CH), 22.8 (CH3), 18.5 (CH3), 14.6
(CH3). HRMS (ESI) Exact mass calculated for [C2oH26NO2]* [M+H]" : 312.1958, found
312.1958.

Me 1-Benzyl-4-(2-methylallyl)-1,4-dihydroquinoline-3-carbonitrile
(4351). The title compound was prepared according to General

CN
Procedure B, using azinium salt 433l (163 mg, 0.50 mmol) and allyl

N pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column

7 chromatography (2 to 20% EtOAc/n-pentane) to give a brown solid (126
mg, 84%). R = 0.49 (20% EtOAc/petroleum ether); m.p. 82-83 °C (Et20); IR 2977, 2183
(C=N), 1601, 1471, 1394, 1218, 1161, 1106, 791, 751 cm™; *H NMR (500 MHz, CDCls)
6 7.38-7.33 (2H, m, ArH), 7.32-7.28 (1H, m, ArH), 7.24-7.21 (2H, m, ArH), 7.09-7.04
(2H, m, ArH), 6.99 (1H, td, J = 7.4, 1.2 Hz, ArH), 6.95 (1H, s, NCH=C), 6.72 (1H, dd,
J=8.1, 1.1 Hz, ArH), 4.88-4.83 (2H, m, NCHzHp and CHaHv=C), 4.72 (1H, d, J = 16.6
Hz, NCHaHy), 4.65-4.63 (1H, m, CH.H,=C), 3.90 (1H, t, J = 6.2 Hz, CH,CH), 2.38 (2H,
qdd, J=13.2, 6.3, 0.9 Hz, CH,CH), 1.69 (3H, s, =CCHs3); 3C NMR (126 MHz, CDCls)

5 144.3 (CH), 141.4 (C), 137.1 (C), 136.1 (C), 129.5 (CH), 129.1 (2 x CH), 128.0 (CH),
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127.6 (CH), 126.4 (2 x CH), 124.6 (C), 123.7 (CH), 121.1 (C), 115.2 (CH2), 113.6 (CH),
82.5 (C), 54.9 (CHy), 47.9 (CHy), 37.2 (CH), 23.0 (CH3); HRMS (ESI) Exact mass
calculated for [C21H21N2]* [M+H]*: 301.1699, found 301.1696.

Me 1-[1-Benzyl-4-(2-methylallyl)-1,4-dihydroquinolin-3-yl]ethan-1-
o one (435m). The title compound was prepared according to General
Me  Procedure B, using azinium salt 433m (171 mg, 0.50 mmol) and allyl

N pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column

7 chromatography (5 to 15% EtOAc/n-pentane) to give a brown solid
(149 mg, 94%). R = 0.22 (20% EtOAc/petroleum ether); m.p. 83-84 °C (Et20); IR 2956,
1643 (C=0), 1594, 1567, 1358, 1222, 968, 887, 752, 693 cm™; 'H NMR (500 MHz,
CDCls) & 7.39 (1H, s, NCH=C), 7.38-7.34 (2H, m, ArH), 7.32-7.25 (3H, m, ArH), 7.13
(1H, dd, J = 7.5, 1.6 Hz, ArH), 7.04 (1H, td, J = 7.4, 1.2 Hz, ArH), 6.97 (1H, td, J = 7.4,
1.1 Hz, ArH), 6.75 (1H, dd, J = 8.2, 1.1 Hz, ArH), 4.99 (1H, d, J = 16.6 Hz, NCHaHb),
4.84 (1H, d, J = 16.6 Hz, NCHaHb), 4.68-4.66 (1H, m, CH.Hp=C), 4.34-4.29 (2H, m,
CHaHs=C and CH,CH), 2.26 (3H, s, O0=CCH3), 2.18 (2H, d, J = 6.3 Hz, CH.CH), 1.69
(3H, s, =CCH3); *C NMR (126 MHz, CDCl3) § 194.2 (C), 144.1 (CH), 143.1 (C), 137.5
(C), 136.4 (C), 130.0 (CH), 129.1 (2 x CH), 127.9 (CH), 127.5 (C), 126.8 (CH), 126.4 (2
x CH), 123.4 (CH), 114.4 (C), 113.6 (CH>), 113.2 (CH), 55.3 (CHy), 47.2 (CH>), 34.8
(CH), 24.6 (CHa), 22.9 (CH3); HRMS (ESI) Exact mass calculated for [C22H2aNO]*
[M+H]*: 318.1852, found 318.1853.

Me Ethyl 1-benzyl-4-(2-methylallyl)-1,4-dihydroquinoline-3-
carboxylate (435n). The title compound was prepared according to

oo General Procedure B, using azinium salt 433n (186 mg, 0.50 mmol)

| and allyl pinacolboronate 418a (137 mg, 0.75 mmol), and purified by
7 column chromatography (3% EtOAc/n-pentane) to give an off-white

solid (161 mg, 93%). R¢ = 0.35 (20% EtOAc/petroleum ether); m.p. 70-71 °C (Et.0); IR
2902, 1687 (C=0), 1623, 1572, 1468, 1180, 1139, 1076, 850, 769 cm™*; *H NMR (400
MHz, CDCls3) 6 7.52 (1H, s, NCH=C), 7.37-7.31 (2H, m, ArH), 7.29-7.23 (3H, m, ArH),
7.10 (1H, dd, J = 7.4, 1.6 Hz, ArH), 7.04-6.99 (1H, m, ArH), 6.97-6.92 (1H, m, ArH),

6.70 (1H, dd, J = 8.2, 1.1 Hz, ArH), 4.92 (1H, d, J = 16.8 Hz, NCHaHy), 4.80 (1H, d, J
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= 16.8 Hz, NCHaHb), 4.71-4.69 (1H, m, CHaHp=C), 4.39-4.37 (1H, m, CHzH,=C), 4.25-
4.18 (2H, m, OCHy), 4.13 (1H, dd, J = 7.1, 5.4 Hz, CH2CH), 2.29-2.19 (2H, m, CH,CH),
1.71 (3H, s, =CCH3), 1.31 (3H, t, J = 7.1 Hz, CH2CHj3); **C NMR (101 MHz, CDCls) §
167.7 (C), 142.8 (C), 142.6 (CH), 137.8 (C), 136.9 (C), 129.9 (CH), 129.0 (2 x CH),
127.7 (CH), 127.0 (C), 126.9 (CH), 126.4 (2 x CH), 123.0 (CH), 113.7 (CH>), 113.2
(CH), 102.5 (C), 59.7 (CH2), 55.1 (CHz), 48.0 (CH>), 35.9 (CH), 22.9 (CHs3), 14.7 (CH3);
HRMS (ESI) Exact mass calculated for [C2sH2sNNaO2]* [M+H]": 348.1958, found
348.1955.

Me 1-Benzyl-N-methoxy-N-methyl-4-(2-methylallyl)-1,4-
o dihydroquinoline-3-carboxamide (4350). The title compound
N was prepared according to General Procedure B, using azinium
| salt 4330 (194 mg, 0.50 mmol) and allyl pinacolboronate 418a
(137 mg, 0.75 mmol), and purified by column chromatography
(10 to 15% EtOAc/n-pentane) to give an off-white solid (152 mg, 84%). Rt = 0.48 (40%
EtOAc/petroleum ether); m.p. 127-128 °C (Et.0); IR 2971, 1630 (C=0), 1602, 1389,
1218, 1184, 971, 756, 729, 695 cm™; 'H NMR (500 MHz, CDCl3) § 7.52 (1H, s,
NCH=C), 7.36-7.32 (2H, m, ArH), 7.29-7.24 (3H, m, ArH), 7.10 (1H, dd, J=7.5, 1.6
Hz, ArH), 7.04 (1H, ddd, J = 8.1, 7.3, 1.6 Hz, ArH), 6.94 (1H, td, J = 7.4, 1.1 Hz, ArH),
6.74 (1H, dd, J = 8.2, 1.1 Hz, ArH), 4.91 (1H, d, J = 16.5 Hz, NCHaHb), 4.78 (1H, d, J
=16.5 Hz, NCHaHb), 4.70-4.68 (1H, m, CH.H,=C), 4.41-4.39 (1H, m, CH.H»=C), 4.29
(1H, dd, J=7.6, 5.8 Hz, CH>CH), 3.58 (3H, s, CH3), 3.25 (3H, s, CH3), 2.31 (1H, ddd,
J=12.8,5.8, 1.0 Hz, CH:H,CH), 2.16 (1H, ddd, J=12.8, 7.6, 0.8 Hz, CH:HyCH), 1.74
(3H, s, =CCHs3); *C NMR (126 MHz, CDCls) § 169.4 (C), 143.1 (C), 140.8 (CH), 138.1
(C), 137.1 (C), 129.7 (CH), 129.0 (2 x CH), 127.7 (CH), 126.9 (C), 126.7 (CH), 126.6 (2
x CH), 122.5 (CH), 113.5 (CHy), 112.6 (CH), 105.1 (C), 60.3 (CHz3), 54.7 (CH>), 47.9
(CH2), 36.9 (CH), 34.7 (CHs), 22.7 (CH3); HRMS (ESI) Exact mass calculated for
[C23H27N202]* [M+H]™: 363.2067, found 363.2064.

m 1,3-Dibenzyl-2-(2-methylallyl)-1,2-dihydroquinoline  (435p).
N ve The title compound was prepared according to General Procedure
|
Bn B, using azinium salt 433p (195 mg, 0.50 mmol) and allyl
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pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column chromatography
(0.5 to 1% EtOAc/n-pentane) to give a yellow oil (73.6 mg, 40%). Rs = 0.69 (10%
EtOAc/petroleum ether); IR 3026, 2912, 1644, 1597, 1493, 1451, 1273, 907, 728, 696
cmt; *H NMR (400 MHz, CDCls) & 7.30-7.16 (8H, m, ArH), 7.13-7.08 (2H, m, ArH),
7.04-6.96 (2H, m, ArH), 6.66 (1H, td, J = 7.4, 1.0 Hz, ArH), 6.55 (1H, d, J = 8.1 Hz,
ArH), 6.23 (1H, s, CH=CCHy), 4.82-4.79 (1H, m, CH.Hy,=C), 4.76-4.73 (1H, m,
CHaHv=C), 4.64 (1H, d, J = 15.7 Hz, NCH,Hb), 4.23 (1H, d, J = 15.7 Hz, NCHaHb), 3.87
(1H,t,J=6.5 Hz, CHCH,), 3.55 (1H, d, J = 15.3 Hz, CCHH:C), 3.35 (1H, dd, J = 15.3,
1.7 Hz, CCHaHC), 2.34 (1H, dd, J = 13.0, 6.8 Hz, CHCHaHp), 2.13 (1H, dd, J = 13.0,
6.2 Hz, CHCHaHy), 1.69 (3H, s, =CCHg); **C NMR (101 MHz, CDCls) § 142.9 (C),
142.6 (C), 139.1 (C), 138.2 (C), 137.4 (C), 129.2 (2 x CH), 128.5 (4 x CH), 128.2 (CH),
127.4 (2 x CH), 127.0 (CH), 126.7 (CH), 126.5 (CH), 123.8 (C), 122.4 (CH), 117.2 (CH),
114.1 (CHy), 112.6 (CH), 58.9 (CH), 53.7 (CH>), 41.9 (CH>), 40.7 (CHy), 22.7 (CH3);
HRMS (ESI) Exact mass calculated for [C27H2sN]" [M+H]": 366.2216, found 366.2218.

The regioisomeric structure of product 435p was assigned based on its HMBC 2D NMR
spectra. In the HMBC 2D NMR of product 435p, the benzyl methylene group at 53.7
ppm correlates with the signal at 3.87 ppm, while the benzyl methylene group at 41.9
ppm correlates with the signals at 3.87 ppm and 6.23 ppm. Only structure 435p is

compatible with this experimental data.

6.23 (1H, s

)
H Ph
‘\ 41.9
X Me

N
H

< 3.87 (1H, 1)
53.7 <,

Me 1-Methyl-4-(2-methylallyl)-3-nitro-1,4-dihydropyridine (437a). The
title compound was prepared according to a slight modification of

| General Procedure B (in that the reaction time was 40 h), using azinium
| salt 4339 (133 mg, 0.50 mmol) and allyl pinacolboronate 418a (137 mg,
0.75 mmol), and purified by column chromatography (5% EtOAc/n-

pentane) to give a red solid (56.3 mg, 58%). R = 0.29 (20% EtOAc/petroleum ether);
m.p. 71-72 °C (Et20); IR 3070, 2918, 1668, 1579 (NO), 1364 (NO>), 1248, 1192, 1076,
880, 739 cm™; 'H NMR (400 MHz, CDCls3) § 7.82 (1H, t, J = 1.2 Hz, NCH=C), 5.81
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(1H, dt, J=7.9, 1.2 Hz, NCH=CH), 5.19 (1H, dd, J = 7.9, 5.1 Hz, NCH=CH), 4.81-4.79
(1H, m, CHaHp=C), 4.66-4.63 (1H, m, CHaH,=C), 3.97-3.91 (1H, m, CH,CH), 3.16 (3H,
s, NCH3), 2.50-2.44 (1H, m, CHaH,CH), 2.13 (1H, dd, J = 13.1, 9.2 Hz, CH.H,CH), 1.76
(3H, s, =CCHs); 3C NMR (101 MHz, CDCl3) & 141.8 (C), 140.8 (CH), 127.1 (CH),
125.2 (C), 113.2 (CHy), 113.0 (CH), 44.5 (CH,), 41.7 (CHs), 31.9 (CH), 22.6 (CHa);
HRMS (ESI) Exact mass calculated for [CioH14N2NaO2]* [M+Na]*: 217.0947, found
217.0948.

Me 1-Butyl-4-(2-methylallyl)-3-nitro-1,4-dihydropyridine (437b).

Using azinium salt 433r: The title compound was prepared according to

|| a slight modification of General Procedure B (in that the reaction time was
by 40 h), using azinium salt 433r (131 mg, 0.50 mmol) and allyl

pinacolboronate 418a (137 mg, 0.75 mmol), and purified by column chromatography
(4% EtOAc/n-pentane) to give ared oil (98.7 mg, 84%).

Using azinium salt 433s: The title compound was prepared according to a slight

modification of General Procedure B (in that the reaction time was 40 h), using azinium
salt 433s (154 mg, 0.50 mmol) and allyl pinacolboronate 418a (137 mg, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give an orange oil (44.1
mg, 37%).

Rt = 0.46 (20% EtOAc/petroleum ether); IR 3072, 2930, 1667, 1584 (NO3), 1371 (NOy),
1259, 1183, 1017, 888, 734 cm™; *H NMR (400 MHz, CDCl3) 6 7.85 (1H, t, J = 1.2 Hz,
NCH=C), 5.85 (1H, dt, J = 7.9, 1.2 Hz, NCH=CH), 5.19 (1H, dd, J = 7.9, 5.1 Hz,
NCH=CH), 4.82-4.80 (1H, m, CHaHb=C), 4.66-4.64 (1H, m, CHaHp=C), 3.97 (1H, ddd,
J=8.7, 5.0, 3.5 Hz, CH,CH), 3.30 (2H, td, J = 7.0, 3.4 Hz, NCH?>), 2.45 (1H, dd, J =
13.1, 8.9 Hz, CH:H,CH), 2.17 (1H, dd, J = 13.1, 3.4 Hz, CH.H,CH), 1.77 (3H, s,
=CCHs), 1.65-1.57 (2H, m, CH2CH,CHj), 1.40-1.30 (2H, m, CH,CHj), 0.96 (3H, t, J =
7.3 Hz, CH2CH3); 3C NMR (101 MHz, CDCl3) § 141.9 (C), 140.3 (CH), 126.3 (CH),
125.0 (C), 113.3 (CHy), 113.1 (CH), 54.9 (CHy), 44.3 (CHy), 32.3 (CH), 32.0 (CH>), 22.7
(CHs), 19.6 (CH>), 13.7 (CHa3); HRMS (ESI) Exact mass calculated for [C1sH20N2NaO-]*
[M+Na]*: 259.1417, found 259.1416.

169



Me 4-(2-Methylallyl)-3-nitro-1-octyl-1,4-dihydropyridine (437c). The title
compound was prepared according to a slight modification of General

| "o Procedure B (in that the reaction time was 40 h), using azinium salt 433t
n_“.‘oCt (159 mg, 0.50 mmol) and allyl pinacolboronate 418a (137 mg, 0.75
mmol), and purified by column chromatography (2 to 3% EtOAc/n-

pentane) to give a red oil (118 mg, 81%). Rf = 0.55 (20% EtOAc/petroleum ether); IR
3073, 2925, 2855, 1667, 1585 (NO,), 1373 (NO,), 1259, 1189, 888, 730 cm™; 'H NMR
(400 MHz, CDCl3) & 7.84 (1H, t, J = 1.1 Hz, NCH=C), 5.84 (1H, dt, J = 8.0, 1.0 Hz,
NCH=CH), 5.19 (1H, dd, J = 7.8, 5.1 Hz, NCH=CH), 4.82-4.80 (1H, m, CHaH=C),
4.66-4.64 (1H, m, CH.H»=C), 3.97 (1H, ddd, J = 8.7, 5.0, 3.6 Hz, CH,CH), 3.35-3.23
(2H, m, NCHy), 2.45 (1H, dd, J = 13.0, 3.4 Hz, CHaHsCH), 2.16 (1H, dd, J = 13.0, 8.9
Hz, CHaH,CH), 1.76 (3H, s, =CCHa), 1.65-1.58 (2H, m, NCH2CH>), 1.34-1.22 (10H, m,
(CH2)sCHs), 0.90-0.86 (3H, m, CH2CHs); *C NMR (126 MHz, CDCls) § 141.9 (C),
140.3 (CH), 126.3 (CH), 125.0 (C), 113.3 (CH>), 113.1 (CH), 55.2 (CHy), 44.3 (CH,),
32.3 (CH), 31.8 (CHy), 29.9 (CH,), 29.23 (CH3>), 29.21 (CH2), 26.3 (CH>), 22.7 (CH; and
CHs), 14.2 (CH3); HRMS (ESI) Exact mass calculated for [Ci7H29N202]* [M+H]*:

293.2224, found 293.2221.

Me 4-(2-Methylallyl)-1-(naphthalen-2-ylmethyl)-3-nitro-1,4-
dihydropyridine (437d). The title compound was prepared

|| according to a slight modification of General Procedure B (in that the
reaction time was 40 h), using azinium salt 433u (173 mg, 0.50

mmol) and allyl pinacolboronate 418a (137 mg, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give

a red oil (139 mg, 87%). Rs = 0.36 (20% EtOAc/petroleum ether); IR 3066, 2916, 1999,
1765, 1509 (NO), 1369 (NO2), 1176, 1079, 889, 730 cm™*; *H NMR (400 MHz, CDCls)
6 8.03 (1H, t, J = 1.1 Hz, NCH=C), 7.90-7.82 (3H, m, ArH), 7.67 (1H, s, ArH), 7.56-
7.50 (2H, m, ArH), 7.31 (1H, dd, J = 8.4, 1.8 Hz, ArH), 5.91 (1H, dt, J = 7.9, 1.2 Hz,
NCH=CH), 5.19 (1H, dd, J = 7.9, 5.1 Hz, NCH=CH), 4.83-4.81 (1H, m, CHaHy=C),
4.67-4.65 (1H, m, CHaH,=C), 4.64 (2H, s, NCH>), 4.02 (1H, ddd, J = 8.7, 5.0, 3.5 Hz,
CH2CH), 2.47 (1H, dd, J = 13.1, 3.4 Hz, CHaHwCH), 2.23 (1H, dd, J = 13.1, 8.8 Hz,
CHaHbCH), 1.77 (3H, s, =CCHs); *C NMR (101 MHz, CDCls3) § 141.8 (C), 140.4 (CH),
133.4 (C), 133.3 (C), 132.7 (C), 129.4 (CH), 127.98 (CH), 127.96 (CH), 127.0 (CH),
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126.8 (CH), 126.7 (CH), 126.4 (CH), 125.9 (C), 124.7 (CH), 113.5 (CH>), 113.2 (CH),
58.7 (CHy), 44.4 (CH,), 32.4 (CH), 22.8 (CH3); HRMS (ESI) Exact mass calculated for
[C20H21N202]* [M+H]™: 321.1598, found 321.1595.

2-Allyl-1-benzyl-4-methyl-3-nitro-1,2-dihydropyridine (442) and 2-allyl-1-benzyl-
4-methyl-5-nitro-1,2-dihydropyridine (443)

Me Me Me
NO, LiOi-Pr (1.5 equiv) NO NO
X _ ; 2 2
| . /\/B(pm) (Me2S)AuCI (2.5 mol%) - | N . = |
N7 EtOAC/CH,Cl, (1:1)
N EI3® ~20°C,15h N S Z N
n
(1.5 equiv) Bn Bn
4332 414 442 43% 443 13%

The title compounds were prepared according to a slight modification of General
Procedure B (in that the reaction was left to stir for 1.5 h), using azinium salt 433z (155
mg, 0.50 mmol), and allyl pinacolboronate 418a (141 pL, 0.75 mmol), and purified by
column chromatography (5% to 15% EtOAc/n-pentane) to give allylated product 442 as
a red oil (57.9 mg, 43%), followed by allylated product 443 as a yellow oil (17.6 mg,
13%).

Data of major regioisomer 442: R¢ = 0.51 (20% EtOAc/petroleum ether); IR 2924, 1600
(NO), 1480, 1398, 1333 (NO,), 1258, 1160, 994, 917, 728 cm™; 'H NMR (400 MHz,
CDCl3) & 7.39-7.30 (3H, m, ArH), 7.23-7.19 (2H, m, ArH), 6.64 (1H, d, J = 6.3 Hz,
NCH=CH), 5.96-5.85 (1H, m, CH=CHy), 5.24 (1H, ddd, J = 6.6, 5.2, 1.3 Hz, NCHCH>),
5.13-5.06 (2H, m, CH=CHy), 4.90 (1H, d, J = 6.3 Hz, NCH=CH), 4.57 (1H, d, J = 15.0
Hz, NCHaHb), 4.50 (1H, d, J = 15.0 Hz, NCHaHb), 2.52-2.45 (1H, m, CHCHaHy), 2.44
(3H, s, CHa), 2.33-2.25 (1H, m, CHCH:aHp); *C NMR (101 MHz, CDCls) § 148.1 (C),
145.0 (CH), 135.4 (C), 133.7 (CH), 129.3 (2 x CH), 128.7 (CH), 127.8 (2 x CH), 123.1
(C), 118.8 (CH>), 101.0 (CH), 59.5 (CHz2), 57.4 (CH), 35.6 (CH>), 22.6 (CH3); HRMS
(ESI) Exact mass calculated for [C16H1sN2NaO-]* [M+Na]*: 293.1260, found 293.1256.

Data of minor regioisomer 443: R¢ = 0.45 (20% EtOAc/petroleum ether); IR 2967, 1643,
1575 (NO,), 1390, 1346 (NO,), 1274, 1168, 993, 816, 699 cm™; *H NMR (400 MHz,
CDCls) 6 8.28 (1H, s, NCH=C), 7.44-7.36 (3H, m, ArH), 7.29-7.25 (2H, m, ArH), 5.86-
5.76 (1H, m, CH2>=CH), 5.19-5.12 (2H, m, CH>=CH), 4.78 (1H, d, J = 4.9 Hz, NCHCH),
4.57-4.49 (2H, m, NCH>), 4.12-4.07 (1H, m, CH2CH), 2.46-2.37 (1H, m, CHaH,CH),
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2.29-2.23 (1H, m, CHaHbCH), 2.21 (3H, s, CH3); 3C NMR (101 MHz, CDCl3) 5 148.5
(CH), 134.0 (C), 132.2 (CH), 129.4 (2 x CH), 129.0 (CH and C), 128.0 (2 x CH), 124.8
(C), 119.6 (CH2), 112.2 (CH), 58.8 (CH>), 57.9 (CH), 39.1 (CH>), 21.4 (CH3); HRMS
(ESI) Exact mass calculated for [C16H1sN2NaO2]* [M+Na]*: 293.1260, found 293.1257.

3.5 Product Manipulations

(¥)-(3S,4R)-4-Allyl-1-benzyl-3-nitropiperidine (444)

= =
NO, WNO,
| | NaBH, (7.0 equiv)

l}l MeOH, 0 °C, 45 min l}l
Bn then Bn
SiO,, RT, 5h

409 444 72% 15:1 d.r.

To asolution of 1,4-dihydropyridine 409 (128 mg, 0.50 mmol) in MeOH (3 mL) at 0 °C
was added NaBH4 (132 mg, 3.50 mmol) portionwise. The resulting reaction mixture was
stirred at 0 °C for 45 min. The reaction was quenched with saturated aqueous NH4Cl
solution (10 mL) and extracted with CH2Cl2 (15 mL). The organic layer was washed with
saturated aqueous NH4ClI solution (10 mL), dried (MgSOQs.), filtered, and concentrated in
vacuo. The residue was dissolved in CH2Cl2 (10 mL) and SiO (10.0 g) was added. The
resulting suspension was concentrated in vacuo and left standing absorbed on SiO; at
room temperature for 5 h. CHCIs (75 mL) was added, and the slurry was stirred for an
additional 30 min. The slurry was filtered using EtOAc (50 mL) as the eluent and the
filtrate was concentrated in vacuo to give the title compound 444 as a 15:1 mixture of
inseparable diastereomers as a pale-yellow oil (93.2 mg, 72%). Rf = 0.31 (10%
EtOAc/petroleum ether); IR 2921, 2812, 1552 (NO3), 1453, 1357 (NO>), 1163, 983, 916,
735, 698 cmt; HRMS (ESI) Exact mass calculated for [C15H21N202]" [M+H]*: 261.1598,
found 261.1602.

NMR data of major diastereomer: *H NMR (400 MHz, CDCls) & 7.34-7.24 (5H, m,
ArH), 5.71 (1H, ddt, J = 17.0, 10.5, 7.1 Hz, CH,=CH), 5.09-5.03 (2H, m, CH>=), 4.41
(1H, td, J = 10.4, 4.1 Hz, CHNO:>), 3.59 (1H, d, J = 13.1 Hz, CHaiH,Ph), 3.51 (1H, d, J
=13.1 Hz, CHaHwPh), 3.24 (1H, ddd, J =10.4, 4.1, 1.7 Hz, NCH.H»CH), 2.89-2.84 (1H,
m, NCH:H,CH2), 2.43 (1H, t, J = 10.4 Hz, NCH.H,CH), 2.23-2.16 (1H, m,
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CH>=CHCHaHp), 2.12-2.03 (2H, m, NCH.HsCH2 and CHCHN), 2.02-1.94 (1H, m,
CH>=CHCH,Hy), 1.84 (1H, dqg, J = 13.8, 3.2 Hz, NCH2CH,CHb), 1.42-1.32 (1H, m,
NCH2CHaCHp); 3C NMR (101 MHz, CDCls) § 137.5 (C), 134.0 (CH), 129.1 (2 x CH),
128.53 (2 x CH), 127.5 (CH), 118.3 (CH.), 87.8 (CH), 62.5 (CH>), 56.6 (CH>), 52.6
(CHy), 39.1 (CH), 36.6 (CH>), 28.8 (CH>).

Characteristic NMR data of minor diastereomer: *H NMR (400 MHz, CDCls) & 4.61-
457 (1H, m, CHN), 2.77-2.70 (1H, m, NCHsHsCH), 2.60-2.54 (1H, m, NCHaHsCH,),
1.63 (1H, dg, J = 13.8, 4.6 Hz, NCH2CHaHb); *C NMR (101 MHz, CDCls) § 137.8 (C),
135.3 (CH), 128.8 (2 x CH), 128.47 (2 x CH), 127.4 (CH), 117.8 (CH>), 83.7 (CH), 26.8
(CH>).

The relative configuration of 444 was determined by *H NMR spectroscopy, on the basis
of the coupling constant of the a-proton adjacent to the nitro substituent at 4.41 ppm (2J
= 10.4 Hz). This coupling constant indicates a trans-diaxial relationship, allowing the

two bulky substituents to occupy the more favourable equatorial positions.

(+)-3-[(3S,4R)-1-Benzyl-3-nitropiperidin-4-yl]propan-1-ol (445)

HO
/
wNO2 9-BBN (3.0 equiv) wNO;
THF, 0°CtoRT, 24 h

N then N
| 3M NaOH, H,0, (30 wt.%) |

Bn
444 0°CtoRT, 1h 445 51% 19:1d.r.

To a solution of alkene 444 (26.0 mg, 0.10 mmol) in THF (0.5 mL) at 0 °C was added 9-
BBN (0.5 M in THF, 600 pL, 0.30 mmol). The resulting solution was warmed to room
temperature and stirred for 24 h. The reaction was cooled to 0 °C and 3 M aqueous NaOH
(0.3 mL) and H202 (30 wt.% in H20O, 0.5 mL) were added. The mixture was warmed to
room temperature and stirred for 1 h. The reaction was diluted with H.O (5 mL), extracted
with EtOAc (3 x 10 mL), and the combined organic layers were dried (MgSQs), filtered,
and concentrated in vacuo. Purification of the residue by column chromatography (10 to
30% EtOAc/n-pentane) gave the title compound 445 as a 19:1 mixture of inseparable
diastereomers as a colourless oil (14.3 mg, 51%). Rf = 0.21 (40% EtOAc/petroleum
ether); IR 3364 (OH), 2924, 2815, 1558 (NO.), 1344 (NO), 1173, 1055, 910, 734, 698
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cm; HRMS (ESI) Exact mass calculated for [CisH23N203]* [M+H]*: 279.1703, found
279.1701.

NMR data of major diastereomer: *H NMR (400 MHz, CDCl3) § 7.34-7.25 (5H, m,
ArH), 4.40 (1H, td, J=10.5, 4.0 Hz, CHNO>), 3.66-3.57 (3H, m, HOCH: and CHaH,Ph),
3.52 (1H, d, J = 13.1 Hz, CHaHuPh), 3.24 (1H, ddd, J = 10.5, 4.0, 1.7 Hz, NCHH,CH),
2.91-2.87 (1H, m, NCHaHsCH?>), 2.43 (1H, t, J = 10.5 Hz, NCHaHsCH), 2.10 (1H, td, J
= 11.8, 2.8 Hz, NCH.HyCH,), 2.05-1.96 (1H, m, CHCHN), 1.93-1.87 (1H, m,
NCH,CHaHy), 1.70-1.58 (2H, m, HOCH.CH.H, and HOCH,), 1.52-1.43 (2H, m,
HOCH2CHaH, and HOCH,CH>CHaHy), 1.38-1.28 (2H, m, HOCH>CH>CHiH, and
NCH,CHaHbp); **C NMR (101 MHz, CDCl3) § 137.5 (C), 129.1 (2 x CH), 128.6 (2 x
CH), 127.6 (CH), 88.6 (CH), 62.8 (CH>), 62.5 (CH>), 56.6 (CH>), 52.7 (CHz), 39.5 (CH),
29.1 (CH>), 29.0 (CHy), 28.5 (CHy).

Characteristic NMR data of minor diastereomer: *H NMR (400 MHz, CDCls) § 4.64-
4.59 (1H, m, CHN), 2.74-2.67 (1H, m, NCH,H,CH), 2.65-2.59 (1H, m, NCHaHsCH,).

Ethyl 1-benzyl-4-isobutyl-1,4,5,6-tetrahydropyridine-3-carboxylate (446)

Me Me
Me
CO,Et H, (1 atm) CO,Et
| | Pd/C (10 mol%)
_—

N MeOH, RT, 4 h N

| |

Bn Bn
435d 446 51%

To a solution of 1,4-dihydropyridine 435d (297 mg, 1.00 mmol) in MeOH (10 mL) was
added 10% Pd/C (106 mg, 0.10 mmol). The flask was sealed, evacuated, and backfilled
with hydrogen (3 cycles) and the solution was stirred at room temperature for 4 h. The
reaction was filtered and concentrated in vacuo. Purification of the residue by column
chromatography (1 to 3% EtOAc/n-pentane) gave the title compound 446 as a yellow oil
(154 mg, 51%). Rt = 0.34 (10% EtOAc/petroleum ether); IR 2952, 2867, 1674 (C=0),
1599, 1361, 1263, 1193, 1148, 729, 697 cm™; *H NMR (500 MHz, CDCls) § 7.54 (1H,
s, NCH=C), 7.37-7.33 (2H, m, ArH), 7.31-7.28 (1H, m, ArH), 7.22-7.19 (2H, m, ArH),
4.33 (1H, d, J = 15.3 Hz, CHaHwPh), 4.29 (1H, d, J = 15.3 Hz, CHaH,Ph), 4.21-4.08 (2H,
m, OCH), 3.01 (1H, td, J = 12.7, 3.7 Hz, NCH.H,CH,), 2.92-2.88 (1H, m,
NCHaiHwCH>), 2.71 (1H, dtt, J = 9.3, 4.6, 1.5 Hz, CHC=C), 1.73 (1H, ddt, J = 13.3, 3.9,
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2.2 Hz, NCH2CHgHp), 1.67-1.56 (2H, m, NCH2CHaHy and (CH3).CH), 1.34 (1H, dddd,
J=13.6,9.4, 4.2, 0.9 Hz, (CH3)2CHCHaHs), 1.27 (3H, t, J = 7.1 Hz, CH.CH3), 1.06 (1H,
dddd, J = 14.0, 9.7, 4.7, 0.9 Hz, (CH3)2CHCHaHb), 0.94 (3H, d, J = 6.5 Hz, (CH3)2CH),
0.89 (3H, d, J = 6.5 Hz, (CH3)2CH); 3C NMR (126 MHz, CDCls) & 168.9 (C), 145.7
(CH), 137.3 (C), 128.9 (2 x CH), 127.9 (CH), 127.5 (2 x CH), 100.1 (C), 59.9 (CH,),
59.0 (CHy), 45.4 (CH2), 41.4 (CHy), 27.0 (CH), 25.1 (CH), 24.5 (CH>), 24.1 (CH3), 21.9
(CHs), 14.8 (CHs); HRMS (ESI) Exact mass calculated for [C19H27NNaO2]" [M+Na]™:
324.1934, found 324.1927.

Ethyl 1-benzyl-4-isobutylpiperidine-3-carboxylate (447)
Me Me

Me Me

CO,Et CO,Et

NaBH;CN (1.2 equiv)

B — e

N MeOH/AcOH (2:1) N
| RT, 3h |
Bn Bn

446 447 94%, 1.1:1d.r.

A flask was charged with tetrahydropyridine 446 (30.1 mg, 0.10 mmol), purged with
argon for 30 min, followed by the addition of AcOH (0.5 mL). A solution of NaBH3CN
(7.5 mg, 0.12 mmol) in MeOH (1 mL) was added and the resulting solution was stirred
at room temperature for 3 h. The reaction was diluted with Et,O (5 mL) and extracted
with 1 M aqueous HCI solution (3 x 5 mL). The combined aqueous layers were
neutralised with saturated aqueous NaHCO3 solution (20 mL), extracted with EtOAc (3
x 10 mL), dried (MgSQg), filtered, and concentrated in vacuo to give the title compound
447 as a 1.1:1 mixture of inseparable diastereomers as a yellow oil (28.3 mg, 93%). IR
2953, 2928, 2804, 1642 (C=0), 1494, 1367, 1144, 1029, 733, 697 cm’; HRMS (ESI)
Exact mass calculated for [C19H30NO2]* [M+H]": 304.2271, found 304.2276.

NMR data of major diastereomer: *H NMR (400 MHz, CDCls) & 7.32-7.21 (5H, m,
ArH), 4.11 (2H, qd, J = 7.1, 2.1 Hz, OCHy), 3.50 (2H, s, NCH2C), 2.96 (1H, ddd, J =
10.9, 3.8, 1.8 Hz, NCHaH,CH), 2.86 (1H, dd, J = 12.2, 3.9 Hz, NCH:H,CH>), 2.32 (1H,
td, J = 10.7, 3.8 Hz, CHC=0), 2.12 (1H, t, J = 10.9 Hz, NCH.H,CH), 2.01 (1H, td, J =
11.7, 2.8 Hz, NCHiHyCH), 1.87-1.76 (1H, m, NCH2CHaHs), 1.68-1.52 (2H, m,
CHCHC=0 and (CHs).CH), 1.26-1.17 (4H, m, CH>,CH3; and NCH>CHaHs), 1.11-1.07
(2H, m, CH,CHCHC=0), 0.89-0.81 (6H, m, (CH3).CH). **C NMR (101 MHz, CDCls)
8 174.5 (C), 138.4 (C), 129.3 (2 x CH), 128.33 (2 x CH), 127.1 (CH), 63.1 (CH>), 60.3
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(CHy), 56.1 (CHy), 53.5 (CH>), 49.8 (CH), 43.8 (CH>), 35.6 (CH), 30.4 (CH,), 24.8 (CH),
24.2 (CHs), 21.5 (CHs), 14.4 (CHs).

Characteristic NMR data of minor diastereomer: *H NMR (400 MHz, CDCls) & 3.58
(1H, d, J = 13.3 Hz, NCHaH,C), 3.42 (1H, d, J = 13.3 Hz, NCHsHC), 2.53-2.44 (1H, m,
NCHaH,CH2), 1.91-1.83 (1H, m, NCH2CH,Hp); *C NMR (101 MHz, CDCls) & 173.5
(C), 138.8 (C), 129.1 (2 x CH), 128.25 (2 x CH), 127.0 (CH), 63.3 (CH5), 60.0 (CH>),
28.5 (CHy), 25.5 (CH), 23.5 (CH3), 22.3 (CHs3).

3.6 Allylation using Enantiopure Allyl Pinacolboronate 453

NO, CO,i-Pr LiOi-Pr (1.5 equiv) NO,
| X o (Me,S)AuCI (2.5 mol%) | |
+ L Duncoyi-pr >
Ng P B<g 2 EtOAC/CH,Cl, (1:1) N
o | -20°C,15h I
Br Bn Bn
408 453 (1.5 equiv) 409 88%, 0% ee

An oven-dried microwave vial fitted with a stirrer bar was charged with azinium salt 408
(29.5 mg, 0.10 mmol), (Me2S)AuCl (0.74 mg, 0.0025 mmol) and LiOi-Pr (9.9 mg, 0.15
mmol). The vial was sealed with a septum-lined cap and EtOAc/CH,CI; (1:1) (0.6 mL)
(both of which were undried, obtained from commercial vendors and used without further
purification) was added. The mixture was stirred at —20 °C for 5 min and a solution of
allyl pinacolboronate 453 (contaminated with 32% (+)-diisopropyl L-tartrate, which is
consistent with previously reported literature)?®* (56.2 mg, 0.15 mmol) in 0.4 mL of
EtOACc/CH2Cl, (1:1) was added dropwise. The resulting solution was stirred at —20 °C
for 1.5 h. The reaction was warmed to room temperature and then passed through a plug
of silica (4 cm in height and 1 cm wide) using Et,O (20 mL) as the eluent and the filtrate
was concentrated in vacuo. 1,3,5-Trimethoxybenzene was added as an internal standard,
and the crude material was analyzed by *H NMR spectroscopy (88% yield). Enantiomeric
excess was determined by HPLC using a Chiralcel IC column (80:20 iso-hexane:i-PrOH,
1.0 mL/min, 210 nm, 25 °C): t, = 27.2 and 34.5 min, 0% ee.
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HPLC trace using 414 HPLC trace using 453

DAD1 B, Sig=210.4 Ref=360,100 DAD! B, Sig=210,4 Ref=360,100
3 0

o) 35 =2
£ 3 £

25

20

15

10

5 . S

o 0

25255 26 26.5 27 27.5 28 28.5 20 20.5 30 30.5 31 31.5 32 32.5 33 33.5 34 34.5 35 26265 27 27.5 28 28.5 20 205 30 30.5 31 31.5 32 32.5 33 33.5 34 34.5 35 355 36
Time [min] Time [min]
Signal:  DAD1 B, Sig=210,4 Ref=360,100 Signal:  DAD1 B, Sig=210,4 Ref=360,100
RT[min] Type Width[min] Area Height Area RT [mir Type Width [min] Area Height Ar
26.379 BB 04948 1912.465 58.2828 50.77 27.239 vB 0.4640 3567.040 103.0003 50.28
33.190 BB 0.5953 1854.317 45.1389 49.23 34.536 w 0.5381 3527.187 79.1174 49.712
=
CO,i-Pr i~ .
CN 2 LiOi-Pr (1.5 equiv) CN
| X o (Me,S)AuCI (2.5 mol%)
+ | "GO e | |
i-Pr
N(/B /\/B\O 2 EtOAc/CH,Cl, (1:1) N
o | -20°C,20h |
Br Bn Bn
433a 453 (1.5 equiv) 423a 52%, 0% ee

An oven-dried microwave vial fitted with a stirrer bar was charged with azinium salt
433a (29.5 mg, 0.10 mmol), (Me2S)AuClI (0.74 mg, 0.0025 mmol) and LiOi-Pr (9.9 mg,
0.15 mmol). The vial was sealed with a septum-lined cap and EtOAc/CHCI; (1:1) (0.6
mL) (both of which were undried, obtained from commercial vendors and used without
further purification) was added. The mixture was stirred at —20 °C for 5 min and a
solution of allyl pinacolboronate 453 (contaminated with 32% (+)-diisopropyl L-tartrate,
which is consistent with previously reported literature)?®* (56.2 mg, 0.15 mmol) in 0.4
mL of EtOAc/CH2Cl (1:1) was added dropwise. The resulting solution was stirred at —
20 °C for 20 h. The reaction was warmed to room temperature and then passed through
a plug of silica (4 cm in height and 1 cm wide) using Et.O (20 mL) as the eluent and the
filtrate was concentrated in vacuo. 1,3,5-Trimethoxybenzene was added as an internal
standard, and the crude material was analyzed by *H NMR spectroscopy (52% yield).
Enantiomeric excess was determined by HPLC using a Chiralcel 1C column (90:10 iso-
hexane:i-PrOH, 1.0 mL/min, 230 nm, 25 °C): t; = 19.3 and 20.2 min, 0% ee.
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HPLC trace using 414 HPLC trace using 453

DADI D, Sig=230,4 Ref=360,100 N : DAD1 D, Sig=230,4 Ref=360,100
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mAU
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mAU

Signal:  DAD1 D, Sig=230,4 Ref=360,100

RT [min] Type Width[min] Area Height Area%
19220 BV 03444 1451283 65.5285 4974
20111 vB 0.3539 1466.676 62.4817 50.26

Signal DAD1 D, Sig=230,4 Ref=360,100
RT[min] Type Width[min] Area Height Area?

19.324 BV 0.3475 2160.957 97.1660 49.83
20.222 vB 0.3595 2175.803 92.1442 50.17

3.7 Deuterium Labelling Studies

4-(Allyl-1,1-d2)-1-benzyl-3-nitro-1,4-dihydropyridine ([D]>-455) and 4-(allyl-3,3-
d2)-1-benzyl-3-nitro-1,4-dihydropyridine ([D]2-456).

NO, LiOi-Pr (1.5 equiv)
| A B(pin) (Me,S)AuCI (2.5 mol%)
2 7K
r}l@ 7 b EtOAC/CH,Cl, (1:1)
Br~ Bn (1.5 equiv) -20°C,20h Bn Bn
408 [D],-414 [D],-455 [D],-456

76% (2:1 inseparable mixture)

An oven-dried microwave vial fitted with a stirrer bar was charged with azinium salt 408
(29.5 mg, 0.10 mmol), (Me2S)AuCl (0.74 mg, 0.0025 mmol) and LiOi-Pr (9.9 mg, 0.15
mmol). The vial was sealed with a septum-lined cap and EtOAc/CH,CI; (1:1) (0.6 mL)
(both of which were undried, obtained from commercial vendors and used without further
purification) was added. The mixture was stirred at —20 °C for 5 min and a solution of
dideuterated allyl pinacolboronate [D].-414 (contaminated with 15% vinylboronic acid
pinacol ester, which is consistent with previously reported literature)?°227:218 (29,3 mg,
0.15 mmol) in 0.4 mL of EtOAc/CHClI> (1:1) was added dropwise. The resulting solution
was stirred at —20 °C for 20 h. The reaction was warmed to room temperature and then
passed through a plug of silica (4 cm in height and 1 cm wide) using Et20 (20 mL) as the
eluent and the filtrate was concentrated in vacuo. Purification of the residue by column
chromatography (5% EtOAc/n-pentane) gave a 2:1 mixture of allylated products [D]e-
455 and [D]2-456 as a red oil (19.6 mg, 76%). Rs = 0.40 (20% EtOAc/petroleum ether);
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IR 2925, 1667, 1585 (NO2), 1356 (NO,), 1264, 1173, 1076, 915, 730, 698 cm®; 1H NMR
(400 MHz, CDCls) & 7.96 (1H, t, J = 1.1 Hz, NCH=C), 7.42-7.33 (3H, m, ArH), 7.24-
7.20 (2H, m, ArH), 5.89 (1H, dt, J = 7.9, 1.2 Hz, NCH=CH), 5.73 (1H, dd, J = 16.9, 10.2
Hz, CH,=CH of [D]-455 and CD,=CH of [D],-456), 5.13 (1H, dd, J = 7.9, 5.1 Hz,
NCH=CH), 5.07-5.00 (1.33H, m, CH,=CH of [D].-455), 4.47 (2H, s, NCH), 3.99-3.95
(1H, m, CHCHC), 2.45 (0.33H, ddd, J = 13.7, 8.3, 6.6 Hz, CHaHsCH of [D].-456), 2.26
(0.33H, ddd, J = 13.7, 6.6, 3.4 Hz, CHaHyCH of [D]2-456); 2H NMR (77 MHz, CHCl3)
§5.13-5.01 (2D, m, CD,=C of [D],-456), 2.44 (1D, s, CDDvCH of [D]>-455), 2.25 (1D,
s, CD.DyCH of [D]2-455); 3C NMR (101 MHz, CDCls) § 140.7 (CH), 135.3 (C), 134.3
(CH), 134.2 (CH), 129.3 (2 x CH), 128.7 (CH), 127.5 (2 x CH), 127.1 (CH), 125.0 (C),
118.2 (CHy), 112.8 (CH), 58.5 (CH>), 39.3 (CH>) 33.7 (CH), 33.6 (CH); HRMS (ESI)
Exact mass calculated for [C15H1sD2N202]" [M+H]*: 259.1410, found 259.1409.

3.8 TEMPO Studies

/
"o NO
| S ’ LiOi-Pr (1.5 equiv) B 2
~ B(pin (Me,S)AUCI (2.5 mol%)
N ® + /\/ (pin) : ) .
! TEMPO (1.0 equiv) \
B on EtOAC/CH,Cl, (1:1) Bn
408 414 (1.5 equiv) ~20°C, 15 h 409

TEMPO (0.5 equiv) 90%
TEMPO (1.0 equiv) 88%

An oven-dried flask equipped with a stirrer bar was charged with azinium salt 408 (29.5
mg, 0.10 mmol), (Me2S)AuCI (0.74 mg, 0.0025 mmol), TEMPO [7.8 mg, 0.05 mmol
(0.5 equiv) or 15.6 mg, 0.10 mmol (1.0 equiv)] and LiO-iPr (9.9 mg, 0.15 mmol). The
vial was sealed and EtOAc/CH2Cl; (1:1) (0.6 mL) (both of which were undried, obtained
from commercial vendors and used without further purification) was added. The mixture
was stirred at —20 °C for 5 min and a solution of the allyl pinacolboronate 414 (28.1 pL,
0.15mmol) in 0.4 mL of EtOAc/CHClI> (1:1) was added dropwise. The resulting solution
was stirred at —20 °C for 1.5 h. The reaction was warmed to room temperature and then
passed through a plug of silica (4 cm in height and 1 cm wide) using Et2O (20 mL) as the
eluent and the filtrate was concentrated in vacuo. 1,3,5-Trimethoxybenzene was added
as an internal standard, and the crude material was analysed by *H NMR spectroscopy
[90% yield using TEMPO (0.5 equiv) and 88% using TEMPO (1.0 equiv)].
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3.9 'H NMR and "B NMR Studies

LiOi-Pr (1.0 equiv)
(Me,S)AuUCI (1.0 equiv)

DMSO-d6, RT
ca. 55% conversion

/\/B(Piﬂ)
414 (1.0 equiv)

/\/AU(SMG)Z + HOB(pin)
458 1:1 mixture

To an NMR tube was added a solution of (Me2S)AuCI (29.5 mg, 0.10 mmol) and LiOi-
Pr (6.6 mg, 0.10 mmol) in DMSO-d6 (0.5 mL). Allyl pinacolboronate 414 (18.8 uL, 0.10
mmol) was added and the mixture was analysed by *H and !B NMR spectroscopy.

NMR data for 458: *H NMR (400 MHz, DMSO-d6) 6 5.81-5.71 (1H, m, =CH), 5.04-
4.98 (1H, m, CHaHb=), 4.97-4.92 (1H, m, CHaHp=), 2.11-2.08 (2H, m, CH2AuU), 2.03
(6H, s, S(CH3)>).

NMR data for HOB(pin): 'H NMR (400 MHz, DMSO-d6)  7.99 (1H, s, OH), 1.14 (12H,
s, 2 x C(CHs3)2); 'B NMR (DMSO-d6, 128 MHz) § 22.2. Data consistent with previously

reported literature.?*°

3.10 Uncatalysed Nucleophilic Allylation of Azinium lons

Using potassium allyltrifluoroborate:

/
NO, NO, NO
| X THF/MeOH (4:1) ] | = | 2
+ BF,K ——————————— > +
N N8 50 °C, 18 h N N
® o ) |
I|3n Br (1.5 equiv) Bn én
408 409 19% 410 26%

An oven-dried microwave vial fitted with a stirrer bar was charged with azinium salt 408
(148 mg, 0.50 mmol) and potassium allyltrifluoroborate (111 mg, 0.75 mmol). The vial
was sealed with a septum-lined cap and purged with argon for 30 min. THF (4.0 mL) and
MeOH (1.0 mL), both of which were freshly degassed separately (purging with argon for
30 min) were added. The mixture was stirred at 50 °C for 18 h. The reaction was cooled
to room temperature and then passed through a plug of silica (8 cm in height and 2 cm
wide) using Et.O (40 mL) as the eluent and the filtrate was concentrated in vacuo. The

residue was purified by column chromatography (5% to 20% EtOAc/n-pentane) to give
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allylated product 409 as a red oil (23.9 mg, 19%) followed by allylated product 410 (32.9
mg, 26%) as a yellow oil. Data for 409 and 410: see above (page 147).

Using allyltributylstannane:

+ SnBu /Ej/
B S I w

én@ r@ (0.9 equiv)
408 409 410

56% NMR yield (409:410 = 2:1)

An oven-dried microwave vial fitted with a stirrer bar was charged with azinium salt 408
(32.5 mg, 0.11 mmol). The vial was sealed with a septum-lined cap and purged with
argon for 30 min. Freshly degassed (purging with argon for 30 min) CH2Cl, (1.0 mL)
was added, followed by the dropwise addition of allyltributylstannane (31.0 pL, 0.10
mmol) at 0 °C. The mixture was stirred at room temperature for 3 h. The reaction was
passed through a plug of silica (4 cm in height and 1 cm wide) using Et2O (20 mL) as the
eluent and the filtrate was concentrated in vacuo. 1,3,5-Trimethoxybenzene was added
as an internal standard, and the crude material was analysed by *H NMR spectroscopy
(56% yield as a 2:1 mixture of 409:410).

Using allylindium bromide:

/
. NO, _ NO,
In (2.0 equiv) | | | |
+ Br —_— +
s DMF, RT, 20 h N N
|

InG) Bre (3.0 equiv) Bn I|3n
408 409 410

43% NMR vyield (409:410 =1.3:1)

An oven-dried microwave vial fitted with a stirrer bar was charged with indium (23.0
mg, 0.20 mmol). The vial was sealed with a septum-lined cap and purged with argon for
30 min. A solution of allyl bromide (26.0 uL, 0.30 mmol) in freshly degassed (purging
with argon for 30 min) DMF (0.5 mL) was added dropwise. The mixture was stirred at
room temperature for 4 h. To a separate oven-dried microwave vial fitted with a stirrer

bar was added azinium salt 408 (29.5 mg, 0.10 mmol). The vial was sealed with a septum-
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lined cap and purged with argon for 30 min. Freshly degassed (purging with argon for 30
min) DMF (0.5 mL) was added, followed by the dropwise addition of the allyl indium
solution (see above). The mixture was stirred at room temperature for 16 h. The reaction
was passed through a plug of silica (4 cm in height and 1 cm wide) using Et2O (20 mL)
as the eluent and the filtrate was concentrated in vacuo. 1,3,5-Trimethoxybenzene was
added as an internal standard, and the crude material was analysed by H NMR
spectroscopy (43% yield as a 1.3:1 mixture of 409:410).

3.11 Other Gold-Catalysed Nucleophilic Additions to Azinium lons

1-Benzyl-3-nitro-4-(propa-1,2-dien-1-yl)-1,4-dihydropyridine  (473), 1-benzyl-3-
nitro-4-(prop-2-yn-1-yl)-1,4-dihydropyridine (474) and 1-benzyl-5-nitro-2-(propa-
1,2-dien-1-yl)-1,2-dihydropyridine (475)

NO LiOi-Pr (1.5 equiv)
X 2 0
| N (Me,S)AuCI (2.5 mom
0 TN
o rlu@ . B(pin)  EtOAC/CH,Cl, (1:1)

(1.5 equiv)
Br™ g 472 -20°C,20 h

473 59% 474 359% 475

(1:1 inseparable mixture)

The title compounds were prepared according to General Procedure B using azinium salt
408 (148 mg, 0.50 mmol), and allenyl pinacolboronate 472 (135 uL, 0.75 mmol), and
purified by column chromatography (5% to 10% EtOAc/n-pentane) to give allenylated
product 473 as a red oil (74.9 mg, 59%), followed by propargylated product 474 and

allenylated product 475 as an orange oil as a 1:1 inseparable mixture (45.1 mg, 35%).

Data of major regioisomer 473: R = 0.34 (20% EtOAc/petroleum ether); IR 3064, 2923,
1666, 1584 (NO,), 1476, 1396 (NO,), 1265, 1173, 1079, 840, 728 cm™*; *H NMR (500
MHz, CDClz) 6 7.93 (1H, d, J = 1.6 Hz, NCH=C), 7.41-7.33 (3H, m, ArH), 7.23-7.20
(2H, m, ArH), 5.93 (1H, dt, J = 7.8, 1.3 Hz, NCH=CH), 5.47-5.43 (1H, m, CHCH=C),
5.18 (1H, dd, J = 7.8, 5.0 Hz, NCH=CH), 4.80 (2H, qdd, J = 10.6, 6.6, 2.2 Hz, CH>=),
4.51 (2H, s, NCHy), 4.44-4.40 (1H, m, CHCH=C); 13C NMR (126 MHz, CDCl3) § 209.5
(C), 139.3 (CH), 135.3 (C), 129.3 (2 x CH), 128.7 (CH), 127.3 (2 x CH), 126.7 (CH),
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125.1 (C), 111.4 (CH), 93.8 (CH), 78.4 (CH2), 58.5 (CH2), 32.9 (CH); HRMS (ESI) Exact
mass calculated for [C1sH14N2NaO2]" [M+Na]*: 277.0947, found 277.0947.

Data of minor regioisomers 474 and 475 as a 1:1 inseparable mixture: Rf = 0.29 (20%
EtOAc/petroleum ether); IR 3063, 2922, 1670, 1575 (NO2), 1454, 1396 (NO.), 1270,
1173, 1083, 853, 726 cm™*; HRMS (ESI) Exact mass calculated for [CisH1sN2NaO;]*
[M+Na]": 277.0947, found 277.0948.

NMR data of regioisomer 474: *H NMR (500 MHz, CDCls) § 8.02 (1H, d, J = 1.2 Hz,
NCH=C), 7.43-7.33 (3H, m, ArH), 7.29-7.24 (2H, m, ArH), 6.00 (1H, dt, J=7.8, 1.3
Hz, NCH=CH), 5.24 (1H, dd, J = 7.8, 4.9 Hz, NCH=CH), 4.50 (2H, s, NCH,), 4.07-4.04
(1H, m, CH.CH), 2.68 (1H, ddd, J = 16.8, 6.3, 2.7 Hz, CH:H,CH), 2.39 (1H, dt, J = 16.8,
3.0 Hz, CHaHbCH), 1.83 (1H, t, J = 2.7 Hz, CH=); 3C NMR (126 MHz, CDCls) § 141.0
(CH), 135.0 (C), 129.2 (2 x CH), 129.1 (CH), 127.9 (CH), 127.6 (2 x CH), 123.0 (C),
111.7 (CH), 81.4 (C), 70.2 (CH), 58.6 (CH>), 33.4 (CH), 25.2 (CH>).

Characteristic NMR data of regioisomer 475: *H NMR (500 MHz, CDCls) & 8.13 (1H,
d, J=1.7 Hz, NCH=C), 6.79 (1H, dd, J = 10.1, 2.0 Hz, CHCH=CH), 5.19 (1H, dt, J =
8.0, 6.5 Hz, C=CHCH), 5.09 (1H, dd, J = 10.2, 4.7 Hz, CHCH=CH), 4.96-4.92 (2H, m,
CH,=), 4.65-4.61 (1H, m, CHCHN): 4.59 (1H, d, J = 14.7 Hz, NCH.Hb), 4.48 (1H, d, J
= 14.8 Hz, NCHaHb); 3C NMR (126 MHz, CDCls) 6 208.0 (C), 145.8 (CH), 133.5 (C),
129.4 (2 x CH), 128.7 (CH), 128.4 (2 x CH), 123.9 (C), 118.5 (CH), 113.3 (CH), 89.4
(CH), 78.0 (CH2), 58.5 (CHz), 58.0 (CH).

™S 1-Benzyl-3-nitro-4-[3-(trimethylsilyl)prop-2-yn-1-yl]-1,4-
dihydropyridine (484). The title compound was prepared according

| to General Procedure B, using azinium salt 408 (148 mg, 0.50 mmol)

| and propargyl pinacolboronate 477 (179 mg, 0.75 mmol), and
purified by column chromatography (5% EtOAc/n-pentane) to give

a red solid (155 mg, 95%). Rs = 0.46 (20% EtOAc/petroleum ether); m.p. 93-94 °C
(Et20); IR 2962, 1688, 1584 (NO>), 1447, 1339 (NO>), 1269, 1174, 1083, 837, 677 cm’
114 NMR (400 MHz, CDCl3) § 7.99 (1H, d, J = 0.9 Hz, NCH=C), 7.42-7.34 (3H, m,
ArH), 7.24-7.21 (2H, m, ArH), 5.96 (1H, dt, J = 8.0, 1.3 Hz, NCH=CH), 5.32 (1H, dd, J
= 8.0, 4.9 Hz, NCH=CH), 4.51 (1H, d, J = 15.3 Hz, NCHaH), 4.46 (1H, d, J = 15.3 Hz,
NCHaiHy), 4.07-4.02 (1H, m, CH.CH), 2.60-2.57 (2H, m, CH.CH), 0.14 (9H, s,

183



Si(CHa)3); *C NMR (101 MHz, CDCls) § 140.7 (CH), 135.0 (C), 129.4 (2 x CH), 128.8
(CH), 127.6 (2 x CH), 127.4 (CH), 124.5 (C), 112.1 (CH), 103.9 (C), 87.0 (C), 58.5
(CH»), 33.8 (CH), 26.8 (CH2), 0.3 (3 x CH3); HRMS (ESI) Exact mass calculated for
[C1sH23N202Si]* [M+H]*: 327.1523, found 327.1525.

The regioisomeric configuration of 484 was determined by HMBC NMR spectroscopy.
In the HMBC NMR spectra of product 484, the benzyl methylene group at 58.5 ppm
correlates with the signals at 7.99 ppm and 5.96 ppm. Only structure 484 is compatible
with this experimental data.

TMS
A

NO,

5.96(1H,dt)H\N‘/H7.99(1H,d)
58.5{ j

™S Ethyl 1-benzyl-4-[3-(trimethylsilyl)prop-2-yn-1-yl]-1,4-
dihydropyridine-3-carboxylate (488a). The title compound was
| prepared according to General Procedure B, using azinium salt
| 433d (161 mg, 0.50 mmol) and propargyl pinacolboronate 477
(179 mg, 0.75 mmol), and purified by column chromatography (1
to 3% EtOAc/n-pentane) to give a brown oil (153 mg, 87%). Rt = 0.69 (20%
EtOAc/petroleum ether); IR 2958, 1679 (C=0), 1589, 1400, 1282, 1204, 1162, 1075,
838, 729 cm™*; 'H NMR (500 MHz, CDCls) § 7.38-7.34 (2H, m, ArH), 7.32-7.28 (1H,
m, ArH), 7.27 (1H, d, J = 1.7 Hz, NCH=C), 7.22-7.19 (2H, m, ArH), 5.90-5.87 (1H, m,
NCH=CH), 5.03 (1H, dd, J = 7.9, 4.8 Hz, NCH=CH), 4.37 (2H, s, NCH>), 4.16 (2H, qd,
J=7.1,24Hz OCHy), 3.61 (1H, dt, J = 8.4, 4.2 Hz, CH>CH), 2.48 (1H, dd, J = 16.5,
3.8 Hz, CHiH,CH), 2.33 (1H, dd, J = 16.5, 8.4 Hz, CH.H,CH), 1.26 (3H, t, J = 7.1 Hz,
CHs), 0.15 (9H, s, Si(CHs3)s); 3C NMR (126 MHz, CDCls) § 168.1 (C), 141.9 (CH),
137.1 (C), 129.0 (2 x CH), 128.4 (CH), 128.0 (CH), 127.2 (2 x CH), 107.2 (CH), 105.6
(C), 100.7 (C), 86.0 (C), 59.6 (CH2), 57.7 (CH>), 32.2 (CH), 29.5 (CH2), 14.7 (CHs), 0.4
(3 x CH3); HRMS (ESI) Exact mass calculated for [C21H2sNO2Si]" [M+H]*: 354.1884,
found 354.1885.
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3.12 Synthesis of Gold Complexes

1,2-Bis(diphenylphosphaneyl)ethane-(AuCl) (415)

Ph
Ph (Me,S)AuCI (1.0 equiv) | AuCl
Ph P é R T
SN CH,Cl,, RT, 2 h oA Ph
I 22 mh Ph 415

Ph

(0.5 equiv)
S11

An oven-dried microwave vial fitted with a stirrer bar was charged with (Me>S)AuCl
(20.0 mg, 0.068 mmol) and bis-phosphine ligand S11 (13.5 mg, 0.034 mmol). CH.Cl (2
mL) was added, and the resulting mixture was stirred at room temperature for 2 h. The
mixture was concentrated in vacuo and dried under a vacuum for 1 h to give the titled
compound 415 (58.2 mg, 99%) as an off-white solid. *H NMR (500 MHz, CDCls) & 7.66-
7.63 (8H, m, ArH), 7.57-7.54 (4H, m, ArH), 7.51-7.48 (8H, m, ArH), 2.64 (4H, s, 2 x
CH>); 3P NMR (202 MHz, CDCls) & 31.9; HRMS (ESI) Exact mass calculated for
[CosH22AU2Cl2NaP2]" [M+Na]™: 884.9954, found 884.9986. Data consistent with

previously reported literature 2%

N,N-Bis[(S)-1-phenylethyl]dinaphtho[2,1-d:1",2'-f][1,3,2]]dioxaphosphepin-4-
amine-AuCl (416)

9® ey ® "
SN Ph (Me,S)AuCI (1.0 equiv) o Ph

~

e
0 >....ph CH,Cl,, RT, 2h 0 Au0,>....ph
Me Me

$12 416

An oven-dried microwave vial fitted with a stirrer bar was charged with (Me2S)AuCl
(20.0 mg, 0.068 mmol) and phosphoramidite ligand S12 (36.6 mg, 0.068 mmol). CH2Cl;
(2 mL) was added, and the resulting mixture was stirred at room temperature for 2 h. The
mixture was concentrated in vacuo and dried under a vacuum for 1 h to give the titled
compound 416 (52.2 mg, 99%) as an off-white solid. *H NMR (500 MHz, CDCl3) & 8.02
(2H, dd, J =16.1, 8.9 Hz, ArH), 7.97-7.92 (2H, m, ArH), 7.52-7.44 (3H, m, ArH), 7.40-
7.35 (2H, m, ArH), 7.30 (1H, ddd, J = 8.4, 6.6, 1.3 Hz, ArH), 7.28-7.23 (7H, m, ArH),
7.22-7.18 (5H, m, ArH), 4.98-4.89 (2H, m, 2 x NCHCHa), 1.70 (6H, d, J = 7.1 Hz, 2 x
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CHs3); %P NMR (202 MHz, CDCl3) & 129.5; HRMS (ESI) Exact mass calculated for

[CasH30AUCINNaO2P]* [M+Na]™: 794.1266, found 794.1248. Data consistent with

previously reported literature 2%

(1S,4S,5S)-4,7,7-Trimethyl-6-thiabicyclo[3.2.1]octane-AuCl (462)

HCI (12 M) Me

MeOH, 0 °C
AuCl, > Me
(1.0 equiv) Me Me/k

s
\
" ﬂq AuCl
en
Me
Me/ts XXX

(2.0 equiv)
0 °C to RT, 45 min

An oven-dried microwave vial equipped with a stirrer bar was charged with AuClz (0.30
mmol, 91.0 mg). MeOH (3 mL) was added, followed by the dropwise addition of aqueous
HCI (12 M) at 0 °C until the reaction was homogeneous. (1S,4S,5S)-4,7,7-Trimethyl-6-
thiabicyclo[3.2.1]octane (0.60 mmol, 102 mg) was added dropwise, and the resulting
mixture was stirred vigorously at 0 °C for 15 min. The reaction mixture was warmed to
room temperature and stirred vigorously for an additional 30 min, diluted with CH2Cl;
(5 mL), filtered and slowly concentrated in vacuo at 0 °C until no further product
precipitation was observed. The precipitated product was removed by vacuum filtration,
washed with ice-cold n-pentane (3 x 10 mL) and dried under vacuum to give the title

compound 462 as a yellow solid (85.8 mg, 86%). m.p. decomposes ca 139 °C (Et.0); IR

3074, 2964, 2925, 1459, 1387, 1347, 1273, 1196, 983, 867, 738 cm’; [a] 205 -120.0 (c

1.00, CHCl3); *H NMR (500 MHz, CDCl3) 6 4.49-4.46 (1H, m, CHS), 2.56-2.50 (1H, m,
CHaH,CHS), 2.41-2.33 (2H, m, CH.H,CHS and CHCS), 2.28-2.21 (1H, m, CHCHYS),
1.97-1.89 (4H, m, CHaH,CHCH3 and CH3CS), 1.86 (3H, s, CH3CS), 1.77-1.73 (2H, m,
CH2CH,CHCS), 1.55-1.52 (1H, m, CHaH,CHCH3), 1.22 (3H, d, J = 7.1 Hz, CHCH);
13C NMR (126 MHz, CDCl3) § 77.3 (C), 60.8 (CH), 49.2 (CH), 35.6 (CH3), 34.4 (CHy),
33.6 (CH), 25.0 (CHz), 24.9 (CHs), 22.7 (CHz), 18.6 (CHs); HRMS (ESI) Exact mass
calculated for [C10H22NAUCIS]" [M+NH.]*: 420.0822, found 420.0811.
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Preparation of gold complex 494

TsClI (1.0 equiv) Et3N (2.0 equiv)
©i>""0H DMAP (10 mol%) ©i>""OH MsCI (1.5 equiv) ©i>""OMs
A Et3N (3.0 equiv) Z CH,Cl,, 0 °C to RT 4

490  NH, CH,Cly, RT, 2 h 491 NHTs 1h 492 NHTs

©i>—SPh (CO)AUCI (1.0 equiv) ©i>_sph PhSH (1.0 equiv)
\
z AuCl CH,Cl,, RT, 18 h E K,COj

z e (3.0 equiv)
494 NHTs 493 NHTs DMF, 100 °C, 12 h
©i>""°** N-[(1R,2S)-2-Hydroxy-2,3-dihydro-1H-inden-1-yl]-4-

methylbenzenesulfonamide (491). A flask was charged with (1R,2S)-1-
amino-2,3-dihydro-1H-inden-2-ol (490) (1.49 g, 10.0 mmol), p-toluenesulfonyl chloride
(1.91 g, 10.0 mmol) and DMAP (122 mg, 1.00 mmol). CH2Cl> (30 mL) was added,
followed by the dropwise addition of triethylamine (4.18 mL, 30.0 mmol). The resulting
solution was stirred at room temperature for 2 h. The mixture was washed with H>0 (50
mL), saturated aqueous NaHCO3 (50 mL), brine (50 mL), dried (MgSOs), filtered, and
concentrated in vacuo. The residue was recrystallised from CHCls/petroleum ether to
give the title compound 491 as an off-white solid (2.14 g, 71%). *H NMR (500 MHz,
CDCl3) 6 7.86 (2H, d, J = 8.4 Hz, ArH), 7.34 (2H, d, J = 8.0 Hz, ArH), 7.23-7.13 (3H,
m, ArH), 7.06 (1H, d, J = 7.5 Hz, ArH), 5.43 (1H, br s, NH), 4.66 (1H, d, J = 4.8 Hz,
CHNH), 4.28 (1H, td, J =5.0, 1.6 Hz, CHOH), 3.02 (1H, dd, J = 16.7, 5.0 Hz, CCHaHy),
2.87 (1H, dd, J = 16.7, 1.5 Hz, CCHaHb), 2.45 (3H, s, CH3), 2.34 (1H, br s, OH); 3C
NMR (126 MHz, CDCl3) & 143.9 (C), 139.6 (C), 139.5 (C), 137.7 (C), 130.0 (2 x CH),
128.6 (CH), 127.4 (2 x CH), 127.3 (CH), 125.5 (CH), 124.7 (CH), 72.9 (CH), 61.4 (CH),
39.4 (CH>), 21.7 (CHs). Data consistent with previously reported literature.??

©i>""OMS (1R,2S)-1-[(4-Methylphenyl)sulfonamido]-2,3-dihydro-1H-inden-2-

. yl methanesulfonate (492). A solution of methanesulfonyl chloride (580
pL, 7.50 mmol) in CH2Cl> (5 mL) was added to a solution of N-[(1R,2S)-2-hydroxy-2,3-
dihydro-1H-inden-1-yl]-4-methylbenzenesulfonamide (491) (1.52 g, 5.00 mmol) and
triethylamine (1.39 mL, 10.0 mmol) in CH2Cl2 (20 mL) dropwise at 0 °C. The resulting
solution was stirred at room temperature for 1 h. H,O (30 mL) was added, and the

resulting mixture was extracted with CH2Cl (3 x 20 mL), dried (MgSOg), filtered, and
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concentrated in vacuo to give the title compound 492 as an off-white solid (1.90 g, 99%).
m.p. 162-163 °C (Et20); IR 3012, 2933, 1417, 1351, 1216, 1177, 1092, 942, 748, 667

cm't; [a] & +20.0 (¢ 1.00, CHCI3); *H NMR (500 MHz, CDCls) § 7.87 (2H, d, J = 8.3 Hz,

ArH), 7.36 (2H, d, J = 8.0 Hz, ArH), 7.27-7.17 (3H, m, ArH), 7.03 (1H, d, J = 7.5 Hz,
ArH), 5.34 (1H, d, J = 10.0 Hz, NH), 5.28 (1H, t, J = 4.6 Hz, CHO), 4.94 (1H, dd, J =
10.0, 4.8 Hz, CHNH), 3.32 (1H, d, J = 17.6 Hz, CCHaHb), 3.18 (1H, dd, J = 17.6, 4.5
Hz, CCHaHb), 3.07 (3H, s, CH3), 2.45 (3H, s, CH3); *C NMR (126 MHz, CDCls) § 144.2
(C), 138.4 (C), 137.9 (C), 137.5 (C), 130.1 (2 x CH), 129.1 (CH), 127.8 (CH), 127.3 (2
x CH), 125.4 (CH), 123.8 (CH), 83.6 (CH), 60.1 (CH), 38.7 (CHa), 38.4 (CH>), 21.7
(CH3). HRMS (ESI) Exact mass calculated for [C17H19NNaOsS2]* [M+Na]*: 404.0597,
found 404.0591.

©i>—SPh 4-Methyl-N-[(1R,2R)-2-(phenylthio)-2,3-dihydro-1H-inden-1-

e yl]benzenesulfonamide (493). An oven-dried flask was charged with
(1R,25)-1-[(4-methylphenyl)sulfonamido]-2,3-dihydro-1H-inden-2-yl methanesulfonate
(492) (1.00 mmol, 381 mg), K2COs (3.00 mmol, 415 mg) and purged with argon for 30
min. Anhydrous DMF (10 mL) was added, and the reaction mixture was stirred at room
temperature for 10 min. Thiophenol (1.00 mmol, 103 pL) was added dropwise and the
resulting mixture was stirred at 100 °C for 12 h. The reaction was cooled to room
temperature and then passed through a plug of Celite (8 cm in height and 2 cm wide)
using EtOAc (30 mL) as the eluent and the filtrate was concentrated in vacuo. The residue
was purified by column chromatography (0 to 15% EtOAc/n-pentane), followed by
trituration (n-pentane) to give the title compound 493 as an off-white solid (260 mg,

66%). Rf = 0.42 (40% EtOAc/petroleum ether); m.p. 167-168 °C (Et20); IR 3023, 2921,
1494, 1478, 1438, 1108, 1075, 770, 666, 545 cm™; [a] 205 +16.0 (¢ 1.00, CHCI3); *H NMR

(500 MHz, CDCls) & 7.70 (2H, d, J = 8.3 Hz, ArH), 7.37-7.34 (2H, m, ArH), 7.32-7.27
(5H, m, ArH), 7.25-7.21 (1H, m, ArH), 7.18-7.13 (2H, m, ArH), 7.01 (1H, d, J = 7.5 Hz,
ArH), 4.72 (1H, d, J = 7.6 Hz, NH), 4.65 (1H, dd, J = 7.6, 4.8 Hz, CHNH), 3.82 (1H, dt,
J=7.2,5.1Hz, CHS), 3.41 (1H, dd, J = 16.5 , 7.2 Hz, CCHaHb), 2.86 (1H, dd, J = 16.5,
5.3 Hz, CCHaHb), 2.44 (3H, s, CHs); 3C NMR (126 MHz, CDCls) § 143.7 (C), 141.3
(C), 140.5 (C), 137.6 (C), 134.1 (C), 132.5 (2 x CH), 129.8 (2 x CH), 129.1 (3 x CH),
127.7 (CH), 127.54 (2 x CH), 127.45 (CH), 125.1 (CH), 125.0 (CH), 63.7 (CH), 53.2
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(CH), 37.8 (CH>), 21.7 (CH3). HRMS (ESI) Exact mass calculated for [C22H21NNaO>S,]*
[M+Na]*: 418.0906, found 418.0909.

©i>—SPh 4-Methyl-N-[(1R,2R)-2-(phenylthio)-2,3-dihydro-1H-inden-1-

- Al yllbenzenesulfonamide-AuCl (494). An oven-dried microwave vial
equipped with a stirrer bar was charged with (CO)AuCl (0.10 mmol, 26.0 mg). A solution
of 4-methyl-N-[(1R,2R)-2-(phenylthio)-2,3-dihydro-1H-inden-1-yl]benzenesulfonamide
(493) (0.10 mmol, 39.6 mg) in anhydrous CH,Cl, (3 mL) was added dropwise and the
resulting mixture was stirred at room temperature for 18 h. The reaction mixture was
filtered and added dropwise to rapidly stirring n-pentane at 0 °C, at which point the
product precipitated. The precipitated product was removed by vacuum filtration, washed
with ice-cold n-pentane (2 x 5 mL) and dried under vacuum to give the title compound

494 as an off-white solid (48.1 mg, 77%). m.p. decomposes ca 142 °C (Et20); IR 3023,

25

2869, 1494, 1477, 1440, 1158, 1077, 746, 664, 546 cm™: [a]5 +8.0 (¢ 1.00, CHCls); tH

NMR (500 MHz, CDCls) § 7.78 (2H, d, J = 7.6 Hz, ArH), 7.69-7.49 (5H, m, ArH), 7.36
(2H, d, J = 7.9 Hz, ArH), 7.31 (1H, t, J = 7.5 Hz, ArH), 7.23-7.18 (2H, m, ArH), 6.89
(1H, d, J = 7.6 Hz, ArH), 4.79 (1H, s, NH), 4.71-4.66 (1H, m, CHNH), 4.31-4.20 (1H,
m, CHS), 3.50-3.40 (1H, m, CCHaHs), 3.06 (1H, d, J = 16.1, CCHaHb), 2.49 (3H, s,
CHs); 3C NMR (126 MHz, CDCl3) § 144.6 (C), 139.6 (C), 138.3 (C), 136.4 (C), 134.7
(CH and C), 131.9 (CH), 130.4 (2 x CH), 130.3 (CH), 130.2 (2 x CH), 128.7 (CH), 127.6
(3 x CH), 125.6 (CH), 125.0 (CH), 62.5 (CH), 53.2 (CH), 37.8 (CH2), 21.8 (CH3). HRMS
(ESI) Exact mass calculated for [C22H21AuNNaO,S,]*: 592.0674, found 592.0682.
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Preparation of gold complex 509

()

S

HO OH
(e} o}

(1.0 equiv)
TsCl (1.0 equiv) SOCI,/CHCl3 (2:1)
UNHZ EtsN (1.1 equiv) O/NHZ 90°C2h s
‘o CH,Cl,, 0 °C to RT . then
‘NH, 2 22h o ‘NHTs HN N:H

505 (2.2 equiv)

(o) 0] -
505 Et3N (5.0 equiv) WwNHTs  TsHN
CH,Cly, 0 °C to RT
16 h 508

S (CO)AUCI (1.0 equiv)
|
HN AuCl NH

o o = CH,Cl,, RT, 18 h
wNHTs  TsHN
509

O/NHZ N-[(1R,2R)-2-Aminocyclohexyl]-4-methylbenzenesulfonamide  (505).

«wrs 1O asolution of (1R,2R)-(—)-1,2-diaminocyclohexane (571 mg, 5.00 mmol)
in anhydrous CH2Cl> (10 mL) was added triethylamine (767 pL, 5.50 mmol) at 0 °C and
the reaction was stirred at 0 °C for 15 min. p-Toluenesulfonyl chloride (953 mg, 5.00
mmol) was added and the reaction was stirred at room temperature for 2 h. The mixture
was washed with H,O (10 mL), extracted with CHCIs (3 x 15 mL), dried (MgSQOs),
filtered, and concentrated in vacuo to give the title compound 505 (1.09 g, 78%) as a
1.7:1 mixture of rotamers as an orange oil. *H NMR (500 MHz, CDCIs) major rotamer:
5 7.76 (2H, d, J = 8.4 Hz, ArH), 7.29 (2H, d, J = 8.0 Hz, ArH), 3.21 (3H, br s, NH2and
NH), 2.69-2.62 (1H, m, CHNH), 2.44-2.34 (4H, m, CHNH. and CH3), 1.86-1.74 (2H,
m, NHCHCHy>), 1.64-1.49 (2H, m, NH.CHCH>), 1.24-1.00 (4H, m, NH.CHCH>CH: and
NHCHCH2CHy); observable signals of minor rotamer: & 2.79-2.73 (1H, m, CHNH),
1.95-1.89 (2H, m, NHCHCH,); 3C NMR (126 MHz, CDCls) major rotamer: & 143.4
(C), 138.0 (C), 129.8 (2 x CH), 127.2 (2 x CH), 60.3 (CH), 54.9 (CH), 32.7 (2 x CH>),
25.0 (2 x CHy), 21.66 (CHs), observable signals of minor rotamer: & 143.6 (C), 137.3
(C), 129.9 (2 x CH), 127.3 (2 x CH), 56.7 (CH), 35.5 (2 x CH>), 24.9 (2 x CH>), 21.69

(CHs). Data consistent with previously reported literature.??
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O O N4,N6-Bis-{ (1R,2R)-2-[(4-methylphenyl)
M sulfonamido]cyclohexyl}dibenzo[b,d] thiophene-4,6-

7 o S dicarboxamide (508). A flask was charged with
d""m TSHNO dibenzo[b,d]thiophene-4,6-dicarboxylic acid (163 mg, 0.60
mmol). Thionyl chloride (6 mL) and CHCIs (3 mL) were added in one portion and the
reaction was stirred at 90 °C for 2 h. The reaction was cooled to room temperature and
concentrated in vacuo to leave a residue, which was dissolved in anhydrous CH>Cl, (6
mL). N-[(1R,2R)-2-Aminocyclohexyl]-4-methylbenzenesulfonamide (505) (354 mg,
1.32 mmol) was added, followed by the dropwise addition of triethylamine (419 uL, 3.00
mmol) at 0 °C. The reaction mixture was stirred at room temperature for 16 h. H>O (20
mL) was added, and the resulting mixture was extracted with CH,Cl, (3 x 20 mL), and
the combined organic layers were dried (MgSQa.), filtered, and concentrated in vacuo.
The residue was purified by column chromatography (70 to 90% EtOAc/petroleum
ether), to give the title compound 508 as an off-white solid (192 mg, 41%). Rf = 0.36
(90% EtOAc/petroleum ether); m.p. 280-281 °C (Et.0); IR 2929, 2856, 1631 (C=0),

1567, 1304, 1156, 1089, 838, 662, 547 cm™; [o] & +36.0 (c 1.00, CHCls); *H NMR (500

MHz, CDCls) & 8.00 (2H, d, J = 7.9 Hz, ArH), 7.63 (4H, d, J = 8.3 Hz, ArH), 7.51 (2H,
d, J=6.7Hz, ArH), 7.21 (2H, t, J = 7.6 Hz, ArH), 7.08 (2H, d, J = 7.6 Hz, 2 x NH(C=0)),
6.87 (4H, d, J=8.0 Hz, ArH), 5.83 (2H, d, J = 7.2 Hz, 2 x NHS), 3.95 (2H, tdd, J = 11.4,
7.5, 4.2 Hz, 2 x CHNHC=0), 3.27 (2H, tdd, J = 11.2, 7.1, 4.2 Hz, 2 x CHNHYS), 2.28-
2.23 (2H, m, 2 x CHaHyCHNHC=0), 2.13 (6H, s, 2 x CH3), 1.98-1.92 (2H, m, 2 x
CHaH,CHNHS), 1.78-1.68 (4H, m, 2 x CHsH,CHNHC=0 and 2 x CHsH,CHNHS),
1.51-1.41 (4H, m, 2 x CH;H,CH2CHNHC=0) and 2 x CH:H,CH2CHNHS), 1.37-1.23
(4H, m, 2 x CHaH,CH2CHNHC=0 and 2 x CHaH,CH2CHNHS); 3C NMR (126 MHz,
CDCl3) § 167.8 (2 x C), 142.8 (2 x C), 141.2 (2 x C), 138.5 (2 x C), 135.6 (2 x C), 129.9
(4 x CH), 128.2 (2 x C), 126.7 (4 x CH), 125.2 (2 x CH), 124.0 (2 x CH), 123.6 (2 x
CH), 58.4 (2 x CH), 53.7 (2 x CH), 34.2 (2 x CHy), 32.6 (2 x CHy), 25.1 (2 x CHy), 24.8
(2 x CHy), 21.4 (2 x CH3). HRMS (ESI) Exact mass calculated for [CaH4aN4NaOsSs]*
[M+Na]*: 795.2315, found 795.2291.
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O O N4,N6-Bis{(1R,2R)-2-[(4-
M methylphenyl)sulfonamido]cyclohexyl}dibenzo[b,d]

7 N‘:ﬁ A”:':N 7 thiophene-4,6-dicarboxamide-AuCl (509). An oven-dried
G S G microwave vial equipped with a stirrer bar was charged with
(CO)AuCl (0.10 mmol, 26.0 mg). A solution of N4,N6-bis{(1R,2R)-2-[(4-
methylphenyl)sulfonamido]cyclohexyl}dibenzo[b,d]thiophene-4,6-dicarboxamide
(508) (0.10 mmol, 77.3 mg) in anhydrous CH.Cl, (3 mL) was added dropwise and the
resulting mixture was stirred at room temperature for 18 h. The reaction mixture was
filtered and added dropwise to rapidly stirring n-pentane at 0 °C, at which point the
product precipitated. The precipitated product was removed by vacuum filtration, washed
with ice-cold n-pentane (2 x 5 mL) and dried under vacuum to give the title compound
509 as an off-white solid (43.1 mg, 43%). m.p. decomposes ca 169 °C (Et.0); IR 2931,
2858, 1632 (C=0), 1567, 1305, 1157, 1090, 839, 664, 548 cm™; [o] 5 +36.0 (¢ 1.00,
CHCIl3); *H NMR (500 MHz, CDCls) 6 7.97 (2H, s, ArH), 7.66 (4H, d, J = 7.8 Hz, ArH),
7.60 (2H, d, J = 7.5 Hz, ArH), 7.30 (2H, t, J = 7.8 Hz, ArH), 7.25 (2H, br s, 2 x
NH(C=0)), 6.97 (4H, d, J = 8.0 Hz, ArH), 5.86 (2H, br s, 2 x NHS), 4.03-3.93 (2H, m,
2 x CHNHC=0), 3.27-3.17 (2H, m, 2 x CHNHS), 2.26-2.16 (8H, m, 2 x
CHaH,CHNHC=0 and 2 x CH3), 1.89-1.81 (2H, m, 2 x CHaH,CHNHS), 1.75-1.62 (4H,
m, 2 x CHaH,CHNHC=0O and 2 x CHsH,CHNHS), 1.48-1.36 (4H, m, 2 x
CHaHo,CH2CHNHC=0 and 2 x CH:HpCH:CHNHS), 1.33-1.18 (4H, m, 2 x
CHaH,CH2CHNHC=0 and 2 x CHiH,CH2CHNHS); **C NMR (126 MHz, CDCls) §
168.1 (2 x C), 143.1 (2 x C), 140.8 (2 x C), 138.3 (2 x C), 135.6 (2 x C), 129.7 (4 x CH),
127.6 (2 x C), 126.7 (4 x CH), 125.6 (2 x CH), 124.5 (2 x CH), 124.0 (2 x CH), 58.2 (2
x CH), 54.0 (2 x CH), 33.8 (2 x CHy), 32.6 (2 x CH?2), 25.0 (2 x CHy), 24.6 (2 x CH>),
21.5 (2 x CHs). HRMS (ESI) Exact mass calculated for [CaoHasNsAUuCIO6S3]":
1005.1855, found 1005.1839.
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Preparation of gold complex 511

Me
NH,

Br (2.0 equiv)

KI (10 mol%)
BnBr (1.0 equiv) K,COj3 (2.0 equiv)
OH K,COj3 (1.5 equiv) OH NH,

DMSO, 50 °C, 12 h

OH acetone, 60 °C, 12 h OBn then OBn
130 °C,8h
506 507
S
HO OH
(6] O

O 0Bn s BnO Q (1.0 equiv)
HN NH
O o S Q SOCI,/CHCl, (2:1)

90°C2h

507 (2.2 equiv)
Et3N (5.0 equiv)
CH,Cl,, 0 °C to RT

? 3 "
(CO)AUCI (1.0 equiv) O oBn ”T' BnO O

u .0 equiv, HN NH

- O o AuClg Q

OO 10 QQ then

CH,Cl,, RT, 18 h

> o

OO (R)-2'-(Benzyloxy)-[1,1'-binaphthalen]-2-ol (506). To a solution of
oH  (R)-(+)-1,1"-bi(2-naphthol) (1.00 g, 3.50 mmol) in acetone (25 mL) was

O‘ . added K>CO3z (726 mg, 5.25 mmol) and benzyl bromide (416 pL, 3.50
mmol) and the resulting solution was stirred at 60 °C for 12 h. The

reaction was cooled to room temperature and then passed through a plug of Celite (8 cm
in height and 2 cm wide) using CH2Cl, (50 mL) as the eluent, extracted with CH2Cl. (3
x 25 mL) and the combined organic layers washed with brine (50 mL), dried (MgSOQa.),
filtered, and concentrated in vacuo. The residue was purified by column chromatography
(5 to 10% EtOAc/petroleum ether), to give the title compound 506 as a yellow oil (1.02
g, 77%). 'H NMR (500 MHz, CDCls) § 7.98 (1H, d, J = 9.0 Hz, ArH), 7.94 (1H, d, J =
8.9 Hz, ArH), 7.89 (2H, d, J = 8.3 Hz, ArH), 7.47 (1H, d, J = 9.0 Hz, ArH), 7.40-7.37
(2H, m, ArH), 7.33 (1H, ddd, J = 8.1, 6.7, 1.3 Hz, ArH), 7.30 (1H, ddd, J =8.1, 6.7, 1.3
Hz, ArH), 7.26-7.22 (2H, m, ArH), 7.20-7.17 (3H, m, ArH), 7.10 (1H, dd, J =8.5, 1.1
Hz, ArH), 7.07-7.03 (2H, m, ArH), 5.12 (1H, d, J = 12.6 Hz, OCH4Hs), 5.08 (1H, d, J =
12.6 Hz, OCHaHy), 4.95 (1H, s, OH); 3C NMR (126 MHz, CDCls) § 155.1 (C), 151.4
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(C), 137.1(C), 134.2 (C), 134.0 (C), 131.0 (CH), 130.0 (CH), 129.8 (C), 129.3 (C), 128.5
(2 x CH), 128.3 (CH), 128.2 (CH), 127.8 (CH), 127.4 (CH), 127.0 (2 x CH), 126.5 (CH),
125.2 (CH), 125.1 (CH), 124.6 (CH), 123.4 (CH), 117.6 (CH), 116.9 (C), 116.1 (CH),
115.2 (C), 71.3 (CH). Data consistent with previously reported literature.??*

OO (R)-2'-(Benzyloxy)-[1,1'-binaphthalen]-2-amine (507). A flask was
NH:  charged with (R)-2'-(benzyloxy)-[1,1'-binaphthalen]-2-ol (506) (941 mg,

O‘ . 2.50 mmol), 2-bromopropanamide (760 mg, 5.00 mmol), K>CO3z (692
mg, 5.00 mmol) and KI (41.5 mg, 0.25 mmol). DMSO (20 mL) was

added, and the resulting solution was stirred at 50 °C for 12 h. The reaction was cooled
to room temperature and NaOH (1.25 g, 31.3 mmol) was added. The reaction mixture
was stirred at 130 °C for 8 h. The reaction was cooled to room temperature and quenched
with H.O (50 mL), extracted with EtOAc (2 x 30 mL), dried (Na2SOa), filtered, and
concentrated in vacuo. The residue was purified by column chromatography (10 to 20%
EtOAc/petroleum ether), to give the title compound 507 as an orange oil (646 mg, 69%).
'H NMR (500 MHz, CDCls) & 7.94 (1H, d, J = 9.0 Hz, ArH), 7.88 (1H, d, J = 8.2 Hz,
ArH), 7.82 (2H, ddd, J = 8.1, 5.3, 1.1 Hz, ArH), 7.46 (1H, d, J =9.0 Hz, ArH), 7.37 (1H,
ddd, J=8.1, 5.4, 2.6 Hz, ArH), 7.30-7.27 (2H, m, ArH), 7.23 (1H, ddd, J = 8.1, 6.7, 1.3
Hz, ArH), 7.19-7.16 (4H, m, ArH), 7.14 (1H, d, J = 8.7 Hz, ArH), 7.05-7.01 (3H, m,
ArH), 5.09 (1H, d, J = 12.6 Hz, OCHaHb), 5.04 (1H, d, J = 12.6 Hz, OCHaHb), 3.57 (2H,
s, NH2); *C NMR (126 MHz, CDCl3) § 154.6 (C), 142.3 (C), 137.5(C), 134.4 (C), 133.8
(C), 130.0 (C), 129.9 (CH), 129.2 (CH), 128.3 (2 x CH and C), 128.2 (CH), 128.1 (CH),
127.6 (CH), 127.2 (2 x CH), 127.0 (CH), 126.4 (CH), 125.3 (CH), 124.6 (CH), 124.3
(CH), 122.2 (CH), 120.6 (C), 118.3 (CH), 116.8 (CH), 113.9 (C), 71.5 (CH>). Data

consistent with previously reported literature.?®

O O N4-[(S)-2'-(Benzyloxy)-[1,1'-

O 0Bn s BnO Q binaphthalen]-2-yI]-N6-[2'-(benzyloxy)-
HN NH

O o d Q [1,1-binaphthalen]-2-yl]  dibenzo[b,d]

OO Qb thiophene-4,6-dicarboxamide (510). A

flask was charged with

dibenzo[b,d]thiophene-4,6-dicarboxylic acid (81.7 mg, 0.30 mmol). Thionyl chloride
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(3.0 mL) and CHCls (1.5 mL) were added in one portion and the reaction was stirred at
90 °C for 2 h. The reaction was cooled to room temperature and concentrated in vacuo
to leave a residue, which was dissolved in anhydrous CH.Cl, (3 mL). (R)-2'-(Benzyloxy)-
[1,1'-binaphthalen]-2-amine (507) (248 mg, 0.66 mmol) was added, followed by the
dropwise addition of triethylamine (210 puL, 1.50 mmol) at 0 °C. The reaction mixture
was stirred at room temperature for 16 h. HO (10 mL) was added, and the resulting
mixture was extracted with CH2Cl> (3 x 10 mL), and the combined organic layers were
dried (MgSO0.), filtered, and concentrated in vacuo. The residue was purified by column
chromatography (20:79:1 to 50:49:1 EtOAc/n-pentane/EtsN), to give the title compound
510 as a brown solid (190 mg, 64%). Rs = 0.29 (50% EtOAc/petroleum ether); m.p. 213-
214 °C (Et2,0); IR 3054, 1665 (C=0), 1620, 1590, 1494, 1426, 1276, 1016, 808, 738 cm’
L [a] & —24.0 (c 1.00, CHCI3); *H NMR (500 MHz, CDCls) & 8.99 (2H, d, J = 9.0 Hz,
ArH), 8.10 (2H, d, J = 9.0 Hz, ArH), 8.06 (2H, dd, J = 7.9, 1.0 Hz, ArH), 7.98 (1H, d, J
= 8.2 Hz, ArH), 7.95 (2H, d, J = 9.0 Hz, ArH), 7.90 (2H, s, 2 x NH), 7.85 (2H, dt, J =
8.2, 0.9 Hz, ArH), 7.51 (2H, d, J = 9.0 Hz, ArH), 7.44 (2H, ddd, J = 8.0, 6.6, 1.2 Hz,
ArH), 7.33 (2H, ddd, J = 8.0, 6.4, 1.5 Hz, ArH), 7.30-7.26 (2H, m, ArH), 7.25-7.18 (6H,
m, ArH), 7.09 (2H, t, J = 7.7 Hz, ArH), 7.00-6.93 (12H, m, ArH), 6.57 (1H, d, J = 6.8
Hz, ArH), 5.15 (2H, d, J = 12.8 Hz, 2 x OCH3Hb), 5.08 (2H, d, J = 12.8 Hz, 2 x OCHaHb);
13C NMR (126 MHz, CDCls) & 164.2 (2 x C), 154.3 (2 x C), 142.0 (2 x C), 136.8 (2 x
C), 136.1 (2 x C), 134.7 (2 x C), 133.7 (2 x C), 133.2 (2 x C), 131.2 (2 x C), 130.9 (2 x
CH), 129.7 (2 x C), 129.09 (2 x CH), 129.06 (2 x C), 128.4 (4 x CH), 128.3 (2 x CH),
128.2 (2 x CH), 127.8 (2 x CH), 127.7 (2 x CH), 127.2 (4 x CH), 126.5 (2 x CH), 126.1
(2 x CH), 125.2 (2 x CH), 124.9 (2 x CH), 124.7 (2 x CH), 124.3 (2 x CH), 124.14 (2 x
CH), 124.08 (2 x CH), 121.7 (2 x C), 120.7 (2 x CH), 118.7 (2 x C), 116.1 (2 x CH),
71.4 (2 x CH). HRMS (ESI) Exact mass calculated for [CegsHasN2NaO4S]" [M+Na]":
1009.3076, found 1009.3092.

O O N4-[(S)-2'-(Benzyloxy)-[1,1'-
O o8 ano Q binaphthalen]-2-yI]-N6-[2'-(benzyloxy)-
O et g Q [1,1'-binaphthalen]-2-yl]dibenzo[b,d]

OO Cb thiophene-4,6-dicarboxamide-AuCl (511).

An oven-dried microwave vial equipped
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with a stirrer bar was charged with (CO)AuCI (0.10 mmol, 26.0 mg). A solution of N4-
[(S)-2'-(benzyloxy)-[1,1'-binaphthalen]-2-yI]-N6-[2'-(benzyloxy)-[1,1'-binaphthalen]-2-
yl]dibenzo[b,d]thiophene-4,6-dicarboxamide (510) (0.10 mmol, 98.7 mg) in anhydrous
CH2Cl; (3 mL) was added dropwise and the resulting mixture was stirred at room
temperature for 18 h. The reaction mixture was filtered and added dropwise to rapidly
stirring n-pentane at 0 °C, at which point the product precipitated. The precipitated
product was removed by vacuum filtration, washed with ice-cold n-pentane (2 x 5 mL)
and dried under vacuum to give the title compound 511 as an olive green solid (60.5 mg,
50%). m.p. decomposes ca 151 °C (Et20); IR 3057, 1666 (C=0), 1620, 1591, 1497, 1427,

1282, 1017, 809, 740 cm'%; [o] > -8.0 (¢ 1.00, CHCls): 'H NMR (500 MHz, CDCls) &

8.85 (2H, d, J = 8.5 Hz, ArH), 8.07-8.00 (4H, m, ArH), 7.97-7.92 (5H, m, ArH and 2 x
NH), 7.84 (2H, d, J = 8.2 Hz, ArH), 7.51 (2H, d, J = 9.1 Hz, ArH), 7.44 (2H,t,J = 7.5
Hz, ArH), 7.33-7.27 (4H, m, ArH), 7.22-7.15 (6H, m, ArH), 7.09-7.02 (2H, m, ArH),
7.00-6.93 (12H, m, ArH), 6.55-6.51 (1H, m, ArH), 5.13 (2H, d, J = 12.7 Hz, OCHaHb),
5.08 (2H, d, J = 12.7 Hz, OCHaHp); *C NMR (126 MHz, CDCls) § 164.5 (2 x C), 154.2
(2xC), 141.7 (2% C), 136.7 (2 x C), 136.0 (2 x C), 134.3 (2 x C), 133.6 (2 x C), 133.2
(2 xC), 1313 (2 x C), 131.0 (2 x CH), 129.7 (2 x C), 129.1 (2 x CH), 128.6 (2 x C),
128.4 (4 x CH), 128.3 (4 x CH), 127.9 (2 x CH), 127.7 (2 x CH), 127.2 (4 x CH), 126.6
(2 x CH), 126.1 (2 x CH), 125.13 (2 x CH), 125.10 (2 x CH), 124.7 (2 x CH), 124.5 (2
x CH), 124.34 (2 x CH), 124.30 (2 x CH), 122.4 (2 x C), 120.8 (2 x CH), 118.6 (2 x C),
116.1 (2 x CH), 714 (2 x CH2). HRMS (ESI) Exact mass calculated for
[CesHasAUN204S]*: 1184.1526, found 1184.1520.
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Preparation of gold complex 522

t-Bu

0 HO DCC (1.2 equiv) )ﬁ( ® o
t—Bu\|)J\ :@ DMAP (20 mol%) BocHN D 4M HClin dioxane 1, D
OH + o
NHBoc  MeS CHaClp, RT, 24 h Yes 0°CtoRT, 1.5h o Qs
(1.1 equiv) 517 518

e
t-Bu o @
o SO, Na
(:(\ D NaBH4 (9.0 equiv) (:(%N D (1.0 equiv)
MeOH, 0°C, 2 h S o) Et;N (3.0 equiv
SO3H SO, MeS sN (3.0 equiv)
521 Na ®

Mg,S0O, (3.0 equiv)
CH,CI,, RT, 22 h

(CO)AUCI (1.0 equiv) @(\ D

CH,Cl,, RT, 18 h SO4H

522 AuCI

tBu 2-(Methylthio)phenyl  (S)-2-[(tert-butoxycarbonyl)amino]-3,3-
BocriN I OD dimethylbutanoate (517). An oven-dried flask was charged with
Boc-Tle-OH (1.73 g, 7.50 mmol) and purged with argon for 30 min.
Anhydrous CH2Cl> (20 mL) was added, followed by DCC (1.86 g, 9.00 mmol), DMAP
(183 mg, 1.50 mmol) and 2-(methylthio)phenol (962 L, 8.25 mmol). The reaction was
stirred at room temperature for 24 h and concentrated in vacuo. EtOAc (30 mL) was
added and the resulting suspension was filtered under vacuum. The filtrate was
concentrated in vacuo and the residue was purified by column chromatography (0 to 5%
EtOAc/petroleum ether), to give the title compound 517 as a colourless oil (2.64 g, 99%).
Rf = 0.49 (20% EtOAc/petroleum ether); IR 3369 (NH), 2968, 1760 (C=0), 1705 (C=0),

1497, 1242, 1191, 1067, 953, 742 cmL; [oc]D —16.0 (c 1.00, CHClIs); *H NMR (400 MHz,
CDCl3) 8 7.30-7.26 (1H, m, ArH), 7.23 (1H, td, J = 7.5, 1.6 Hz, ArH), 7.18 (1H, td, J =
7.5, 1.9 Hz, ArH), 7.06 (1H, dd, J = 7.8, 1.6 Hz, ArH), 5.18 (1H, d, J = 9.8 Hz, NH),
4.39 (1H, d, J =9.8 Hz, NHCH), 2.42 (3H, s, SCH3), 1.47 (9H, s, C(CHa)3), 1.14 (9H, s,
C(CHs3)3); 3C NMR (101 MHz, CDCl3) § 170.2 (C), 155.7 (C), 147.8 (C), 131.5 (C),
127.7 (CH), 126.9 (CH), 126.2 (CH), 122.4 (CH), 80.0 (C), 62.3 (CH), 34.9 (C), 28.5 (3
x CHs), 26.8 (3 x CHas), 15.6 (CHz); HRMS (ESI) Exact mass calculated for
[C1sH27NNaO4S]* [M+Na]*: 376.1553, found 376.1543.
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tBu (S)-3,3-Dimethyl-1-[2-(methylthio)phenoxy]-1-oxobutan-2-
o 4 aminium chloride (518). An oven-dried flask was charged with 2-

es (methylthio)phenyl (S)-2-[(tert-butoxycarbonyl)amino]-3,3-
dimethylbutanoate (517) (2.12 g, 6.00 mmol). HCI (4.0 M in dioxane, 9.00 mL, 36.0
mmol) was added dropwise at 0 °C and the reaction was stirred at room temperature for
1.5 h. The reaction mixture was degassed under a stream of argon for 30 min and
concentrated in vacuo to give the title compound 518 as an off-white solid (1.54 g, 89%).

m.p. 213-214 °C (Et,0); IR 2871 (NHs), 1754 (C=0), 1612, 1503, 1472, 1370, 1232,
1069, 825, 748 cm; [a]3 —20.0 (¢ 1.00, CHCIls); 'H NMR (500 MHz, CDCls) & 8.99
(3H, s, NHs), 7.43 (1H, d, J = 6.1 Hz, ArH), 7.26-7.17 (2H, m, ArH), 7.13-7.08 (1H, m,
ArH), 3.96-3.89 (1H, m, NH3CH), 2.40 (3H, s, SCHa), 1.26 (9H, s, C(CH3)3); *C NMR
(126 MHz, CDCls) 6 166.8 (C), 148.0 (C), 130.8 (C), 127.8 (CH), 127.3 (CH), 126.7
(CH), 123.1 (CH), 62.7 (CH), 34.0 (C), 27.1 (3 x CH3), 16.2 (CH3); HRMS (ESI) Exact
mass calculated for [C13H20NO2S]*: 254.1209, found 254.1205.

tBu (S)-2-{{{3,3-Dimethyl-1-[2-(methylthio)phenoxy]-1-
(;CN)\IJOD oxobutan-2-yl}amino}methyl}benzenesulfonic acid (521).
S0 Mes To a stirred solution of  (S)-3,3-dimethyl-1-[2-
(methylthio)phenoxy]-1-oxobutan-2-aminium chloride (518) (1.16 g, 4.00 mmol), 2-
formylbenzenesulfonic acid sodium salt (833 mg, 4.00 mmol) and MgSO4 (1.44 g, 12.0
mmol) in CH2Cl> (70 mL) under argon at 0 °C was added triethylamine (1.67 mL, 12.0
mmol) dropwise. The reaction was stirred at room temperature for 22 h and then passed
through a plug of silica (8 cm in height and 2 cm wide) using EtOAc (100 mL) as the
eluent and the filtrate was concentrated in vacuo. To this residue was added MeOH (50
mL), followed by NaBHa (1.36 g, 36.0 mmol) portionwise at 0 °C and the reaction was
stirred at 0 °C for 2 h. The reaction was slowly quenched with saturated aqueous NaHCO3
(30 mL) and extracted with CH2Cl> (3 x 50 mL). The combined organic layers were dried
(Na2S0Os), filtered and concentrated in vacuo. The residue was purified by column
chromatography (0 to 2% CH2Cl./MeOH), to give the title compound 521 as a white
solid (545 mg, 32%). Rf = 0.19 (5% CHCl2/MeOH); m.p. 150-151 °C (Et20); IR 2968,

1758 (C=0), 1470, 1436, 1142, 1086, 1068, 822, 700, 618 cm™; [o]3 —84.0 (¢ 1.00,
CHCls); *H NMR (500 MHz, CDCls) & 10.09 (1H, br s, OH), 9.47 (1H, br s, NH), 8.19
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(1H, dd, J = 7.7, 1.5 Hz, ArH), 7.55-7.50 (2H, m, ArH), 7.46 (1H, td, J = 7.4, 1.5 Hz,
ArH), 7.37 (1H, dd, J = 7.8, 1.6 Hz, ArH), 7.30 (1H, td, J = 7.6, 1.4 Hz, ArH), 7.24 (1H,
td, J = 7.7, 1.7 Hz, ArH), 7.09 (1H, dd, J = 8.0, 1.4 Hz, ArH), 5.33 (1H, d, J = 13.5 Hz,
CCHaHb), 4.56 (1H, d, J = 13.5 Hz, CCHaHb), 3.59 (1H, s, NHCH), 2.50 (3H, s, SCHs3),
1.29 (9H, s, C(CHs)s3); **C NMR (126 MHz, CDCl3) & 165.4 (C), 147.8 (C), 145.5 (C),
133.7 (CH), 131.1 (CH), 130.9 (C), 130.7 (CH), 129.5 (CH), 128.9 (CH), 127.8 (CH),
127.0 (CH), 126.1 (C), 122.0 (CH), 67.3 (CH), 50.1 (CH>), 35.1 (C), 27.2 (3 x CH3), 16.4
(CHs); HRMS (ESI) Exact mass calculated for [C2oH2sNNaOsS;]* [M+Na]*: 446.1066,
found 446.1057.

tBu (S)-2-{{{3,3-Dimethyl-1-[2-(methylthio)phenoxy]-1-
(0]

(:CH D oxobutan-2-yl}amino}methyl}benzenesulfonic  acid-AuCl
SOzH ?/Ie?

AuCl

was charged with (CO)AuUCI (0.10 mmol, 26.0 mg). A solution of (S)-2-{{{3,3-
dimethyl-1-[2-(methylthio)phenoxy]-1-oxobutan-2-yl}amino}methyl }benzenesulfonic
acid (521) (0.10 mmol, 42.5 mg) in anhydrous CH2Cl> (3 mL) was added dropwise and

the resulting mixture was stirred at room temperature for 18 h. The reaction mixture was

(522). An oven-dried microwave vial equipped with a stirrer bar

filtered and added dropwise to rapidly stirring n-pentane at 0 °C, at which point the
product precipitated. The precipitated product was removed by vacuum filtration, washed
with ice-cold n-pentane (2 x 5 mL) and dried under vacuum to give the title compound
522 as a yellow solid (34.9 mg, 53%). m.p. 228-229 °C (Et.0); IR 2960, 1760 (C=0),

1470, 1440, 1144, 1087, 1015, 796, 701, 618 cm™; [a]5 -52.0 (¢ 1.00, CHCls); *H NMR

(500 MHz, CDCls) § 9.80 (1H, br s, OH), 9.35 (1H, br s, NH), 8.15-8.07 (1H, m, ArH),
7.62-7.28 (6H, m, ArH), 7.09 (1H, d, J = 7.9 Hz, ArH), 5.40-5.27 (1H, m, CCHaHy),
4.62-4.41 (1H, m, CCHaHb), 3.61 (1H, s, NHCH), 2.55 (3H, br s, SCH3), 1.20 (9H, s,
C(CH3)3); 3C NMR (126 MHz, CDCls) § 165.5 (C), 147.7 (C), 145.0 (C), 134.0 (CH),
131.5 (CH), 130.9 (CH and C), 129.3 (CH), 129.2 (CH), 128.1 (CH), 127.1 (CH), 125.9
(C), 122.0 (CH), 67.1 (CH), 50.2 (CH2), 35.0 (C), 27.0 (3 x CHs), 16.5 (CHs); HRMS
(ESI) Exact mass calculated for [CaoH26AuCINOsS:]* [M+H]": 656.0601, found
656.0598
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Abstract: Gold(I)-catalyzed nucleophilic allylations of
pyridinium and quinolinium ions with various allyl
pinacolboronates are reported. The reactions are com-
pletely selective with respect to the site of the azinium
ion that is attacked, to give various functionalized 1.4-
dihydropyridines and 14-dihydroquinolines. Evidence
suggests that the reactions proceed through nucleophilic
allylgold(I) intermediates formed by transmetalation
from allylboronates. Density functional theory (DFT)
calculations provided mechanistic insight. D

Introduction

Since the turn of the century, the application of homoge-
neous gold catalysis in organic synthesis has grown
significantly.™?! The ability of gold complexes to act as
powerful carbophilic Lewis acids for carbon-carbon multiple
bonds, as well as to achieve other modes of substrate
activation, has led to the development of myriad new
synthetic methods.I"?! Allylation reactions are important
transformations that have been subject to gold catalysis.!”!
Gold-catalyzed allylic substitutions involving nucleophilic
additions to electrophilic allylating agents have been
developed extensively.* Gold-catalyzed rearrangements
that result in overall allylation are also well-known.”! In
contrast, gold-mediated or gold-catalyzed allylations involv-
ing the addition of nucleophilic allylating agents to electro-
philes are comparatively underdeveloped.>*! Given the
many unique features of gold catalysts, addressing this
deficiency could provide valuable new synthetic methods.
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Our research into gold-catalyzed nucleophilic allylations
arose when we became interested in nucleophilic additions
to azines or their corresponding azinium ions.*® These are
powerful reactions to access partially saturated nitrogen
heterocycles, which are valuable chemical building
blocks.! Nucleophilic allylations of in situ-generated N-
acylazinium ions have also been explored,!” typically using
allyltin,*<&kmal  gllylindium,"™™ ™ allylmagnesium, ™"+l
allylzine,™ or allylsilicon reagents.""*=rl However, these
reactions are somewhat limited in scope and often lead to
mixtures of regioisomeric products favoring those of
addition to the 2- or 6-positions. (Scheme 1A). Therefore,
there is a need for nucleophilic allylations of azinium ions
that exhibit high selectivity for addition to the 4-position. It
is known that catalytic enantioselective nucleophilic addi-
tions to azinium ions containing a strongly electron-with-
drawing group at the 3-position often exhibit high selectivity
for addition at C4,%*Pl and this class of substrate therefore
seemed a logical choice to study. Furthermore, despite the
broad utility of allylboron reagents in nucleophilic
allylations.! only limited examples of their use in additions
to azines!"” or azinium ions/™™ have been reported. Herein,
we describe the first gold-catalyzed nucleophilic allylations
of azinium ions with allylboronates to provide dihydropyr-
idines and dihydroquinolines with complete regioselectivity
in favor of addition to the 4-position (Scheme 1B). The
reactions proceed well without special precautions to
exclude air or moisture. Nucleophilic allylgold(T) species!'!!
are the likely intermediates in these reactions, which are
formed by transmetalation from the allylboronates.

A. Existing nucleophilic allylations of azinium ions (ref, 7) R4
RZ
R?
4
R4 | B T

= 1
[ - mAem By -
N
2 R3
N R R1,§OR R A

M=38n, In, Mg, Zn, Si major

B. Gold-catalyzed additions of allylboronates to azinium ions (this work)

R1

2 e EWG R! LiOi-Pr (1.5 equiv) e
. | ) (Me,S)AUCI (2.5 mol%) 1
o — + B(pin) ——— = |
ST NN EtOAC/CH,Cly (1:1)
S 1® R2 R? ~20°C, 20 h
Br Bn

exclusive selectivity
for addition to C4

Scheme 1. Nucleophilic allylations of azinium ions. pin=pinacolato.
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Results and Discussion

Our study began with the reaction of N-benzyl-3-nitro-
pyridinium bromide (1a) with 2-methylallyl pinacolboronate
(2a) (Table 1). Stirring a mixture of 1a and 2a (1.5 equiv)
together with (Me,S)AuCl (2.5mol%) and LiOi-Pr
(1.5 equiv) in undried EtOAc/CH,Cl, (1:1) at —20°C under
an air atmosphere for 1.5 h gave the allylated 1.4-dihydro-
pyridine 3aa in 98% yield as determined by 'HNMR
analysis using an internal standard (entry 1). Regioisomeric
products resulting from allylation at either the 2- or 6-
positions of 1a were not detected. However, uncatalyzed
additions of potassium allyltrifluoroborate, allyltributylstan-
nane, or allylindium bromide to la gave mixtures of
products resulting from addition to both the 4- and 6-
positions (see Supporting Information for details), which
suggests that gold catalysis is important for high regioselec-
tivity. A lower yield was obtained at room temperature
(entry 2), and the mixed solvent system was important for
reaction efficiency as shown by experiments using either
EtOAc (entry 3) or CH,Cl, (entry 4) alone. Although the
reaction was successful using NaOr-Bu (entry 5) or LiOH
(entry 6), lower yields were obtained. Omitting either
(Me,S)AuCl (entry 7) or LiOi-Pr (entry 8) was detrimental,
and both (Me;P)AuCl (entry 9) and (PhsP)AuCl (entry 10)
were inferior precatalysts. Precatalysts based on other
metals such as rhodium, iridium, palladium, cobalt, nickel,
or copper showed little to no reactivity.

With effective reaction conditions (Table 1, entry 1) in
hand, the scope of the process with respect to the N-
benzylazinium bromide 1 was evaluated in reactions with 2-
methylallyl pinacolboronate (2a) (Table 2). In all cases,
complete regioselectivity for allylation at the 4-position of
the azinium ion was observed and alternative regioisomers
were not detected. As well as the high-yielding reaction to

Table 1: Evaluation of reaction conditions.”

Me
2Oz Ve LiOi-Pr (1.5 equiv) B NO;
| . B(pin) (Me,S)AUCI (2.5 mol%)
N )\/ P T EOATCHCl, (11) N
1® 0 —20°C,45h !
Bn Br Bn
1a 2a (1.5 equiv) 3aa
Entry Deviation from Standard Conditions Yield of 3aa!
1 None 98
2 At room temperature 64
3 EtOAc as solvent 56
4 CH,Cl, as solvent 36
5 NaOt-Bu instead of LiQi-Pr 30
6 LiOH instead of LiQi-Pr 71
7 No (Me,S)Aucl 4
8 No LiOi-Pr NR
9 (Me;P)AuCl instead of (Me,S)AucCl 21
10 (Ph;P)AuCl instead of (Me,S)AucCl 17

[a] Reactions were conducted with 0.10 mmol of Ta in 1 mL of solvent.
[b] Determined by "H NMR analysis using 1,3,5-trimethoxybenzene as
an internal standard. NR=no reaction.
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Table 2: Scope of azinium salts.”

Me LiO#-Pr (1.5 equiv)
)\/ Blpiny ME2SIAUCI 25 mol)
EtOAC/CH,C, (1:1)
-20°C, 20 h

2a (1.5 equiv)

Me Me Me Me
o}
NO, CN CO,R
[ | 7 |
N N N N
| | | |
Bn Bn En Bn
3aa 98%M°! 3ba 91% 3ca 83% 3da R =Me, 75%
3ea R = Et. 89% (85%)19
3fa R=n-Bu, 59%
3ga R=Ph, 83%
Me Me Me
o]
N,OMe X R
1
LT | |
N i \
Bn Bn Bn
3ha 32% 3ia X =Cl, 94% 3ka R=H, 0%
3ja X =Br, 82% dla R=Me, 0%
Me Me Me
(0]
CN
| | NO, R
v i i
Bn Bn Bn
3ma 28% 3na 84% 3o0a R =Me, 94%

3pa R =OEt, 93%
3ga R = N(OMe)Me, 84%

[a] Reactions were conducted with 0.50 mmol of 1 in 5 mL of EtOAc/
CH,Cl, (1:1). Yields are of isolated products. [b] The reaction time
was 4.5 h. [c] Yield in parentheses is of a reaction conducted using
4.0 mmol of Te.

form 3aa, the reaction was successful with N-benzyl
pyridinium bromides containing various electron-withdraw-
ing groups at the 3-position, such as cyano (3ba), acetyl
(3ca), a range of esters (3da-3ga), or a Weinreb amide
(3ha). Good yields were generally observed but the yields
were lower in the case of substrates containing an n-butyl
ester (3fa) or Weinreb amide (3ha). Notably, substrates
containing chloro or bromo groups at 3-position also reacted
successfully to give 1,4-dihydropyridines 3ia and 3ja in 94 %
and 82 % vyield, respectively. However, a 3-unsubstituted
substrate and a substrate with a methyl group at the 3-
position were unreactive, and none of the desired products
3ka or 3la were observed. N-Benzyl-2-methyl-5-nitropyridi-
nium bromide provided 1,4-dihydropyridine 3ma in 28 %
yield. Pleasingly, a range of N-benzylquinolinium bromides
also reacted efficiently with 2a to give 1.4-dihydroquinolines
3na-3qa in 84-94 % vield; these substrates had cyano (3na),
acetyl (30a), ester (3pa), or Weinreb amide (3qa) groups at
the 3-position. A gram-scale reaction using 4.00 mmol of
substrate 1e also proceeded well to give 3ea in 85 % yield.

Next, variation of the nitrogen substituent and counter-
ion was briefly investigated using 2-methylallyl pinacolboro-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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nate (2a) as the allylating agent (Table 3). N-Methyl-3-
nitropyridinium iodide (1r) provided 1.4-dihydropyridine
3ra in 58 % yield. Changing the N-substituent to an n-butyl
group was also tolerated (3sa) but a much higher yield was
obtained using the bromide salt (84 %) as opposed to the
iodide salt (37 %), possibly because of increased solubility.
N-Octyl-3-nitropyridinium bromide (1t) gave 3ta in 81 %
yield.  Finally,  N-(2-naphthylmethyl)-3-nitropyridinium
bromide gave 3ua in 87 % yield.

The scope of this method with respect to the allylboro-
nate was then investigated using azinium salts 1a, 1b, and
le (Table 4). Allyl pinacolboronate (2b) reacted success-
fully with various 3-substituted N-benzylpyridinium bro-
mides to give 3ab, 3bb, and 3eb in 41-90% vyield. These
yields are lower than those of the corresponding reactions
with 2-methylallyl pinacolboronate (Table 2, 3aa, 3ba, and
3ea) and this may be attributed to the lower nucleophilicity
of allyl pinacolboronate. 2-Phenylallyl pinacolboronate (2¢)
is an effective allylating agent and provided 3ac, 3be, and
3ec in good yields. Interestingly, the reaction of o.0-dimeth-
ylallyl pinacolboronate (2d) with 1a occurred with high a-
regioselectivity (with respect to the allylating agent) to give
the reverse-prenylated 14-dihydropyridine 3ad in 58 %
yield, and none of the alternative prenylation product
resulting from v-allylation was observed. High o-regioselec-
tivities were also observed in the reactions of 1a with a-
methyl-substituted allylboronate rac-2e and the geranyl-
bromide-derived a,o-disubstituted allylboronate rac-2f to
give 1.4-dihydropyridines 3ae and 3af in 57% and 25%
yield. respectively, as mixtures of inseparable diastereomers.
2-Cyclohexenyl pinacolboronate (rac-2g) reacted with 1a to
give 1,4-dihydropyridine 3ag in 70 % yield as a 2.2: 1 mixture
of inseparable diastereomers.

The reactions described thus far are completely regiose-
lective with respect to addition to the 4-position of the
azinium ion to give 1.4-dihydropyridines and 1.4-dihydroqui-
nolines. Therefore, it was of interest to examine the reaction
of pyridinium bromide 1v, which contains a methyl group at
the 4-position that could block allylation at this site

Table 3: Variation of N-substituent and counterion in the azinium
saltl

Me
NO, NO
| o Me LiOi-Pr (1.5 equiv) | | 2
o
N . B(pin) (Me,S)AUCI (2.5 mol%)
o 1® EtOAC/CH,Cl, (1:1) N
X R -20°C,40h R
1r, 1sBr, 1sl, 1t, 1u 2a (1.5 equiv) 3ra 3ua
Me Me Me Me
NO, NO, NO, NO,
; ) ; \
Me n-Bu n-Oct k

3ra 58% (from X =1) 3sa 84% (from X =Br) 3ta 81% (from X =Br) 3ua Ar=2-naphthyl

37% (from X =1) 87% (from X = Br)

[a] Reactions were conducted with 0.50 mmol of 1 in 5 mL of EtOAc/
CH,CL, (1:1)
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EWG
| o~ R2 LiOj-Pr (1.5 equiv)
N . Bpin)  Me28)AUCI 25 mai%)
—_—
© 10 = EtOAC/CH,Cla (1:1)
Br  Bn R' R®RY -20°C,20h
1a, 1b, or 1e 2b-2g (1.5 equiv)
-
Allylboronate : Product
=
_ ' EWG  3ab EWG = NO, 90%b)
- Bein : | 3bb EWG =CN 65%
: 3eb EWG = COEt 419
- : Y Bt 41%
' Bn
i Ph
Ph i 3ac EWG=NO;  82%
)\/B( in) H EWG  3pc EwWG=CN 87%
P : || 3ec EWG=COEt  75%
2c N
: )
H Bn
Me
e Me
B(pin) : NO,
/X : T 3ad 58%
Me Me H
Ly
2d 5 .
i z Me
B(pin) H NO,
/\f : B 3ae 57%, 24 d.r.f]
Me N
rac-2e : |
: Bn
' Me
i Me
! Me /
_ L
A BN :
: NOz — 3a¢ 25%, 2.1:1d.r.d
Me Me ' ‘ |
rac-2f H N
Me | |
H Bn

70%, 2.2:1 d.r

QB(pin) § % NO; 3ag
rac-2g I?I
Bn

[a] Reactions were conducted with 0.50 mmol of 1a, 1b, or Te in 5 mL
of EtOAc/CH,Cl, (1:1). [b] The reaction time was 1.5 h. [c] Isolated as
a mixture of inseparable diastereomers.

[Eq. (1)]. Indeed, reaction of 1v with allyl pinacolboronate
(2b) gave the 2-allylated product 3vba in 43 % yield and the
6-allylated product 3vbb in 13 % yield. The importance of a
strong electron-withdrawing group at the 3-position in
promoting allylation at the 4-position is shown by the
reaction of allylboronate 2a with substrate 1w, which
contains a benzyl group at C3. This reaction gave the 2-
allylated product 3wa in 40 % yield and none of the 4-
allylated product was observed [Eq. (2)].

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Me N2
NO.
L |
| N
W BE) é@
r n
Bre Elzr$a LIOKPT (1.6:2qu0 1a (Mle-‘gog:;((;l 52?#1&%
v *
(MGZS)AUC\ (2.5 mol%) " EtOAC./‘CH Cly (1:1)
. Me\/\\/B(pm 272
-20°C,20h
TEOATCH,C, ()
P B(pin) -20°C,1.5h (E)-2i (1.5 equiv)
3ai 3ae (1.4:1dr)

3vba 43% 3vbb 13%

2b (1.5 equiv)

[ x Bn
N/
e 1®
Br Bn

1w LiQ¥-Pr (1.5 equiv)

(Me,S)AUCI (2.5 mol%) 2
. MeyS)AuC! 25 molt) y e (2)

EtOAC/CH,Cl, (1:1) )
Me -20°C,20 h Bn

%B(pin) 3wa 40%

2a (1.5 equiv)

Additional experiments revealed examples where lower
oy selectivity with respect to the allylboronate was observed
[Egs. (3)-(5)]. First, reaction of prenyl pinacolboronate 2h
with 1a gave a 31 % yield of a 4:1 mixture of the inseparable
regioisomers 3ad and 3ah favoring the reverse prenylated
product 3ad. This result should be contrasted with the
corresponding reaction using o,o-dimethylallyl pinacolboro-
nate shown in Table2, which gave only the reverse
prenylation product 3ad. Furthermore, regioisomeric mix-
tures were also obtained in the reactions of pyridinium salt
1a with crotyl pinacolboronates [Egs. (4) and (3)]. With (Z)-
crotyl boronate (Z)-2i, a 12:1 mixture of regioisomers was
obtained, favoring the a-allylation product 3ail™®! over the v-
allylation product 3ae, the latter of which was formed in 2:1
d.r. [Eg. (4)]. In contrast, with (E)-crotylboronate (FE)-2i,
the a:y selectivity decreased to 2.3:1 [Eq. (5)]. Interestingly.
the a-addition product 3ai was obtained as the Z-isomer!"!
and 3ae was formed as 1.4:1 mixture of inseparable
diastereomers.

ETNOZ
| z Me
N
ol® AN we Ve #
Br Bn ) .
LiOi-Pr (1.5 equiv) NO, Me NO;
1a (Me,S)AuCI (2.5 mol%)
T R ) S M G

EtOAC/CH,CI, (1:1)

VI B 212
e\(\/ pin ~20°C, 20h N N
B B
Me n n
2h (1.5 equiv)
31% (4:1 inseparable mixture)

| N0
=
ell® 7 AN
Br Bn
1a LiQi-Pr (1.5 equiv} Me NO, NO,
Y
: (Me,S)AUCH (2.5 mol%) ] . ] (4)

EtOAG/CH,Cl, (1:1)

(\/B(pi”) 20°C, 20 h Y N
Me Bn Bn

(2)-2i (1.5 equiv) dai 3ae (21dr)

76% (12:1 inseparable mixture)
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78% (2.3:1 inseparable mixture)

The experiments shown in Equations (3)—(5) employ
allylboronates containing unsymmetrical allyl moieties and
therefore it was of interest to examine the reaction of 1a
with the a,a-dideuterated allylboronate [D],-2b, which has a
pseudosymmetric allyl fragment [Eq. (6)]. This experiment
gave a 2:1 mixture of regioisomers [D],-3aba and [D],-3abb
in 76 % vield in favor of the g-allylation product [D];-3aba.
The production of regioisomers in Equations (3)-(6) suggest
that these reactions proceed through nucleophilic allylgold-
(I) intermediates that can exist in one of two oc-isomeric
forms. Allylgold(I)!' or allylgold(I1l) species?®#->4-141 have
been described as intermediates or products in various gold-
catalyzed or gold-mediated reactions.

NO,
| = LiOi-Pr (1.5 equiv)

2y o BN (Me;S)AuC! (2.5 mol%)
ole /X EtOAC/CH,Cly (1:1)
Br Bn DD

20°C, 20 h
1a [D}-2b (1.5 equiv)

[D],-3aba

76%, 2:1 inseparable mixture

[D],-3abb

The reaction of the chiral allylboronate 2j! with

pyridinium salts 1a or 1b under the standard conditions
gave products 3ab and 3bb but in 0% ee (Scheme 2). The
complete lack of asymmetric induction may indicate that
boron is not involved in the carbon-carbon bond-forming
step. and further suggests that allylgold(I) species are likely
intermediates.

To rule out the participation of allylic radicals in these
reactions, which in principle could also explain the produc-
tion of regioisomeric products in Equation (3)—(6),
reaction of 1a with 2a was conducted in the presence of
TEMPO (1.0 equiv) [Eq.(7)]. TEMPO did not have a
detrimental effect on the yield of 2a, which suggests allylic
radicals are not involved.

GOyi-Pr o
SN EWG Io) LiOi-Pr (1.5 equiv) EWG
[ . 4 ungoyipr  (MezS)AUCI (2.5 mol%) ||
N F>"0 EtOAC/CH,Cly (1:1) N
B B e En
1a EWG = NO, 2j (1.5 equiv) 3ab EWG = NOy, 88%, 0% ee
1b EWG =CN 3bb EWG = CN, 52%, 0% ee

(NMR yields)

Scheme 2. Allylation reactions using a chiral allylboronate.
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| spiny  _(Me28IALCH 25 malt%) |
+ i —
N A TEMPO (1.0 squiv) N (7)
1® © EtOAGICH,CI, (1:1) !
Bn  Br —20°C.1.5h Bn
1a 2a (1.5 equiv) 3ab 88% NMR yield

Finally, to provide more direct evidence for allylgold(I)
species, equimolar quantities of allyl pinacolboronate 2b,
LiOi-Pr, and (Me,S)AuCl were combined in DMSO-d "
and the mixture was analyzed by '"H NMR spectroscopy
[Eq. (8)]. Although full consumption of 2b was not
observed, new signals consistent with the formation of a 1:1
mixture of the c-allylgold species 4 and HOB(pin) appeared,
the latter of which was further confirmed by ''B NMR
spectroscopy. The hydroxyl group of HOB(pin) likely
results from the presence of H,O in DMSO-d,. Essentially
identical results were observed when a 1:1 mixture of
(Me,S)AuCl and LiOi-Pr were mixed in DMSO-d; for
30 min prior to the addition of allyl pinacolboronate. To our

A)
S
MezS |
Al QM -
. & . e,S)Au 1a
Mej==_ .BIPIN) X —_—
| < TS
NO, HOB(pin)
I o 5-6 TS 6
P2
ole . . i
8r Bn Sg2' transmetalation allylgold isomerization
1a *
?Mez \ISMeQ
+ y ©au Hr-?‘@
e, |
(Me,S)AuOH L Blpin)
2S) Me” N
+
5
Me\(\/B(PIH) T
~
Me +
2h .
— MezS\Aau_"H‘ .
Me.,, £ ‘..H‘B(DIH)
Me” Me
2h-5TS 7
B)
A
2h-5TS 5-6 TS
17.7 17.9
5
_E Transmetalation
s =
2 +
(Me;S)AuCH
+
2h
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knowledge, the reactions described herein are the first
examples of the formation of allylgold(I) species from
allylboron reagents.!""*l

"H NMR:
2.11-2.08 ppm (2H, m)

2.03 ppm (6H, s
— ppm (6H, 5)

"H NMR:
161 ppm (2H, dt, J= 7.5, 1.5 Hz)
LiO-Pr (1.0 equiv)
(Me;S)AuCI (1.0 equiv)

B(pin) Au(SMe;) +  HOB(pin
z DMSO-ds, RT e
2b (1.0 equiv)
ca. 55% conversion 1:1 mixture
To gain further mechanistic insight, computational

studies were performed at the PBE0!"/def2-TZVP*/SMD-
(CH,CL)P! level. First, the nature of the active catalytic
species was investigated. LiOi-Pr is used as the base in the
reactions, but because undried solvents were used and no
precautions were taken to exclude air or moisture, it is likely
that LiOH is also present, formed by reaction of LiOi-Pr
with H,O. Reaction of (Me,S)AuCl with LiOi-Pr or LiIOH
likely produces a gold(I) isopropoxide or hydroxide by
ligand exchange.””! The relative computational free energies

®
(MezS)Au,
¥ Me. Me =
(Me5S)Au
Me... .© Me M e
_— r "
W N | v
& ,NTBn h
Bn
6-3ah TS 3ah-Au-Br 3ah
LiBr + (Me,S)AuOH
Me
= Me
(Me;S)Au NO,
4 @ N
Bn
7-3ad TS 3ad-Au-Br 3ad
LiBr + (Me;S)AuOH
6-7TS Sg2' TS Product-Au  Products
Allylgold complexes
isomerization
6-3ah TS
6.9 9.0 -~
7-3ad TS
- 3ad-Au-Br
10.1 e
3ah-Au-Br

3ad + LiBr +
(Me,S)AuOH

3ah+LiBr+ _ N\49-3
(Me,S)AuOH

Scheme 3. Computational exploration of reaction pathways arising from Ta and 2 h. Mechanistic pathways explored (A) and the corresponding
starting material, intermediate, product and transition state energy diagram (B). Free energies shown are relative to the starting materials and

calculated at PBEO/def2-TZVP/SMD(CH,Cl,).
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of (Me,S)AuCl, (Me,S)AuOH and (Me,S)AuOi-Pr were
calculated to be 0.0kcalmol ', 1.8kcalmol ', and
5.8 kcalmol !, respectively, which suggests (Me,S)AuQi-Pr
is unlikely to be the active catalyst. Because (Me,S)AuCl is
unable to catalyze the reaction on its own (Table 1, entry 8),
(Me,S)AuOH was assumed to be the active catalyst in the
following calculations.

With the likely catalytic species identified, reactions
between the pyridinium bromide 1a with either the primary
allylboronate 2h [Eq. (3)] or the tertiary allylboronate 2d
(Table 4, product 3ad) were investigated computationally.
Allylboronates 2h and 2d were selected to compare their
transmetalation to gold, investigate possible interconversion
between isomeric c-allylgold species, and gain insight into
the a:y allylation regioselectivity.

A)
i
MezS(B,
A!.l \7?H
%{;‘B(pln) (Mezs)Au\/\\rMe 1a
I —_—
Me Me ; Me 8e2
NO, HOB(pin)
| i 87T 7
o
Br Bn Sg2' transmetalation allylgold isomerization
1a #
§M92 SMe,
. @y '
H i HHO e A
.t H Bpin) S0 Me
(Me;S)AuOH H/_X ‘/\\
* me Me Me
8 76TS
=z B(pin) T
Me Me +
2d Me;S_ 5% H
= RO s 1a
H., *  «HB(pin) Au(SMez) ——
H = Se2'
Me  Me Me Me
2d-8 TS 6
B) 2d-8 TS 8-7TS
9.4
6.1 6.9
8
1a « Transmetalation ——
+
_ | (Me,8)AuOH
0] £ N
47 2d
~
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With the primary allylboronate 2h, transmetalation with
(Me,S)AuOH was calculated to be most favorable through
an Sg2' mechanism™®! involving the boron-ate complex 5,
with the alkene coordinated to a cationic [(Me,S)Au]’
fragment (Scheme 3A). The formation of 5 occurs by a syn
pathway through transition state 2h-5-TS. which allows
facile transfer of the hydroxide ligand from gold to boron,
with minimal ion separation. From 5, Sg2’ transmetalation is
completed by formation of the carbon-gold bond and loss of
HOB(pin) through transition state 5-6-TS to give the
tertiary allylgold species 6. The formation of 5 and 6 have
relatively low barriers of 17.7 kcalmol ! and 17.9 kcalmol !,
respectively, relative to the starting materials, and overall,
transmetalation is thermodynamically very favorable (Sche-
me 3B).

Me
= Me
NO,
LiOH | |
I
Bn
7-3ad TS 3ad-Au-Br 3ad
LiBr + (Me,S)AuOH
®
(MegS)Au,
+ Me.
(MeZS)Al!
Me,, 1 ]
/o, Br -
Me' Ry S—C]
(\ N—Bn
6-3ah TS 3ah-Au-Br 3ah
LiBr + (Me,S)AuOH
76TS Se2' TS Product-Au  Products
Allylgold complexes
isomerization

 -6.2 - 63ahTS

3ad + LiBr +
(Me,S)AuCH

3ah + LiBr +
(Me,S)AuOH —~

Scheme 4. Computational exploration of reaction pathways arising from 1a and 2d. Mechanistic pathways explored (A) and the corresponding
starting material, intermediate, product and transition state energy diagram (B). Free energies shown are relative to the starting materials and

calculated at PBEO/def2-TZVP/SMD(CH,Cl,).
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The tertiary allylgold species 6 can then react directly
with pyridinium bromide 1a in an Sg2’ allylation to give the
prenylated product 3ah through transition state 6-3ah-TS,
with a barrier of 23.3 kcalmol '. Experimentally, however,
3ah was the minor product, with the major product being
the reverse-prenylated isomer 3ad [Eq. (3)]. Product 3ad
most likely arises from the isomerization of the tertiary
allylgold species 6 into the primary allylgold species 7
through a n-allylgold transition state 6-7-TS."™ which then
engages in Sg2’ allylation of 1a with a barrier of
25.8 kcalmol ', The isomerization of 6 to 7 was found to be
thermodynamically very favorable, with a barrier of
21.2 kcalmol ', which is 2.1 kcalmol ' than the
competing nucleophilic allylation of 1a with 6. Therefore,
the DFT calculations suggest that the production of 3ad
should be favored over 3ah, which matches the experimen-
tal results (4:1 ratio of 3ad:3ah). Our findings of the relative
energies of primary vs tertiary allylgold(I) species and their
interconversion through a high-energy n-allylgold transition
state are consistent with a previous study by Hashmi and co-
workers.!"" Alternative pathways for producing 3ad involv-
ing transmetalation and/or nucleophilic allylation proceed-
ing through Sg2 rather than Sg2’ mechanisms were also
calculated and discounted because of high barriers (see the
Supporting Information for details).

Next, the reaction of the isomeric tertiary allylboronate
2d with pyridinium bromide 1la, which gave only the
reverse-prenylated product 3ad (Table 4), was investigated
computationally (Scheme 4). Transmetalation (via 8) was
once again found to be very facile and compared with the
primary allylboronate 2h (Scheme 3), is even more thermo-
dynamically favorable (AG =—-38.4 kcalmol ' Vs.
—14.3 kcalmol ') because it produces a more stable primary
allylgold species 7 (relative to the tertiary allylgold species
6) from a higher energy tertiary allylboronate. As described
previously (Scheme 3), the nucleophilic allylation of 1a with
7 to give 3ad has a barrier of 25.8 kcalmol '. However, the
competing allylgold isomerization of 7 to give 6 has a barrier
of 30.1 kcalmol !, which is 4.3 kcalmol ! higher than
nucleophilic allylation, thus making the production of the
tertiary allylgold species 6 and the corresponding allylation
product 3ah much less feasible. This is a good match for the
experiment, where no 3ah was observed (Table4). The
different outcomes of the crotylation reactions using
allylboronates (Z)-2i or (E)-2i Equations (4) and (5) are
more difficult to explain at the present time and are likely to
require more detailed computational studies in future.

Based on our experimental results and computational
studies, a proposed catalytic cycle for these reactions using
representative substrates la and 2d is illustrated in
Scheme 5. The reaction of LiOi-Pr with trace H,O present
in the reactions produces LiOH, which then reacts with
(Me,S)AuCl to give (Me,S)AuOH. Transmetalation of
(Me,S)AuOH with allylboronate 2d though the gold-bound.
boron-ate complex 5 gives primary allylgold species 7. As
described above, the isomerization of 7 into the tertiary
allylgold species 6 is unfavorable compared to the reaction
of 7 with the pyridinium salt 1a. The Sg2’ nucleophilic
allylation of 1a with 7 gives the gold-bound product 3ad-

lower
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'}J l<~ LiOH + -PrOH
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3ad + LiBr
(Me,S)AuOH /Yﬂ(pin)
LIOH/ Me Me
2d

@
(Mezs)Au“ Me
NO, SMe;
Dpu HO o
v T
N Mo Do Bipin)
Au(SMey) H
Bre én Z Me
Me Me A
3ad-Au-Br 5
6
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HOB(pin
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N7 ~yY
[SINNC] 7 Me
Br Bn
1a

Scheme 5. Proposed catalytic cycle.

Au-Br, which can react with LiOH to release the product
3ad. LiBr, and (Me,S)AuOH.

To demonstrate the synthetic utility of the products,
further transformations were conducted on representative
allylation products 3ab and 3ea (Scheme 6). Reduction of
the enamines of 3ab was accomplished using NaBH, in
MeOH,*4 and after treatment with SiO, to epimerize the
stereocenter bearing the nitro group,!®! piperidine 9 was
obtained in 72 % yield as a 15:1 mixture of diastereomers.
Hydroboration/oxidation of the alkene of 9 then gave
primary alcohol 10, which was isolated in 51 % vield as a
19:1 mixture of diastereomers. In another example, Pd-
catalyzed hydrogenation of 3ea led to selective reduction of
the 1.1-disubstituted alkene and the less substituted enamine
to give tetrahydropyridine 11 in 51 % yield (Scheme 6).

NaBH, HO
= (70equiv) =
NO, Mefﬁ"‘- 0°C WNO;  9-BBN (3.0 equiv) wNO»
I mn THF, 0 °CtoRT, 24 h
N —_————
then SiO;, then Hy0,, NaOH, H,0
N RT.5h N 0°C1oRT, 1h N
Bn Bn Bn
3ab 9 72%, 15:1 d.r. 10 51%, 19:1 d.r.
Me Me
Me
CO,Et H; (1 atm) CO,Et
[ Pd/C (10 mol%)
—_—
MeOH, RT, 4 h
) )
Bn Bn
3ea 11 51%

Scheme 6. Further transformations of representative products 3ab and
3ea.
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Conclusion

Herein, we have described gold(I)-catalyzed nucleophilic
allylations of diverse azinium ions with allyl pinacolboro-
nates to give functionalized 1,4-dihydropyridines and 1,4-
dihydroquinolines. The reactions exhibit exclusive regiose-
lectivity for attack at the 4-position of the substrates and
require no special precautions to exclude air or moisture.
The likely reactive species are nucleophilic o-allylgold(T)
species formed by transmetalation from the allylboronate,
and this assertion was supported by NMR spectroscopy. the
results of reactions using unsymmetrical allylboronates, and
computational studies. To our knowledge, these reactions
are the first demonstrations of accessing allylgold(T) species
from allylboron reagents. Future work is aimed at enantiose-
lective variants of this process® along with gold(I)-
catalyzed nucleophilic allylations of other electrophiles.
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