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Synopsis

This thesis is divided into two parts: Part-A and Part-B. Part-A deals with (i) [Au]-
catalyzed cycloisomerization and [3+3] annulation of enynones/enynals with azides, (ii)
DABCO catalyzed [2+4] cycloaddition of allenoates with enynals/enynones, and (iii)
[3+2] cycloaddition of allenoates with enynals using PPhs catalysis. Part-B delves on (i)
base mediated cyclization of epoxy ynamides leading to dihydro-1,3-oxazines, and (ii)
tandem cyclization of epoxy ynamides with sodium azide as a nucleophile resulting in
1,4-oxazines. Each part is subdivided into three chapters: (a) Introduction (literature
survey), (b) Results and Discussion and (c) Experimental Section. Compounds
synthesized in the present study are, in general, characterized by mp, IR and NMR (*H &
3C) techniques followed by HRMS or elemental analyses in conjunction with LC-MS. X-
ray structure determination is undertaken wherever is required. Summary as well as

references are given at the end of each part.

PART-A
Chapter 1 deals with the survey of literature related to this part. In Chapter 2, the
results obtained on these aspects are discussed while in Chapter 3, the experimental
details are presented. Prominent results of this part are outlined here. The precursors used
in the present study shown in Chart 1 [Note: The numbering of compounds given here is
different from that in the main part of the thesis]. They are prepared by methodologies

available (with modifications where necessary) in the literature.
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Chart 1

_______________________________

; 0 [ o T :
RN H RN RS
: | } I E
: R? ' R? !
| R'=Ph,R?=Ph (1a)}} R1=pp, R2 = Ph, R3=Ph (2a) !
| R'=Ph,R?=4-MeOCeH; (1b)}! R = 4-MeO-CeH,, R = Ph, R®=Ph (2b) |
| R'=Ph,R?=2-MeCeHy  (1€)!! R1=3.F.CH, RZ=Ph, R® = Ph (2¢) !
| RT=Ph, R?=4-0,NCeH, ~ (1d)1} g1 = pp, R2=2-Me-CeH,, R®=Ph (2d) !
| R"=Ph, R = 3FCeH, (1e):: R =pn, R2=4-C-CgH,;, R®=Ph (2e) !
|R1=Ph RP=4.CICH, (1) |} Ri—pp, R2 = -cyclohexenyl,R® = Ph (2f) |
| R'=4-MeOCgH;, R?=Ph  (19) !} R1=pp, R? = Ph, R®= 2-Me-CgH,  (29) |
|R'=4FCoH,, RZ=Ph  (1h)}} g1_pp R? = Ph, R®=-CH,Ph  (2h) |
.R1 Ph, R2—S|Me3 @iy, T .::::::::::::::::::::::::::::: """""""""
| R' = Ph, R2 = -C4Hq (1) | | 7 o -

R' = Ph, R2 = -Cyclohexenyl (1K) ! E = !
l_______________},_________y“(__?_: :Ph ~ Me =z s \
N3 N3 . L CO,R |
R — t ®)pn 4) "I R=-Et (6a) |

Me — oormrrmrmmmmmmmme | =-Me(6b) |
R=H (5a) Na N3 ! =-Bn (6c) !
=-OMe (5b) i =-tBu (6d) |
=-2-Br, 5-F (5¢) (5e) N e '
=-NO, (5d)
Representive precursors only are shown (5f) (59)

Q) [Au]-catalyzed synthesis of furan fused 1,2,3-triazines

Construction of polysubstituted furans via gold catalysis has attracted considerable
attention due to the occurrence of furan skeleton in numerous natural products and
pharmaceutical ingredients in addition to their importance as building blocks in organic
synthesis. Enynones/ enynals, with their multifunctional nature are versatile synthons for
transition metal (including gold) catalyzed transformations. Thus the reaction of enynones
2 with azides 5 in the presence of LAuU(CH3CN)SbFs [L = (2-biphenyl)di-tert-
butylphosphine] in DCE solvent afforded the furan fused 1,2,3-triazines (7-14) in
excellent yields in a highly regioselective manner. The reaction proceeded through
cycloisomerization of enynones resulting in furanyl gold carbocation, followed by [3+3]
cycloaddition with azides leading to furanotriazines.
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Scheme 1 —

R3
LAU(CH5CN) SbF e\ R

o )
.
R \ R

N\ DCE, 0 °C 't A\
R

R3
R2 5h,rt O
(2) (5) (7-14)
R'=Ph, R? = Ph, R® = Ph, (5a) 7 (84%, X-ray)
R" = 3-F-CgH,, R? = Ph R® = Ph, (5a) 8 (75%)

R" = Ph, R? = -cyclohexenyl, R® = Ph, (5a) 9 (56%)
R'=Ph, R? = Ph, R® = 2-Me-CgH,, (5a) 10 (76%)

R' = Ph, R? = Ph, R® = Ph, (5¢c) 11 (65%)
R' = Ph, R? = Ph, R® = Ph, (5e) 12 (72%)
R" = Ph, RZ = Ph, R® = Ph, (5f) 13 (80%)
R' = Ph, R? = Ph, R® = Ph, (5g) 14 (76%)

(more examples)

Compound 7

The above methodology was elaborated to enynals to provide [3+3] cycloadducts in
good yields. Thus we treated the (E)-2-benzylidene-4-phenylbut-3-ynal 1a with benzyl
azide 5a to obtain the [3+3] cycloadduct 15 in 32% yield; upon raising the reaction
temperature to 70 °C and maintaining at this temperature for 10 h, the yield could be

increased to 73% (Scheme 2). At rt (25 °C), the reactions required 48 h for completion.

Scheme 2
H LAU(CH5CN) SbFg ,N’CHZR
o (5 mol%) N,',“ .
= + RCH,—Nj3 >
R\ DCE, 0 °C >t /ZT{
R2 10 h, 70°C R*" o
(1) (5) (15-20)
R'=Ph, RZ2=Ph, R = Ph 15 (73%)
R'=Ph, R?=Ph, R = 4-MeO-CqH, 16 (75%)
R' = Ph, R? = 4-MeO-CgH, 17 (68%)
R'=Ph, R? = 4-CI-C4H, 18 (66%)
R"=Ph, R? = 2-Me-CgH, 19 (70%)
R'=Ph, R? = 3-F-CgH,4 20 (72%)

In contrast to the above, enynones (2h, 3 and 4) underwent [3+2] cycloaddition with
benzyl azide Sa. In these substrates, only alkene part of the enynones reacts with benzyl
azide resulting in the formal [3+2] cycloadducts (21-23), rather than the [3+3]

cycloadducts (Scheme 3).
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o)
R Scheme 3 / /
(@] R N
= - — N
Ph N Ph" N
Ph o~ 21 \—Ph
_ Ph” Nj (65%)
R = -CH,Ph (2h) (5a) 22 (60%)
=Me 3)
LAuU(CH3CN) SbFg Ph
(5 mol%)
O | DbCE, 0°c—>rt ol
N 5h N
\ — (L~
N
(4) Ph \_
23 (75%)

Among the three possible triazines systems, 1,2,3-triazines are pharmaceutically
useful because of their potent efficacy and minimal side effects. Hence, we performed the
furan ring cleavage reaction of furanotriazine 7 with cerium(IV) ammonium nitrate
(CAN) at rt/15 min that afforded the tetrasubstituted 1,2,3-triazine 24 in 96% yield. The
generality of this reaction was explored using furo[3,4-d][1,2,3]triazines to obtain highly
functionalized 1,2,3-triazines (25-27) in excellent yields (Scheme 4). The structure of

compound 26 was confirmed by single crystal X-ray analysis.

Scheme 4

CAN (2 equiv)

CH3CN:H,0 (1:1
rt, 0.25 h

R=H, R'=H 24(96%)
=OMe,R"=H 25 (80%)
=Me, R'=H 26 (83%, X-ray)
=H, R'=OMe 27 (96%)

Compound 26

(i)  DABCO-catalyzed synthesis of dihydropyrans from allenoates with
enynals/enynones

In this section, we intended to check the reactivity of allenoates with
enynals/enynones. Hence we performed the [2+4] cycloaddition reaction of allenoates (6)
with enynals/enynones (1/2) by using DABCO as a Lewis base. This reaction afforded
highly functionalized dihydropyrans (28-36) in excellent yields in a regioselective fashion
(Scheme 5). We have also developed the asymmetric [2+4] cycloaddition reaction of

XX



allenoate 6a with enynal la by using (DHQD),PHAL as the chiral amine. The
dihydropyran was obtained in 35% yield and 93% ee.

Scheme 5

RO,C
COR Q s DABCO p

‘r R® (10 mol%) 1

U + — B — e R o)

| R! \\ 1, 4-dioxane, —

) 3 h, rt // R3

(6) (1or2) R R? (28-36)
R'=Ph,R?=Ph,R®=H,R=Et 28 (82%)
R' = 4-MeO-CgH,4, R?=Ph, R® =H, R = Et 29 (60%)
R' = Ph, R? = 2-Me-CgH,4, R® = H, R = Et 30 (71%)
R' = Ph, R? = 4-NO,-CgH,, R®*=H, R=Et 31 (62%)
R' = Ph, R? = 4-Cl-C4H,, R® = H, R = Et 32 (78%, X-ray)
R' = Ph, R? = 3-F-CgH,, R®=H, R = Et 33 (86%)
R'=Ph, R? = SiMe;, R® = H, R = Et 34 (62%)

R'" = Ph, R? = -Cyclohexenyl, R®=H,R=Et 35 (67%)
R' = Ph, R? = Ph, R® = 4-Me-CgH,, R = Et 36 (85%, X-ray)
(more examples)

Compound 32 Compound 36

(i) Synthesis of highly functionalized cyclopentenes via [3+2] cycloaddition
reaction of allenoates with enynals by using PPhs as a Lewis base

In contrast to the above, in the presence of triphenylphosphine as a base, allenoates
undergo [3+2] cycloaddition with enynals providing functionalized cyclopentene
derivatives (37-45 and 37°-45”) in good yields. This [3+2] cycloaddition reaction was
well tolerated by various substrates on enynals 1 and allenoates 6 (Scheme 6). In three
cases, we could isolate the minor isomer also; the structure of one of these 37 was

confirmed by the X-ray crystallographic analysis.
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Scheme 6

R [ CO,R? |
CO,R® CHO PPh;
(10 mol%) CHO R1
= _— > 3 +
+ R*0,C CHO
H R! \\ 1,4-dioxane \ \ //
g2 12h.rt
R2 R?
(6) 1) (37-45) major —(37'-45") minor —
ratio ~ 85:15
R'=Ph, R? = Ph, R® = Et 37+37" (80%, (5:1.0))

R'=4-MeOCgH,, R2=Ph, R3=Et 38+38' (80%, (5:0.9))
R' = 4-FCg4H,, R? = Ph, R® = Et 39+39' (77%, (5:1.3))
R'=Ph, R? =2-MeCgH,, R =Et  40+40' (83%, (5:0.9))
R'=Ph, R? =2-O,NCgH,, R®=Et  41+41' (62%, (5:1.5))
R' = Ph, R? = 3-FCgH,, R® = Et 42+42' (72%, (5:0.9))
R' = Ph, R? = 4-CICgH,, R® = Et 43+43' (65%, (5:0.8))
R' = Ph, R? = SiMe;, R® = Et 44+44' (77%, (5:0.9))
R' = Ph, R? = Ph, R® = Bu 45+45' (58%, (5:1.0))
(more examples)

c2 [
c23

03

Compound 37°

(iv)  Synthesis of trisubstituted benzofurans from cyclopentene derivatives via
[1,2]-alkyl migration by using [Au]/[Ag] catalysis

The above synthesized cyclopentenes have a reactive —-CHO and an alkyne group
connected to the same carbon and are consequently interesting substrates in gold
catalysis. To check this, we performed the reaction of cyclopentenes (37-45) in the
presence of PPhsAuCI/AgOTTf resulting in trisubstituted benzofurans (46-54) in good
yields (Scheme 7). A point worth-noting here is that the substrate 44 undergoes
elimination of trimethylsilyl group resulting in compound 53 in excellent yield. The

structures of compounds 46 and 50 were confirmed by the X-ray crystallography.
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Scheme 7

CO,R?
s PhsPAUCI/AgOTf
R°0,C R’ (5 mol%) \_ g2
// CHO 1,4-dioxane (6]
R2 100 °C, 24 h R!
(37-44) -H, (as H,0) (46-53)
R'=Ph, R?2=Ph, R® = Et 46 (76%, X-ray) CO,Et
R"=4-MeOCgH,, R2=Ph, R =Et 47 (78%)
R'=4-FCgH,, R = Ph, R® = Et 48 (84%)
R' = Ph, R% = 2-MeCgH,, R® = Et 49 (77%) o
R'=Ph, R2=2-O,NCgH,, R®=Et 50 (72%, X-ray) Bh
R' = Ph, R? = 3-FCgH,, R® = Et 51 (84%) 53
R' = Ph, R2 = Ph, R® = Bn 52 (80%)
R' = Ph, R% = SiMe;, R® = Et 53 (89%)

(more examples)

c11

c12

Compound 46 Compound 50

Cyclopentene 45 that leads to the product 54 under gold catalysis has undergone
decarboxylation (Scheme 8). This feature may perhaps be used in cases when one does
not require the carboxylate group in the aromatic ring.

Scheme 8

PhsPAUCI A
t-Bu-0,C Ph (5 mol%) Ph
_—

/) 1O AgoTt (5 moi%)
PH 1,4-dioxane Ph
45 100°C, 24h 54 (62%)

Synthetically, it is best if we can devise a one pot strategy since this would alleviate
the problem of isolating intermediates. The yields therefore, will at least be marginally
higher. Indeed in the above case, we could accomplish this and the results are shown in
Scheme 9. The overall yield of substituted benzofurans (46-53) was 5-6% higher than that
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from the two step method involving isolation of intermediate cyclopentenes of type 37-

44,
Scheme 9
o (i) PPh3(10 mol%) 3
CO.R? 1,4-dioxane CO2R
2= _/TH 12h,rt \
+ R1 R2
\\ (i) PhsPAUCI/AgOTF o
, (5mol%), -H; (as H,0) &1
6 1 100°C, 24 h 46-53
R'=Ph, R>=Ph, R® = Et 46 (65%)
R'=4-MeOCgH,, R2=Ph,R3=Et 47 (71%
R' = 4-FCgH,4, R? = Ph, R® = Et 48 (74%

R' = Ph, R? = 2-MeCgH,, R® = Et 49 (66%
R' = Ph, R? = 2-O,NCgH,, R®=Et 50 (58%

~ ~— — —

R' = Ph, R? = 3-FCgH,, R® = Et 51 (62%)
R' = Ph, R? = SiMe;, R® = Et 52 (74%)
R'=Ph, R?=Ph, R®=Bn 53 (73%)

(more examples)

PART-B
Chapter 4 deals with a review of literature on the reactivity of ynamides. Chapter 5
describes the results obtained in the present study on these aspects. Chapter 6 is the
experimental section for this part. The main precursors used in the present work are

shown in Chart 2. Important results of this part are outlined below.

22 Chart 2 2 .......... :
A : S. i
I @ ;

= | ; (56)

J e

R = 4-Me, R'=H (55a,85%) ! R@/ N |
R = 4-Br, R'=H (55b,78%) | ‘.~ 0 .
R = 4-tBu, R'=H (55c, 80%) ! N
R = 2,4 6-triisopropyl, R =H (55d, 76%) Ph !
R = -(C4Hy)- R'=H (55e,77%) | R=-Me, (57a) |
R =4-Me, R" = 4-OMe (55f,86%) | =-H, (57b) |
R =4-Me, R" =4-Me (559,84%) | =-Br, (57c)
R=4-Me, R'=3-F (55h,79%) | =-(CHyp),- (57d) !
Representive precursors only are shown 7

Q) Atom economic synthesis of 1,3-oxazines from epoxy ynamides
Cyclization reactions using ynamides generally lead to the formation of products with
very high regio- and stereo-selectivity. Epoxide tagged ynamide substrates (55a-h)

(Scheme 10) can generate multitudes of nitrogen and oxygen containing heterocycles.
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Hence we explored the regio- and stereo-selective intramolecular 6-exo-dig cyclization of
epoxy ynamides (55a-h) by using KO-Bu as a base that produced 1,3-oxazines (58-65)
(Scheme 10) in an atom economic approach. The pathway involves base mediated
epoxide ring opening and subsequent cyclization with alkyne under transition metal-free
conditions. Further, the structures of cyclized products 58 and 62 were conformed by X-
ray crystallographic analysis.

O, Sceme 10
TN S‘N/\(l (8)2
R o _ TNYTTONT
= ’ l KOBu (2 equiv) R—- P /j
o)
THF, rt, 2 h
R1// , R1_/ |
) 55a-h ~_ ) 58-65
R = 4-Me, R'=H 58 (82%, X-ray)
R = 4-Br, R'=H 59 (65%)
R = 4-tBu, R'=H 60 (78%)
R = 2,4,6-triisopropyl, R' =H 61 (66%)
R = -(C4Hy)- R'=H 62 (75%, X-ray)
R = 4-Me, R' = 4-OMe 63 (80%)
R = 4-Me, R' = 4-Me 64 (71%)
R=4-Me, R'=3-F 65 (66%)

(more examples)

Compound 58 Compound 62

Control experiments were performed in order to know the plausible catalytic cycle.
The reaction of alkyne unsubstituted epoxy sulfonamide 56 with KO'Bu (2 equiv) as a
base in THF solvent (2 mL) led to the formation of product 66 in 46% yield (Scheme
11a). This is consistent with that reported in literature with LDA as a base. The reaction
of epoxy ynamide 55a with LDA or n-BuLi at -78 °C for 0.5 h resulted in isomeric allyl
alcohols (E+2)-67 (ca 95% purity; Scheme 11b); at 0 °C and above, the reaction gave rise

to a complex mixture.
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Scheme 11

O,
S.
N
O/ /w KOBu 2eqU|v
(a) Me
56

TTHR t2h
66 (46%)

82 s
O/ /\7 LDA (or) n-BuLi O/ NN
(b) Me |‘ (2 EQUIV) Me H
Ph

THF, -78°C, 0.5 h
Ph

67 (ca 95% purity; 72%)

(i1) Regio-selective, transition metal free synthesis of 1,4-oxazine derivatives by
tandem-cyclization of epoxy ynamides with NaN3;

Encouraged by the above results, we performed intermolecular cyclization of epoxy
ynamides (55a-h) with sodium azide as the nucleophile resulting in 1,4-oxazines (68-75)
under transition metal-free conditions with excellent regio-selectivity using PEG-400 as
the reaction medium (Scheme 12). Initially, intermolecular nucleophilic attack of azide
onto the less hindered side of epoxide group of the ynamide takes place. Subsequent 6-
endo-dig attack of oxide ion at the B-position of the ynamide followed by the protonation
delivers the cyclized products. The attractive features are the use of environmentally
benign solvent (PEG-400) and inexpensive sodium azide as the nucleophilic source,
under the transition metal free conditions. The structure of one such cyclized product 71
was further confirmed by single crystal X-ray analysis.

0, Scheme 12
S\ . R O2
R@/ N/\<(‘) NaNs (2 equiv) Ay S\NAK\NS
= I HoO (1 equiv) || P O
PEG-400, rt, 12 h
1 i
R ) s5an 6875 R 1|

R = 4-Me, R'=H 68 (72%)
R = 4-Br, R'=H 69 (48%)
R = 4-tBu, R'=H 70 (65%)
R = 2,4,6-triisopropyl, R' =H 71 (70%, X-ray)
R = -(C4Hy)- R'=H 72 (64%)
R =4-Me, R' = 4-OMe 73 (66%)
R = 4-Me, R' = 4-Me 74 (70%) ch C26
R =4-Me, R' = 3-F 75 (55%) Cc25

Compound 71
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To know the plausible catalytic cycle, we have performed deuterium-labelling
experiment also. Thus the reaction of epoxy ynamide 55a (1.0 equiv) with NaNj (2.0
equiv) in PEG-400 - D,0O mixture (5:1) furnished compound 68 (Scheme 13) in which
~80% deuterium incorporation was observed at the alkenyl C-H position of 68’. This

result clearly suggests the key role of water as a proton source in the cyclization process.

Scheme 13 0,
S.
/©/ N% NaNj3 (2 equiv) /©/ N/\ANs
Me f PEG-400 : D,0 Me (H)D
(5:1)
rt, 12 h ~80% D
55a 68" (66%)

In addition to the above results, epoxy tethered alkyne substrates (57a-d) underwent
6-endo-dig cyclization with sodium azide as the nucleophile affording the 1,4-oxazine

derivatives (76-79) in good yields (Scheme 14).

Scheme 14
O,
S\N% NaNj3 (2 equiv)
(0] H,0 (1 equiv)
R
AN PEG-400
57a-d Ph rt, 12 h 76-79

R=-Me, 76 (75%)
=-H, 7 (73%)
= -Br, 78 (66%)
=-(CHy)s- 79 (72%)

We have also utilized the above formed azide possessing 1,4-oxazine derivatives 64
and 77 in the familiar click reaction. Thus, the reaction of 1,4-oxazines 64 and 77 with
phenyl acetylene using Cul as a catalyst in PEG-400 solvent at rt for 12 h resulted in the
corresponding triazole appended 1,4-oxazines 80-81 in excellent yields (Scheme 16).
Structure of compound 81 was further conformed by single crystal X-ray analysis. The

formation of the product 81 indirectly proved the identity of compounds 76-79.
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Cul

(10 mol%)

PEG-400
12 h, rt

Scheme 16

81, (95%, X-ray)

Compound 81
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PART-A

CYCLIZATIONS/CYCLOADDITIONS OF ENYNONES AND
ENYNALS



Chapter 1

INTRODUCTION

This chapter is devoted to the literature that is relevant to the topics discussed in
Chapter 2. Here, the importance, reactivity modes and utility of gold catalysis are
presented first in section 1.1. The available data on cycloaddition and cyclization
reactions of enynones with nucleophiles will be discussed in section 1.2. Selected
DABCO and phosphine catalyzed cycloaddition reactions of allenes that are
relevant to the present work are narrated in the section 1.3 while 1,2-alkyl
migration reactions of allenic/alkynic substrates by using transition metal catalysts
are presented in section 1.4.

1.1  General Introduction-[Au] catalysis

The past two decades have witnessed a tremendous growth in the utilization of
gold complexes for diverse -catalytic transformations, notwithstanding the
previously observed notion that the element is a ‘precious’ ‘least reactive’ metal.
The rather high Pauling electronegativity (2.54, for Ag it is 1.93) and electron
affinity exhibited by this transition metal, with a major contribution from
relativistic effects,’ have been known to the synthetic chemists. In a complex ion
like [PhsPAUL]", the low-lying relativistically contracted s-orbital on the large and
diffuse Au”™ ion possibly will covalently contribute to bonding. The propensity of
gold(l) or gold(lll) to act as a soft carbophilic Lewis acid to activate the carbon-
carbon m-bonds, thus initiating nucleophilic attack on these sites inter- or intra-
molecularly, has been the driving force that enables the construction of new C-C
and C-heteroatom bonds.? A major benefit of using these gold catalysts is that they
are not as oxophilic as most Lewis acids with the result that water, alcohols or air
are well-tolerated; this feature permits gold catalyst a better platform to achieve its
function than other transition metal species/ Lewis acids in varied catalytic
transformations. The intermediates involved in gold-catalyzed transformations have
a nonclassical carbocation or carbenoid feature often leading to well-controlled
product selectivity.? It is expected that an [Au]-alkyne complex has a lower LUMO

than an [Au]-alkene complex which probably is the reason for alkynophilicity
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observed in Au(l) catalyzed reactions.'® Thomas and coworkers reported the
addition of nucleophiles to alkenes/alkynes as early as the year 1976* and Ito and
Hayashi used Au(l) complexes in the reactions of aldehydes with isocyanate in
1986,° but the major breakthrough came in the year 1998 when Teles®® and
Tanaka® reported activation of a m-system by Au(l) catalyst marking the beginning
of an explosive growth in this area.

The important aspects of gold catalysis are low catalyst loading, less reaction
time, compatibility with greener solvents, mild reaction conditions, minimal use of
additives and environmentally benign byproducts. Due to high oxidation potential
of Au(l) to Au(lll), there is only a limited scope for redox reactions. Hence, Au(l)-
catalyzed reactions can also be carried out in the presence of air. In general, alkyne
coordinates to gold to form an electron deficient metal-alkyne complex which is
then attacked by a nucleophile (Markovnikov) by either intra- or inter-molecular
fashion (Scheme 1.1).

(i) Nucleophilic attack in an intermolecular fashion

RI——R2
[AuT*
(a) (b)
— 2
R_NuNu R R2 NU Nu_R
- E—d
[Au] R2  [Au] R2 R [Aul Rt [Au]
R! R?
1 +
*[AU] R2 R [Au]

gold-carbene  gold-carbene

(ii) Nucleophilic attack in an intramolecular fashion
L [AUl
©7 )

[Au] R — R R
é— ,ﬂ< (d) (Nu __
Nu Nu M[Au]

Scheme 1.1. Reactivity of alkyne towards gold catalyst.

In the above transformations, very often an Ag(l) salt with a non-coordinating
anion such SbFg , PFs, or BF, is also employed. This salt is supposed to produce

the catalytically more active species [LAu]® from [LAuCI] after eliminating the



chloride ion. The role of ‘L’ is also important since it can be used to tune the

electrophilicity of the reactive [Au] species.’

1.2  Gold catalyzed cycloaddition reactions of enynones with nucleophiles
Gold salts/ complexes have emerged as powerful catalysts for the direct
functionalization of alkenes, alkynes, and allenes.® Enynones are attractive
precursors possessing three functional groups (alkyne, alkene, and carbonyl
groups) and provide highly substituted carbo-/hetero-cycles in the presence of
transition metal catalysts.” The alkyne part of enynone can be activated by the
metal catalyst. Nucleophilic attack of carbonyl oxygen can then generate the
furanyl metal carbocation 1.1 (Figure 1), which undergoes cycloaddition with
various nucleophiles leading to furan-fused heterocycles.® In this section, gold
catalyzed cyclizations and cycloadditions of enynones from the literature which are

relevant to this work are discussed.

R2 ©) [M]
m R3

O

furanyl metal
carbocation 1.1

Figure 1. Structure of furanyl metal carbocation 1.1

Larock et al. developed a method for the cyclization of enynones 1.2 with
various nucleophiles that led to highly substituted furans 1.3 by using transition
metal catalysts.’®® AuCl; was the best catalyst due to less reaction time and high
yield of products (Scheme 1.2, top). This cyclization reaction was well tolerated
with different nucleophiles such as 3-phenyl-2-propyn-1-ol, protected D-pyranose,
1,3-cyclohexanedione, N,N-dimethylaniline and indole. Later, the same group
expanded the scope of this [Au]-catalyzed process by the use of iodine as an
electrophile resulting in iodo substituted furan derivatives 1.4 (Scheme 1.2,
bottom).'% Using an analogous reaction, Liu et al. established an efficient method
for the synthesis of highly substituted furans 1.6 by using recyclable and

inexpensive gold catalyst in ionic liquids. Thus 2-(1-alkynyl)-2-alken-1-ones 1.5



underwent cyclization with various nucleophiles under mild reaction conditions
(Scheme 1.3)."*

Scheme 1.2 R
1 mol% AuCl;
DCM, rt, 1 h
——— |
o P R NuH Nu
= 1.3 (52-90%)
o —— R
1.2 E
[ NuH
E* Nu

1.4 (46-99%)
E = H (cat. AuCl3); NuH = ROH, enol, ArH
E = I; NuH = ROH, RCO,H, H,0

E = PhSe; NuH = ROH

Scheme 1.3 R
0 R
" NuH R\
= 2
1 mol% BuyN[AuCly,]
[bmim]BF,, rt Nu
1.5 1.6 (52-97%)

Pioneering studies by Zhang and coworkers revealed a series of gold catalyzed
[3+n] {[3+3], [4+3] and [3+2]} cycloadditions of enynones with various
nucleophilic components affording highly fused substituted furans under mild
reaction conditions. Thus [3+3] cycloaddition of 2-(1-alkynyl)-2-alken-1-ones 1.7
with nitrones 1.8 by using the [Au]-catalyst afforded highly substituted
heterobicyclic furo[3,4-d]-[1,2]-oxazines 1.9 in good yields (Scheme 1.4).*% This
protocol was efficient, highly regiospecific and diastereoselective. They achieved
moderate ee values for [3+3] cycloadducts by employing (R)-MeO-biphep as the
chiral ligand. The synthetic utility of thus formed furo[3,4-d]-[1,2]-0xazines by
means of reductive cleavage of N-O bond by Sml, and oxidative cleavage of furan
ring by CAN (cerium ammonium nitrate) was also described. The intermediate
furanyl gold carbocation 1.1 played a vital role in this cycloaddition reactions.® The
asymmetric version of gold catalyzed [3+3] cycloaddition reaction of 2-(1-
alkynyl)-2-alken-1-ones with nitrones was also described by the same group.'?

Later, they reported the synthesis of a polymer-supported gold catalyst, which also
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displayed the same catalytic activity as homogeneous catalysts and exhibited
excellent diastereo- and enantioselectivity. This polymer-bound gold catalyst
underwent eight catalytic cycles without the loss of its enantioselectivity and was

applicable to large-scale synthesis also.**

Scheme 1.4

R1 /R5
o N R2 _ RS Ph3;PAUOTf O-N
l + RN (2.5 mol%) R2 R?
|
" g CHaCl A
R3 10-30 min o) R
1.7 1.8 1.9 (53-98%)

The same research group of Zhang also reported the [4+3] cycloaddition
reaction of enynones 1.7 with unsaturated alkenes 1.10 that provided highly
substituted furo[3,4-cJazepines 1.11 under mild conditions (Scheme 1.5).2 In the
reaction shown in Scheme 1.5, cyclization of enynone most likely gives the furanyl
gold carbocation intermediate.® Addition of imine to the carbocation then provides
the allylic iminium ion, which undergoes intramolecular 2,7-cyclization leading to
the spirobicyclic oxonium ion. Subsequent regioselective C-C bond cleavage
followed by cyclization leads to the [4+3] cycloadduct 1.11 by the regeneration of
the gold catalyst.

; Scheme 1.5
R $6 R5 /RG
o A NR2 N Ph3PAu(3Tf =~ "N
. N (2.5 mol%) R mR2
| | RS 4 A°MS; CH,Cl, 1\

1 3

R3 R4 R (0] R
1.7 1.10 1.11 (63-96%)

In an another extension, when 1,3-diphenylisobenzofurans 1.12 was used
instead of a,B-unsaturated imines 1.10, double cyclization of 1.7 was observed
resulting in highly fused polycyclic heterocycles via cycloisomerization/[4+3]
cycloaddition (Scheme 1.6)."* The authors also noted that phosphine ligands
present in the metal catalyst played an important role in switching the
diastereoselectivity of the products. Conditions using catalyst A favored the exo-
product 1.13a, while catalyst B gave the endo-product 1.13b predominantly.
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Preliminary studies suggested that moderate enantioselectivity could be achieved
by the use of commercially available (R)-MOP as the ligand.

Scheme 1.6

R1
Ph O
o T Ph 3y
— Conditions )
I K<™ R

/\
R3 Ph R1 (0) R3
combined yield
1.7 1.12 1.13a (70-96%) 1.13b

Conditions: L4AuCI/AgOTf (A) or L,/AgOTf (B) (5 mol%); DCE

l PCy, l I OMe
Pro l O'Pr l ] PPh,

A novel approach for the synthesis of highly substituted cyclopenta[c]-furans

L1=

1.17 was achieved by [3+2] cycloaddition of enynones 1.7 with 3-styrylindoles
1.14 via gold(l)-catalysis (Scheme 1.7).* In this protocol, 5,5-fused
cyclopenta[c]furan, rather than the expected 5,7-fused cyclohepta[c]furan, was
selectively formed. In the reaction leading to compound 1.17, furanyl metal
intermediate interacts with alkene nucleophile 1.14 resulting in two intermediates
1.15 and 1.16. Depending on the stability of aromatic indole and steric interactions,
the favored intermediate 1.16 undergoes diastereoselective intramolecular 1,5-

cyclization leading to the final formal [3+2] cycloadduct 1.17.

Scheme 1.7
R! R*

—

o ZR2 5 Cy3;PAuOTf
| ’ R A\ (5 mol%)
+ _
N DCE, rt,2h
R3
1.7

O
disfavoured 1.15 favoured 1.16




Recently, Liang et al. developed an efficient route for the synthesis
cyclopenta[c]furans 1.19 by the [3+2] cycloaddition reaction of enynones 1.7 with
diarylethenes 1.18 in the presence of gold catalyst. Here, diarylethenes reacted as

2C component nucleophiles under mild conditions (Scheme 1.8).%°

Scheme 1.8
0 1 R!
R LAUCHCN)SOFg Lo )~
— (5 mol%) /
R2 oA 2 = RS
N A A DCE, rt, 1h A2
R3 Ar'
1.7 1.18 1.19 (35-98%)

Double cyclization of bis(alkynyl)-2-en-1-ones 1.20 with indoles 1.21 using
gold catalysis for the synthesis of indole-fused polycyclic systems 1.22 was

reported by Xie et al. (Scheme 1.9).""

Scheme 1.9
R3
R! o)

NaAuCI4 2H20 N
(5 mol%) |

\ DCE,t /N s
R H

1.20 1.21 1.22 (47-92%)

Zhou et al. developed the selective synthesis of ring-fused tetrahydroazepines
1.24 from enynones 1.23 by using carbophilic Lewis acid such as the gold catalyst
(Scheme 1.10)."® Here, the product selectivity was effectively tuned by the nature
of the Lewis acid used. In the presence of gold(l) catalyst, the reaction took place
by domino cycloisomerization/1,5-hydride shift to afford ring-fused
tetrahydroazepines 1.24. In contrast, substituted multifunctionalized ring-fused
tetrahydroquinolines were obtained by 1,5-hydride shift/cyclization in moderate to

excellent yields using scandium triflate as the catalyst.



Scheme 1.10

R2
R'I
\\ R1 ®) R2
I o IPrauoTf \
(5 mol%) R
CH4CN, 1t, 3 h ,
NL/\R\ ’ N R
R--"
1.23 1.24 (53-99%)

Gold(l)-mediated dehydrogenative annulation of 2-(1-alkynyl)-2-alken-1-ones
1.25 in the presence of pyridine N-oxide afforded 2,3-furan-fused carbocycles 1.27
with high diastereo- and regio-selectivity (Scheme 1.11).* The in situ generated
furan-based ortho-quinodimethanes 1.26 (0-QDMs) reacted with dienophiles and
provided 2,3-furan-fused carbocycles 1.27. In addition, a novel de-aromative
Diels—Alder reaction was observed when aliphatic-substituted 2-(1-alkynyl)-2-

alken-1-ones 1.28 were used.

Scheme 1.11
EWG
R [PhsPAUCH] (5 mol%) R ,
| pyridine N-oxide | [Au]_ il 1 R
@ CH, (10 mol%) I ) R~/ )
a - R EWG
- AT ate
R o DCE, 60 °C, 10 h o) dienophile
(o-QDM) R2
1.25 1.26

1.27 (52-79%)
1

R
R [PhsPAUCI] (5 mol%) __ R/ dienophile " "
| pyridine N-oxide [Au] NG oN O R
(b) CHs " (10mol%) T
é 1 l NC CN
R o) DCE,60°C,10h | R7 >0 CNCN
1.28 1.29 NC N 30 (65-93%)

Asymmetric [3+2] annulation reaction of enynones 1.7 with the proximal C=C
bond of N-allenamides 1.31 using gold-catalysis was described by J. Zhang’s group
(Scheme 1.12).%° This is the first annulation report by using the proximal C=C
bond of N-allenamides. They also succeeded in the gram scale synthesis of [3+2]
cycloadduct. A pair of diastereomers of the ligand in the gold catalyst afforded
enantiomers of the enantio-enriched furan-fused heterocycles 1.32 in good yields

with up to 98% ee.



Scheme 1.12

" Ar
R! R3 RY o5 LAUCI (5 mol%) R
/ N /R ° R3 N B-.anh
N AgSbFg (5 mol%) \ g Oo._
o\ ° _J R o PN
\ &' GHZCI2 -15 OC ) / \ ) > <Ph
) R O R
R2
1.7 1.31 (+) 1.32 (71-95%) Ar
93-98% ee L : Ar = 9-anthracenyl (S,R,R)

Carbery et al. have reported a gold-catalyzed double functionalization of indole
1.33 by enynone 1.34. Other substituents on enynone and as well as indole were
tolerated well and gave good yield of [6,5,7]-tricyclic indole 1.35 (Scheme 1.13).%*
This annulation process initially involves C-H activation of the indole moiety
followed by activation of alkyne part of the enynone by using sodium
tetrachloroaurate. This methodology also offers an approach to medicinally useful
[6,5,7]-tricyclic indoles. Terminal alkynes appeared to be incompatible for this

reaction due to possible formation of the inactive gold-acetylide.

Scheme 1.13

M Me
€ 0]
o] NaAuCl, Q
Me 5 mol%
©f\> . ])X © mo) O
Me Me \
Me
1.33 1.34 1.35 (15-100%)

Krafft’s group described tandem Au(IIl)-catalyzed heterocyclization/Nazarov
cyclization of enynones 1.36 leading to substituted carbocycle-fused furans 1.38
(Scheme 1.14).%2 The reaction proceeds in different pathways depending upon the
solvent used, as evidenced by the isolation and trapping of the reaction
intermediates (e. g., 1.37). Computational studies also supported the experimental
findings. Both steric and conformational effects were used to influence the

mechanistic manifold.



Scheme 1.14
o) ® R
(@]

0O R
= 5 mol% AUC|3 Et(.). /i \
EtOW 15 mol% AgSbFg m \ [Au]
= Z R
Ph DCM, rt Ph Ph
1.36 1.38 (51-85%) | Intermediate 1.37

An interesting AuCl; catalyzed oxidative cyclization of 3-(1-alkynyl)-2-alken-
1-ones 1.39 for the synthesis of trisubstituted 2-acylfurans 1.41 was developed by
employing H,0, as an efficient and green oxidizing agent (Scheme 1.15).?* This
H,O,-AuCl; system was also applicable to the phenylsulfonyl-substituted
substrates. The proposed mechanism involves gold—carbene intermediate 1.40,

which was confirmed by cyclopropanation with styrene.

Scheme 1.15
Me — o) — 0

0 Me Me

— AuCls (5 mol%)

—_— . N\
(0] : Ph /N I
// Me H202 (3 equw) 0O Me Ph o Me
Ph DCM, rt [Au] h

1.39 gold-carbene 1.40 1.41 (88%)

Jun Ma et al. used a combination of NHC—gold complex along with selectfluor
as an efficient catalytic system for the carbene-transfer reactions (TON up to
990000 and TOF up to 82500 h ). The reaction probably involves the oxidation
of NHC—AuCl with selectfluor to generate a cationic Au(I1l) species, which forms
gold-carbene intermediate 1.43 with the enynone 1.42. This gold-carbene could be
trapped with alkenes to furnish the cyclopropane derivatives 1.44. Due to the
versatile reactivity of carbenes, X-H insertion reactions were also observed as
shown by the isolation of the compound 1.45 (Scheme 1.16).%
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Scheme 1.16 R o R?

—
O R2 — R1 / O
Q Q IPr-AuCI RIZ
R R2 (1 ppm) 0 1.44 (15-96%) B,
| “ Selectfluor R o R R
AN (10 mol%) R5XH o
R®  DCE, 80°C [Au] L . R X
X = O/N/Si XR®
1.42 gold-carbene 1.43 1.45 (47-99%)

R3

Allenes are highly useful precursors for the synthesis of biologically active
compounds via cyclization or cycloaddition reactions.”® In continuation of our
interest in developing allene chemistry,”® we wanted to check the reactivity of
allenes with enynals/enynones under Lewis base mediation. Some of the reports

related to our work shown below.

1.3  Lewis base catalyzed cycloaddition reactions of allenes
Allenes are versatile reactive synthons than normal alkenes and alkynes due to the

presence of cumulative double bonds. Even so, they are also found in many natural

27a-b 27¢

products, pharmaceuticals®”® and molecular materials.?” In the presence of a Lewis
base, an allene/allenoate 1.46 can generate zwitterionic species 1.47, which is in
resonance with 1.47° (Scheme 1.17). Species 1.47/1.47° can undergo cycloaddition with
various substrates offering spiro/fused heterocycles. The reaction pathway is regulated by
the structure of the catalyst, additives and additional reaction conditions. Electron-poor
nucleophile like PPhs stabilizes the carbanion of 1.47, and promotes the
thermodynamically favored o-addition onto an electrophile, whereas the relatively
electron-rich nucleophile DABCO leads to the kinetically favored y-addition (less
sterically hindered).?® In the following sections, a brief literature survey on the reactivity
of allenes with various substrates catalyzed by bases such as DABCO and
PPhs/phosphine will be presented. Wherever possible, comparison between DABCO and

the phosphine bases will be made on their reactivity difference.

Scheme 1.17
CO5R

¢ Lewis B P Y@ ~

ewis Base =
yﬁ —ewis Base_ ?@COZR — mcozR

LB LB
1.46 1.47 1.47"
R = Et, Me, Bn Lewis Base = Phosphine, DABCO

11



1.3.1 DABCO catalyzed cycloaddition reactions of allenes

Xiaofeng Tong and coworkers developed a facile method for the formal (3+n)
annulation of 2-(acetoxymethyl)buta-2,3-dienoate with 1,n-binucleophiles by using
DABCO as the Lewis base that provided heterocyclic compounds.”® Thus DABCO
catalyzed (3+3) cycloaddition reaction of allene 1.49 with 1,3-C,O-binucleophiles 1.48
produced 4H-pyran derivatives 1.51 in good to excellent yields (Scheme 1.18). This
methodology was further extended to diamine derivatives (1,n-N,N-binucleophiles) and
produced the corresponding cycloadducts 1,4-diazepine and 1,5-diazocine via (3+4) and
(3+5) cycloadditions, respectively. Incorporation of various functional groups on 4H-
pyrans and fused multi-cycle 4H-pyrans was accomplished successfully. The mechanism
involves the addition of DABCO to the g-carbon of allenoate followed by the Michael-
type addition of binucleophile to the f’-position by using base and subsequent 1,2-
elimination of DABCO delivered intermediate 1.50. 6-Endo-trig type oxo-Michael
addition of intermediate 1.50 followed by isomerization gave 4H-pyran derivatives.

Scheme 1.18
DABCO
L OAc (20 mol%) BnOZC/\EIE
E .— —_—
R CO,Bn KgCO.3 o R
(1.3 equiv) CO,Bn
1.48 1.49 DMF, rt, 2h 1.51 (48-99%) Intermediate 1.50

E =-CN, -SO,Ph, -COPh, -NHTs, etc.

Later, the same group reported DABCO-catalyzed (3+3) cycloaddition between 2-
(acetoxymethyl) buta-2,3-dienoate 1.49 and sulfur ylides 1.52 that led to diverse 4H-
pyrans 1.53 possessing a vinyl sulfide group (Scheme 1.19a).*° Reaction between allene
and methyl ketone-stabilized sulfonium salt was very sluggish and resulted in the
corresponding 4H-pyran only in 17% isolated yield. Lower yield of 4H-pyrans was
observed by using p’-substituted allene due to steric hindrance caused by the phenyl
group. The tetrahydrothiophene sulfonium salt gave the ring cleaved product instead of
4H-pyran. Under similar reaction conditions, ester-stabilized sulfur ylides 1.54 delivered
cyclopropane derivatives 1.56 via intermediate 1.55 (Scheme 1.19b).

12



a) Scheme 1.19

Qo é v B aﬁ OAc DABCO (20 mol%) BnOzC/\E\/'[S\
~ * :':< i
R B8O CO,Bn K,COj5 (1.2 equiv) o

acetone, rt, 1 h R

1.52 1.49 1.53 (17-96%)
b) EtO,C
o OAC DABCO (20 mol%) 2
s + >
EtO)K/B 5 CO,Bn KzCO3 (1.2 equiv) P
r acetone, rt, 1 h Z~ CO,Bn

1.54 1.49 1.56 (24%)

Xiaofeng Tong and coworkers demonstrated DABCO catalyzed [4+2] annulation of
oxodiene 1.57 and allenoate 1.46 leading to 3,4-dihydro-2H-pyran 1.61 in 97% vyield
(Scheme 1.20a).3* Asymmetric synthesis of 3,4-dihydro-2H-pyran 1.62 was also achieved
successfully by using simple cinchona alkaloids. Chiral catalyst QN-OMe afforded the
[4+2] cycloadduct 1.62 in 70% yield with 90% ee. In all the cases, E-isomer was
exclusively formed (Scheme 1.20b). In the presence of DABCO, 1.57 specifically
interacts with 1.47° (Scheme 1.17) providing intermediate 1.58. However path-b is not
possible due to the poor capability of the ammonium ion for the stabilization of the
corresponding ylide 1.59. Thus path-a is only feasible and provided the [4+2] cycloadduct
via intermediate 1.60. Some pyran derivatives were obtained with excellent optical purity
by simple crystallization. The reaction by using the quinidine (QD) as a catalyst in
chlorobenzene afforded the opposite enantiomeric [4+2] cycloadducts with low ee values.
Raising the temperature to 80 °C produced both the (E) and (Z) isomers due to the large
separation between the nitrogen center and the chiral environment. At the same
temperature, quinolone generated the (Z) isomer exclusively. DMAP and pyridine
produced both the isomers but the Z-isomer was the major product at rt. All these results
reveal that steric interactions around the catalytic nitrogen center may play a crucial role
in the E/Z selectivity. Tertiary amines exclusively gave E selectivity whereas the amine
incorporated into the pyridyl aromatic system favored Z selectivity.
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Scheme 1.20

BnO,C
a o oy ~COBN
M i DABCO (20 mol%)
Ph CN toluene, rt

1.57 1.46 161 (97%)
@
BnO,C
®  CO,Bn BNR3 °5
R3N NS COan
-~ |\ A —— "
S Ph-\_C0 path-a
Ph Ph Path-b
PhOC NC Ph
1.59 1.58 1.60
BnOZC
b) o R? CO,Bn /
. o,
M . QN-OMe (20 mol%) R2—{. O
R CN toluene, -30°C, 36 h —
NC R!

1.57 1.46 MeQ ~ ) (E)-1.62 (50-97%)
; (71-99% ee)
== N

OMe

Song Ye and coworkers developed a novel DABCO catalyzed [4+2] cycloaddition of
arylidenoxindole 1.63 with allenoates 1.46 that afforded dihydropyran-fused indoles 1.64
in good yields with excellent regio- and diastereo-selectivities (Scheme 1.21).% This is
the first example in which allenoate acts as two carbon synthon in base catalyzed [4+2]
cycloaddition reaction. This [4+2] cycloaddition was rationalized by DFT calculations.
For arylidenoxindole having strong electron-withdrawing groups (3-NO,, 2-NO,), authors
observed the formation of the double bond migrated isomer 1.64° along with the normal

dihydropyran-fused indole 1.64.

Scheme 1.21
R CO,Et
CO,Et _
r DABCO (20 mol%) E
N—0
N Toluene rt, 1-2 h N\
\
CO,Et CO,Et
1.63 1.46 1.64 (65-95%)
R CO,Et
A\
\ (0]
N 1.64'
CO,Et
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Song Ye’s group investigated the cycloaddition reaction of cyclic ketimines 1.65 with
allenoates 1.46. While DABCO catalyzed reaction provided the sultam-fused azetidines
1.67 by [2+2] cycloaddition, PPh3 as a catalyst led to dihydropyrroles 1.69 by [3+2]
cycloaddition in a highly regioselective manner (Scheme 1.22).% The reaction pathway is
influenced mainly by the different orbitals in N-, P- nucleophiles. In the intermediate
1.68, C=C (B, y) is in conjugation with the vacant d-orbital of phosphonium ion resulting
in P(V) resonance structure 1.68°, which has a carbonium ion at the y-position and favors
the 5-endo cyclization to provide the [3+2] cycloadduct 1.69. But the DABCO-derived
intermediate 1.66 favors the 4-exo cyclization due to the lack of vacant d-orbitals and
generates the [2+2] cycloadduct 1.67. Alkyl allenoates having (R* = tert-butyl,

cyclohexyl, benzyl) also worked well during the cycloaddition process.

Scheme 1.22
N\
DABCO (20 mol%) S\ EJ
-~ =~ “CO,R’
toluene, rt, 24-36 h (xB
%0  com
S a 1.67 (45-98%)
« /N + B —
R Y O\\S//O
1.65 1.46 SV
PPh; (20 mol%)
X =H, Me DB
toluene, rt, 3 d
] . X R\
via 1.68-1.68 COzR1
1.69 (54-80%)
0 0O
Yo COR! QL Q /,OO

. S.© S.&
B DABCO @ RO B PPh,

1.68 CO,R! 1.68° COR'

Min Shi and coworkers developed an interesting DABCO catalyzed [4+2] reaction of
isatin derived a,B-unsaturated diesters 1.70 with allenic ester 1.46 resulting in the double
bond migrated product 1.71 in 72% vyield, along with other minor cycloadducts. On the
other hand, the phosphine PBus generated highly functionalized spirocyclic adducts 1.72-
1.72° in good to excellent yields (Scheme 1.23).%
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Scheme 1.23 CO,Et

EtO,C CO,Et
A\

DABCO
(20 mol%) N\ 3
EtO,C CO,Et toluene, rt, 24 h N
/i CO,Et Bn
(major) 1.71, 72%
o+ —
N
Bn PBujs
1.70 1.46 (20 mol%) 2

toluene, rt, 2 h

[(1.72:1.72") 90%, 10:1]

Wang et al. reported DABCO catalyzed [2+2] cycloaddition of
trifluoromethylketones 1.73 with allenoates 1.46 providing 2-alkyleneoxetanes 1.75 in
good yields as well as good diastereoselectivity (Scheme 1.24).% Addition of DABCO to
allenoate 1.46 generates the enolate intermediate 1.47 (Scheme 1.17), which coexists with
allylic carbanion 1.47°. Subsequent y-addition of 1.47° to trifluoromethyl ketone 1.73
provides the o,B-unsaturated ester intermediate 1.74, that undergoes intramolecular

Michael addition and elimination of the catalyst to afford the [2+2] cycloadduct 1.75.

Scheme 1.24
o} ) R’
COR basco (20 mol%) /// CO,R?
R A CF3 , °) N 2
= THF, 0°C
FsC O
1.73 1.46 1.75 (47-85%)
FsC
Z “CO,R?
i X
R'S O NR;
2 0 ®
1.74

De-Qing Shi’s group reported the [4+2] and [3+2] cycloaddition reactions of 3-acyl-
2H-chromen-ones 1.76 with ethyl 2,3-butadienoate 1.46 catalyzed by DABCO and PBus
to access potentially biologically active dihydropyran-fused- and cyclopenten-fused-
chromen-2-ones 1.77-1.78, respectively, in moderate to excellent yields (Scheme 1.25).%
In the presence of DABCO, intermediate 1.47° reacts with 1.76 to afford the [4+2]
cycloadduct 1.77. In the case of PBus, intermediate 1.47 (cf. Scheme 1.17) is stabilized by
the phosphonium ion and ester group, hence acts as a 1,3-dipole to react with 1.76 to
provide the [3+2] cycloadduct 1.78.
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EtO,C

Scheme 1.25 l E

(@)

0,
DABCO (20 mol%) A

o CH,Cl,, rt, 3-4 h

B CO,Et O (0]

x5 R . r . 1.77 (79-95%)

o X0 EtO,C
1.7

6 .
1.46 PBu5 (20 mol%) ‘ s R

CH,Cl,, rt, 4-6h o)
oo
1.78 (72-94%)

Min Shi’s group described a highly efficient DABCO catalyzed [4+2] cycloaddition
of B,y-unsaturated a-ketophosphonates 1.79 with allenic esters 1.46 resulting in highly
functionalized tetrahydropyrans 1.80 and dihydropyrans 1.80° under mild conditions
(Scheme 1.26).%” They obtained all the products in good to excellent yields with moderate
to good regioselectivities. Generality of this reaction was extended to (E)-ethyl 2-oxo-4-

phenylbut-3-enoates affording the corresponding [4+2] cycloadducts in good yields.

Scheme 1.26 RO,C
0 CO,R DABCO ROLC._A g |
S Yo . [0,
1 = !
e g2 DCM, -40 °C R Pge R -
R2 R2
1.79 1.46 1.80 (70-90%)  1.80

1.80:1.80" (3:1->20:1)

1.3.2 Phosphine catalyzed annulation reactions of allenes

Several years ago, Xiyan Lu’s group developed an efficient method for the
synthesis of functionalized cyclopentenes 1.82-1.82° by the [3+2] cycloaddition
reaction of 2,3-butadienoates 1.46 with electron-deficient olefins 1.81 by using
triphenylphosphine as a catalyst (Scheme 1.27).%® The generality of this method
was expanded to 2-butynoates to give the corresponding cyclopentenes with the
use of PBuj catalyst. No cycloaddition occurred when triethylamine was used as
the base. Methyl vinyl ketone failed to give the normal cycloadduct. The
mechanism involves the reaction of PPhs with allene generating allylic carbanion
1.47 which then undergoes [3+2] cycloaddition with electron-deficient olefin

providing cyclopentenes by regeneration of the PPhs catalyst.
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Scheme 1.27
E R? R!

CcCo,R PPhs £
R! E (10 mol%) R
- > +
= ) N benzene R?
R Ny, rt CO,R CO,R
Q40
1.81 1.46 1.82 (55-81%) 1.82'

Later, the same group reported the [3+2] cycloaddition reaction of methyl 2,3-
butadienoate 1.46 with aromatic or heteroaromatic N-tosylimines 1.83 at room
temperature by using catalytic amount of triphenylphosphine resulting in nitrogen
heterocycles 1.84 in excellent yields with high chemoselectivity (Scheme 1.28).3%
Nitrogen nucleophiles like DABCO and DMAP failed to catalyze this reaction.
Dehydrogenation and subsequent removal of tosyl group from [3+2] cycloadduct was

carried out by using DDQ and NaOMe. The same group has also reported more examples

on similar PPh; catalyzed reactions.>**
Scheme 1.28
R CO,Me PPh, Ts
\=n . (10 mol%) N R
\Ts H/ Benzene, rt —
CO,Me
1.83  1.46 1.84 (53-98%)

The above research group also developed a highly efficient method for the
triphenylphosphine  catalyzed [3+2] cycloaddition reaction of substituted
alkylidenemalononitriles 1.85 with allenoate 1.46 providing the highly functionalized
cyclopentenes 1.86 (Scheme 1.29).* In this protocol, allene serves as two carbon unit

whereas alkylidenemalononitriles act as three carbon synthon.

Scheme 1.29
CO,Et PPh3
N 1
_F (10 mol%) | R
CO,Et
Benzene rt
2 CN
R ©CN
1.85 1.46 1.86 (53-98%)
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Phosphine-catalyzed [3+2] annulation reaction of azomethine amine 1.87 with
allenoate 1.88 was described by the groups of Hongchao Guo and Ohyun Kwon (Scheme
1.30a).** In the same report, they also demonstrated the [3+3], [4+3], and [3+2+3]
cycloaddition reactions of azomethine amine with various allenoates. These annulation
reactions proceed under mild reaction conditions, affording a broad range of fused
pyrazolidinone heterocycles in moderate to excellent yields. The reaction of PCy; with
two molecules of ethyl 2,3-butadienoate 1.46 results in trimeric zwitterionic intermediate
1.90, which acts as a 1,5-dipole in the cycloaddition reaction with azomethine amine 1.87
leading to [3+2+3] adducts 1.91-1.91 (Scheme 1.30b). Under phosphine catalysis,

incorporation of two molecules of allenoates in the cycloaddition reaction is a new

application.
Scheme 1.30 o)
(\///O % PBus (20 mol%) / EN _
S VR COEt  ch,cl, rt N CO,Et
R
1.87 1.88 R 1.89 (41-99%)
o]
[ EN o, CO,Et
PCy; (20 mol%) .
b) 1.87 + /\COZE'( e + @
1.46 CH,Cly/benzene R y R CysP
(4:1) COEt CO,Et

Trimeric zwitterionic
intermediate 1.90

0°C,120h  EtO,C
1.91  (51-92%)

Ohyun Kwon’s group developed an application of phosphine-catalyzed [4+2]
annulation of the imine 1.92 with ethyl a-methyl allenoate 1.88. This application was a
key step in the total synthesis of indole alkaloid hirsutine 1.94 (6.7% overall yield,
Scheme 1.31).%?

Scheme 1.31
188 COFt CozEt steps
cat.PBus
Boc Boc
1.93 Hirsutine MeO,C

1.94
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Song Ye’s group illustrated the formal PPh; catalyzed [3+2] cycloaddition reaction
between allenoates 1.46 and trifluoromethylketones 1.95 to furnish the corresponding

dihydrofurans 1.96 in good yields with excellent regioselectivities (Scheme 1.32).4

Scheme 1.32
PPh
CO,R 3
2 O (20 mol%) f Ar
" JC > RO,C CF
Ar” SCF3  CH,Cl,0°C 2~ O 3
1.46 1.95 2-3d 1.96 (52-99%)

4,4-Dicyano-2-methylenebut-3-enoates 1.97 were first employed in the phosphine
catalyzed annulations providing [3+2] cycloadduct 1.98 as demonstrated by Min Shi’s
group (Scheme 1.33).** Chiral version of this [3+2] cycloaddition was also successfully

reported by using chiral thiourea-phosphines having an axially chiral binaphthyl scaffold.

Scheme 1.33
NC.__CN Q (4-FCgHy)sP CO,Me
| >R (20 mol%)  RO,C R
R! " —— /
CO.Me Toluene, rt NC
2 CN
1.97 1.46 1.98 (42-87%)

One-pot sequential [3+2]/[3+2] annulation of allenoates 1.46 with cyclic ketimines
1.99 was developed by Jun-An Ma’s group.” This annulation reaction is highly regio-
and diastereo-selective and four new bonds are constructed in one pot to generate the N-
fused polycyclic compound 1.101 (Scheme 1.34). Here, R® must be either trifluoromethyl
or difluoromethyl group; if R® is methyl or phenyl group, the reaction does not proceed to

give the desired product.

Scheme 1.34
RS EtO,C
CO,Et R DPPP 3 Y=
XN (0mol%) |R' R
+ | /g" \ AN N
Z toluene, rt |
N™ "0 A
RZ N (@)
L R2 _
1.46 1.99 1.100 1.101 (64-97%)
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Jun-An Ma’s group investigated the different reactivity of cyclic ketimines 1.102 with
allenoates 1.46 by using phosphorus- and nitrogen-containing Lewis bases as catalysts.*®
Thus dihydropyrrole derivatives 1.103 were obtained in excellent yield by the [3+2]
annulation reaction in the presence of catalytic triphenylphosphine, whereas use of
DABCO as the catalyst led to [2+2] annulation, producing azetidine derivatives 1.104.
However, a,o’-disubstituted allenoates 1.105 were obtained in very high yields via aza-
Morita—Baylis—Hillman (aza-MBH) reaction by choosing pyridine as the catalyst
(Scheme 1.35).

Scheme 1.35
Rl CF,X
NN
| P . /\COZEt
o
1.102 2 1.46
PPh; | DCM DABCO |1,4-dioxane Pyridine
(20 mol%) | 0°C (20 mol%) | rt (10 mol%) | Tlvene.
EtO,C CO,Et EtO,C
XF,C )= XF2G
172 R! N
X N
| A
PP NSo
ke N
1.103 (52-98%) 1.104 (13-88%) 1.105 (70-96%)

Synthesis of highly functionalized spirocyclic oxindoles 1.108 was reported by
Angela Marinetti’s group by using catalytic amount of PPhs.*” In this annulation reaction,
allene 1.107 serves as a 4-carbon unit undergoing [4+2] annulation with
arylideneoxindoles 1.106 and providing functionalized spiro-cyclohexene oxindoles
1.108 in good yields (Scheme 1.36). A preliminary experiment for the enantioselective
[4+2] cycloaddition reaction was also studied by using chiral phosphorus catalysts.

Scheme 1.36
R1
PPh
CO,Et 3
J 27" (20 mol%)
o+ / T rvene
R2 toluene
18-22 h, rt
1.106 1.107 1.108 (48-89%)

dr>95:5
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Synthesis of sulfamate-fused dihydropyrroles 1.110 from sulfamate-derived cyclic
imines 1.109 and allenoate 1.46 by using triphenylphosphine catalysis was achieved by
the Hongchao Guo’s group (Scheme 1.37).* Here, the allenoate undergoes [3+2]
cycloaddition reaction with sulfamate-derived cyclic imines to afford sufamate-fused
dihydropyrroles in excellent yields. Asymmetric variant of the [3+2] cycloaddition has
also been developed by using amino acid-based bifunctional phosphine 1.111 as a chiral
catalyst, leading to chiral sulfamate-fused dihydropyrroles 1.112 in good yields with

moderate to excellent enantiomeric excess.

Scheme 1.37
R
PPhj R o.
\\ SOz _(20mol%) 1A (omoi%)  [F ] $O
N toluene _ N toluene Z N
rt, 6 h rt, 2 h H \__
ROQC |\=/|e |T| R'OZC
1.110 (56-99%) 1.109 1.46 £t N O 1.112(64-91%)
(31-98% ee)
Ph,P
FsC CF;

1.111

You Huang’s group first utilized y-substituted allenoates 1.107 in [4+2] annulation
reaction with 2-arylidene-1H-indene-1,3(2H)-diones 1.113 under triphenylphosphine
catalysis.”® Allenoates 1.107 act as 4-carbon units in this annulation process. Highly
substituted and functionalized spirocyclic skeletons 1.114 are generated in excellent
yields with complete regioselectivity and high diastereoselectivily (Scheme 1.38). 2-
Arylidene-1H-indene-1,3(2H)-diones with either strong electron-withdrawing or -
donating substituents on the phenyl group needed slightly higher catalyst loading (20
mol% PPhs).

Scheme 1.38

o o PPh, 0 COR
. \ (10 mol%) O 6
R COzR THF, 60 °C
0 O R Ph
1113 1107 1.114 (64-98%)
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One step synthesis of benzoxazepine derivatives 1.117 via PPhs-catalyzed aza-MBH
domino reaction of salicyl-N-tosylimines 1.115 with y-CHj; substituted allenoates 1.116
was reported by You Huang’s group (Scheme 1.39).>° However, under standard reaction
conditions 5-methoxy substituted salicyl-N-tosylimine failed to give the desired product.
Yield of the benzoxazepine derivatives was significantly influenced by the steric effect in
the allenoates. When R was changed to tBu group, no desired product was observed.

Scheme 1.39
-Ts Ts
| PPh; (50 mol%) N

X + | N
| ~
| CO,R CH,Cl, 40°C AF g CO,R

R OH R’
1.115 1.116 1.117 (33-71%)

A novel annulation reaction of  (E)-(1,3-diarylallylidene)-4-methyl-
benzenesulfonamide 1.118 with y-benzyl-substituted allenoates 1.107 resulting in bicyclo
compounds 1.119 via [2+3] and [3+2] sequence by using triphenylphosphine as a catalyst
was developed by You Huang and coworkers (Scheme 1.40).>! A series of aza-
bicyclo[3,3,0]-octanes were thus obtained in moderate to good yields with excellent

diastereoselectivity (only one isomer obtained).

Scheme 1.40

PPh,

O O 20 mol%
4> 3

2" R

CO2R R4 CHCl3, 60 °C

1.107 1.118 1.119 (53-80%)

1

Phosphine-catalyzed [4+2] cycloaddition between fB,y-unsaturated o-keto esters 1.120
and allenic ketones 1.121 was reported by Yixin Lu’s group.® This is the first asymmetric
synthesis of chiral pyran derivatives 1.123 via a phosphine-catalyzed annulation reaction
(Scheme 1.41). In this annulation, they utilized dipeptide-based bifunctional phosphines
which provided highly optically enriched 3,4-dihydropyrans (>99% ee in most cases) in
excellent yields. In this protocol, allenic ketones act as C, synthons whereas f,y-
unsaturated o-keto-esters act as C4 synthons. Usually enolate carbon attacks at the a-

position of an allene but the presence of methyl group on allene 1.121 (cf. 1.122)
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suppresses the [3+2] cycloaddition. Moreover, [-position of the allene is more
electrophilic due to the presence of ketone functional group. Hence an enolate oxygen

attack takes place at the B-position of allene affording the dihydropyrans 1.123.

Scheme 1.41
CO,R?
8 O O>; 5 chiral phosphine R’ —
10 mol% e O
RV\OL)kCOzRZ - == : e (0
Ether, rt, 48 h
1.120 1.121 R3
1.123 (71-95%)
OTBDPS (97-99.8% ee)
PPh,
HN__O
O
TBSO N CF;
H
chiral
phosphine CF,4

1.4 1,2-Alkyl migration of allenic/alkynic substrates in the presence of transition
metal catalysts

Cascade reactions offer a novel approach for the construction of synthetically
complex molecules from relatively simple starting materials by mixing two or more
diverse reactions into a single transformation. The diverse reactivity of platinum and gold
complexes has drawn much interest due to m-bond activation followed by the 1,2-alkyl
migration for the development of cascade reactions. In most but not all cascade reactions,
1,2-alkyl migration can be usually divided into two categories: a) 1,2-alkyl migration to
an adjacent metal carbenoid center, and b) pinacol-type rearrangement leading to ring
expanded heterocycles.”® In this section, a brief literature survey on cascade reactions
which involve the 1,2-alkyl migration that are related to the present work will be
presented.

Cycloisomerization of allenyl ketones 1.124 in the presence of In(OTf); afforded the
fully substituted furans 1.125 (Scheme 1.42).°* This cycloisomerization proceeds via the
vinyl cation formed from oxophilic Lewis acid activation of the enone moiety, followed
by 1,2-alkyl shift generating highly substituted furans. Selective migration of the phenyl
group over the methyl group occurred in allenyl ketone. Alkynyl ketones also generate
trisubstituted furans in one-pot; however the yield was somewhat lower than that for

cycloisomerization of allene.
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Scheme 1.42
In(OTf)3

1 3 2 3
R (5 mol%) R R
R2 2 Rt toluene R‘M
s 100 °C o” "R*
1.124 1.125 (10-94%)

An efficient gold catalyzed domino cyclization/[1,2]-alkyl migration reaction of
epoxy alkynes 1.126 leading to spiropyranones 1.127 was reported by Xing-Zhong Shu et
al (Scheme 1.43).> These epoxy alkynes are readily prepared from the corresponding
enones in two steps. Furthermore, the gold-catalyzed tandem process is highly
stereospecific with respect to the migrating carbon atom. Under similar reaction
conditions, acyclic epoxy alkynes generated the unusual C-C bond cleaved products. The
mechanism involves via activation of alkyne moiety by gold catalyst and subsequent
nucleophilic attack of epoxide oxygen, followed by the 1,2-migration and protodeauration
leading to 4(2H) pyranone 1.127.

R Scheme 1.43
]

/) NaAuCl,. 2H,0 y

o e (N
- " =)
R2 benzene, 80 °C R2" 07 R

n

1.126 1.127 (44-97%)

Junliang Zhang and coworkers described a highly regioselective and stereospecific
1,2-alkyl migration and heterocyclization or oxygen transfer of multifunctionalized
cyclopentanes 1.128 by using cationic gold(l)-catalysts that led to the formation of highly
substituted bicyclic and monocyclic products 1.130 and 1.131, respectively (Scheme
1.44).°® The precursor cyclopentanes were easily prepared from the tandem cyclization
of 2-(1-alkynyl)-2-alken-1-ones and crotonate-derived malonate.®®® The migratory
reaction proceeds through activation of triple bond by gold catalyst resulting in the
spirobicyclic intermediate 1.129, which then undergoes 1,2-alkyl migration followed by
heterocyclization affording the bicyclic compound 1.130. Interestingly, in the presence of
[Au]-catalyst or PTSA, furan fused compound would undergo further rearrangement by
protonation and C-O bond cleavage followed by the loss of the acidic proton at a-

position to the ester group, affording the monocyclic compound 1.131.
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Scheme 1.44

E 0 2 E E
E Conditions R
1
E R' €D AulPr
AN : E N
3 X R® \Rz/s\\ 3
1128 E=COMe spirobicyclic
C: IPrAUCI/AgOMSs (5 mol%)  (70-98%) trace '”te1r”1“§g'ate
DCE, 80 °C, 3 h .
D: IPrAuCI/AgPFg¢ (5 mol%) trace (71-93%)

DCE, 80°C, 22 h

Li et al. described a methodology for the synthesis of fused dihydrobenzofurans
1.133 from highly substituted cyclopentenes 1.132 in excellent regioselectivity and
stereospecificity by using a cationic gold(l) catalyst (Scheme 1.45).°>” These highly
substituted cyclopentenes 1.132 were prepared from triphenylphosphine catalyzed
[3+2] cycloaddition between enynones 1.7 and allenes 1.46. They also reported
that 4-styrylcyclopent-1-enecarboxylates afforded the highly functionalized
dihydrobenzofurans and dihydroisobenzofurans depending on the anion of the
silver salt used. The reaction proceeds through the initial activation of alkyne part
of enynone by the gold catalyst and subsequent intramolecular attack of carbonyl
oxygen leading to spiro-bicyclic intermediate (similar to 1.129) which undergoes

1,2-alkyl migration followed by protodeauration generating compound 1.133.

Scheme 1.45
Ph
Ph CO,Me MeO,C || o IPrAuCl/
Q\ O ( PPh3 AgSbFg
/ Me / Me  Toluene
Ph “h s0%C
1.7 1.46 1.132 1.133 (67-99%)

Hashmi et al. developed a novel route for the synthesis of benzo[b]furans 1.136 from
3-silyloxy-1,5-enynes 1.134 by using gold catalysis (Scheme 1.46).% Silver catalyst itself
was ineffective for this reaction. The reaction pathway involved the coordination of
alkyne to gold inducing 5-endo-dig cyclization. This is followed by Wagner—Meerwein
shift delivering the carboxonium ion intermediate 1.135. This intermediate undergoes
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deprotonation and protodeauration followed by aromatization with the elimination of
silanol to afford the benzo[b]furans 1.136.

R! Scheme 1.46
\\ TBDMSO
IPrAuClI (2 mol%) Vi H
>R
/B AgNTf; (2 mol%) o ] [Au]

R O iPrOH, CH2C|2 1 ®

OTBDMS 1t 4 R 1535 Ph

1.134 1.136 (81-95%) -

Domino reaction of 6-hydroxy-2-alkyl-2-alkynylcyclohexanones 1.137 that affords
substituted furans 1.139 by using PtCl,; was reported by Stefan Kirsch’s group (Scheme
1.47).%° This reaction proceeds through activation of alkyne by the coordination of [Pt]-
catalyst, followed by the nucleophilic attack of carbonyl oxygen resulting in the cyclic
oxonium ion 1.138. A ring-contracting 1,2-shift of cyclic oxonium ion leads to
spirocyclic intermediate; subsequent Grob-type fragmentation provides the substituted
furan 1.1309.

Scheme 1.47
R2 ' R3 m2R®
3 (0] PtCl4 (5 mol%) R o
R R1
.m=—=—R"'/PrOH, toluene OHC \
i Ry 100 °C RA
R5
1.137 o OH ® 1.139 (41-93%)
RB‘““ /O R1
W
=R [P
1.138

Regiodivergent synthesis of silylfurans using gold catalysis has been reported by
Gevorgyan’s group.” Thus cycloisomerization of allenyl ketones 1.140 and
homopropargylic ketones 1.143 generates highly useful 2- and 3-silylfurans 1.142, 1.144-
1.145 via the [Au]-carbene intermediate 1.141 and 1,2-Si or 1,2-H migrations (Scheme
1.48). Both experimental and computational calculations showed that the 1,2-Si migration
is kinetically more favored than the 1,2-shifts of H, alkyl, and aryl groups in the f-Si-
substituted Au-carbenes. However, counterion and solvent effects may reverse this
migratory preference in the case of cycloisomerization of homopropargylic ketones. DFT-

simulated reaction affords 1,2-Si migration products exclusively by using Au(l) catalyst
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having non-nucleophilic SbFs" counterion via the initial propargyl-allenyl isomerization
followed by cyclization into the [Au]-carbene intermediate regardless of the solvent
employed in the reaction. However, in the case of the TfO™ counterion in nonpolar
solvents, formation 1,2-H migration products via the initial 5-endo-dig cyclization of
propargylic ketones to give a cyclic furyl-[Au]-intermediate followed by a subsequent
ipso-protodeauration is observed. Polar media facilitate the formation of the 1,2-Si shift
products. In all the above results, DFT calculations were validated by the experimental
data.

Scheme 1.48
R? ;
R . 2
o AuCl; (5 mol%) ~ ReSii R
rsi? b T
L PhMe (0.5 M), it R3“~g~ "R
1.140 1.142 (80-90%)
H RsSi H
. I H" 0" “Ph R.si—~g” Ph
1.143 1.144 1.145
‘ PhsPAUSbF (5 mol%) 100% 0%
DCE (0.05 M), rt
PhsPAUOTF (5 mol%) . .
‘ PhMe (0.1 M), rt & %%

Thus the above literature survey clearly reveals the potential utility of
enynones/enynals as substrates in cyclization/ cycloaddition reactions. Our objective was

to exploit the enynone/enynal substrates for the synthesis of carbo-/hetero-cycles.
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OBJECTIVES OF THE PRESENT WORK - PART A

The main objective of this part of the present work was to probe the reactivity of
allenes and functionalized alkynes like enynals/enynones in cycloaddition reactions under

base catalysis as well as [Au]-catalysis. Specifically, it was intended

Q) To investigate the reactivity of enynones/enynals with benzyl azides using

[Au]-catalysis in an attempt to synthesize furan fused triazines,

(i)  To explore the reaction of allenes with enynones/enynals using DABCO as the

catalyst that could lead to highly functionalized dihydropyrans,

(i) To synthesize diverse alkyne tethered cyclopentenes (as substrates) possessing
high functionality starting from allenes and enynals in the presence of PPh; as

the base, and
(iv)  To explore the reactivity of alkyne tethered cyclopentenes as obtained above

under gold/silver catalysis that could lead to highly substituted benzofurans

via 1,2-alkyl migration.

29



30



Chapter 2

RESULTS AND DISCUSSION

In this chapter, we discuss the results on cycloaddition reactions of enynones and
enynals. Details on the precursors used in the present work are presented in sections 2.1-
2.4. After this, cycloaddition reaction of enynones/ enynals with azides by using gold
catalyst is discussed. In a later section, DABCO catalyzed [2+4] annulation reaction of
allenes with enynals/enynones, followed by phosphine catalyzed [3+2] cycloaddition
reaction of allenes with enynals, and subsequent 1,2—alkyl migration under gold/silver
catalytic system providing the highly substituted benzofurans are described. 2-lodo-
cinnamaldehydes la-e and 2-iodo-cyclohexenone 2 have been synthesized by using
standard procedures.®* Characterization of the products is generally done by using mp (for
solids), IR, NMR, LCMS, and HRMS/CHN with single crystal X-ray structure

determination for illustrative compounds.

2.1  Synthesis of functionalized enynals 3a-q
Highly functionalized enynal precursors 3a-q have been prepared from the reaction of

corresponding 2-iodo-cinnamaldehydes 1a-e with various phenyl acetylenes following an

established procedure (Scheme 1).6%%®
Scheme 1
o 0
PdCl,/ PPhy/ Cul
R'I/\)'LH + Rz — R1 X H

I Diisopropylamine | ’
THF, 0 °C-rt

(1a-e) R?

R'=Ph, R?=Ph (3a) R'=Ph,R?=4-BrC¢H,  (3))

R'=Ph, R? =4-MeOCgH, (3b) R'=4-MeOCgzH,, R?=Ph (3k)
R'=Ph,R?=4-MeCgH, (3¢) R'=4-O,NCgH,, RZ=Ph (3
R'=Ph,R?=2-MeCgH, (3d) R'=4-FCgH,, R?>=Ph (3m)
R'=Ph,R?=4-O,NCgH,; (3¢) R'=3-FCqH,, R?=Ph (3n)
R'=Ph, R2=2-O,NC¢H, (3f) R'=Ph, R?=SiMe; (30)
R'=Ph, R? = 4-FCgH, (3g) R'=Ph, R?=-C4Hg (3p)
R'=Ph, R? = 3-FCgH, (3h) R'=Ph, R? = -cyclohexenyl (3q)
R' = Ph, R? = 4-CICgH, (3i)
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2.2 Synthesis of functionalized enynones 4a-n, 5, and 6

The functionalized enynone substrates 4a-n, 5, and 6 were synthesized from the
Grignard reaction of corresponding enynals with aryl/alkyl halides, followed by oxidation
with MnO, (Scheme 2).6%° Of these, 4c and 4d are new. The presence of three functional
groups (alkyne, alkene, and ketone) makes these precursors highly attractive for the
construction of a variety of heterocycles by simple organic transformations like
cyclization and cycloaddition. These compounds generally are stable pale yellow solids
and can be handled in air without much difficulty. The IR spectra of these compounds
show a weak band at ~ 2190 cm™ indicating the existence of alkyne moiety. A peak at &
~193.0 is observed in the 3C NMR spectra of these compounds due to the presence of the

C=0 group.
Scheme 2
9 OH 0
RUSYH Mg, THF R "R® MnO, R “R3
—_— >
‘ | 0 °Cort \ ] THF, rt, 12 h | |
R? R? 2
+
R3—Br

R'=Ph, R2 = Ph, R3 = Ph (4a)
R' = 4-MeO-CgH,, R? = Ph, R%=Ph (4b)
R'=4-F-CgH,, R2=Ph, R®=Ph (4c)
R'=3-F-CgH,, R2=Ph, R®=Ph (4d)
R' = Ph, R? = 4-MeO-CgH,, R® = Ph (4e)
R' = Ph, R? = 4-Me-CgH,, R®=Ph (4f)
R' = Ph, R? =2-Me-CgH,, R®=Ph (49)
R'=Ph, R2=4-F-CgH,, R3=Ph (4h)
R'=Ph, R2=4-CI-CgH,, R®=Ph (4i)
R' = Ph, R? = -cyclohexenyl,R® = Ph (4))
R' = Ph, R? = Ph, R3 = 4-MeO-CgH, (4k)
R' = Ph, R2 = Ph, R3 =4-Me-CgH, (4l)
R' = Ph, R2 = Ph, R3 = 2-Me-CgH, (4m)
R' = Ph, R2 = Ph, R3 = -CH,Ph (4n)

Enynone 5 was prepared by the reaction of corresponding enynal 3a with
methyllithium at -78 °C followed by the MnO, oxidation (Scheme 3a). However,
compound 6 was synthesized from the corresponding iodo compound 2 by following a

literature method (Scheme 3b).%%
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Scheme 3

o OH o
Ph™ X" H X
a) MeLi, THE " Me Mno,  PhTNYT “Me
I Zsocn l THF, rt Il
Ph
3a 5
o o __Ph
I Z2
PdCl,/ PPh/ Cul
b) ij/ + = ph 2T
Diisopropylamine
2 THF, 0 °C-rt 6

2.3 Synthesis of azides 7a-k

All these azides were synthesized following known literature procedures.®®® Thus
benzyl and aliphatic bromides were subjected to Sy2 displacement with NaNj3 to afford
azides 7a-i and 7k (Scheme 4a). Azide 7j was prepared directly from the alcohol using
trimethylsilyl azide as the azide source (Scheme 4b).%*" IR spectra of all these compounds

exhibit a characteristic band at ~2100 cm™ for the azide group.

Scheme 4
DCM DMSO, 70 °C R
O
crt R=H (7a)
=-OMe (7b)
= -Cl (7¢)
=-Br (7d)
=-2-Br, 5-F (7e)
=-NO, (7
Similarly d(\ i
(79) R=H (7h)
= Me (7i) (7")
0
©)’LM NaBH4 ©)\Me TMSN3 ©/l\
EtOH Cu(OTf),
DCM (75)
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2.4  Synthesis of allenes 8a-d

Allenes 8a-d were prepared by following an established method of using drop-wise
addition of acetyl chloride in DCM to a solution of the phosphorus ylide in DCM and
EtsN (Scheme 5).%

Scheme 5
j\ :<H DCM
+  PhgP - =
H;C Cl 3
3 CO,R EtsN CO,R
R=-Et (8a)
= -Me (8b)
=-Bn (8c)
= -'Bu (8d)

2.5 Gold catalyzed cycloaddition reaction of enynones with azides

Enynones undergo numerous cycloaddition reactions with various nucleophiles under
gold catalysis as presented in Chapter 1. Till recently, there had been hardly any report on
the use of azide as a nucleophilic source for enynones to afford furan-fused 1,2,3-triazines
in gold-catalyzed cycloaddition reactions. Among the three possible triazine systems,
1,2,3-triazines are pharmaceutically useful because of their potent efficacy and minimal
side effects.® Hence there are a reasonable number of reports on the synthesis and utility
of 1,2,3-triazines.®® To our knowledge, furan-fused triazine (furanotriazine) ring system

has never been reported till now and the corresponding results are discussed below.

2.5.1 Synthesis of furan fused triazines by the [3+3] cycloaddition reaction of
enynones with azides

Initially, the reaction of (E)-2-benzylidene-1,4-diphenylbut-3-yn-1-one 4a with
benzyl azide 7a in the presence of PhsPAUCI/AgOTE (5 mol%) in dichloromethane
(DCM) for 5 h led to the [3+3] cycloadduct 9 in 35% yield (Table 1, entry 1). The product
yield improved marginally by changing the solvent from DCM to DCE (entry 2). Varying
the counter-ion or the use of IPrAuCIl/AgSbFs did not enhance the yield of 9 (entries 3-6).
IPrAuCl itself was not effective (entry 7). Other gold catalysts like NaAuCl,.2H,0, AuCl,
HAuCI,.3H,0 and AuCl; gave very poor yields (entries 8-11). Surprisingly, the reaction
proceeded very smoothly with 5 mol% LAu(CHsCN)SbFs (L = [(2-biphenyl)di-tert-
butylphosphine]) as the catalyst in DCE solvent affording the product 9 in 84% yield
(entry 12). It is important to note that enynones 4 in DCE solvent should be added
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dropwise at 0 °C to the solution of gold complex and azide. At rt (25 °C), the reaction was
vigorous and yield of the product was reduced (entry 13). Addition of AgSbFs to the
above gold catalyst slightly decreased the yield of the desired product (entry 14). Solvents
such as DCM, 1,4-dioxane, toluene and CHCI; were less effective (entries 15-18). In
methanol or DMF, enynone did not react with benzyl azide, but other byproducts were
formed.®* Other variations did not improve the yield (entries 19-22). Thus the optimal
reaction conditions were: 4a (1.0 equiv.), 7a (1.2 equiv) and LAU(CH3CN)SbFs (5 mol%)
in DCE (2 mL) as a solvent from 0 °C to rt for 5 h.

Scheme 6
Ph N_N/_ Ph
0 Catalyst N Ph
= + P ON; ———
Ph \\ Solvent ]\
0oc—=rt PN g~ ~Ph
4a Ph 7a 9

Table 1. Survey of reaction conditions for the [3+3] cycloaddition of (E)-2-benzylidene-
1,4-diphenylbut-3-yn-1-one 4a with benzyl azide 7a°

Entry Catalyst (5 mol%) Solvent | Yield(%)
1 PhsPAUCI/AgOTf DCM 35%
2 PhsPAUCI/AgOTf DCE 45%
3 PhsPAuUCI/AgSbFs DCE 43%
4 PhsPAuUCI/AgBF, DCE 40%
5 PhsPAUCI/AgNTT; DCE 33%
6 IPrAuCl/AgSbFg DCM 20%
7 IPrAuCl DCM N.R.
8 NaAuCls.2H,0/AgOTf DCE Trace
9 AuCI/AgOTf DCE Trace
10 HAuUCI,;.3H,0/AgOTf DCE 10%
11 AuCl;/AgOTT DCE 12%
12 LAU(CH3;CN)SbFg DCE 84%
13 LAU(CHsCN)SbFs DCE 65%°
14 | LAu(CH3CN)SbF¢/AgShFg DCE 76%°
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15 LAU(CHsCN)SbFs DCM 56%
16 LAU(CHsCN)SbFs 1,4- 45%
dioxane
17 LAU(CH3CN)SbFs toluene 55%
18 LAU(CHsCN)SbFs CHCl; AT%
19 AgSbFs DCE 30%%*
20 Cu(OTH), DCE N.R.
21 LAU(CHsCN)SbFs DCE 40%'
22 - DCE N.R.S

®Standard conditions: Enynone 4a (0.3 mmol), benzyl azide 7a (0.36 mmol), catalyst (5
mol%), and solvent (2 mL), rt for 5 h unless otherwise noted. DCM = dichloromethane;
DCE = 1,2-dichloroethane, °lsolated yields. ‘Addition of 4a at room temperature.
Y1solated after 12 h. ®20 mol% AgSbFs was used. 2.5 mol% catalyst was used. ¢ Reaction
at 80 °C for 2 d. L = [(2-biphenyl)di-tert-butylphosphine]); IPr = 1,3-Bis(2,6-diisopropyl
phenyl-imidazol-2-ylidene). N.R. = No reaction.

We then explored the substrate scope for the above gold catalyzed [3+3]
cycloaddition between various 2-(1-alkynyl)-2-alken-1-ones and benzyl azides (Scheme
7). Both electron—donating and electron-withdrawing groups on the benzyl group of azide
gave decent yields, but electron withdrawing groups —NO, and -Br marginally reduced
the yield. Dihalo substituted azide 7e also produced the desired product 13 in good yield.
The generality of this method could be extended to octyl as well as cinnamyl azides like
79, 7h and 7i affording 15, 16, and 17 in 86%, 72%, and 72% yields, respectively.
Secondary azide [(1-azidoethyl)benzene] 7j and 9-anthracenylmethyl azide 7k also
worked well offering the corresponding cycloadducts 18 and 19 in good yields. The
reaction was very clean and the corresponding furanotriazines 20-28 and 30-32 were
obtained in 53-86% yield with high regioselectivity. This methodology also tolerates the
presence of cyclohexenyl moiety (R?) at the triple bond position resulting in the
corresponding [3+3] annulation product 29. A limitation though is the case of phenyl
azide where multiple products were obtained. This may be due to the delocalization of
electron density on azide nitrogen to the benzene ring. Absence of carbonyl (C=0) peak
at ~ & 193, and alkyne (C=C) peaks at ~ & 100 and ~ & 90 in the BC NMR spectra

indicated the participation of carbonyl and alkyne moieties of enynone in the reaction.
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The presence of AM pattern in *H NMR spectra revealed the presence of geminal
protons, which suggested the involvement of azide in the reaction. The structure of

annulation product 9 was then confirmed by single crystal X-ray diffraction (Figure 1).

Scheme 7
R3 CH,R
o LAu(CH3CN) SbFg N-N"
(5 mol%) N” R
{ - + RCHZ_Ns >
R AN Conditions 7
R2 R3
R2 (@)
4(a-m) 7(a-k) (9-32)

Table 2. Scope of the gold catalyzed [3+3] annulation reaction of 2-(1-alkynyl)-2-alken-
1-ones 4a-m with azides 7a-k (cf. Scheme 7)*

Entry | Enynones | Azides | Furan fused 1,2,3-triazines | Yield (%)°
1 4da 7a 84
2 4a 7b 78
3 4a 7c 74
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21 4 7a 56
22 4k 7a 80
23 41 7a 68
24 4m 7a 76
%Conditions: Enynone 4 (0.3 mmol), azide 7 (0.36 mmol),

LAU(CH3CN)SbFg (5 mol%), DCE (2 mL), rt for 5 h. °Isolated yield.
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Figure 1. Molecular structure of compound 9 Selected bond lengths [A] with esds in
parentheses: O(1)-C(7) 1.3847(18), C(7)-C(8) 1.359(2), C(8)-C(9) 1.491(2), C(9)-N(1)
1.488(2), N(3)-C(23) 1.397(2), C(23)-C(24) 1.368(2), C(24)-O(1) 1.3714(18).

2.5.2 Absorbance and fluorescence emission spectra of furanotriazines

Preliminary studies of absorption and emission spectra of furanotriazines have also
been performed. We compared the absorption and fluorescence emission spectra of
compounds 15 and 16 with that of compound 19. Though compound 19 has similar and
slightly lower absorbance than compounds 15 and 16, it shows higher fluorescence
emission intensity as expected for an anthracenyl compound (Figure 2-3). Compounds 9,
10, 15, 16, 19 and 21 are also fluorescence active (cf. Figure 2-4). Thus these products

could be of use as good fluorescence active materials.
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Figure 2. Absorbance (A) and fluorescence emission spectra (B) of compounds 16 and 19
with ¢ = 1.71x10% mol/L in THF (upon excitation at 357 nm and 370 nm respectively).
Quantum yields for 16 and 19 are 0.0011 and 0.014, respectively.
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Figure 3. Left and center: Absorbance (A) and fluorescence emission spectra (B) of

compounds 15 and 19 in THF solution (upon excitation at ~367 nm). Right: Fluorescence
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emission spectra of compounds 19 and anthracene at ¢ = 1.71x10 mol/L in THF (upon

excitation at 370 nm 358 nm and respectively).
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Figure 4. Absorbance (A) and normalized fluorescence emission spectra (B) of

compounds 9, 10, 15, 16, 19 and 21 in THF solution (upon excitation at ~367 nm).

2.5.3 Gold catalyzed [3+3] cycloaddition of enynals with benzyl azides

We expanded the utility of the above reaction to include enynals (possessing aldehyde
functionality). Thus, the reaction between (E)-2-benzylidene-4-phenylbut-3-ynal 3a and
benzyl azide 7a resulted in the desired [3+3] cycloadduct 33 in 32% yield with some
starting material remaining even after longer reaction time. Pleasingly, though, upon
increasing the reaction temperature to 70 °C, compound 33 was obtained in 73% yield
after 10 h. At room temperature it took 48 h for completion of the reaction. In an
analogous manner, reactions using compounds 3b, 3d, and 3h-i also proceeded smoothly
and resulted in the corresponding [3+3] cycloadducts 35-38 in good yields (Scheme 8).
Absence of a singlet at & ~ 9.6 in the *H NMR spectra, of carbonyl peak at & ~ 192.0 and
alkyne peaks at & ~ 100.0 and ~ 90.0 in the **C NMR spectra indicated the involvement of
aldehyde and alkyne functionalities of enynal in the reaction. *H NMR spectra exhibited
an AM pattern corresponding to geminal protons and a singlet at ~ 6 6.2 for the furanyl —

C-H of the products.

Scheme 8
H LAU(CH5CN) SbFg N_N,CHzR
0 (5 mol%) D oh
= +  RCH,—Nj N
PN\ DCE, 0 °C >t T\
(3a-b), ‘A, 10 h, 70°C Ar~ ™o
3d, (3h-i) (7a-b) (33-38)
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Table 3. Gold catalyzed [3+3] cycloaddition of enynals 3a-b, 3d, and 3h-i with benzyl
azide 7a-b (cf. Scheme 8) ?

Entry | Enynals | Azides Furan fused 1,2,3-triazines Yield (%)
1 3a 7a 73
2 3a 7b 75
3 3b 7a 68
4 3d 7a 70
5 3h 7a 72
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66

#Conditions: Enynal 3 (0.3 mmol), azide 7 (0.36 mmol), LAu(CH3CN)SbFs (5
mol%), DCE (2 mL), 70 °C for 10 h. "Isolated yield.

2.5.4 Gold catalyzed [3+2] cycloaddition reaction of enynones 4n, 5 and 6 with
benzyl azide 7a leading to functionalized triazoles

In contrast to the above, interestingly, in the presence of above gold catalyst,
enynones 4n, 5, and 6 underwent [3+2] cycloaddition with benzyl azide 7a. Here, only
alkene part of the enynones reacts with benzyl azide resulting in the formal [3+2]
cycloadducts 39-41, rather than the [3+3] cycloadducts, in 65%, 60% and 75% vyields,
respectively (Scheme 9).6” The difference between this reaction and the one shown in
Scheme 7 may be rationalized by realizing that the R® group is aryl in the case of 4a-m
(cf. Scheme 7) for [3+3] cycloaddition and alkyl in the case of precursors 4n, 5, and 6 for
the [3+2] cycloaddition involving the alkene moiety. Presence of carbonyl peak at 6 ~
200, and alkyne peaks at & ~ 90 and ~ 80 in the *C NMR spectra suggested that carbonyl
and alkyne groups of enynones did not participate in the reaction. Thus only ene part of

enynones reacted with the azide leading to functionalized triazoles.

Scheme 9
R
o) J(é
Ph o \\ | T

Ph"
Ph
A~ 39 (65%)
R =-CH,Ph (4n) N 0 (60%)

= Me (5)

LAU(CH5CN) SbFg
(5 mol%)
o DCE, 0 °C—>rt
] 5h
AN —

41 (75%) \\ Ph

6 Ph
Reaction conditions: Enynone 4n or 5 or 6 (0.3 mmol), azide 7a (0.36 mmol),
LAu(CH3CN)SbFs (5 mol%), DCE (2 mL), rt for 5 h.
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2.5.5 Synthetic utility of furanotriazines- Selective opening of furan ring leading to
1,2,3-triazines

1,2,3-Triazines constitute an attractive class of compounds to develop new drugs, but
synthetic routes to them are rarely reported.® ® Keeping this in mind, we performed the
furan ring cleavage reaction of furanotriazine 9 with cerium(l\V) ammonium nitrate
(CAN) at rt/15 min that afforded the tetrasubstituted 1,2,3-triazine 42 in 96% yield. The
generality of this reaction was explored using furo[3,4-d][1,2,3]triazines 24, 25 and 30.
Thus we obtained the highly functionalized 1,2,3-triazines 43-45 in excellent yields
(Scheme 10). These compounds exhibited a strong carbonyl band at ~1600 cm™ in the IR
spectra. They also showed peaks in **C NMR spectra at & 190-195. Compound 44 was
further characterized by single crystal X-ray analysis (Figure 5). The C1-C2 distance of
1.320(6) A proves the existence of a double bond between these two atoms. Also, the
C18-02 distance of 1.192(8) A and C10-O1 distance of 1.224(5) A are in the double bond
range as expected. Compounds 42 and 44 are also fluorescence active (Figure 6).

Scheme 10 /@

CAN (2 equiv)

CH3CN:H20 (11
rt, 0.25 h

42 (96%)
43 (80%)
44 (83%, X-ray)
45 (96%)




Figure 5. Molecular structure of compound 44 (H atoms omitted for clarity) Selected
bond lengths [A] with esds in parentheses: C(1)-C(2) 1.320(6), O(1)-C(10) 1.224(5),
0(2)-C(18) 1.192(8), C(2)-C(18) 1.505(6), C(1)-C(10) 1.503(6).
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Figure 6. The absorption (A) and fluorescence emission spectra (B) of compounds 42 and
44 in THF solution upon excitation at ~388 nm.

2.5.6 Plausible pathway for the gold catalyzed cycloaddition of enynones/enynals
with benzyl azide

A plausible pathway for the above [3+3] cycloaddition involves the initial activation

of the alkyne end of enynone 4a with gold catalyst followed by the intramolecular attack

|, 128 132,16, 68 \nhich acts as a

of carbonyl oxygen leading to furanyl gold intermediate
carbon electrophile (Scheme 11). Intermediate Il is formed by nucleophilic attack of
azide nitrogen on the highly activated species I. Intermediate 11 undergoes intramolecular
C-N bond formation to furnish the desired [3+3] cycloadduct 9 with regeneration of the
gold catalyst. In the formation of the [3+2] cycloaddition products 39-41, it is likely that
[Au'] is coordinated to both the triple bond and the carbonyl oxygen with an electrophilic
carbon center in the intermediate stage such as that shown in 111.%° It is possible that the
alkyl group R in 4n and 5- 6 and may facilitate oxygen coordination better than an aryl

group at this position leading to a different type of product.
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Scheme 11 /~Ph

Ph N—N
o LAu(CH;CN)SbFg N’ Ph
— (5 mol%)
Ph [ ) Ph
\\ DCE,0°C—>rt  Ph™ g
4a pp (simillarly for 9
other products)
AUl
l[Au]* Tf

/\
® N= N N~ pp Ph
[AU]

[Au] Ph 7a@
)\
Ph o Ph
I ||

AUl
o \ _Ph

.
AN ()

Possible intermediate cation in
the formation of 39-41

2.6 DABCO catalyzed [2+4] cycloaddition reaction of allenes with
enynals/enynones

In this section, we shall discuss [2+4] cycloaddition of allenes with enynals/enynones
by using DABCO as a catalyst. Previous literature related to this work is highlighted in
Chapter 1.

2.6.1 DABCO catalyzed reactions of allenoates 8 with enynals 3 and enynones 4

For the amine catalyzed [2+4] cycloaddition, we chose DABCO as the catalyst with
ethyl 2,3-butadienoate 8a and (E)-2-benzylidene-4-phenylbut-3-ynal 3a as substrates to
afford dihydropyran 46 (Scheme 12). Although toluene has been effectively used as a

solvent in such reactions,®3*

in our case, 1,4-dioxane worked better (Table 4, entry 4).
The reaction mixture showed a single product. The yields given are after isolation by
column chromatography. Other solvents like diethyl carbonate and dichloromethane gave
lower yields (entries 1-3). In the case of toluene, reaction was incomplete even after 6 h.
The reaction was not clean when bases such as DBU (1,8-diazabicyclo-[5.4.0]undec-7-
ene) and DMAP (4-dimethylaminopyridine) were used; only traces of [2+4] cycloadduct
were observed (entries 6, 7). Triethylamine was ineffective for this reaction (entry 9),

even after two days. In the absence of catalyst, the desired product was not observed even
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at 100 °C (entry 10). Hence we chose DABCO (10 mol%) as the organocatalyst and 1,4-
dioxane (2 mL) as the solvent (entry 4) for this [2+4] cycloaddition reaction.

Scheme 12
\
. Y
CO,Et = Amine
r (10 mol%) 0
. N —— =
H Solvent, //

3h,rt
8a 3a Q O 46

Table 4. DABCO catalyzed [2+4] cycloaddition leading to functionalized dihydropyrans®

Entry Catalyst Solvent Yield of 46

(%)°

1 DABCO (Et0).CO 73

2 DABCO Toluene 55

3 DABCO DCM 61

4 DABCO 1,4-Dioxane 82

5 DABCO THF 68

6 DBU 1,4-Dioxane Trace®

7 DMAP 1,4-Dioxane Trace®

8 DMAP Toluene 10

9 EtsN 1,4-Dioxane N.R.*

10 none 1,4-Dioxane N.R.®

®Reaction conditions: Enynal 3a (0.4 mmol), allenoate 8a (0.48 mmol), catalyst (10
mol%), solvent (2 mL), rt for 3 h unless otherwise noted. °Isolated yields. “Complex
mixture of products with only a trace of 46. ®Reaction was carried out at 70 °C for 2 days.

®At 100 °C also, there was no reaction.

In the next step, we investigated the substrate scope for the above [2+4] cycloaddition

reaction of allenoates with enynals as well as enynones (Scheme 13, Table 5). The
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reaction was smooth and the corresponding dihydropyrans were obtained in 57-87% yield
with high regioselectivity. Electron-releasing or —withdrawing groups on the phenyl rings
gave satisfactory results 47-49 and 54-55 (entries 2-4 and entries 9-10). Halogen
substituted enynals also showed good reactivity and resulted in 64-86% vyield of
compounds 50-53 and 56 (entries 5-8, 11). With R? = alky! also, we observed the [2+4]
cycloadduct 58 in good yield (entry 13). This methodology when applied to ethyl 2,3-
butadienoate 8a and enynones 4a and 4e-4f, afforded desired [2+4] annulation products
60-62 in excellent yields and with high regioselectivity within one hour (entries 15-17). In
the *H NMR spectrum, compound 46 shows two singlets at 8 7.07 and 5.64 due to two
different alkenic-protons. Two signals at & 91.5 and 85.5 in the *C NMR spectrum
indicated the presence of internal alkyne, whereas a peak at & 164.2 showed the ester —
C=0 group. The structure and stereochemistry of the annulation products 52 and 62 were
further confirmed by X-ray crystallography (Figure 7). In both the cases, the E-
stereochemistry at the exocyclic double bond was observed. The highlighting feature of
this work is that essentially one product is formed regioselectively. Also, the residual

alkyne functionality in the products can later be used for further transformations.

Scheme 13

R3%0,C
CO,RS Q DABCO Y
‘r R (10 mol%) 1
o + — B s R o)

H R' \\ 1, 4-dioxane, —

3h,rt
R? // R

8 3or4 R2 (46-62)

Table 5. Substrate scope for the DABCO catalyzed [2+4] cycloaddition of allenoates 8

with enynals 3 or enynones 4°

Enynals/
Entry Allenoate Dihydropyran Yield (%)°
Enynones
O CO,Et
=
1 3a 8a _ 0 82
S
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72

71

80
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MeO

OEt

OEt

8a

8a

8a

8a

8a

3b

3c

3d
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3h
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OEt

7 3i 8a 78
OEt
8 3 8a = 64
/
// 53
Br
9 3k 8a 60
OEt
10 3l 8a 62
OEt
11 3n 8a 86

52




12 30 8a 62
13 3p 8a 57
14 3q 8a 67
15 4a 8a 84
16 4e 8a 87

53




17 af 8a 85

®Conditions: enynal/enynone 3/4 (0.4 mmol), allenoate 8 (0.48 mmol),
DABCO (10 mol%), 1,4-dioxane (2 mL) at rt for 3 h (for compounds 46-
59) or 1 h (for compounds 60-62). "Isolated yields.

Figure 7. Molecular structure of compounds 52 (left) and 62 (right). Selected bond
lengths [A] with esd’s in parentheses: Compound 52 C(9)-C(10) 1.332(4), C(10)-O(1)
1.365(3), O(1)-C(11) 1.375(3), C(11)-C(12) 1.491(4), C(12)-C(13) 1.536(4), C(13)-C(9)
1.509(3), C(11)-C(20) 1.319(4), C(20)-C(21) 1.464(4). Compound 62 C(9)-C(10)
1.321(3), C(10)-C(11) 1.472(3), C(10)-O(1) 1.376(3), O(1)-C(12) 1.365(3), C(12)-C(13)
1.474(3), C(13)-C(14) 1.523(3), C(14)-C(9) 1.489(3), C(12)-C(21) 1.310(3), C(21)-C(22)
1.445(3).

2.6.2 Plausible pathway for the DABCO catalyzed [2+4] cycloaddition of allenoates
with enynals/enynones

Based on literature reports,®® a plausible pathway for the formation of substituted

dihydropyrans is shown in Scheme 14. Initially, allenoate 8a provides zwitterionic

intermediate 1V upon addition of the Lewis base. In the presence of DABCO, enynal 3a

interacts with intermediate 1V resulting in V, which undergoes intramolecular attack of

oxygen nucleophile at the B-position of the allenoate and concomitant elimination of the

base affording the substituted dihydropyran 46 as well as regeneration of the DABCO

54



catalyst. This concomitant elimination of the base (DABCO) allows the stereochemistry
at the olefinic double bond intact.

Scheme 14
1) H
Et AR
a0z Base EtO.C _Ph
— - po _Ph3a
p o4
i ®
Y8a | Base|
v
EtO,C EtO,C
/
)/ ( Basel
-Base //
PH Base = DABCO N 46
simillarly for

other compounds

2.6.3 Development of asymmetric [2+4] cycloaddition of allenoate 8a with enynal
3a using chiral amines

Based on the above mechanism, it is possible to induce chirality in compounds 46-62
by using suitable chiral amine catalysts.” Initially, we tried the reaction of allenoate 8a
and enynal 3a by using the chiral amine (+)-cinchonine (20 mol%) in 1,4-dioxane
(Scheme 15). Compound 46 was obtained in 30% vyield with 85% ee after 48 h, at rt.
Increasing the temperature to 80 °C resulted decrease on both the yield and ee (Table 6,
entry 2). Use of (DHQD),PHAL as the catalyst led to enhancement in ee of compound 46
(entry 4).

Scheme 15 EtO,C

O\ H
CO,Et O P
|r 20 mol% Cat. d
” N 1, 4-dioxane //
O 24-48 h O

8a 3a 46

Table 6. Asymmetric [2+4] cycloaddition of allenoate 8a with enynal 3a using chiral
amines ®

Entry Catalyst TC) | Yield (%)° | ee (%)°
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time
1 (+)-Cinchonine | rt(48h) 30 85
2 (+)-Cinchonine | 80 (24 h) 23 79
3 (+)-Cinchonine | 15 (48 h) 42 86
4 | (DHQD),PHAL | rt(48h) 35 93

Conditions: Enynal 3a (0.3 mmol), allenoate 8a (0.36 mmol), chiral amine (20 mol%),
1,4-dioxane (1 mL). "Isolated yields. “Determined by HPLC on a chiral stationary phase

using a Chiralcel AD-H column.

2.7  PPhj catalyzed [3+2] annulation reaction of allenes with enynals

In the previous section, we reported DABCO catalyzed regioselective synthesis of
functionalized dihydropyrans by the [2+4] cycloaddition of allenoates with enynals or
enynones. In contrast, triphenylphosphine catalyzed reaction of the same substrates
(allenoates and enynals) takes place via [3+2] cycloaddition to afford cyclopentenes.
These results are discussed below.

2.7.1 Triphenylphosphine catalyzed reaction of allenoates with enynals

In contrast to the result obtained by DABCO catalyst, in the presence of PPh; as a
catalyst, allenoates underwent [3+2] cycloaddition with enynals to afford cyclopentenes
(Scheme 16). Thus by using 10 mol% of PPh; as a catalyst, reaction of ethyl-2,3-
butadienoate 8a with (E)-2-benzylidene-4-phenylbut-3-ynal 3a provided 63 and 63’ in 5:1
ratio with a combined yield of 76% (Table 7, entry 1). We screened several solvents like
CH3;CN, DMF, THF, (EtO),CO, DCM, EtOH and 1,4-dioxane (entries 2-9) and to our
satisfaction, the [3+2] cycloaddition product was obtained in 80% combined yield by
using 1,4-dioxane as the solvent. Phosphine catalysts like dppe [1,2-
bis(diphenylphosphino)ethane] and PCy; decreased the yield of the cycloadduct (entries
12-13), while trifurylphosphine (PFus) (entry 14) was ineffective. Vigorous reaction took
place when tributylphosphine (PBus) was used as the catalyst, but only a mixture of
products was obtained (entry 15). Thus PPh; was the best catalyst for the [3+2]
cycloaddition reaction. Use of 1.0 equiv of 8a lowered the yield (entry 10); an excess of
8a did not improve the vyield. Increasing the catalyst loading to 50 mol% slightly
diminished the yield of desired product (entry 11). Thus conditions under entry 9 gave the

best results.
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Scheme 16 CO,Et
CHO ‘ O O

CO,Et _ Catalyst ‘
CHO

i O _(10mol%) g cHO
e + \\ Solvent ’ // * //

|| Q 12 h, rt

8a 3a 63 (major) 63' (minor)

Table 7. Survey of reaction conditions for the PPhs catalyzed [3+2] cycloaddition leading
to functionalized cyclopentenes®

Entry Catalyst Solvent Yield (%)°

63 + 63’

1 PPh; Toluene 76

2 PPh; CH3CN 48

3 PPh; DMF 54

4 PPh; THF 74

5 PPh; PEG-400 33

6 PPh; (EtO),CO 72

7 PPh; DCM 35

8 PPh; EtOH 57

9 PPh; 1,4-Dioxane 80

10 PPh; 1,4-Dioxane 76"

11 PPhs 1,4-Dioxane 77°

12 dppe 1,4-Dioxane 56

13 PCys 1,4-Dioxane 45

14 PFu; 1,4-Dioxane N.R'

15 PBu3 1,4-Dioxane Complex

®Reaction conditions: Enynal 3a (1.0 mmol), allenoate 8a (1.2 mmol), catalyst (10 mol%),
solvent (5 mL), rt for 12 h unless otherwise noted. "Isolated yields (includes pure major

isomer + the remaining mixture containing both the isomers obtained during isolation).
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“Starting material enynal remained. “One equiv of allene was used. 50 mol% of PPh; was
used. "Reaction was carried out at 70 °C for 2 days.

After establishing the optimized reaction conditions, we turned our attention to the
substrate scope and limitations of triphenylphosphine catalyzed [3+2] cycloaddition
between allenoates and 2-(1-alkynyl)-2-alken-1-als (Scheme 17). Both electron—donating
and electron-withdrawing groups on ring R? gave the desired [3+2] cycloadducts (Table
8, entries 2-10) in good vyields, but electron releasing groups enhanced the vyield.
Similarly, both electron-donating and electron-withdrawing groups on ring R also
worked well, but the electron withdrawing —NO, group marginally reduced the yield
(entries 11-14). The yields were good even for R? = MesSi (entry 15). Allenoates with R®
= Me or Bn also afforded good yields (entries 16-17). The reaction was completed within
12 h. The major isomers 63-79 were isolated in pure form as viscous liquids in all the
cases. All these compounds are rather unstable at room temperature (25 °C) for >1 day
and hence had to be preserved at low temperatures. In these products, a singlet at 6 ~9.9
in the '"H NMR spectra shows the presence of aldehydic proton. Signals at  ~198 and
~163 in the 3C NMR spectra show both aldehydic and ester functionalities; two signals at
8 ~90 and ~85 suggest the presence of an internal alkyne. Among the minor isomers, we
have isolated 63°, 67° and 76’ in pure form. The structure of the minor isomer 63’ was

confirmed by single crystal X-ray structural analysis (Figure 8).

Scheme 17 _
R1 B C:OZR3
CO,R®  CHO PPhs
H _ (10 mol%) CHO R
+ ~ R°0,C ¥ CHO
R \\ 1,4-dioxane \ \ //
R2 12 h, rt
R2 R2
8 3 (63-79) major L (63'-79") minor -
ratio ~ 85:15

Table 8 Substrate scope for the phosphine catalyzed [3+2] cycloaddition of allenoates 8a-

¢ with enynals 3a-0°

Combined
yield
(%)"

(major +

Entry | Allenoate | Enynal | Functionalized cyclopentene derivatives

58



minor)

CO,Et
Ph "
8a 3a E10:C A Cth 80 (5:1.0)
63 // 63'
Ph PH
8a 3b 88 (5:0.8)
8a 3c 74 (5:1.0)
8a 3d 83 (5:0.9)
8a 3e 68 (5:1.5)
8a 3f 62 (5:1.5)
8a 39 64 (5:1.0)
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8 8a 3h 72 (5:0.9)
9 8a 3i 65 (5:0.8)
10 8a 3j 55 (5:0.9)
11 8a 3k 80 (5:0.9)
12 8a 3l 58 (5:2.0)
13 8a 3m 77 (5:1.3)
14 8a 3n 75 (5:0.9)
EtO,C Ph
15 8a 30 / cHo " 11 77 (5:0.9)
Me=si” 77
Me” Me
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MeOZC Ph .
16 8b 3a // CHO *78 74 (5:0.9)
78
PH
BnOzC Ph + 79"
17 8¢ 3a Y CHO 77 (5:1.0)
P 79

#Conditions: Enynal 3 (1.0 mmol), allenoate 8 (1.2 mmol), PPhs (0.1 mmol), 1,4-
dioxane (5 mL), rt for 12 h. "Isolated yields and isomeric ratio showed in

parentheses (based on *H NMR of crude reaction mixture).

Cc23

ce C7 C8
23 -

Figure 8. Molecular structure of compound 63°. Selected bond lengths [A] with esds in
parentheses: C(9)-C(10) 1.525(3), C(10)-C(11) 1.493(3), C(11)-C(12) 1.309(4), C(12)-
C(13) 1.493(3), C(9)-C(13) 1.566(3).
2.8  Gold catalyzed ring transformation and 1,2-alkyl migration of cyclopentenes
63-79

Compounds of type 63-79 have a reactive -CHO and an alkyne group juxtaposed on
the same carbon and are consequently interesting substrates in gold catalysis. The

1d, 2b, 2d-¢, 7a, 8b-¢, 71

alkynophilic character of gold(l), therefore, is what we wanted to exploit

54-60, 72

in this section. Thus we used the 1,2-alkyl migration strategy on compounds 63-79

for the construction of substituted benzofurans under gold-catalysis.

2.8.1 Synthesis of highly substituted benzofurans from cyclopentenes

To start with, the reaction of functionalized cyclopentene 63 with 5 mol% each of
gold(l) carbene complex (IPrAuCl) and AgOTf at rt for 3 days in 1,4-dioxane afforded
substituted benzofuran 81 in 50% yield (Table 9, entry 1). In the absence of AgOTT, this
transformation was forbidden (entry 2). Use of PhsPAuUCI/AgOTTf catalytic system at rt

61



for 2 days resulted in 65% yield (entry 3). Fortunately, increasing the temperature to 100
°C and reaction time to 24 h increased the yield to 76% (entry 5). Among the tested
solvents, 1,4-dioxane showed better results (entries 5-9). Although AgOTfT itself is active,
only 58% vyield was obtained in this case (entry 10). Gold catalysts like AuCl and
NaAuCls.2H,0 gave very poor yields. Furthermore, increase the catalytic loading did not
benefit this transformation. Thus the optimal reaction conditions for this transformation
are: PhsPAUCI/AgOTf (5 mol%), 1,4-dioxane (2 mL) as a solvent at 100 °C for 24 h.

Scheme 18

CO,Et
EtO,C Ph Catalyst A oh
// CHO Solvent (@]
Ph
Ph 63 81

Table 9. Details on screening of solvents and catalysts for the synthesis of benzofurans
81-97°

Entry Catalyst Solvent Time | T[°C] Yield (%)°
1 IPrAuCIl/AgOTf 1,4-Dioxane | 3 days rt 50
2 IPrAuClI 1,4-Dioxane | 3 days rt N.R.
3 PhsPAUCI/AgOTf 1,4-Dioxane | 2 days rt 65
4 PhsPAUCI/AgSbFs 1,4-Dioxane | 2 days rt 61

5 PhsPAUCI/AQOTf 1,4-Dioxane | 24h | 100°C 76

6 PhsPAUCI/AgOTf DCE 24 h 80 °C 67
7 PhsPAUCI/AgOTf CHsCN 24h | 100°C 44
8 PhsPAUCI/AgOTf MeOH 2 days | 80°C 25
9 PhsPAUCI/AgOTf DMF 2 days | 100 °C 24
10 AgOTf 1,4-Dioxane | 24h | 100°C 58
11 AUCI/AgOTf 1,4-Dioxane | 2 days | 100 °C 20
12 | NaAuCls.2H,O/AgOTf | 1,4-Dioxane | 2 days | 100 °C 28
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®Conditions: One of functionalized cyclopentenes 63-79 (0.3 mmol), [Au]-catalyst (5
mol%), [Ag]-catalyst (5 mol%), and 1,4-dioxane (2 mL) were used. "Isolated yields.

Having the optimal reaction conditions in our hands, we explored the substrate scope
of the reaction by using various [3+2] cycloadducts 63-79. The results are summarized in
Scheme 19 and Table 10. The yields were in general, good to excellent (Table 10). A
point worth-noting here is that the substrate 77 undergoes elimination of trimethylsilyl
group resulting in 95 in excellent yield (entry 15). As can be seen readily, cyclo-
isomerized compounds (benzofurans) 81-97 have two hydrogen atoms less than that in
their precursors, suggesting dehydrogenation. To our knowledge such a dehydrogenation
leading to aromatization has not been reported thus far in related systems. The absence of
carbonyl and alkyne groups in **C NMR spectrum of 81 suggested the involvement of
these two groups in the cyclization process. For the sake of foolproof evidence, the
structures of 81 and 86 were confirmed by X-ray crystallographic analysis (Figure 9).

These structures also confirmed the identity of the precursors 63-79.

Scheme 19
CO,R3
3 PhsPAUCI/AgOTf
R30,C R! (5 mol%) N N\_R?
// CHO 1,4-dioxane o
R2 100°C, 24 h R?
(63-79) -H, (as H,0) (81-97)

Table 10. Gold catalyzed synthesis of substituted benzofurans 81-97 from highly
functionalized [3+2] cyclopentenes 63-79°

Entry | Cyclopentenes | Trisubstituted benzofurans | yield (%)
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63



CO,Et

Do
(0]
82

w | o
CO,Et
Ly~

65 o 81
l 83
COEt pMe
I~

66 o 77
O 84
CO,Et
O

67 o 74
<l

68 72
CO,Et
C~O

69 o 81
<h




84

86

74

78

68

CO,Et

CO,Et

CO,Et

CO,Et

CO,Et

NO,

70

71

72

73

74

10

11

12

65



13

75

CO,Et

~ )
o O~
=]

84

14

76

CO,Et

R O

-

85

15

77

CO,Et

80!

89

16

78

COzMe

& O

83

17

79

COZBn

g o~

80

®Conditions: Cyclopentenes 63-79 (0.3 mmol), [Au]-catalyst (5 mol%),
[Ag]-catalyst (5 mol%), and 1,4-dioxane (2 mL) were used. °Isolated

yields.
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Figure 9. Molecular structures of compounds 81 (left) and 86 (right) Selected bond
lengths [A] with esd’s in parentheses: Compound 81 C(4)-O(1) 1.376(2), O(1)-C(1) 1.
383(2), C(1)-C(2) 1.342(3), C(2)-C(3) 1.436(3), C(3)-C(4) 1.393(3), C(4)-C(5) 1.393(3),
C(5)-C(6) 1.399(3), C(6)-C(7) 1.388(3), C(7)-C(8) 1.378(3), C(8)-C(3) 1.404(3). (b).
Compound 86: C(4)-O(1) 1.3718(18), O(1)-C(1) 1.3777(18), C(1)-C(2) 1.346(2), C(2)-
C(3) 1.433(2), C(3)-C(4) 1.3940(19), C(4)-C(5) 1.392(2), C(5)-C(6) 1.395(2), C(6)-C(7)
1.389(2), C(7)-C(8) 1.388(2), C(8)-C(3) 1.408(2).

In the above reactions, if the allenoate H,C=C=CH(COO-t-Bu) (8d) is used, the final
product 98 after gold catalysis is the one in which decarboxylation also has taken place
(Scheme 20). This feature may perhaps be used in cases when one does not require the

carboxylate group in the aromatic ring.

Scheme 20
CO,-t-Bu CHO
q e PPh; (10 mol%) t-Bu-0,C Ph
B ————
+
’ \\ 1,4-dioxane // CHO
12 h, rt
7d 3a Ph al PH 80 (48%)
PhsPAUCI (5 mol?
3PAUCI (5 mol%) . N_ph
AgOTf (5 mol%) 0
1,4-dioxane, 100 °C, 24 h Ph 98 (62%)
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2.8.2 One pot synthesis of benzofurans from allenoates and enynals - Combined
phosphine and gold catalysis

Synthetically, it is best if we can devise a one pot strategy since this would alleviate
the problem of isolating intermediates. The yields therefore, will at least be marginally
higher. Indeed in the above synthesis, we could accomplish this and the results are shown
in Scheme 21. The overall yield of the substituted benzofurans 81-97 was 5-6% higher
than that from the two step method involving isolation of intermediate cyclopentenes of
type 63-79.

Scheme 21
o (i) PPhy(10 mol%) COR?
CO.R? 1,4-dioxane

2 _/H 12 h, rt A
+ R1 R2

\\ (ii) PhzPAUCI/AgOTf (e}

, (Bmol%),-Ha (as HO) g1
8 3 100 °C, 24 h (81-97)

81,65% 86,58% 91,70%  96,70%
(X-ray)  (X-ray) 92,50% 97, 73%
82,74% 87,67% 93,71%

83,68% 88,62% 94, 72%

84,66% 89,65% 95,6 74%

85,64% 90, 52%

2.8.3 Plausible pathway for the gold catalyzed cycloisomerization/ alkyl migration/
dehydrogenation of cyclopentenes 63-80

Initially, gold activates the alkyne end of 63 and generates VI. Subsequent
intramolecular attack of carbonyl oxygen leads to spiro-bicyclic intermediate V11.%% 7
1,2-Alkyl migration in VII results in allylic cationic vinyl gold intermediate IX.
Intermediate X/X” is formed by deprotonation of 1X (pathway a or b). Proto-deauration of
X/X’ followed by aromatization results in the functionalized benzofuran 81. Removal of
two hydrogen atoms (aromatization) may have taken place by elimination of water. At
least in our case, it appears that pathway a is favored because the product mixture
(starting from 63) immediately after column chromatography exhibits the presence of
compound 81 and another species with a CH, group ['*H and *C (DEPT) NMR]
consistent with the presence of XI (Figures 10-12). Over a period of ca 24 h, this

intermediate disappeared and only the product 81 was observed (Scheme 22).
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Scheme 22

EtO,C Ph [Au]* EtO,C EtO,C Ph
Em—
pi 63 Ph PH % wi
1,2 alkyl
migration
CO,Et CO,Et [Au] COEt 1p, CO,Et [Au]
@
H*, -[Au]* ® path (a)
\pp < Nph— Ph~—— D—ph
(0] o -H* (0] (0]
hy X Ph X phi Ph, X
dehydro-
genation path (b)
(aromatization)
CO.Et CO,Et COzE oy CO(;Et [Au]
H*, -[Au]* N\
N Ph «<— Ph<—— N\ Ph ‘T Ph
(o] dehydro- o H (0]
genation X Ph
i|331h (aromatization) ph X Ph

similarly for other compounds

44 43 ppm 32 31 30 29

T

9 8 7 6
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Figure 10. '"H NMR spectrum of intermediate XI+81
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2.9 Reactivity of enynone 4a with allenoate 8 in the presence of gold catalyst

We attempted the reaction between enynone 4a and allene 8 in the presence of
PPh3;AuCl (5 mol%) and AgOTf (5 mol%) in DCE solvent (Scheme 23). After stirring the
reaction mixture at rt for 15 mints, TLC showed the complete consumption of starting
material but with a number of products. Interestingly, however, we isolated a terrace
amount of the product 100 by column chromatography and fortunately, we obtained a
couple of crystals. Though the quality of the data was poor, we could decipher the
structure which is shown in Figure 13. It is essentially a trimer of 4a, but with three furan

rings, of which one is saturated.

R
Scheme 23 - Ph Ph
. R
or
Eady BN A
Ph Ph Ph o~ Ph
Ph Ph PPh3AuCI (5 mol%) 99 99'
N R AgOTf (5 mol%)
// O + —e— Ph O Ph
o_
y R = .OBn DCE, 0 °-rt \ / N
=-CO,Et
Ph
4a 8 o
. . — Ph
(Did not involve Ph
in the reaction) Ph
/\
Ph™ o~ Ph
100

Figure 13. Molecular structure of compound 100. Solvent molecule is omitted for clarity.
Selected bond lengths [A] with esds in parentheses: C(1)-C(2) 1.361(7), C(2)-C(3)
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1.516(7), C(3)-C(4) 1.569(7), C(4)-O(2) 1.443(6), O(2)-C(5) 1.451(6), C(5)-C(6)
1.502(7), C(6)-C(7) 1.362(7), C(7)-O(3) 1.381(6), O(3)-C(8) 1.385(6), C(8)-C(9)
1.362(7), C(9)-C(10) 1.503(7), C(10)-C(11) 1.582(7), C(11)-C(12) 1.490(7), C(12)-C(13)
1.347(7), C(13)-C(14) 1.473(7), C(14)-C(15) 1.362(7), C(15)-O(1) 1.376(6).

It appears that initially alkyne moiety of enynone is activated by the gold catalyst
which is followed by the nucleophilic attack of carbonyl oxygen leading to furanyl gold
carbocation X11. 2% 13 1688 1 this tandem process, three molecules of XII together
undergo ring forming/isomerization providing the trimer 100 via intermediates (XIII-
XV). This reaction although interesting, still needs elaboration and product yield

maximization.

Scheme 24 o
Ph Ph
Ph
Ph ® \ /
[Au]* [Au] Ph
N} Ph
VA — oA
Ph
4a
Ph— OS5 _Ph
\ 7
Ph
Ph o -
Ph
Ph
Ph
/\
Ph™ o Ph
100
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SUMMARY - PART A
A new gold catalyzed regioselective [3+3] cycloaddition reaction of enynones with
benzyl azides that affords fused heterobicyclic furo[3,4-d][1,2,3]triazines has been
developed. This methodology is further elaborated to enynals also for providing
[3+3] cycloadducts. Interestingly though, enynones with an alkyl group attached to
carbonyl tend to undergo [3+2] cycloaddition by using the -ene part only. We have
also demonstrated the ring cleavage reaction of furo[3,4-d][1,2,3]triazines with CAN
resulting in highly substituted 1,2,3-triazines in excellent yields. Both furo[3,4-

d][1,2,3]triazines and the derived 1,2,3-triazines show good fluorescence activity.

We have developed DABCO catalyzed regioselective synthesis of functionalized

dihydropyrans by the [2+4] cycloaddition of allenoates with enynals or enynones.

In contrast to DABCO catalyzed reaction of allenoates and enynals,
triphenylphosphine catalyzed reaction of the same substrates takes place via [3+2]

cycloaddition to afford highly functionalized cyclopentenes.

The cyclopentenes synthesized as above are utilized in [Au]/[Ag] catalyzed
cycloisomerization/1,2-alkyl migration/dehydrogenation (aromatization) resulting in
trisubstituted benzofurans. Synthesis of these trisubstituted benzofurans is
accomplished by a direct one pot route from the allenoate and enynal. Interestingly,
the intermediate cyclopentene obtained from the allenoate H,C=C=CH(COO-#-Bu)
undergoes facile decarboxylation under the [Au]/[Ag] catalysis to lead to a

carboxylate-free benzofuran.
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Chapter 3

EXPERIMENTAL SECTION

General information: Chemicals and solvents were procured from Aldrich/ Fluka or
local manufacturers. Further purification was done according to standard procedures
wherever required.”” All operations, unless otherwise specified, were carried out under
dry nitrogen atmosphere using standard vacuum line techniques.’* Room temperature (rt)
refers to ca 25 °C in this thesis.

Thin layer chromatographies (TLC) were done on aluminum plates coated with silica
gel containing F254 indicator and the spots were visualized by UV light.

Column chromatography was performed on silicagel 100-200 mesh, using ethyl acetate
and hexane mixture as eluent.

Melting point: Melting points were determined using a SUPERFIT hot stage apparatus
and are uncorrected.

Elemental analyses: Elemental analyses were carried out on a Perkin-Elmer 240C CHN
or Thermo Finnigan EA1112 CHNS analyzer.

Infrared spectroscopy: IR spectra were recorded on a JASCO FT/IR 5300
spectrophotometer.

NMR spectroscopy: *H, **C and *°F NMR spectra were recorded using 5 mm tubes on a
Bruker 400 MHz and 500 NMR spectrometer [field strengths: 400,100 and 376 MHz (for
400 MHz NMR spectrometer) and 500, 125, and 470 MHz (for 500 MHz NMR
spectrometer) respectively] in CDCI3 solution (unless specified otherwise) with shifts
referenced to SiMe, (*H, *C: & = 0) or CFCl; (*°F: & = 0). All J values are in Hz.

LC-MS and HRMS: LC-MS equipment were used to record mass spectra for isolated
compounds where appropriate. LC-MS data were obtained using electrospray ionization
(positive mode) on a C-18 column. Mass spectra were recorded using HRMS (ESI-TOF
analyzer) equipment.

Absorbance and Fluorescence Spectroscopy: UV-visible absorption spectra and
fluorescence spectra (THF solution) were recorded on a Fluorolog spectrofluorometer.
HPLC: HPLC analysis was performed using Daicel Chiralpak AD-H.
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The starting materials, trans-cinnamaldehyde and trans-4-nitro-cinnamaldehyde are
commercially available. Trans-cinnamaldehyde was used after distillation. 4-Methoxy, 4-
fluoro, and 3-fluoro substituted cinnamaldehydes were prepared by utilizing the literature
reports.” 2-lodo-cinnamaldehydes 1a-e and 2-iodo-cyclohexenone 2 were synthesized by
following the reported methods.®® Enynals 3a-o and enynones 4a-n, 5, and 6 were
prepared by using standard literature reports.”® Azides 7a-k were synthesized following

known procedures. ©* Allenes 8a-d were prepared by using established protocol.**

3.1  Synthesis of enynone precursors 4a-n, 5, and 6
The enynone substrates were synthesized from Grignard reaction of corresponding
enynal with aryl/alkyl bromide, followed by the oxidation with MnO,.%%° Out of these,

compounds 4c and 4d are new.

Compound 4c
O
DaW,

QN
- O

Yield: 1.00 g (84%, yellow solid).

Mp: 60-62 °C.

IR (KBr): 3053, 2192, 1660, 1589, 1496, 1441, 1277, 1222, 1145, 986, 904, 778,
756,718 cm .

'HNMR: & 8.12-8.09 (m, 1H), 8.05 (d, J = 7.6 Hz, 2H), 7.52 (d, J = 7.6 Hz, 1H),
7.65-7.61 (m, 2H), 7.53 (t, J = 7.6 Hz, 2H), 7.48-7.41 (m, 3H), 7.38-7.35
(m, 3H), 7.19-7.15 (m, 1H).

BCNMR: 8 193.0, 162.7 (J = 244.4 Hz), 143.1 (J = 2.8 Hz), 137.0, 136.9, 136.8,
132.8, 131.4, 130.1, 130.0, 129.8, 129.1, 128.5, 128.2, 126.7 (J = 2.7 Hz),
122.3 (J=42.2 Hz), 117.4 (J=21.5 Hz), 116.1 (J=22.7 Hz), 102.0, 86.8.

LC-MS: m/z 327 [M+1]".

Anal. Calcd. for C»3HsFO: C, 84.64; H, 4.63; Found: C, 84.52; H, 4.68.
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Compound 4d

Yield: 0.87 g (88%, yellow solid).

Mp: 62-64 °C.

IR (KBr): 3052, 2186, 1666, 1605, 1573, 1512, 1452, 1310, 1233, 1156, 959, 751,
690 cm ™,

'H NMR: 0 8.17 (dd, J = 8.8 Hz, 5.6 Hz, 2H), 8.04 (d, J= 7.2 Hz, 2H), 7.64-7.60 (m,
2H), 7.52 (t, J = 7.6 Hz, 2H), 7.44-7.37 (m, 5H), 7.18 (t, J = 8.8 Hz, 2H).

B3C NMR: 5.193.2, 163.8 (J = 251.4 Hz), 143.7, 137.1, 132.6, 132.5, 132.4, 131.4,
131.2 (J = 3.3 Hz), 129.7, 129.0, 128.5, 128.1, 122.7, 120.5, 115.8 (J =
21.4 Hz), 101.0, 87.0.

LC-MS: m/z 327 [M+1]".

Anal. Calcd. for C»3HsFO: C, 84.64; H, 4.63; Found: C, 84.75; H, 4.58.

3.2 Representative procedure for the gold-catalyzed [3+3] cycloaddition of
enynones 4a-m with azides 7a-k: Synthesis of furan fused 1,2,3-triazines 9-32

To an oven dried 5 mL RBF, LAu(CH;CN)SbFs (L = [(2-biphenyl)di-tert-
butylphosphine]) (0.015 mmol) and benzyl azide 7a (0.36 mmol) in DCE (1 mL) were
added, the mixture was kept at 0 °C and the contents stirred for 5 min. (£)-2-Benzylidene-
1,4-diphenylbut-3-yn-1-one (4a, 0.30 mmol) in DCE was added dropwise to the above
mixture. After completion of the reaction, as monitored by TLC, the solvent was
evaporated under vacuum. The residue was then purified by silica gel column
chromatography by using hexane:EtOAc (49:1) as the eluent to afford 3-benzyl-4,5,7-
triphenyl-3,4-dihydrofuro[3,4-d][1,2,3]triazine 9. Compounds 10-32 were prepared

following the same procedure and by using the same molar quantities.
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Compound 9

Yield: 0.111 g (84%, yellow solid).

Mp: 160-162 °C.

IR (KBr): 3052, 3030, 2926, 2855, 1600, 1485, 1419, 1364, 1249, 1156, 1074, 942,
910, 762, 696 cm .

'H NMR: 0 8.37 (d, J=17.6 Hz, 2H), 7.52 (t, J = 7.6 Hz, 2H), 7.45-7.25 (m, 15H),
7.20 (t, J=7.2 Hz, 1H), 5.58 (s, 1H), 5.25 (d, /= 15.2 Hz, 1H), 4.39 (d, J
=15.2 Hz, 1H).

B3C NMR: S 145.1, 144.5, 139.9, 135.9, 129.7,, 129.6¢, 129.0,, 128.9;, 128.8, 128.7,
128.5, 128.34, 128.25, 128.25, 128.1, 127.7, 125.6, 125.0, 107.0, 56.9, 55.9.

HRMS (ESI): Calcd. for C30H24N30 [M™+H]: m/z 442.1919. Found: 442.1918.

This compound was crystallized from ethyl acetate/hexane (2:1) mixture at room

temperature. X-ray structure has been determined for this compound.

Compound 10

Yield: 0.110 g (78%, yellow solid).

Mp: 154-156 °C.

IR (KBr): 3063, 3024, 2827, 1610, 1512, 1484, 1435, 1243, 1166, 1123, 1079, 1029,
947,766 cm".

'HNMR: 5837 (d, J = 8.0 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.43-7.25 (m, 12H),
7.22-7.18 (m, 1H), 6.96 (d, J = 8.0 Hz, 2H), 5.56 (s, 1H), 5.19 (d, J = 14.8
Hz, 1H), 4.32 (d, J= 14.8 Hz, 1H), 3.85 (s, 3H).

BCNMR: & 159.5, 144.9, 144.3, 139.9, 129.7, 129.0, 128.7, 128.5, 128.4, 128.2,
127.7, 127.6, 125.6, 125.1, 125.0, 114.4, 107.0, 56.4, 55.6, 55.3.
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HRMS (ESI): Caled. for C3;H6N30, [M++H]: m/z 472.2025. Found: 472.2025.

Compound 11

Mp:
IR (KBr):

'H NMR;:

BC NMR:

0.106 g (74%, yellow solid).

120-122 °C.

3063, 3025, 1589, 1496, 1458, 1436, 1260, 1129, 1074, 1008, 942, 762
cm .

0 8.37-8.35 (m, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.40-7.26 (m, 14H), 7.23-
7.19 (m, 1H), 5.52 (s, 1H), 5.17 (d, /= 15.2 Hz, 1H), 4.37 (d, /= 15.2 Hz,
1H).

O 145.3, 144.5, 139.6, 134.4, 133.9, 129.65, 129.5¢, 129.5¢, 129.2, 129.1,
128.9, 128.8, 128.5, 128.4, 128.3, 127.8, 125.6, 125.0, 124.9, 106.8, 56.2,

56.1.

HRMS (ESI): Caled. for C30H3CINO [M*+H]: m/z 476.1529. Found: 476.1529.

Compound 12

Mp:
IR (KBr):

'H NMR;:

0.086 g (55%, yellow solid).

160-162 °C.

3063, 3025, 2921, 1671, 1600, 1485, 1447, 1403, 1266, 1123, 1068, 1008,
948, 767, 685 cm .

§ 8.37-8.34 (m, 2H), 7.55-7.49 (m, 4H), 7.40-7.32 (m, 6H), 7.30-7.25 (m,
6H), 7.21 (t, J = 7.2 Hz, 1H), 5.52 (s, 1H), 5.14 (d, J = 15.2 Hz, 1H), 4.35
(d, J=15.2 Hz, 1H).
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BCNMR: & 145.4, 144.6, 139.7, 135.0, 132.1, 129.9, 129.6, 129.1, 128.8, 128.7,
128.5, 128.3, 128.2, 127.8, 125.6, 125.1, 124.9, 122.0, 106.8, 56.3, 56.1.

HRMS (ESI): Calcd. for C30H23BrN;O [M+H] and [M+H+2]: m/z 520.1024, 522.1024.
Found: 520.1029, 522.1017.

Compound 13

Yield: 0.106 g (65%, yellow solid).

Mp: 162-164 °C.

IR (KBr): 3058, 2921, 1660, 1585, 1490, 1463, 1441, 1266, 1129, 1074, 1030, 942,
773,690 cm .

'HNMR: & 8.37 (d, J = 8.0 Hz, 2H), 7.58-7.50 (m, 3H), 7.45 (d, J = 8.0 Hz, 2H),
7.41-7.30 (m, 8H), 7.26-7.22 (m, 1H), 7.18-7.15 (m, 1H), 6.96-6.91 (m,
1H), 5.66 (s, 1H), 4.99 (d, J = 16.0 Hz, 1H), 4.74 (d, J = 16.0 Hz, 1H).

BCNMR:  §162.3 (d, J=246.4 Hz), 145.7, 144.5, 139.7, 138.1 (d, J = 6.9 Hz), 134.3
(d, J = 7.8 Hz), 129.6 (d, J = 2.6 Hz), 129.2, 129.0, 128.8, 128.7, 128.6,
128.2, 127.9, 125.8, 125.0, 124.9, 117.6, 117.0, 116.8, 116.6, 107.0, 57.6,

56.6.

PFNMR  §-113.48.

LC/MS m/z 538 [M]" and 540 [M+2]".

Anal. Calcd. for C50H,;BrFN;O: C, 66.92; H, 3.93; N, 7.80; Found: C, 66.85; H, 3.87; N,
7.91.

Compound 14

/Q/Noz
W
9
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Yield:
Mp:
IR (KBr):

'H NMR;:

1BC NMR:

0.077 g (53%, yellow solid).

138-140 °C.

3068, 2915, 1660, 1595, 1490, 1452, 1397, 1266, 1068, 1008, 942, 926
cm

d 8.36 (d, J = 8.4 Hz, 2H), 7.55-7.50 (m, 4H), 7.40-7.32 (m, 6H), 7.30-
7.25 (m, 6H), 7.21 (t, J = 7.2 Hz, 1H), 5.52 (s, 1H), 5.14 (d, J = 15.2 Hz,
1H), 4.35 (d, J=15.2 Hz, 1H).

d 1454, 144.6, 139.7, 135.0, 132.1, 129.9, 129.6, 129.5¢, 129.0, 128.8,
128.7, 128.5, 128.3, 128.2, 127.8, 125.6, 125.1, 124.9, 122.0, 106.8, 56.3,

56.2.

HRMS (ESI): Caled. for C3H23N4O5 [M'+H]: m/z 487.1770. Found: 487.1775.

Compound 15

Mp:
IR (KBr):

'H NMR:

13C NMR:

0.120 g (86%, yellow solid).

92-94 °C.

3063, 2921, 2855, 1595, 1485, 1447, 1403, 1310, 1145, 1068, 1019, 948,
756, 690 cm .

d 8.35 (d, J = 8.0 Hz, 2H), 7.51-7.48 (m, 4H), 7.38-7.27 (m, 8H), 7.25-
7.23 (m, 1H), 5.74 (s, 1H), 3.77-3.70 (m, 1H), 3.46-3.39 (m, 1H), 1.83-
1.67 (m, 2H), 1.33-1.28 (m, 10H), 0.89 (t, J= 6.8 Hz, 3H).

O 144.7, 144.1, 140.5, 129.9, 129.8, 129.0, 128.7, 128.63, 128.5,, 128.1,
128.0, 127.7, 125.5, 125.2, 125.0, 107.5, 57.4, 53.5, 31.8, 29.3, 29.2, 27.8,
26.7,22.7, 14.1.

HRMS (ESI): Calcd. for C3H34N;0 [M+H]: m/z 464.2702. Found: 464.2706.
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Compound 16

Yield: 0.101 g (72%, yellow solid).

Mp: 156-158 °C.

IR (KBr): 3058, 3030, 2909, 1605, 1496, 1447, 1260, 1123, 1074, 948, 767, 690 cm™
1.

'H NMR: 0 8.36 (d, J = 8.2 Hz, 2H), 7.51 (t, J = 8.0 Hz, 2H), 7.45 (t, J = 7.6 Hz,
4H), 7.39-7.31 (m, 11H), 7.22 (t, J = 7.2 Hz, 1H), 6.65 (d, J = 16.0 Hz,
1H), 6.32-6.25 (m, 1H), 5.81 (s, 1H), 4.76-4.71 (m, 1H), 4.14-4.08 (m,
1H).

BC NMR: O 145.1, 144.4, 140.0, 136.3, 134.4, 129.7, 129.1, 128.73, 128.69, 128.6,
128.3, 128.1, 127.8, 126.6, 125.6, 125.1, 124.0, 107.2, 56.4, 55.7.

HRMS (ESI): Calcd. for C3;H¢N3;O [M+H]: m/z 468.2076. Found: 468.2073.

Compound 17

Yield: 0.103 g (70%, yellow solid).

Mp: 88-90 °C.

IR (KBr): 3058, 3031, 2921, 1606, 1496, 1425, 1326, 1260, 1129, 1085, 1008, 943,
773, 696 cm .

'HNMR: & 8.39-8.37 (m, 2H), 7.54-7.47 (m, 4H), 7.41-7.37 (m, 9H), 7.35-7.30 (m,
4H), 7.26-7.22 (m, 1H), 6.54 (s, 1H), 5.75 (s, 1H), 4.68 (d, J = 14.8 Hz,
1H), 4.05 (d, J = 14.8 Hz, 1H), 1.98 (s, 3H).
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BC NMR: o 145.1, 144.5, 140.2, 137.1, 132.9, 129.8, 129.7, 129.1, 128.8, 128.7,
128.5, 128.39, 128.37, 128.3, 127.9, 127.0, 125.6, 125.15, 125.05, 107.2,
62.1,55.9, 15.9.

LC/MS m/z 482 [M+17".
Anal. Caled. for C33H,N30: C, 82.30; H, 5.65; N, 8.73; Found: C, 82.21; H, 5.63; N,
8.82.

Compound 18

Yield: 0.104 g (76%, yellow solid).

Mp: 180-182 °C.

IR (KBr): 3056, 3025, 2926, 1605, 1490, 1458, 1430, 1271, 1205, 1140, 1079, 1025,
937,767, 685 cm .

'HNMR: & 8.38 (d, J = 8.0 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.44-7.43 (m, 4H),
7.39-7.32 (m, 9H), 7.23-7.24 (m, 2H), 7.19 (t, J = 7.6 Hz, 1H), 5.57 (s,
1H), 4.64 (qrt, J= 6.8 Hz, 1H), 1.73 (d, J = 6.8 Hz, 3H).

BCNMR: & 144.6, 144.5, 142.1, 140.7, 129.8, 129.7, 129.04, 128.95, 128.7, 128.4,
128.3, 128.1, 127.9, 127.6, 126.9, 125.5, 125.2, 125.1, 107.1, 61.7, 57.3,
22.6.

HRMS (ESI): Caled. for C3;Ha6N3O [M'+H]: m/z 456.2076. Found: 456.2076.

Compound 19

Yield: 0.132 g (80%, yellow solid).
Mp: 220-222 °C.
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IR (KB):

'H NMR:

13C NMR:

3068, 3035, 2938, 1605, 1592, 1486, 1448, 1427, 1272, 1150, 1075, 1017,
942, 766, 688 cm .

8 8.52 (s, 1H), 8.31-8.29 (m, 2H), 8.22-8.20 (m, 2H), 8.07-8.04 (m, 2H),
7.51-7.44 (m, 6H), 7.35-7.30 (m, 6H), 7.25-7.20 (m, 4H), 7.18-7.14 (m,
1H), 6.03 (d, J = 14.8 Hz, 1H), 5.64 (d, J = 14.8 Hz, 1H), 5.50 (s, 1H).

§ 145.2, 143.9, 140.8, 131.5, 131.4, 129.7, 129.6, 129.2, 129.0, 128.9,
128.7, 128.4, 128.2, 127.8, 127.7, 126.4, 125.8, 125.6, 125.1, 124.7, 124.4,
107.8, 56.6, 50.5.

HRMS (ESI): Calced. for C3gHsN30 [M++H]: m/z 542.2232. Found: 542.2225.

Compound 20

Yield:
Mp:
IR (KBr):

'H NMR:

1BC NMR:

0.099 g (70%, yellow solid).

110-112 °C.

3047, 3019, 2953, 2921, 2833, 1611, 1512, 1496, 1447, 1425, 1255, 1173,
1101, 1068, 948, 822, 762, 685 cm .

 8.38-8.36 (m, 2H), 7.51 (t, J = 8.0 Hz, 2H), 7.43-7.37 (m, 8H), 7.30-7.18
(m, 5H), 6.88 (d, J = 8.0 Hz, 2H), 5.52 (s, 1H), 5.23 (d, J = 15.2 Hz, 1H),
441 (d,J=15.2 Hz, 1H), 3.81 (s, 3H).

O 159.8, 144.9, 144.3, 135.9, 132.1, 129.8, 129.7, 129.6, 129.0, 128.7,
128.5, 128.3, 128.2, 128.1, 127.6, 125.6, 125.2, 125.0, 114.3, 107.3, 56.8,
55.3.

HRMS (ESI): Calcd. for C3;Hy¢N3;0, [M'+H]: m/z 472.2025. Found: 472.2024.

Compound 21

0
W)
9
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Yield:
Mp:
IR (KBr):

'H NMR;:

1BC NMR:

F NMR

0.108 g (78%, yellow solid).

152-154 °C.

3047, 3030, 2926, 2866, 1605, 1490, 1447, 1227, 1156, 1085, 1079, 937,
833,762, 690 cm ™.

8 8.36 (d, J = 7.6 Hz, 2H), 7.52 (t, J = 7.6 Hz, 2H), 7.46-7.35 (m, 8H),
7.30-7.25 (m, 4H), 7.23-7.19 (m, 1H), 7.05 (t, J = 8.4 Hz, 2H), 5.58 (s,
1H), 5.25 (d, J = 15.2 Hz, 1H), 4.38 (d, J= 15.2 Hz, 1H).

8 162.7 (J = 246.7 Hz), 145.3, 144.5, 135.75 (J = 3.1 Hz), 135.65, 130.1 (J
= 8.4 Hz), 129.6 (J = 5.9 Hz), 129.0, 128.8, 128.5, 128.4, 128.2,, 128.1s,
127.9, 125.6, 125.0, 124.8, 116.0 (J = 21.7 Hz), 106.8, 56.9, 55.1.
:8-112.35.

HRMS (ESI): Calcd. for C30H,3FN3O [M+H]: m/z 460.1825. Found: 460.1828.

Compound 22

BC NMR:

F NMR
LC/MS

0.111 g (78%, yellow solid).

174-176 °C.

3058, 3026, 1606, 1507, 1430, 1233, 1151, 1074, 948, 816, 762, 690 cm .
8 8.38-8.35 (m, 2H), 7.50 (t, J = 8.0 Hz, 2H), 7.45-7.24 (m, 12H), 7.21-
7.17 (m, 1H), 7.04 (t, J = 8.4 Hz, 2H), 5.56 (s, 1H), 4.60 (qrt, J = 6.8 Hz,
1H), 1.73 (d, J = 6.8 Hz, 3H).

8 162.6 (J = 246.9 Hz), 144.6 (J = 26.9 Hz), 141.9, 136.5 (J = 3.4 Hz),
130.1, 130.0, 129.7, 129.5, 129.1, 128.7, 128.4, 128.2, 128.0, 127.8, 126.8,
125.5,125.2, 124.9, 116.0 (J=21.8 Hz), 106.9, 61.6, 56.4, 22.6.
:8-112.44.

m/z 475 [M+17".

Anal. Calcd. for C31Hx4FN3O: C, 78.63; H, 5.11; N, 8.87; Found: C, 78.53; H, 5.06; N,

8.95.
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Compound 23

Mp:
IR (KBr):

'H NMR:

13C NMR:

0.103 g (75%, yellow solid).

170-172 °C.

3063, 2921, 1595, 1490, 1425, 1364, 1255, 1096, 1074, 942, 910, 762, 696
cm

o 8.40-8.38 (m, 2H), 7.53 (t, J = 7.6 Hz, 2H), 7.47-7.28 (m, 11H), 7.25-
7.21 (m, 1H), 7.11 (d, J = 8.0 Hz, 1H), 7.06-7.01 (m, 2H), 5.60 (s, 1H),
5.29(d,J=15.0 Hz, 1H), 4.41 (d, /= 15.0 Hz, 1H).

d 163.1 (J = 247.0 Hz), 145.5, 144.6, 142.2, 142.1, 135.6, 130.6 (J = 8.1
Hz), 129.5 (J = 5.6 Hz), 129.1, 128.8, 128.6, 128.4, 128.2, 127.9, 125.7,
125.0, 124.7,124.0 (J= 2.7 Hz), 115.9 (/= 21.1 Hz), 115.3 (J =21.7 Hz),

106.3, 57.0, 55.3.

HRMS (ESI): Calcd. for C30H,3FN;O [M™+H]: m/z 460.1825. Found: 460.1829.

Compound 24

Mp:
IR (KBr):

'H NMR:

0.091 g (64%, yellow solid).

150-152 °C.

3063, 3030, 2932, 2849, 1600, 1490, 1436, 1222, 1074, 942, 827, 762, 690
cm .

0 8.32-8.30 (m, 2H), 7.45-7.24 (m, 14H), 7.19-7.15 (m, 1H), 7.06-7.04 (m,
2H), 5.55 (s, 1H), 5.23 (d, J = 14.8 Hz, 1H), 4.37 (d, J = 14.8 Hz, 1H),

3.92 (s, 3H).
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1BC NMR:

O 159.8, 145.5, 143.7, 139.9, 136.0, 129.8, 129.0, 128.9, 128.7, 128.5,
128.3,, 128.27, 128.0, 127.5, 127.2, 124.8, 123.9, 122.7, 114.3, 107.0,
56.8,55.9, 55.4.

HRMS (ESI): Caled. for C3;H6N30, [M++H]: m/z 472.2025. Found: 472.2026.

Compound 25

Mp:
IR (KBr):

'H NMR:

13C NMR:

0.090 g (66%, yellow solid).

198-200 °C.

3063, 3030, 2915, 2860, 1595, 1512, 1447, 1403, 1255, 1068, 959, 811,
696 cm .

5 8.28 (d, J = 8.0 Hz, 2H), 7.46-7.31 (m, 14H), 7.27 (t, J = 7.2 Hz, 2H),
7.19 (t, J=7.2 Hz, 1H), 5.58 (s, 1H), 5.25 (d, /= 14.8 Hz, 1H), 4.40 (d, J
= 14.8 Hz, 1H), 2.46 (s, 3H).

O 145.5, 144.1, 139.9, 138.4, 136.0, 129.8, 129.5, 129.0,, 128.9;, 128.7,
128.5, 128.4, 128.3, 128.1, 127.6, 127.0, 125.6, 125.0, 124.6, 107.0, 56.9,
55.9,21.6.

HRMS (ESI): Calcd. for C3;Hy6N30 [M++H]: m/z 456.2076,. Found: 456.2075.

Compound 26

Mp:
IR (KBr):

0.102 g (75%, yellow solid).

96-98 °C.

3063, 3025, 2920, 1600, 1496, 1425, 1348, 1310, 1266, 1101, 1058, 931,
762,707 cm .
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'H NMR:

1BC NMR:

8 8.39 (d, J = 7.6 Hz, 1H), 7.47-7.33 (m, 15H), 7.28 (t, J = 7.6 Hz, 2H),
7.22-7.18 (m, 1H), 5.62 (s, 1H), 5.27 (d, J = 15.2 Hz, 1H), 4.40 (d, J =
15.2 Hz, 1H), 2.76 (s, 3H).

8 147.1, 144.7, 140.0, 136.2, 135.9, 131.5, 130.1, 129.8, 129.1, 129.0,
128.8, 128.7, 128.6, 128.4, 128.3, 128.1, 127.6, 126.1, 125.3, 124.8, 106.5,
56.9, 55.9, 22.1.

HRMS (ESI): Calcd. for C3;H2¢N3O [M+H]: m/z 456.2076. Found: 456.2077.

Compound 27

Yield:
Mp:
IR (KBr):

'H NMR:

13C NMR:

YF NMR

0.110 g (80%, yellow solid).

170-172 °C.

3068, 3030, 1600, 1501, 1452, 1348, 1227, 1151, 1090, 1068, 948, 833,
696 cm ™,

6 8.37-8.33 (m, 2H), 7.45-7.29 (m, 13H), 7.25-7.19 (m, 4H), 5.56 (s, 1H),
5.24 (d,J=15.2 Hz, 1H), 4.39 (d, /= 15.2 Hz, 1H).

8 162.7 (J = 247.6 Hz), 144.5, 144.3, 139.8, 135.8, 131.5, 129.6, 129.1,
129.0, 128.9, 128.8, 128.5, 128.4, 128.3 (J=3.1 Hz), 128.1, 127.8, 127.5,
127.4, 126.1 (J = 3.0 Hz), 125.0, 124.6, 115.9 (J = 21.8 Hz), 106.9, 56.9,
55.9.

d-112.21.

HRMS (ESI): Calcd. for C30H23FN3O [M+H]: m/z 460.1825. Found: 460.1827.

Compound 28

O

O
9
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Yield:
Mp:
IR (KBr):

'H NMR;:

1BC NMR:

LC/MS

0.110 g (80%, yellow solid).

170-172 °C.

3068, 3030, 1600, 1501, 1452, 1348, 1227, 1151, 1090, 1068, 948, 833,
696 cm .

8 8.31 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 7.46-7.25 (m, 14H),
721 (t, J=17.2 Hz, 1H), 5.25 (s, 1H), 5.24 (d, J = 15.2 Hz, 1H), 4.40 (d, J
= 15.2 Hz, 1H).

8 144.9, 143.9, 139.8, 135.7, 133.9, 129.5, 129.05, 128.95, 128.97, 128.8,
128.5, 128.30, 128.25, 128.2, 128.1, 127.9, 126.7, 125.2, 125.1, 107.0,
57.0, 56.0.

m/z 476 [M+1]".

Anal. Calcd. for C;0H»,CIN;O: C, 75.70; H, 4.66; N, 8.83; Found: C, 75.58; H, 4.71;

N,8.76.

Compound 29

Mp:
IR (KBr):

'H NMR:

BC NMR:

0.075 g (56%, yellow solid).

178-180 °C.

3057, 3024, 2920, 2854, 1649, 1599, 1495, 1446, 1177, 1068, 734, 690
cm .

8 7.43-7.29 (m, 11H), 7.25-7.20 (m, 3H), 7.14 (t, /= 7.0 Hz, 1H), 6.97 (br,
1H), 5.49 (s, 1H), 5.19 (d, J = 15.2 Hz, 1H), 4.33 (d, J = 15.2 Hz, 1H),
2.80 (br, 2H), 2.38 (br, 2H), 1.87-1.85 (m, 2H), 1.77-1.75 (m, 2H).

S 147.4, 143.0, 140.0, 136.1, 129.9, 129.0,, 128.9, 128.8, 128.6, 128.4,
128.3, 128.2, 128.0, 127.9, 127.3, 124.8, 124.1, 106.7, 56.7, 55.8, 25.9,

25.1,22.4,22.1.

HRMS (ESI): Calcd. for C30H,sN;0 [M'+H]: m/z 446.2232. Found: 446.2236.
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Compound 30

Yield: 0.113 g (80%, yellow solid).

Mp: 80-82 °C.

IR (KBr): 3052, 3030, 2921, 2833, 1600, 1584, 1485, 1458, 1430, 1315, 1249, 1107,
1019, 948, 756, 690 cm .

'HNMR: & 8.32-8.30 (m, 2H), 7.50-7.40 (m, 8H), 7.36-7.34 (m, 1H), 7.26-7.18 (m,
4H), 7.04-7.01 (m, 2H), 6.93 (t, J = 7.6 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H),
5.70 (s, 1H), 5.35 (d, J = 14.8 Hz, 1H), 4.37 (d, J = 14.8 Hz, 1H), 3.49 (s,
3H).

BCNMR: & 155.3, 1452, 142.3, 140.9, 136.2, 130.0, 129.7, 129.1, 128.8, 128.7,
128.6, 128.0, 127.9, 127.0, 125.4, 124.9, 120.8, 119.3, 110.8, 109.4, 57.4,
55.4,54.7.

HRMS (ESI): Calcd. for C3;Ha6N30, [M'+H]: m/z 472.2025. Found: 472.2024.

Compound 31

Yield: 0.093 g (68%, yellow solid).

Mp: 182-184 °C.

IR (KBr): 3068, 3030, 2910, 1605, 1512, 1485, 1452, 1430, 1266, 1112, 1068, 948,
816, 696 cm ™.

'HNMR:  §8.38(d, J= 8.0 Hz, 2H), 7.52 (t, J = 7.2 Hz, 2H), 7.44-7.27 (m, 13H),
7.08 (d, J = 8.0 Hz, 2H), 5.57 (s, 1H), 5.25 (d, J = 14.8 Hz, 1H), 4.40 (d, J
= 14.8 Hz, 1H), 2.31 (s, 3H).
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BC NMR: o 144.8, 140.0, 137.8, 135.9, 129.8, 129.2, 129.0,, 128.9,, 128.7, 128.4,
128.3, 128.1,, 128.09, 126.9, 125.5, 125.1, 125.0, 106.3, 56.9, 55.9, 21.3.
HRMS (ESI): Calcd. for C3;Hy6N50 [M++H]: m/z 456.2076. Found: 456.2075.

Compound 32

Yield: 0.103 g (76%, yellow solid).

Mp: 62-64 °C.

IR (KBr): 3057, 3030, 2926, 1605, 1513, 1490, 1436, 1353, 1260, 1156, 1118, 1063,
948, 827, 625 cm ',

'HNMR:  58.30-8.28 (m, 2H), 7.48 (t, J = 7.6 Hz, 2H), 7.42-7.34 (m, 6H), 7.29-7.26
(m, 3H), 7.19 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 7.2 Hz, 1H), 7.09-7.06 (m,
2H), 7.00 (t, J = 7.2 Hz, 1H), 6.75 (d, J = 7.6 Hz, 1H), 5.38 (s, 1H), 5.26
(d, J=15.2 Hz, 1H), 4.32 (d, J= 15.2 Hz, 1H), 2.19 (s, 3H).

3C NMR: d 146.2, 145.3, 140.6, 137.7, 135.9, 130.5, 129.9, 129.5, 129.0, 128.9,
128.8, 128.7, 128.5, 128.4, 128.07, 128.0s5, 127.6, 125.34, 125.25, 123.8,
108.3, 57.1, 55.6, 20.4.

HRMS (ESI): Calcd. for C3;Hy¢N3O [M'+H]: m/z 456.2076. Found: 456.2074.

33 Representative procedure for the synthesis of furo[3,4-d][1,2,3]triazine
derivatives 33-38 from enynals (3a-b, 3d, and 3h-i) and azides 7a-b

Compounds 33-38 were prepared following the same procedure and the same molar

quantities as described for compounds 9-32. But after the addition of all components, the

reaction was continued at 70 °C for 10 h.
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Compound 33

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.080 g (73%, yellow solid).

130-132 °C.

3053, 3030, 1540, 1485, 1479, 1458, 1392, 1353, 1315, 1255, 1101, 1063,
899, 762 cm™.

8 7.66-7.64 (m, 2H), 7.46-7.26 (m, 13H), 6.21 (s, 1H), 5.76 (s, 1H), 5.20
(d, J=14.8 Hz, 1H), 4.25 (d, /= 14.8 Hz, 1H).

S 152.3, 149.2, 140.9, 134.8, 129.7, 129.1, 129.0, 128.9, 128.8, 128.6,
128.3, 128.2, 127.6, 124.0, 104.4, 103.3, 60.5, 57.2.

HRMS (ESI): Calcd. for Cp4H20N30 [M+H]: m/z 366.1606. Found: 366.1605.

Compound 34

Yield:
IR (Neat):

'H NMR:

BC NMR:

0.089 g (75%, gummy liquid).

2920, 2860, 1610, 1517, 1484, 1451, 1397, 1309, 1254, 1183, 1095, 1024,
766. cm .

S 7.65-7.63 (m, 2H), 7.45-7.34 (m, 6H), 7.30-7.29 (m, 1H), 7.28-7.27 (m,
1H), 7.23 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 6.20 (s, 1H), 5.74
(s, 1H), 5.13 (d, J=14.5 Hz, 1H), 4.18 (d, J = 14.5 Hz, 1H), 3.85 (s, 3H).
S 159.6, 152.2, 149.2, 141.0, 130.0, 129.7, 129.1, 128.9, 128.7, 128.2,
127.6, 126.5, 124.0, 114.3, 104.3, 103.3, 60.3, 56.7, 55.3.

HRMS (ESI): Caled. for C2sHyoN;0, [M™+H]: m/z 396.1712. Found: 396.1710.
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Compound 35

MeO

Yield:
Mp:
IR (KBr):

'H NMR:

1BC NMR:

0.081 g (68%, yellow solid).

148-150 °C.

2964, 2932, 2838, 1611, 1496, 1458, 1397, 1255, 1173, 1101, 1068, 937,
701 cm".

5 7.58 (d, J=8.8 Hz, 2H), 7.45-7.37 (m, 5H), 7.33-7.28 (m, SH), 6.90 (d, J
= 8.8 Hz, 2H), 6.08 (s, 1H), 5.74 (s, 1H), 5.18 (d, J = 14.8 Hz, 1H), 4.23
(d,J=14.8 Hz, 1H), 3.84 (s, 3H).

d 159.7, 152.5, 148.8, 141.0, 134.9, 129.1, 128.95, 128.87, 128.6, 128.2,
127.6, 125.6, 122.7, 114.2, 104.5, 101.7, 60.5, 57.1, 55.3.

HRMS (ESI): Calcd. for C,sH2,N30, [M++H]: m/z 396.1712. Found: 396.1720.

Compound 36

Yield:
IR (Neat):

'H NMR:

13C NMR:

0.082 g (70%, gummy liquid).

3068, 3025, 2926, 2099, 1688, 1600, 1490, 1457, 1392, 1310, 1101, 1074,
1025, 937,762, 701 cm .

8 7.75-7.73 (m, 1H), 7.45-7.40 (m, 6H), 7.35-7.29 (m, 5H), 7.23-7.21 (m,
2H), 6.11 (s, 1H), 5.79 (s, 1H), 5.20 (d, J = 15.2 Hz, 1H), 4.26 (d, J=15.2
Hz, 1H), 2.45 (s, 3H).

§ 152.0, 148.8, 140.9, 134.9, 134.8, 131.3, 129.1, 129.0, 128.9, 128.7,
128.3, 128.2, 127.7, 127.1, 126.1, 106.8, 104.0, 60.5, 57.2, 22.1.

HRMS (ESI): Caled. for CosH2N30 [M*+H]: m/z 380.1763. Found: 380.1767.
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Compound 37

Yield:
IR (Neat):

'H NMR:

13C NMR:

YF NMR

0.085 g (72%, gummy liquid).

3068, 3030, 2920, 1625, 1605, 1589, 1485, 1457, 1397, 1342, 1266, 1194,
1096, 1025, 948, 778, 696 cm .

S 7.44-7.38 (m, 8H), 7.35-7.31 (m, 4H), 7.29-7.27 (m, 1H), 7.00-6.95 (m,
1H), 6.23 (s, 1H), 5.75 (s, 1H), 5.20 (d, J = 15.2 Hz, 1H), 4.25 (d, J=15.2
Hz, 1H).

5 163.1 (d, J=244.4 Hz), 150.9 (d, /= 3.4 Hz), 149.4, 140.8, 134.7, 131.7
(d, J = 8.4 Hz), 130.8, 130.4 (d, J = 8.8 Hz), 129.2, 129.1, 128.9, 128.6,
128.3, 127.6, 119.6 (d, J = 2.9 Hz), 115.0 (d, J = 21.0 Hz), 1109 (d, J =
23.6 Hz), 104.3, 60.5, 57.3.

5-112.48.

HRMS (ESI): Calcd. for CosHoFN3O [M+H]: m/z 384.1512. Found: 384.1510.

Compound 38

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.079 g (66%, yellow solid).

140-142 °C.

3063, 3030, 2932, 1622, 1540, 1490, 1468, 1452, 1386, 1315, 1238, 1101,
1068, 1008, 932, 893, 701 cm "

5 7.56 (d, J = 8.4 Hz, 2H), 7.46-7.27 (m, 12H), 6.20 (s, 1H), 5.75 (s, 1H),
5.20 (d, J=14.8 Hz, 1H), 4.25 (d, J= 14.8 Hz, 1H).

S 151.1, 149.3, 140.8, 134.7, 133.9, 129.14, 129.06, 129.0, 128.9, 128.6,
128.3, 128.2, 127.6, 125.2, 104.4, 103.7, 60.5, 57.3.
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HRMS (ESI): Calcd. for C4H;9CIN;O [M++H]: m/z 400.1216. Found: 400.1217.

34 Synthesis of highly functionalized triazole derivatives 39-41

Compounds 39-41 were prepared following the same procedure and the same molar

quantities as described for compounds 9-32.

Compound 39

Yield:
IR (Neat):

'H NMR;:

13C NMR:

0.077 g (65%, gummy liquid).

3030, 2920, 2214, 1730, 1605, 1506, 1462, 1364, 1271, 1150, 1073, 1024,
761, 706.cm .

§ 7.40-7.38 (m, 3H), 7.35-7.33 (m, 3H), 7.30-7.26 (m, 6H), 7.23-7.19 (m,
4H), 7.14-7.11 (m, 2H), 7.00-6.98 (m, 2H), 5.27 (d, J = 15.2 Hz, 1H), 5.04
(s, 1H), 4.28 (d, J = 15.2 Hz, 1H), 3.58-3.40 (m, 2H), 3.00 (t, J = 7.6 Hz,
2H).

0 199.3, 140.6, 134.6, 134.1, 131.5, 128.8, 128.7, 128.5;, 128.4¢, 128.45,
128.35, 128.1, 121.6,93.2, 91.8, 81.9, 63.7, 52.1, 40.8, 29.8.

HRMS (ESI): Calcd. for C3,H,sN;0 [M'+H]: m/z 470.2232. Found: 470.2229.

Compound 40

Ph

O//

Me N

Yield:
IR (Neat):

'H NMR:

0.068 g (60%, gummy liquid).

3058, 2926, 2849, 1715, 1666, 1627, 1556, 1501, 1458, 1397, 1266, 1167,
1068, 756, 701 cm .

8 7.41-7.39 (m, 3H), 7.35-7.27 (m, 6H), 7.24-7.20 (m, 2H), 7.15-7.13 (m,
2H), 7.05-7.03 (m, 2H), 5.28 (d, J = 14.8 Hz, 1H), 5.06 (s, 1H), 4.29 (d, J
= 14.8 Hz, 1H), 2.69 (s, 3H).
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BC NMR: 0 197.7, 134.6, 134.2, 131.5, 128.8, 128.7,, 128.7, 128.5, 128.4, 128.1,
121.7,93.2,92.1, 81.9, 63.4, 52.1, 26.8.
HRMS (ESI): Calcd. for C,5H2,N350 [M++H]: m/z 380.1763. Found: 380.1763.

Compound 41

Ph

Yield: 0.074 g (75%, gummy liquid).

IR (Neat): 3063, 2937, 2855, 1704, 1644, 1485, 1452, 1359, 1216, 1096, 1030, 756,
690 cm ™

'H NMR: d 7.53-7.51 (m, 2H), 7.44-7.31 (m, 8H), 4.17 (d, J = 14.0 Hz, 1H), 3.81 (d,
J = 14.0 Hz, 1H), 2.69-2.63 (m, 2H), 2.20-2.01 (m, 3H), 1.98-1.93 (m,
1H), 1.72-1.66 (m, 1H).

3C NMR: 5 202.8, 138.7, 132.1, 128.6, 128.5, 128.3, 127.9, 127.2, 122.4, 86.9, 82.7,
58.6,52.8,44.2,36.8,23.4,19.2.

HRMS (ESI): Calcd. for CyHyoN3;0 [M+H]: m/z 330.1606. Found: 330.1607.

3.5 General procedure for the synthesis of tetrasubstituted 1,2,3-triazine
derivatives 42-45

A solution of cerium(IV) ammonium nitrate (CAN)"® (124.5 mg, 0.22 mmol) in water
(2 mL) was added dropwise to a stirring solution of the 9 (50.0 mg 0.11 mmol) in
acetonitrile (3 mL). The mixture was stirred at rt for 15 min and then extracted with
chloroform (3%20 mL). The combined organic layer was washed with brine solution,
dried over anh. sodium sulfate and concentrated in vacuum. The residue was then purified
by silica gel column chromatography using ethyl acetate-hexane (1:4) as the eluent to
afford (1-benzyl-6-phenyl-1,6-dihydro-1,2,3-triazine-4,5-diyl)bis(phenylmethanone) 42.
Compounds 43-45 were prepared following the same procedure and by using the same

molar quantities.
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Compound 42

Yield:
IR (Neat):

'H NMR:

3C NMR:

0.05 g (96%, gummy liquid).

3063, 3024, 2926, 2849, 1671, 1599, 1490, 1451, 1402, 1325, 1265, 1210,
1172, 1134, 1024, 920, 695 cm .

8 7.78 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.6 Hz, 1H), 7.47-7.44 (m, 3H),
7.40-7.36 (m, 7H), 7.34-7.27 (m, 5H), 7.08 (t, J = 7.6 Hz, 2H), 5.62 (s,
1H), 5.34 (d, J=14.4 Hz, 1H), 4.67 (d, J = 14.4 Hz, 1H).

o 195.2, 191.3, 140.5, 139.0, 136.7, 135.8, 133.6, 133.0, 129.7, 129.5,
129.2, 128.9, 128.7, 128.4, 128.3,, 128.2¢, 127.1, 119.7, 58.7, 55.1.

HRMS (ESI): Calcd. for C30H23N30,Na [M+Na]: m/z 480.1688. Found: 480.1684.

Compound 43

Yield:
IR (Neat):

'H NMR;:

1BC NMR:

0.042 g (80%, gummy liquid).

3058, 2937, 2844, 1660, 1595, 1507, 1452, 1326, 1255, 1167, 1118, 1068,
1030, 926, 696 cm .

8§ 7.77 (d, J = 8.8 Hz, 2H), 7.46-7.43 (m, 3H), 7.40-7.37 (m, 5H), 7.35-
7.28 (m, 5H), 7.09 (t, J = 7.6 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 5.61 (s,
1H), 5.33 (d, J = 14.4 Hz, 1H), 4.66 (d, J = 14.4 Hz, 1H), 3.87 (s, 3H).

8 195.4, 189.7, 164.0, 140.8, 139.1, 136.8, 133.6, 132.9, 132.2, 129.44,
129.30, 129.2, 129.1, 128.8, 128.6, 128.24, 128.1¢, 127.1, 119.1, 113.7,
58.7, 55.5, 55.0.

HRMS (ESI): Calcd. for C3;H,5N303Na [M™+Na]: m/z 510.1794. Found: 510.1791.
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Compound 44

Yield:
IR (KBr):

'H NMR:

BC NMR:

0.043 g (83%, yellow solid).

3063, 3025, 2926, 1666, 1605, 1496, 1452, 1408, 1321, 1266, 1173, 1112,
926, 690 cm .

8 7.69 (d, J = 8.0 Hz, 2H), 7.47-7.44 (m, 3H), 7.40-7.35 (m, 5H), 7.34-
7.28 (m, 5H), 7.18 (d, J = 8.0 Hz, 2H), 7.08 (t, J = 8.0 Hz, 2H), 5.61 (s,
1H), 5.34 (d, J = 14.4 Hz, 1H), 4.67 (d, J = 14.4 Hz, 1H), 2.40 (s, 3H).

§ 195.3, 190.9, 144.6, 140.7, 139.1, 136.7, 133.6, 133.4, 132.9, 129.9,
129.5, 129.4, 129.2, 129.1, 128.8, 128.6, 128.3, 128.2, 127.1, 119.3, 58.7,
55.1,21.8.

HRMS (ESI): Calcd. for C3;H,5N;0,Na [M +Na]: m/z 494.1845. Found: 494.1843.

This compound was crystallized from ethyl acetate/hexane (2:1) mixture at room

temperature. X-ray structure was determined for this compound.

Compound 45

Yield:
IR (KBr):

'H NMR:

0.050 g (96%, yellow solid).

3056, 2936, 1638, 1496, 1452, 1397, 1321, 1282, 1244, 1101, 1014, 926,
696 cm ™,

d 7.69-7.67 (m, 2H), 7.52-7.49 (m, 1H), 7.48-7.42 (m, 3H), 7.41-7.32 (m,
7H), 7.29-7.27 (m, 2H), 7.19-7.16 (m, 1H), 6.83 (dd, J = 7.5 Hz, 1.5 Hz,
1H), 6.66-6.63 (m, 1H), 6.42 (d, J= 7.5 Hz, 1H), 5.69 (s, 1H), 5.29 (d, J =
14.5 Hz, 1H), 4.66 (d, J = 14.5 Hz, 1H), 3.29 (s, 3H).
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BC NMR: o 194.3, 191.8, 157.1, 142.2, 139.7, 135.6, 133.8, 133.4, 132.9, 130.2,
129.2, 129.13, 129.0s, 129.0, 128.8, 128.7, 128.2, 127.6, 120.3, 117.5,
110.5, 58.8, 54.9, 54.1.

LC/MS m/z 489 [M+17".
Anal. Calcd. for C51HsN3Os5: C, 76.37; H, 5.17; N, 8.62; Found: C, 76.24; H, 5.21; N,
8.53.

3.6  Representative procedure for the DABCO catalyzed [2+4] cycloaddition
reaction of enynals 3a-o/enynones 4a, and 4e-4f with allenoates 8a-d:
Synthesis of highly functionalized dihydropyran derivatives 46-62

To a solution of 2-(1-alkynyl)-2-alken-1-al 3a or 2-(1-alkynyl)-2-alken-1-one 4a (0.4
mmol) in dry 1,4-dioxane (2 mL), DABCO (0.04 mmol) followed by alkyl 2,3-
butadienoate 8a (0.48 mmol) were added. The vessel was stoppered under nitrogen
atmosphere and contents were stirred for 3 h (for compounds 46-59) or 1 h (for
compounds 60-62) at rt. The completion of the reaction was monitored by TLC. Later, the
solvent was removed under vacuum and the crude product was purified by column
chromatography by using silica gel with ethyl acetate:hexane (1:99) mixture as the eluent

to afford the corresponding dihydropyrans 46-62.

Compound 46

O CO,Et
=
o

Yield: 0.112 g (82%, white solid).

Mp: 64-66 °C.

IR (KBr): 3085, 2976, 2909, 2202, 1698, 1649, 1490, 1380, 1353, 1266, 1161, 1123,
843, 755, 690 cm ™.

'HNMR: & 7.38-7.32 (m, 4H), 7.31-7.27 (m, 6H), 7.07 (s, 1H), 5.64 (s, 1H), 4.19-
4.06 (m, 2H), 3.83-3.77 (m, 2H), 3.35-3.28 (m, 1H), 1.25 (t, J = 7.2 Hz,
3H).

BCNMR: & 166.7, 164.2, 145.7, 140.8, 131.2, 128.5, 128.2, 128.0, 127.6, 127.1,
123.2, 104.4, 100.8, 91.5, 85.5, 59.8, 38.8, 29.9, 14.2.
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LC-MS: m/z 345 [M+1]".
Anal. Calcd. for Co3H2903: C, 80.21; H, 5.85. Found: C, 80.36; H, 5.79.

The enantiomeric excess was determined by HPLC with a Daicel Chiralpak AD-H
column at 254 nm (hexane:2-propanol = 90:10), 0.5 mL/min; tg= 11.2 min (major), 10.2
min (minor). [a] p> -89.0 (¢ = 0.09, CHCl5), 93% ece.

Compound 47

/
MeO
Yield: 0.105 g (70%, white solid).
Mp: 86-88 °C.
IR (KBr): 3090, 2970, 2838, 1710, 1655, 1512, 1441, 1381, 1238, 1151, 1123, 1030,

833 cm .

'HNMR: 8 7.35-7.29 (m, 4H), 7.25-7.23 (m, 1H), 7.19 (d, J = 8.8 Hz, 2H), 7.01 (s,
1H), 6.78 (d, J = 8.8 Hz, 2H), 5.58 (s, 1H), 4.15-4.03 (m, 2H), 3.78 (s,
3H), 3.75-3.72 (m, 2H), 3.29-3.24 (m, 1H), 1.22 (t, J = 7.0 Hz, 3H).

BCNMR: & 166.7, 164.4, 159.4, 145.1, 140.8, 132.7, 128.5, 127.6, 127.0, 115.3,
113.9, 104.6, 100.7, 91.4, 84.1, 59.8, 55.3, 38.9, 29.9, 14.2.

HRMS (ESI): Calcd. for Co4Hy304 [M™+H]: m/z 375.1596. Found: 375.1591.

Compound 48

o}

OEt
Oy

Yield: 0.103 g (72%, white solid).
Mp: 98-100 °C.
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IR (KBr):

'H NMR:

3C NMR:

LC-MS:

3019, 2986, 1710, 1660, 1512, 1370, 1353, 1173, 1151, 1123, 866, 811,
696 cm .

§ 7.35-7.27 (m, 4H), 7.25-7.23 (m, 1H), 7.15 (d, J = 8.0 Hz, 2H), 7.05 (d, J
=8.0 Hz, 2H), 7.02 (s, 1H), 5.59 (s, 1H), 4.16-4.03 (m, 2H), 3.81-3.73 (m,
2H), 3.29-3.24 (m, 1H), 2.31 (s, 3H), 1.23 (t, J = 7.2 Hz, 3H).

8 166.7, 164.3, 145.4, 140.8, 138.1, 131.1, 129.0, 128.5, 127.6, 127.0,
120.1, 104.5, 100.7, 91.7, 84.8, 59.8, 38.9, 29.9, 21.4, 14.2.

m/z 359 [M+1]".

Anal.Calcd. for Co4H»,04: C, 80.42; H, 6.19. Found: C, 80.31; H, 6.12.

Compound 49
2 OEt
SO
=~ O
4
am
Yield: 0.100 g (71%, white solid).
Mp: 68-70 °C.
IR (KBr): 3080, 3025, 2975, 2203, 1710, 1655, 1616, 1485, 1452, 1375, 1348, 1173,
1030, 860, 756, 696 cm .
'HNMR:  §7.36-7.31 (m, 4H), 7.28-7.23 (m, 2H), 7.19-7.14 (m, 2H), 7.13-7.08 (m,
1H),7.05 (s, 1H), 5.63 (s, 1H), 4.16-4.07 (m, 2H), 3.77-3.74 (m, 1H), 3.68-
3.63 (m, 1H), 3.45-3.40 (m, 1H), 2.14 (s, 3H), 1.25 (t, J = 7.2 Hz, 3H).
3¢ NMR: 0 166.7, 164.4, 145.4, 141.0, 139.9, 131.4, 129.3, 128.6, 128.0, 127.7,
127.1,125.4, 123.0, 104.7, 100.7, 90.6, 89.4, 59.9, 39.1, 30.1, 20.4, 14.3.
LC/-MS: m/z 359 [M+1]".

Anal.Calcd. for C,4H»,05: C, 80.42; H, 6.19. Found: C, 80.34; H, 6.25.
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Compound 50

Y.

§

F

0}

v

~. 0

OEt

Yield:
Mp:
IR (KBr):

'H NMR:

1BC NMR:

LC-MS:

0.116 g (80%, white solid).

88-90 °C.

3085, 2970, 2208, 1704, 1649, 1501, 1381, 1359, 1222, 1178, 1156, 1123,
866, 833, 751 cm .

8 7.36-7.32 (m, 2H), 7.30-7.26 (m, 3H), 7.23-7.19 (m, 2H), 7.03 (s, 1H),
6.94 (d, J = 8.6 Hz, 2H), 5.60 (s, 1H), 4.16-4.03 (m, 2H), 3.77-3.72 (m,
2H), 3.32-3.26 (m, 1H), 1.22 (t, J = 7.2 Hz, 3H).

8 166.7, 164.1, 162.3 (J = 247.5 Hz), 145.7, 140.7, 133.1 (J = 8.3 Hz),
128.5, 127.6, 127.1, 119.3, 115.5 (J = 21.9 Hz), 104.2, 100.9, 90.4, 85.2,
59.9, 38.8,29.9,14.2.

m/z 363 [M+1]".

Anal. Calcd. for C»3H9FO3: C, 76.23; H, 5.28. Found: C, 76.12; H, 5.23.

Compound 51
(0]
OEt
G
~. O
4
F
Yield:

IR (neat):

'H NMR:

BC NMR:

0.106 g (73%, gummy liquid).

3074, 2981, 2197, 1704, 1649, 1605, 1578, 1490, 1381, 1266, 1156, 1123,

866, 789 cm .

§ 7.37-7.33 (m, 2H), 7.30-7.25 (m, 3H), 7.23-7.17 (m, 1H), 7.05 (s, 1H),

7.03-7.00 (m, 1H), 6.98-6.91 (m, 2H), 5.62 (s, 1H), 4.15-4.06 (m, 2H),

3.78-3.72 (m, 2H), 3.35-3.29 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H).

8 166.6, 164.0, 162.3 (J = 244.8 Hz), 146.2, 140.6, 129.8 (J = 8.3 Hz),
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LC-MS:

128.6, 127.6, 127.2, 127.1, 125.0 (J = 9.6 Hz), 117.9 (J = 22.5 Hz), 115.3
(J=20.9 Hz), 104.1, 101.1, 90.4, 86.6, 59.9, 38.8,29.9,14.2.
m/z 361 [M-1]".

Anal.Calcd. for C»3HoFOs3: C, 76.23; H, 5.28. Found: C, 76.03; H, 5.19.

Compound 52

J

7

§

OEt

~. 0

cl
Yield:
Mp:
IR (KBr):

'"H NMR:

BC NMR:

0.151 g (78%, white solid).

118-120 °C.
3085, 2970, 2893, 2208, 1715, 1638, 1484, 1375, 1353, 1260, 1145, 1117,
854, 821, 706 cm ™.
8 7.35-7.32 (m, 2H), 7.29-7.26 (m, 3H), 7.22 (d, J = 8.8 Hz, 2H), 7.15 (d, J
= 8.4 Hz, 2H), 7.04 (s, 1H), 5.60 (s, 1H), 4.16-4.03 (m, 2H), 3.77-3.71 (m,
2H), 3.33-3.26 (m, 1H), 1.22 (t,J= 7.2 Hz, 3H).
8 166.6, 164.0, 146.0, 140.7, 133.9, 132.4, 128.6, 127.6, 127.1, 121.7,
104.2, 101.0, 90.4, 86.6, 59.9, 38.8,29.9, 14.2.

HRMS (ESI): Calcd. for Cp3HClO3 [M+H]: m/z 379.1101. Found: 379.1101.

This compound was crystallized from acetonitrile/hexane (2:1) mixture at room

temperature. X-ray structure was determined for this compound.

Compound 53

@

§

o
OEt

Y%

~. 0O

Br
Yield:
Mp:

0.108 g (64%, white solid).
118-120 °C.
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IR (KBr):
'"H NMR:

BC NMR:

2986, 2202, 1704, 1632, 1479, 1375, 1254, 860, 810, 706, 651 cm .

8 7.37 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 7.6 Hz, 2H), 7.29-7.24 (m, 3H),
7.08 (d, J = 8.4 Hz, 2H), 7.04 (s, 1H), 5.61 (s, 1H), 4.16-4.05 (m, 2H),
3.77-3.72 (m, 2H), 3.33-3.27 (m, 1H), 1.22 (t, /= 7.2 Hz, 3H).

8 166.6, 164.0, 146.0, 140.7, 132.6, 131.5, 128.6, 127.6, 127.2, 122.1,
104.2, 101.0, 90.5, 86.8, 59.9, 38.8, 29.9,14.2.

HRMS (ESI): Caled. for Cyp3HayBrO; [M'+H], [M'+2+H]: m/z 423.0596, 425.0596.

Found: 423.0597, 425.0585.

Compound 54

Yield:
IR (neat):

'H NMR:

BC NMR:

LC-MS:

0.090 g (60%, gummy liquid).

2986, 2937, 2899, 2833, 2208, 1704, 1649, 1512, 1447, 1375, 1260, 1151,
1123, 1036, 838, 756 em .

§ 7.28-7.25 (m, 5H), 7.22 (d, J = 8.8 Hz, 2H), 7.03 (s, 1H), 6.87 (d, J = 8.8
Hz, 2H), 5.60 (s, 1H), 4.15-4.05 (m, 2H), 3.83-3.72 (m, 1H), 3.79 (s, 3H),
3.71 (t, J = 5.4 Hz, 1H), 3.23-3.17 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H).

d 166.8, 164.4, 158.6, 145.5, 132.9, 131.3, 128.6, 128.2, 128.0, 123.2,
104.7, 100.8, 91.4, 85.7, 59.9, 55.3, 38.0, 30.1, 14.3.

m/z 375 [M+1]".

Anal. Calcd. for C,4H»,04: C, 76.99; H, 5.92. Found: C, 76.91; H, 5.85.

Compound 55
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Yield:

0.097 g (62%, gummy liquid).

IR (neat): 3080, 2981, 2208, 1704, 1655, 1600, 1523, 1485, 1353, 1156, 1118, 1041,
860, 751, 696 cm ™.

'H NMR: 8 8.20 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.24 (br s, 5H), 7.08
(s, 1H), 5.64 (s, 1H), 4.14-4.05 (m, 2H), 3.90-3.85 (m, 2H), 3.28-3.21 (m,
1H), 1.22 (t, J = 7.2 Hz, 3H).

BCNMR: 8 166.5, 162.8, 148.3, 147.2, 146.4, 131.2, 128.6, 128.3, 123.9, 122.7,
102.9, 101.7,92.0, 84.7, 60.1, 38.9, 29.3, 14.2.

LC-MS: m/z 390 [M+1]".

Anal.Calcd. for Cp3sHoNOs: C, 70.94; H, 4.92; N, 3.60. Found: C, 70.82; H, 4.87; N,
3.68.

Compound 56

O.__OEt

Yield:
Mp:
IR (KBr):

'H NMR:

13C NMR:

LC-MS:

0.125 g (86%, white solid).

58-60 °C.

2980, 2203, 1704, 1644, 1616, 1589, 1485, 1447, 1375, 1353, 1255, 1167,
1129, 855,751 cm .

§ 7.30-7.27 (m, 6H), 7.09 (d, J = 7.6 Hz, 1H), 7.04 (s, 1H), 7.03-6.94 (m,
2H), 5.62 (s, 1H), 4.17-4.04 (m, 2H), 3.83-3.78 (m, 1H), 3.75 (t, J = 5.4
Hz, 1H), 3.26-3.21 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H).

8 166.6, 163.6, 162.9 (J = 244.6 Hz), 145.9, 143.3, 131.2, 130.0 (J = 8.0
Hz), 128.3, 128.1, 123.3, 123.0, 114.6 (J = 21.8 Hz), 114.1 (J = 20.9 Hz),
103.7, 101.2, 91.6, 85.2, 59.9, 38.6, 29.6, 14.2.

m/z 363 [M+1]".

Anal. Calcd. for Cp3H9FOs3: C, 76.23; H, 5.28. Found: C, 76.15; H, 5.32.
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Compound 57

OEt

Mp:
IR (KBr):

'H NMR:

1BC NMR:

LC-MS:

0.136 g (62%, white solid).

66-68 °C.

3030, 2959, 2899, 2142, 1709, 1644, 1623, 1452, 1375, 1249, 1145, 1041,
844, 756, 690 cm ™.

8 7.35-7.31 (m, 2H), 7.29-7.24 (m, 3H), 6.98 (s, 1H), 5.58 (s, 1H), 4.15-
4.03 (m, 2H), 3.78-3.73 (m, 1H), 3.66 (t, J = 5.6 Hz, 1H), 3.24-3.19 (m,
1H), 1.23 (t, J = 7.2 Hz, 3H), 0.09 (s, 9H).

8 166.8, 164.2, 146.5, 140.6, 128.4, 128.0, 127.5, 127.0, 104.4, 101.2,
100.8, 96.7, 59.8, 38.5, 29.6, 14.2, -0.17.

m/z 341 [M+1]".

Anal. Calcd. for C,0H»405Si: C, 70.55; H, 7.10. Found: C, 70.36; H, 7.21.

Compound 58

(0]

)l

C4Ho

OEt

Yield:
IR (neat):

'H NMR:

13C NMR:

0.074 g (57%, gummy liquid).

3030, 2959, 2926, 2866, 1742, 1704, 1644, 1496, 1452, 1370, 1260, 1123,
866, 701 cm .

§ 7.32-7.29 (m, 2H), 7.25-7.22 (m, 3H), 6.86 (s, 1H), 5.54 (s, 1H), 4.12-
4.02 (m, 2H), 3.77-3.72 (m, 1H), 3.60 (t, J = 5.6 Hz, 1H), 3.19-3.14 (m,
1H), 2.19 (t, J = 7.2 Hz, 2H), 1.40-1.35 (m, 2H), 1.29-1.24 (m, 2H), 1.21
(t, J=7.2 Hz, 3H), 0.84 (t, J = 7.2 Hz, 3H).

0 166.8, 164.5, 144.6, 141.0, 128.4, 127.5, 126.9, 104.7, 100.3, 92.3, 76.3,
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59.7, 39.0, 30.7, 30.0,21.8,19.1, 14.2, 13.6.
LC-MS: m/z 325 [M+1]".
Anal. Calcd. for C,1H»405: C, 77.75; H, 7.46. Found: C, 77.83; H, 7.41.

Compound 59

Yield: 0.093 g (67%, gummy liquid).

IR (neat): 3063, 3025, 2975, 2932, 2855, 1704, 1649, 1490, 1452, 1375, 1255, 1129,
1036, 734, 696 cm .

'HNMR:  §7.35-7.31 (m, 2H), 7.27-7.23 (m, 3H), 6.93 (s, 1H), 5.95 (br s, 1H), 5.57
(s, 1H), 4.14-4.05 (m, 2H), 3.81-3.76 (m, 1H), 3.67 (t, J = 5.6 Hz, 1H),
3.24-3.19 (m, 1H), 2.07-2.01 (m, 4H), 1.61-1.54 (m, 4H), 1.23 (t, J = 7.2
Hz, 3H).

BCNMR: & 166.8, 164.4, 144.9, 140.8, 134.5, 128.4, 127.5, 126.9, 120.6, 104.7,
100.5, 93.4, 82.8, 59.8, 38.9, 29.9, 29.0, 25.6, 22.2, 21.4, 14.2.

HRMS (ESI) Caled. for C53Hy503 [M™+H]: m/z 349.1803. Found: 349.1803.

Compound 60

Yield: 0.141 g (84%, white solid).

Mp: 90-92 °C.

IR (KBr): 2932, 1704, 1638, 1485, 1381, 1271, 1151, 1129, 838, 751, 685 cm ™.

'HNMR: & 8.08 (d, J = 8.0 Hz, 2H), 7.50-7.44 (m, 3H), 7.37-7.36 (m, 4H), 7.29-
7.25 (m, 4H), 7.21-7.19 (m, 2H), 5.72 (s, 1H), 4.20-4.06 (m, 2H), 3.98-
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1BC NMR:

LC-MS:

3.92 (m, 2H), 3.36-3.29 (m, 1H), 1.26 (t,J = 7.2 Hz, 3H).

8 167.0, 1652, 153.5, 141.2, 133.3, 131.0, 129.5, 128.6, 128.3, 127.9,
127.7,127.1, 123.5, 100.4, 100.2, 94.8, 88.0, 59.8, 40.8, 30.0, 14.3.

m/z 421 [M+1]".

Anal. Calcd. for Co0H»405: C, 82.83; H, 5.75. Found: C, 82.73; H, 5.71.

Compound 61

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

LC-MS:

0.157 g (87%, white solid).

78-80 °C.

2975, 2904, 2833, 1704, 1644, 1595, 1507, 1381, 1249, 1123, 1019, 827,
740, 685 cm .

8 8.08 (d, J = 8.0 Hz, 2H), 7.48-7.41 (m, 3H), 7.36-7.30 (m, 4H), 7.28-
7.25 (m, 1H), 7.14 (d, J = 8.4 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 5.71 (s,
1H), 4.18-4.07 (m, 2H), 3.97-3.94 (m, 2H), 3.78 (s, 3H), 3.33-3.27 (m,
1H), 1.24 (t, J=7.2 Hz, 3H).

8 167.1, 165.4, 159.4, 152.7, 1412, 133.4, 132.5, 129.4, 128.5, 127.9,
127.8,127.7, 127.0, 115.7, 113.9, 100.7, 100.0, 94.9, 86.6, 59.8, 55.3, 40.9,
30.1, 14.3.

m/z 451 [M+1]".

Anal. Calcd. for C30H»604: C, 79.98; H, 5.82. Found: C, 79.85; H, 5.76.

Compound 62

OEt
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Yield: 0.124 g (85%, white solid).

Mp: 60-62 °C.

IR (KBr): 3030, 2970, 2203, 1699, 1655, 1490, 1436, 1381, 1277, 1233, 1162, 1129,
1047, 838, 751, 696 cm .

'H NMR: d 7.34-7.27 (m, 5H), 7.25 (br s, 5H), 5.57 (s, 1H), 4.16-4.03 (m, 2H), 3.81-
3.76 (m, 1H), 3.73 (t, J = 5.6 Hz, 1H), 3.23-3.17 (m, 1H), 2.27 (s, 3H),
1.23 (t,J=7.2 Hz, 3H).

BC NMR: d 167.0, 165.1, 154.7, 141.5, 131.4, 131.0, 130.8, 128.6, 128.5, 128.2,
127.8, 127.6, 126.9, 123.6, 100.0, 99.3, 93.8, 86.9, 59.8, 39.2, 30.0, 18.4,
14.3.

HRMS (ESI) Calcd. for Co4Hp;05 [M™+H]: m/z 359.1647. Found: 359.1647.

This compound was crystallized from ethyl acetate/hexane (2:1) mixture at room

temperature. X-ray structure was determined for this compound.

3.7  Representative procedure for the PPh; catalyzed [2+4] cycloaddition reaction
of enynals 3a-o with allenoates 8a-d: Synthesis of highly functionalized
cyclopentene derivatives 63-80

To a solution of 2-(1-alkynyl)-2-alken-1-als 3a-0 (1.0 mmol) in dry 1,4-dioxane (5

mL) was added PPhs (0.1 mmol) followed by alkyl 2,3-butadienoate 8a-d (1.2 mmol).

The vessel was stoppered under nitrogen atmosphere and the contents were stirred for 12

h at rt. The progress of the reaction was monitored by TLC. Later, the solvent was

removed under vacuum and crude product was purified by column chromatography by

using silica gel with ethyl acetate/ hexane (1:49) mixture as the eluent to afford the
corresponding cyclopentenes 63-80. The minor isomer had a slightly lower R value and
hence eluted after the major isomer. All the major isomers were obtained in a pure state;

the minor isomer was isolated in a pure state in three cases.

Compound 63

EtO,C Ph
CHO
4
Ph
Yield: 0.231 g (67%, gummy liquid).
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IR (neat):

'H NMR:

BC NMR:

LC-MS:

3057, 3025, 2981, 2197, 1710, 1627, 1490, 1375, 1326, 1255, 1129, 1101,
1030, 767, 690 cm .

8 9.94 (s, 1H), 7.34-7.30 (m, 5H), 7.27-7.21 (m, 3H), 7.18-7.14 (m, 3H),
4.32-4.19 (m, 3H), 3.10-2.93 (m, 2H), 1.33 (t, /= 7.2 Hz, 3H).

§ 198.2, 162.9, 146.5, 138.5, 137.3, 131.6, 129.0, 128.3, 128.1, 127.5,
122.6, 89.9, 85.1, 63.8, 61.1, 51.8, 37.5, 14.2.

m/z 345 [M+1]".

Anal. Calcd. for C»3H,¢05: C, 80.21; H, 5.85. Found: C, 80.12; H, 5.91.

Compound 63’
CO,Et
Ph
CHO
74
Ph

Yield: 0.045 g (13%, white solid).

Mp: 92-94 °C.

IR (KBr): 3063, 3030, 2981, 2203, 1715, 1496, 1447, 1375, 1255, 1200, 1096, 762,
701 cm ™,

'H NMR: 8 9.62 (s, 1H), 7.38-7.30 (m, 3H), 7.28-7.22 (m, 3H), 7.20-7.16 (m, 2H),
6.97-6.95 (m, 3H), 4.50 (s, 1H), 4.13-4.02 (m, 2H), 3.34-3.29 (m, 1H),
2.95-2.91 (m, 1H), 1.15 (t, /= 7.2 Hz, 3H).

B3C NMR: d 193.3, 163.5, 141.5, 138.3, 137.1, 131.6, 128.6, 128.4, 128.3, 128.1,

127.4,122.2, 89.5, 85.0, 60.6, 58.5, 54.9, 39.2, 14.0.

LC-MS:

m/z 345 [M+1]".

Anal. Calcd. for C»3H005: C, 80.21; H, 5.85. Found: C, 80.15; H, 5.76.

This compound was crystallized from ethyl acetate/hexane (2:1) mixture at room

temperature. X-ray structure was determined for this compound.
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Compound 64

MeO

EtO,C ' Ph
// CHO

(0

Yield:
IR (neat):

'H NMR;:

1BC NMR:

LC-MS:

0.284 g (76%, gummy liquid).

2981, 2932, 2838, 2203,1704, 1595, 1512, 1458, 1381, 1260, 1173, 1036,
838,707 cm .

§9.93 (s, 1H), 7.33-7.27 (m, SH), 7.11 (d, J = 8.8 Hz, 3H), 6.76 (d, J = 8.6
Hz, 2H), 4.31-4.17 (m, 3H), 3.77 (s, 3H, -OCH3), 3.08-2.91 (m, 2H), 1.33
(t,J=7.2 Hz, 3H).

o 198.5, 162.9, 159.6, 146.3, 138.7, 137.4, 133.1, 129.0, 128.6, 128.1,
127.4,114.7,114.1, 113.7, 89.8, 83.6, 63.8, 61.0, 55.2, 51.8, 37.5, 14.2.
m/z 375 [M+1]".

Anal. Calcd. for C,4H»,04: C, 76.99; H, 5.92. Found: C, 76.85; H, 5.98.

Compound 65

Et0,C Ph
// CHO
(
Me

Yield: 0.205 g (61%, gummy liquid).

IR (neat): 3061, 3030, 2975, 2197, 1704, 1633, 1507, 1463, 1375, 1332, 1260, 1134,
1025, 822, 701 em.

IHNMR: 8 9.94 (s, 1H), 7.34-7.29 (m, 5H), 7.13-7.12 (m, 1H), 7.08-7.03 (m, 4H),
4.29-4.18 (m, 3H), 3.05-2.96 (m, 2H), 2.31 (s, 3H), 1.33 (t, J = 7.2 Hz,
3H).

3C NMR: 0 198.4, 1629, 146.4, 138.6, 138.4, 137.4, 131.6, 129.0, 128.9, 128.1,
127.5,119.6, 90.1, 84.4, 63.8, 61.1, 51.8, 37.5, 21.5, 14.3.

LC-MS: m/z 359 [M+1]".

Anal. Calcd. for C,4H»,05: C, 80.42; H, 6.19. Found: C, 80.36; H, 6.09.
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Compound 66

Yield:
IR (neat):

'H NMR:

BC NMR:

LC-MS:

0.250 g (70%, gummy liquid).

3063, 3030, 2981, 2191, 1709, 1616, 1490, 1457, 1369, 1254, 1030, 761,
695 cm .

0 9.98 (s, 1H), 7.34-7.28 (m, 5H), 7.19-7.10 (m, 4H), 7.06 (t, J = 7.6 Hz,
1H), 4.30-4.21 (m, 3H), 3.11-2.94 (m, 2H), 2.16 (s, 3H), 1.33 (t, J = 7.2
Hz, 3H).

S 198.3, 162.9, 146.3, 140.3, 138.6, 137.6, 131.9, 129.3, 128.9, 128.3,
128.2, 127.4,125.3, 122.4, 88.8, 64.0, 61.1, 51.5, 37.4, 20.4, 14.2.

m/z 359 [M+1]".

Anal. Calcd. for C,4H»,05: C, 80.42; H, 6.19. Found: C, 80.31; H, 6.25.

Compound 67
EtO,C ' Ph
// CHO
O,N

Yield: 0.221 g (57%, gummy liquid).

IR (neat): 3063, 2975, 2931, 2844, 2235, 1731, 1709, 1632, 1594, 1512, 1342, 1265,
1106, 860, 755, 701 cm .

HNMR:  §9.89 (s, 1H), 8.09 (d, J = 9.2 Hz, 2H), 7.37-7.24 (m, 7H), 7.19-7.17 (m,
1H), 4.32-4.21 (m, 3H), 3.13-2.98 (m, 2H), 1.33 (t, J = 7.2 Hz, 3H).

3C NMR: d 196.7, 162.7, 147.2, 147.1, 138.3, 136.3, 132.4, 129.4, 128.8, 128.3,
127.7,123.4,90.7, 88.1, 64.2, 61.2, 51.4, 37.6, 14.2.

LC-MS: m/z 389 [M]".

Anal. Calcd. for C;3H9NOs: C, 70.94; H, 4.92; N, 3.60. Found: C, 70.85; H, 4.87; N,

3.68.
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Compound 67’

CO,Et
‘ Ph
// CHO
O,N
Yield: 0.043 g (11%, gummy liquid).

IR (neat): 3112, 2975, 2910, 2838, 2230, 1732, 1710, 1638, 1595, 1518, 1353, 1249,
1096, 855, 756, 707 cm .

'HNMR:  89.62 (s, 1H), 8.05 (d, J = 8.8 Hz, 2H), 7.38-7.30 (m, 3H), 7.24 (d, J=7.2
Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 6.98 (s, 1H), 4.54 (s, 1H), 4.15-4.02 (m,
2H), 3.37-3.31 (m, 1H), 2.99-2.94 (m, 1H), 1.16 (t, J = 7.2 Hz, 3H).

BCNMR: 8 192.6, 163.2, 147.1, 141.1, 138.1, 137.1, 132.3, 129.0, 128.5, 128.4,
127.6, 123.4, 90.6, 87.6, 60.7, 58.5, 55.2, 39.2, 14.0.

LC-MS: m/z 389 [M]".
Anal. Calcd. for C;3H9NOs: C, 70.94; H, 4.92; N, 3.60. Found: C, 71.12; H, 4.96; N,
3.71.

Compound 68

Yield: 0.185 g (48%, gummy liquid).

IR (neat): 3058, 3030, 2981, 2236, 1732, 1710, 1627, 1611, 1529, 1348, 1266, 1129,
1107, 1025, 745, 707 cm .

'H NMR: 5 9.94 (s, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.47-7.44 (m, 1H), 7.41-7.37 (m,
1H), 7.32-7.23 (m, 5H), 7.22 (d, J = 7.6 Hz, 1H), 7.17 (s, 1H), 4.29-4.19
(m, 3H), 3.16-3.09 (m, 1H), 3.02-2.94 (m, 1H), 1.31 (t, /= 7.2 Hz, 3H).

B3C NMR: d 197.3, 162.7, 149.6, 146.9, 138.1, 136.9, 135.0, 132.7, 128.9, 128.8,
128.2,127.6, 124.5,117.9,93.3, 85.2, 64.3, 61.3, 51.7, 37.5, 14.2.

LC-MS: m/z 390 [M+1]".
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Anal. Calcd. for Cx3H;9NOs: C, 70.94; H, 4.92; N, 3.60. Found: C, 70.85; H, 4.86; N,
3.72.

Compound 69

EtO,C ' Ph
// CHO

()

F

Yield: 0.192 g (53%, gummy liquid).

IR (neat): 3063, 3030, 2975, 2849, 2197, 1704, 1633, 1606, 1507, 1381, 1332, 1238,
1129, 1025, 838, 701 cm .

'HNMR:  §9.92 (s, 1H), 7.32-7.27 (m, 5H), 7.14-7.11 (m, 3H), 6.92 (t, J = 8.4 Hz,
2H), 4.33-4.18 (m, 3H), 3.09-2.93 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H).

BCNMR:  §197.9, 162.9, 162.5 (J = 247.9 Hz), 146.5, 138.6, 137.1, 133.5 (J = 8.3
Hz), 128.9, 128.1, 127.5, 118.7, 115.4 (J=21.9 Hz), 88.9, 84.8, 63.9, 61.1,
51.6,37.5, 14.2.

LC-MS: m/z 363 [M+17".

Anal. Calcd. for C»3H9FO3: C, 76.23; H, 5.28. Found: C, 76.32; H, 5.21.

Compound 70

EtO,C ' Ph
// CHO
¥
F
Yield: 0.233 g (61%, gummy liquid).
IR (neat): 3063, 3036, 2981, 2197, 1704, 1606, 1578, 1490, 1370, 1271, 1036, 789,
701, 685 cm .

'H NMR: 5 9.92 (s, 1H), 7.37-7.29 (m, 5H), 7.21-7.14 (m, 2H), 6.99-6.93 (m, 2H),
6.85-6.82 (m, 1H), 4.33-4.19 (m, 3H), 3.10-2.94 (m, 2H), 1.33 (t, J = 7.2
Hz, 3H).

114



1BC NMR:

LC-MS:

8§ 197.6, 162.8, 162.2 (J = 244.8 Hz), 146.7, 138.5, 137.0, 129.7 (J = 8.5
Hz), 128.9, 128.2, 127.6 (J = 5.6 Hz), 124.4 (J = 9.4 Hz), 118.5 (J=22.7
Hz), 115.7 (J=21.1 Hz), 88.7, 86.2, 63.9, 61.1, 51.6, 37.5, 14.2.

m/z 363 [M+1]".

Anal. Calcd. for C53H19FOs5: C, 76.23; H, 5.28. Found: C, 76.31; H, 5.24.

Compound 71

(0

Cl

EtO,C ' Ph
y/ cHo

Yield:
IR (neat):

'H NMR:

BC NMR:

LC-MS:

0.214 g (57%, gummy liquid).

3030, 2986, 2931, 2899, 2844, 1720, 1627, 1490, 1375, 1331, 1266, 1123,
1085, 1025, 838, 756, 707 cm .

8 9.91 (s, 1H), 7.36-7.27 (m, 5H), 7.20 (d, J = 8.4 Hz, 2H), 7.14-7.13 (m,
1H), 7.07 (d, J = 8.4 Hz, 2H), 4.31-4.18 (m, 3H), 3.10-2.94 (m, 2H), 1.32
(t, J=7.2 Hz, 3H).

8 197.7, 162.8, 146.6, 138.5, 137.0, 134.3, 132.9, 128.9, 128.5, 128.1,
127.5,121.1, 88.8, 86.1, 63.9, 61.1, 51.6, 37.5, 14.2.

m/z 379 [M+17".

Anal. Calcd. for C»3H9ClO5: C, 72.92; H, 5.06. Found: C, 72.85; H, 5.13.

Compound 72

(7

Br

EtO,C ' Ph
4/ ©Ho

Yield:
IR (neat):

0.197 g (47%, gummy liquid).
3061, 3030, 2980, 2933, 2200, 1713, 1628, 1581, 1486, 1455, 1394, 1372,
1327, 1257, 1105, 1069, 1031, 825, 700 cm .
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'HNMR:  §9.90 (s, 1H), 7.37-7.27 (m, 7H), 7.14 (s, 1H), 7.00 (d, J = 8.0 Hz, 2H),
4.28-4.18 (m, 3H), 3.09-2.95 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H).

BCNMR: 8 197.6, 162.8, 146.7, 138.5, 136.9, 133.1, 131.4, 128.9, 128.2, 127.5,
122.6, 121.6, 88.9, 86.4, 64.0, 61.1, 51.6, 37.5, 14.3.

LC-MS: m/z 421 [M-2]" and 423 [M]".

Anal. Calcd. for C»3H19BrOs: C, 65.26; H, 4.52. Found: C, 65.36; H, 4.48.

Compound 73

EtO,C D O
CHO OMe

Ph

Yield: 0.239 (68%, gummy liquid).

IR (neat): 3063, 2981, 2932, 2904, 2833, 2060, 1715, 1611, 1512, 1496, 1441, 1370,
1321, 1244, 1178, 1129, 1036, 827, 756 cm .

'H NMR: 3991 (s, 1H), 7.27-7.23 (m, 7H), 7.12 (s, 1H), 6.87 (d, J = 8.4 Hz, 2H),
4.33-4.12 (m, 2H), 4.13 (t, J = 8.8 Hz, 1H), 3.80 (s, 3H), 3.04-2.89 (m,
2H), 1.32 (t,J= 7.2 Hz, 3H).

BC NMR: d 198.3, 162.9, 159.0, 146.5, 137.4, 131.7, 130.4, 130.0, 128.3, 128.1,
122.7,113.5, 89.8, 85.2, 63.8, 61.0, 55.3, 51.3, 37.8, 14.2.

LC-MS: m/z 375 [M+1]".

Anal. Calcd. for C,4H»,04: C, 76.99; H, 5.92. Found: C, 76.85; H, 5.98.

Compound 74

EtO,C O O
CHO NO,

Ph
Yield: 0.166 g (40%, gummy liquid).
IR (neat): 3080, 2986, 2849, 2208, 1715, 1600, 1529, 1359, 1260, 1112, 849, 762,

690 cm .
'HNMR:  §9.96 (s, 1H), 8.18 (d, J = 8.8 Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.30-7.21
(m, 3H), 7.15-7.11 (m, 3H), 4.38-4.21 (m, 3H), 3.05-3.02 (m, 2H), 1.33 (t,
J =12 Hz, 3H).
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BC NMR: 5 197.0, 162.6, 147.3, 146.4, 145.6, 137.3, 131.5, 130.0, 128.8, 128.3,
123.2,122.0,90.8, 84.1, 63.7, 61.3, 50.2, 37.4, 14.2.

LC-MS: m/z 390 [M+1]".
Anal. Calcd. for C;3H;9NOs: C, 70.94; H, 4.92; N, 3.60. Found: C, 71.06; H, 4.87; N,
3.68.

Compound 75

EtO,C D O
CHO

Ph

Yield: 0.223 g (62%, gummy liquid).

IR (neat): 3063, 2981, 2197, 1715, 1600, 1512, 1222, 1162, 1036, 833, 690 cm .

'H NMR: 5 9.92 (s, 1H), 7.32-7.23 (m, 5H), 7.20-7.18 (m, 2H), 7.12-7.11 (m, 1H),
7.02 (t, J = 8.4 Hz, 2H), 4.33-4.17 (m, 3H), 2.97 (d, J = 8.4 Hz, 2H), 1.32
(t,J="7.2 Hz, 3H).

3C NMR: 5 198.0, 162.8, 162.2 (J = 244.3 Hz), 146.2, 137.3, 134.3, 131.6, 130.5 (J
=17.9 Hz), 128.5, 128.2, 122.4, 115.4 (J = 21.1 Hz), 90.2, 84.8, 63.8, 61.1,
50.7,37.7, 14.2.

LC-MS: m/z 363 [M+1]".

Anal. Calcd. for C»3H 9FOs: C, 76.23; H, 5.28. Found: C, 76.15; H, 5.32.

Compound 76

EtO,C D O
CHO

Ph
Yield: 0.251g (63%, gummy liquid).
IR (neat): 3068, 2975, 2198, 1704, 1611, 1584, 1485, 1370, 1326, 1244, 1123, 1019,

789, 751 cm .

'HNMR:  §9.94 (s, 1H), 7.31-7.23 (m, 4H), 7.22-7.19 (m, 2H), 7.11-7.08 (m, 3H),
7.02-6.97 (m, 1H), 4.32-4.20 (m, 3H), 3.00-2.97 (m, 2H), 1.33 (t, J = 7.2
Hz, 3H).
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3C NMR: 0 197.7, 162.7 (J = 243.9 Hz), 146.0, 141.2, 137.3, 131.6, 129.6, 129.5,
128.5, 128.2, 124.8, 122.4, 115.9 (J = 21.5 Hz), 114.4 (J = 20.9 Hz), 90.3,
84.6, 63.7,61.1,50.9,37.4, 14.2.

LC-MS: m/z 363 [M+1]".

Anal. Calcd. for C53H19FOs5: C, 76.23; H, 5.28. Found: C, 76.31; H, 5.23.

Compound 76’

CO,Et

F

Yield: 0.048 g (12%, white solid).

Mp: 100-102 °C.

IR (neat): 3058, 2981, 2937, 1704, 1627, 1611, 1595, 1490, 1447, 1370, 1337, 1244,
1118, 1101, 1063, 844, 751 cm .

'HNMR:  §9.60 (s, 1H), 7.35-7.30 (m, 1H), 7.27-7.18 (m, 3H), 7.05-6.94 (m, 6H),
4.52 (s, 1H), 4.15-4.05 (m, 2H), 3.34-3.28 (m, 1H), 2.96-2.91 (m, 1H),
1.17 (t,J="7.2 Hz, 3H).

BCNMR: 51928, 163.2, 162.9 (J = 243.9 Hz), 141.7, 141.1, 136.9, 131.5, 129.7,
129.6, 128.5, 128.2, 124.4, 122.0, 115.4 (J = 21.6 Hz), 1143 (J = 20.9
Hz), 89.9, 84.5, 60.7, 58.3, 54.4, 39.4, 14.0.

LC-MS: m/z 363 [M+17".

Anal. Calcd. for C»3H9FO3: C, 76.23; H, 5.28. Found: C, 76.45; H, 5.13.

Ph

Compound 77

EtO,C Ph
7 CHO
Me-g; 7
Me” pe
Yield: 0.222 g (65%, gummy liquid).

IR (neat): 3036, 2959, 2899, 2844, 2164, 1721, 1627, 1496, 1381, 1321, 1249, 1112,
1036, 849, 756, 707 cm .

118



'HNMR:  §9.83 (s, 1H), 7.29-7.26 (m, 5H), 7.08 (s, 1H), 4.31-4.18 (m, 2H), 4.11 (t,
J=8.4Hz, 1H), 3.02-2.86 (m, 2H), 1.30 (t, J = 7.2 Hz, 3H), 0.01 (s, 9H).

BCNMR:  §198.5,162.8, 146.4, 138.4, 137.3, 129.0, 127.9, 127.3, 100.9, 95.0, 64.0,
61.0,51.8,37.4,14.2, -0.31.

LC-MS: m/z 341 [M+17".

Anal. Calcd. for Co0H2405Si: C, 70.55; H, 7.10. Found: C, 70.45; H, 7.18.

Compound 78

MeOZC Ph
CHO
7
Ph
Yield: 0.202 g (62%, gummy liquid).

IR (neat): 3058, 3036, 2948, 2849, 2197, 1721, 1622, 1485, 1441, 1332, 1260, 1129,
1025, 756, 701 cm .

'HNMR:  89.94 (s, 1H), 7.37-7.29 (m, 5H), 7.27-7.22 (m, 3H), 7.18 (d, J = 7.6 Hz,
2H), 7.14 (s, 1H), 4.21 (t, J= 8.4 Hz, 1H), 3.81 (s, 3H), 3.11-2.94 (m, 2H).

BCNMR: & 1982, 163.3, 146.8, 138.4, 137.0, 131.7, 129.0, 128.4, 128.1, 127.5,
122.6, 89.9, 84.9, 63.8, 52.1, 51.8, 37.5.

HRMS (ESI) Calcd. for C,H;903 [M++H]: m/z 331.1334. Found: 331.1331.

Compound 79

BnO,C Ph
// CHO
Ph
Yield: 0.274 g (64%, gummy liquid).
IR (neat): 3063, 3030, 2943, 2203, 1715, 1622, 1600, 1490, 1463, 1332, 1255, 1151,
756,701 cm .

'HNMR:  §9.95 (s, 1H), 7.43-7.31 (m, 10H), 7.30-7.20 (m, 4H), 7.14-7.12 (m, 2H),
5.35-5.19 (m, 2H), 4.23 (t, J = 8.4 Hz, 1H), 3.11-3.04 (m, 2H).

BCNMR: & 198.1, 162.7, 147.3, 138.5, 136.8, 135.7, 131.7, 129.0, 128.6, 128.4,
128.3, 128.2, 128.1, 127.5, 122.6, 90.1, 85.0, 66.8, 63.9, 51.8, 37.6.
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LC-MS: m/z 407 [M+1]".
Anal. Calcd. for C,3H»,05: C, 82.74; H, 5.46. Found: C, 82.58; H, 5.41.

Compound 80

O
Ph
CHO
So
Ph

Yield: 0.175 g (48%, gummy liquid).

IR (neat): 3062, 3031, 2978, 2932, 2201, 1710, 1634, 1600, 1491, 1455, 1392, 1368,
1273, 1254, 1167, 1030, 847, 757, 692 cm ™.

'H NMR: 8 8.99 (s, 1H), 7.48-7.47 (m, 2H), 7.35-7.23 (m, 6H), 7.14 (d, J = 7.2 Hz,
2H), 6.96 (s, 1H), 4.75 (s, 1H), 3.59-3.54 (m, 1H), 2.82-2.77 (m, 1H), 1.27
(s, 9H).

3C NMR: 0 194.2, 163.0, 141.2, 137.8, 136.7, 131.8, 128.9, 128.6, 128.4, 128.2,
127.8, 122.4, 88.8, 86.6, 80.8, 61.9, 56.2, 38.8, 27.8.

LC-MS: m/z 373 [M+1]".

Anal. Calcd. for C,5H405: C, 80.62; H, 6.49. Found: C, 80.48; H, 6.41.

3.8.  General procedure for the synthesis of benzofurans 81-98 from cyclopentenes
63-80

To a dry Schlenk tube, PhsPAuCl (5 mol%), AgOTf (5 mol%) and dry 1,4-dioxane
solvent (1 mL) were added. The contents were stirred at room temperature for 0.5 h in
dark. Later, cyclopentenes 63-80 (0.3 mmol) in 1,4-dioxane (1 mL) was added to the
above mixture and the contents stirred at 100 °C for 24h. After completion of the reaction,
as monitored by TLC, the solvent was evaporated under vacuum. Benzofurans 81-98
were isolated by column chromatography by using EtOAc:hexane mixture (1:99) as the

eluent.

3.8.1 General procedure for the one-pot synthesis of benzofurans 81-98 from
allenoates 8a-d and enynals 3a-o0

To a solution of 2-(1-alkynyl)-2-alken-1-als 3a-o (0.5 mmol) in dry 1,4-dioxane (3

mL) was added PPh; (0.05 mmol) followed by alkyl 2,3-butadienoate 8a-d (0.6 mmol).
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The vessel was stoppered under nitrogen atmosphere and the contents were stirred for 12
h at rt. The progress of the reaction was monitored by TLC. Later, the solvent was
removed under vacuum (to remove excess of allenoate). In the meantime, to a dry
Schlenk tube, Ph;PAuCl (5 mol%), AgOTf (5 mol%) and dry 1,4-dioxane (1 mL) were
added. The contents were stirred at room temperature for 0.5 h in dark. To this catalytic
system was added the above mixture in dioxane (1 mL) and the contents stirred at 100 °C
for 24h. After completion of the reaction, as monitored by TLC, the solvent was
evaporated under vacuum. Benzofuran 81-98 was isolated by column chromatography by

using EtOAc:hexane mixture (1:99) as the eluent.

Compound 81

CO,Et

Yield: 0.078 g (76%, white solid).

Mp: 84-86 °C.

IR (KBr): 2980, 1726, 1447, 1375, 1282, 1222, 1140, 1030, 811, 756, 685 cm™.

'H NMR: 6 8.06 (d, J =8.0Hz, 1H), 7.98 (d, J = 7.2 Hz, 2H), 7.93 (d, J = 7.2 Hz,
2H), 7.76.(s, 1H), 7.58 (t, J = 7.6 Hz, 2H), 7.51-7.46 (m, 4H), 7.40 (t, J =
7.2 Hz, 1H), 4.53-4.48 (m, 2H), 1.50 (t, J = 7.2 Hz, 3H).

BC NMR: d 166.5, 157.8, 152.3, 135.7, 130.8, 130.0, 129.4, 129.2, 128.9, 128.8,
128.5, 126.1, 125.4, 123.2, 121.4, 102.7, 60.9, 14.6.

HRMS (ESI): Calcd. for C5,H 903 [M'+H]: m/z 331.1334. Found: 331.1331.

This compound was crystallized from ethanol at room temperature. X-ray structure

was determined for this compound.

Compound 82

CO,Et

Yield: 0.089 g (80%, white solid).
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Mp:
IR (KBr):

'H NMR:

BC NMR:

68-70 °C.

2964, 2926, 2833, 1704, 1606, 1501, 1381, 1266, 1178, 1041, 816, 762
cm™.

5 8.04 (d, J = 8.4 Hz, 1H), 7.97 (d, J = 7.2 Hz, 2H), 7.86 (d, J = 8.8 Hz,
2H), 7.61.(s, 1H), 7.57 (1, J = 7.6 Hz, 2H), 7.49-7.45 (m, 2H), 7.00 (d, J =
8.8 Hz, 2H), 4.52-4.47 (m, 2H), 3.88 (s, 3H), 1.50 (¢, J = 7.2 Hz, 3H).

o 166.6, 160.4, 158.0, 152.1, 139.3, 135.8, 131.2, 129.1, 128.9, 128.8,

128.4,126.9, 126.0, 122.8, 122.7, 121.0, 114.4, 101.1, 60.9, 55.4, 14.5.

HRMS (ESI): Caled. for Cy4H;,04 [M++H]: m/z 373.1440. Found: 373.1441.

Compound 83

CO,Et

Yield:
Mp:

IR (KBr):
'H NMR:

BC NMR:

0.081 g (76%, white solid).

70-72 °C.

2921, 1726, 1441, 1386, 1266, 1145, 1041, 806, 756, 690 cm™.

S 8.05 (d, J = 8.0 Hz, 1H), 7.99-7.97 (m, 2H), 7.82 (d, J = 8.0 Hz, 2H),
7.70.(s, 1H), 7.60-7.56 (m, 2H), 7.50-7.46 (m, 2H), 7.29-7.27 (m, 2H),
4.53-4.48 (m, 2H), 2.42 (s, 3H), 1.51 (t,J= 7.2 Hz, 3H).

d 166.6, 158.1, 152.1, 139.3, 135.8, 130.9, 129.6, 129.3, 128.9, 128.8,
128.4,127.2,126.0, 125.3, 122.9, 121.2, 101.9, 60.9, 21.5, 14.5.

HRMS (ESI): Calcd. for Cp4H,,03 [M+H]: m/z 357.1490. Found: 357.1486.

Compound 84

CO,Et

Yield:

0.082 g (77%, white solid).
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Mp: 70-72 °C.

IR (KBr): 2981, 1704, 1375, 1282, 1266, 1216, 1140, 1036, 767, 701 cm™.

'H NMR: 6 8.09 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 7.2 Hz, 2H), 7.89-7.88 (m, 1H),
7.65 (s, 1H), 7.58-7.51 (m, 3H), 7.46 (t, J = 7.2 Hz, 1H), 7.33 (br s, 3H),
4.53-4.48 (m, 2H), 2.66 (s, 3H), 1.51 (t,J = 7.2 Hz, 3H).

B3C NMR: d 166.5, 157.7, 151.9, 136.2, 135.7, 131.5, 130.6, 129.9, 129.5, 1294,
129.0, 128.9, 128.8, 128.4, 128.3, 126.2, 126.0, 123.1, 121.4, 106.3, 60.9,
22.2,14.5.

HRMS (ESI): Calcd. for C,4H,0O3Na [M++Na]: m/z 379.1310. Found: 379.1310.

Compound 85

CO,Et

Yield: 0.086 g (74%, yellow solid).
Mp: 142-144 °C.
IR (KBr): 2915, 2860, 1704, 1606, 1529, 1343, 1266, 1162, 1036, 860, 816, 745, 685
1
cm-.

'HNMR: 5833 (d, J= 8.8 Hz, 2H), 8.10 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.8 Hz,
2H), 7.97.(s, 1H), 7.95-7.93 (m, 2H), 7.62-7.56 (m, 3H), 7.51 (t, J = 7.4
Hz, 1H), 4.54-4.49 (m, 2H), 1.51 (t, J= 7.2 Hz, 3H).

BCNMR: 5 166.1, 154.9, 152.8, 147.6, 135.7, 135.3, 130.0, 129.9, 129.0, 128.8;,
128.7, 126.7, 125.7, 124.6, 124.6, 124.4, 122.1, 106.3, 61.1, 14.5.

HRMS (ESI): Caled. for Co3HsNOs [M+H]: m/z 388.1185. Found: 388.1187.

Compound 86

COEt g

Yield: 0.084 g (72%, yellow solid).
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Mp:
IR (KBr):

'H NMR:

BC NMR:

100-102 °C.

2937, 1715, 1529, 1474, 1381, 1364, 1282, 1260, 1216, 1151, 1036, 981,
838, 745 cm™.

8 8.10 (d, J = 8.0 Hz, 1H), 7.87-7.83 (m, 4H), 7.76 (s, 1H), 7.67 (t, J= 7.6
Hz, 1H), 7.57-7.53 (m, 4H), 7.45 (t, J = 7.4 Hz, 1H), 4.52-4.47 (m, 2H),
1.50 (t, J=7.2 Hz, 3H).

§ 166.2, 152.9, 152.7, 148.5, 135.1, 132.2, 130.3, 130.1, 129.9, 129.7,
128.8, 128.7, 126.5, 124.3, 124.1, 124.0, 122.1, 107.1, 61.1, 14.5.

HRMS (ESI): Caled. for C,3H;7NOsNa [M++Na] m/z 410.1005. Found: 410.1007.

This compound was crystallized from chloroform/hexane (2:1) mixture at room

temperature. X-ray structure was determined for this sample.

Compound 87

CO,Et

Yield:
Mp:
IR (KBr):

'H NMR:

13C NMR:

0.087 g (81%, white solid).

64-66 °C.

2986, 1709, 1610, 1507, 1370, 1293, 1266, 1227, 1162, 1036, 910, 816,
751 cm™.

8 8.06 (d, J = 8.0 Hz, 1H), 7.96-7.94 (m, 2H), 7.91-7.88 (m, 2H), 7.69 .(s,
1H), 7.58 (t, J = 7.4 Hz, 2H), 7.50-7.46 (m, 2H), 7.17 (d, J = 8.6 Hz, 2H),
4.53-4.47 (m, 2H), 1.50 (t, /= 7.2 Hz, 3H).

d 166.4, 163.2 (J = 248.4 Hz), 156.9, 152.2, 135.7, 130.7, 129.4, 128.5,
127.2 (J=8.2 Hz), 126.2 (J=13.2 Hz), 123.2, 121.4, 116.0 (J = 21.9 Hz),
102.4, 60.9, 14.5.

HRMS (ESI): Calcd. for Co3H sFO3 [M'+H]: m/z 361.1240. Found: 361.1242.
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Compound 88

CO,Et

Yield:
Mp:

IR (KBr):
'H NMR:

1BC NMR:

0.091 g (84%, white solid).

106-108 °C.

2959, 1721, 1611, 1480, 1375, 1277, 1222, 1140, 1030, 849, 762 cm™.
58.07 (d, J = 8.0 Hz, 1H), 7.95 (d, J = 7.2 Hz, 2H), 7.78 .(s, 1H), 7.70 (d,
J = 8.0 Hz, 1H), 7.61-7.57 (m, 3H), 7.53-7.49 (m, 2H), 7.47-7.41 (m, 1H),
7.11-7.07 (m, 1H), 4.53-4.48 (m, 2H), 1.51 (t, /= 7.2 Hz, 3H).

8 166.4, 163.1 (J = 244.4 Hz), 156.3, 152.3, 135.6, 132.0 (J = 8.2 Hz),
130.6, 130.5, 130.4, 129.6, 128.9, 128.6, 126.3, 123.7, 121.6, 121.0, 116.0
(J=212Hz), 112.2 (J=23.4 Hz), 103.7, 61.0, 14.5.

HRMS (ESI): Calcd. for Cp3sHgFO3; [M™+H]: m/z 361.1240. Found: 361.1237.

Compound 89

CO,Et

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.097 g (86%, white solid).

116-118 °C.

2981, 1699, 1479, 1381, 1282, 1282, 1266, 1151, 1096, 1041, 822, 756,
696 cm™.

5 8.05 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 7.6 Hz, 2H), 7.82 (d, J = 8.4 Hz,
2H), 7.73.(s, 1H), 7.58 (t, J = 7.4 Hz, 2H), 7.49 (d, J = 7.6 Hz, 2H), 7.43
(d, J=8.4 Hz, 2H), 4.53-4.47 (m, 2H), 1.50 (t, /= 7.2 Hz, 3H).

d 166.4, 156.6, 152.3, 135.6, 135.0, 130.6, 129.5, 129.2, 128.9, 128.8,
128.5,126.5,126.2, 123.4, 121.5, 103.1, 61.0, 14.5.

HRMS (ESI): Caled. for Co3H;5Cl05 [M*+H]: m/z 377.0944. Found: 377.0944.
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Compound 90

CO,Et

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.093 g (74%, white solid).

120-122 °C.

2981, 1710, 1589, 1479, 1381, 1282, 1255, 1151, 1041, 811, 756, 701 cm’
1.

d 8.06 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 7.6 Hz, 2H), 7.76 (d, J = 8.8 Hz,
3H), 7.60-7.56 (m, 4H), 7.49 (t, J = 8.0 Hz, 2H), 4.53-4.47 (m, 2H), 1.50
(t, J=7.2 Hz, 3H).

d 166.4, 156.6, 152.3, 135.6, 132.1, 130.6, 129.5, 128.9, 128.8, 128.5,
126.7,126.3, 123.5, 123.2, 121.5, 103.2, 61.0, 14.5.

HRMS (ESI): Caled. for Co3H sBrO; [M'+H] and [M'+H+2]: m/z 421.0438, 423.0439.

Found: 421.0440, 423.0422.

Compound 91

CO,Et

(0
O

OMe

Yield:
Mp:
IR (KBr):

'H NMR:

0.087 g (78%, white solid).

74-76 °C.

3057, 2926, 2833, 1704, 1605, 1512, 1446, 1369, 1282, 1254, 1156, 1029,
805, 734 cm™.

8 8.04 (d, J= 8.0 Hz, 1H), 7.94 (t, J= 7.2 Hz, 4H), 7.61.(s, 1H), 7.50-7.45
(m, 3H), 7.41-7.40 (m, 1H), 7.11 (d, J = 8.8 Hz, 2H), 4.52-4.47 (m, 2H),
3.92 (s, 3H), 1.50 (t, J = 7.2 Hz, 3H).
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1BC NMR:

LC-MS:

5 166.6, 159.9, 157.7, 152.1, 130.7, 130.1, 129.7, 129.1, 128.9, 128.1,
126.2, 125.3, 122.6, 120.8, 114.3, 102.7, 60.8, 55.4, 14.5.
m/z 373 [M+1]".

Anal. Calcd. for C,4H»004: C, 77.40; H, 5.41. Found: C, 77.26; H, 5.48.

Compound 92

CO,Et

NO,

(0
(6]

Yield:
Mp:
IR (KBr):

'H NMR;:

BC NMR:

0.079 g (68%, yellow solid).

148-150 °C.

2920, 1715, 1594, 1583, 1512, 1375, 1353, 1260, 1145, 1040, 860, 816,
745 cm™,

d 8.44 (d, J = 8.4 Hz, 2H), 8.15-8.08 (m, 3H), 7.91 (d, J = 7.6 Hz, 2H),
7.77 (s, 1H), 7.53-7.43 (m, 4H), 4.55-4.49 (m, 2H), 1.52 (t, J = 7.2 Hz,
3H).

d 166.1, 158.2, 152.2, 147.6, 142.2, 131.1, 129.6, 129.5, 129.0, 126.7,
126.2,125.4, 124.0, 123.2, 123.0, 102.7, 61.2, 14.5.

HRMS (ESI): Caled. for Co3H sNOs [M™+H]: m/z 388.1185. Found: 388.1181.

Compound 93

CO,Et

Yield:
Mp:
IR (KBr):

0.091 g (84%, White solid).
100-102 °C.,
2975, 1710, 1600, 1529, 1375, 1288, 1216, 1140, 1036, 921, 816, 756, 685

cm™,
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'H NMR:

1BC NMR:

8 8.05 (d, J = 8.0 Hz, 1H), 7.97-7.90 (m, 4H), 7.75 (s, 1H), 7.50-7.39 (m,
4H), 7.29 (s, 1H), 7.25 (s, 1H), 4.53-4.48 (m, 2H), 1.51 (t, J = 7.2 Hz, 3H).
5 166.4, 162.9 (J = 247.0 Hz), 157.8, 152.1, 131.7, 130.8, 130.6 (J = 8.0
Hz), 129.9, 129.2, 128.9, 128.3, 126.1, 125.3, 122.9, 121.5, 115.8 (J=21.3
Hz), 102.7, 60.9, 14.5.

HRMS (ESI): Calcd. for Co3H7FO3Na [M"+Na]: m/z 383.1060. Found: 383.1060.

Compound 94

CO,Et

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

LC/MS:

0.092 g (85%, white solid).

58-60 °C.

2981, 1715, 1605, 1474, 1441, 1375, 1282, 1195, 1134, 1030, 849, 795,
690 cm™.

8 8.08 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 7.6 Hz, 2H), 7.77-7.72 (m, 3H),
7.58-7.49 (m, 4H) 7.43 (t, J = 7.4 Hz, 1H), 7.22-7.17 (m, 1H), 4.55-4.50
(m, 2H), 1.53 (t, J = 7.2 Hz, 3H).

8 166.3, 163.0 (J = 244.1 Hz), 157.9, 152.1, 137.8 (J = 8.1 Hz), 130.9,
130.2 (J=8.2 Hz), 129.8, 129.3, 128.9, 128.0, 126.1, 125.4, 124.5 (J=2.8
Hz), 123.0, 122.0, 115.8 (J = 22.5 Hz), 115.3 (J = 20.9 Hz), 102.7, 61.0,
14.5.

m/z 361 [M+1]".

Anal. Calcd. for C»3H7FOs: C, 76.65; H, 4.75. Found: C, 76.53; H, 4.71.

Compound 95

CO,Et

L,

Yield:

0.072 g (89%, gummy liquid).
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IR (Neat):

'H NMR:

3C NMR:

2975, 2860, 1710, 1595, 1507, 1403, 1277, 1211, 1134, 1030, 975, 756,
696 cm™.

8 7.73 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.6 Hz,
2H), 7.38-7.35 (m, 2H), 4.67 (t, J = 8.8 Hz, 2H), 4.42-4.36 (m, 2H), 3.62
(t, J= 8.8 Hz, 2H), 1.42 (t, J= 7.2 Hz, 3H).

§ 166.4, 157.8, 152.8, 146.6, 136.5, 130.6, 128.5, 127.9, 127.8, 127.3,
126.0, 122.3, 71.6, 60.8, 31.2, 14.4.

HRMS (ESI): Calcd. for C;7H;704 [M++H]: m/z 269.1177. Found: 269.1178.

Compound 96

CO,Me

Yield:
Mp:

IR (KBr):
'H NMR:

BC NMR:

0.082 g (83%, white solid).

118-120 °C.

2964, 1715, 1606, 1430, 1375, 1288, 1140, 904, 816, 756, 685 cm™.

5 8.05 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 7.2 Hz, 2H), 7.93 (d, J = 7.6 Hz,
1H), 7.74 (s, 1H), 7.58 (t, J = 7.6 Hz, 2H), 7.48 (t, J = 8.6 Hz, 4H), 7.40 (t,
J=17.2 Hz, 2H), 4.04 (s, 3H).

o 167.0, 157.9, 152.2, 135.7, 130.8, 130.0, 129.5, 129.2, 128.9, 128.8,
128.5, 126.2, 125.4, 123.2, 121.1, 102.7, 52.0.

HRMS (ESI): Calcd. for C»,H;705 [M++H]: m/z 329.1177. Found: 329.1175.

Compound 97

CO,Bn

Yield:
Mp:
IR (KBr):

0.097 g (80%, white solid).
118-120 °C.
3052, 1699, 1578, 1447, 1381, 1260, 1156, 1041, 762, 734 cm™.
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'H NMR: 0 8.10 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 6.8 Hz, 2H), 7.89 (d, J = 7.2 Hz,
2H), 7.75 (s, 1H), 7.58-7.39 (m, 12H), 5.50 (s, 2H).

BC NMR: d 166.2, 157.9, 152.3, 136.3, 135.7, 131.0, 129.9, 129.6, 129.2, 128.9,,
128.87, 128.8, 128.7, 128.5, 128.3, 128.2, 126.3, 1254, 123.2, 121.0,
102.7, 66.7.

LC/MS m/z 405 [M+17".

Anal. Calcd. for C,sH»¢05: C, 83.15; H, 4.98. Found: C, 83.06; H, 4.91.

Compound 98
A
(-0

Yield: 0.050 g (62%, gummy liquid).
IR (Neat): 3063, 3030, 2921, 2849, 1737, 1688, 1600, 1474, 1408, 1266, 1216, 1162,
904, 811 cm™.

'H NMR: 8797 (d, J="7.2 Hz, 2H), 7.88 (d, J = 7.2 Hz, 2H), 7.59-7.54 (m, 3H),
7.46 (t,J=17.6 Hz, 4H), 7.38-7.31 (m, 2H), 7.11 (s, 1H).

BC NMR: d 156.0, 152.0, 136.6, 130.4, 130.0, 128.8, 128.7, 128.6, 127.6, 125.3,
125.0, 123.9, 123.6, 120.1, 101.5.

LC/MS m/z 271 [M+1]".

Anal. Calcd. for C,0H140: C, 88.86; H, 5.22. Found: C, 88.75; H, 5.27.

HRMS (ESI): Calcd. for CyH;sO [M™+H]: m/z 271.1123. Found: 271.1109.

3.9  X-ray crystallography

A suitable crystal was mounted on a glass fiber (for 9, 44, 52, 62, 63, 81 and 86) and
X-ray data were collected at 298 K on a Bruker AXS-SMART or on an OXFORD
diffractometer using Mo-K,, radiation (A = 0.71073 A). Structures were solved and
refined using standard methods.”” Absorption corrections were done using SADABS
program, where applicable. All non-hydrogen atoms were refined anisotropically;
hydrogen atoms were fixed by geometry or located by a Difference Fourier and refined

isotropically. Crystal data are summarized in Tables 11-12.
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Table 11. Crystal data for compounds 9, 44, 52, and 62°

Compound 9 44 52 62
Emp. formula  CgoH23N30 C31H25N30; Ca3H19CIO3 Ca4H2,03
Formula
weight 44151 471.54 378.83 358.42
Crystal system  Monoclinic Monoclinic Triclinic Monoclinic
Space group P2(1)/n P2(1)/n P-1 P2(1)/n
alA 10.3959(14) 7.5985(7) 8.2508(4) 15.467(3)
b /A 20.556(3) 10.1256(8) 11.0623(5) 5.7705(10)
c/A 11.7549(16) 34.045(3) 11.3405(5) 22.341(5)
aldeg 90 90 103.306(4) 90
pldeg 109.824(2) 94.613(3) 95.478(4) 99.10(2)
ydeg 90 90 100.900(4) 90
VA3 2363.2(6) 2610.9(4) 978.61(8) 1968.9(7)
z 4 4 2 4
Deaic /g cm™] 1.241 1.200 1.286 1.209
2 /mm™ 0.076 0.076 1.887 0.079
F(000) 928 992 396 760
Data/
restraints/ 4210/0/315 4470/0/326 3469/0/247 4472/0/246
parameters
S 0.946 1.162 1.067 1.024
R1[1>25(1)] 0.0466 0.1012 0.0648 0.0701
WR2 [all data] 0.1397 0.3112 0.2040 0.1746
Max./min.
residual
0.148/-0.207  0.430/-0.463 0.731/-0.460 0.159/-0.158

electron dens.

[eA”]

*R1 = 3||Fo - |Fc||/Z|Fo| and wR2 = [Ew(Fo?-Fc?)?/EwFo*]%?

131



Table 12 Crystal data for compounds 63, 81, and 86 °

Compound 63’ 81 86

Emp. formula C23H2003 CxHis05  Cy3H7NOs
Formula 344.39 342.37 387.38
weight

Crystal system  Monoclinic  Orthorhombic Monoclinic
Space group P2(1)/n Pca2, C2/c

alA 11.8106(11)  12.3414(4)  15.4744(3)
b /A 8.1876(9) 20.8549(6) 16.1876(3)
c/A 19.816(3) 6.9482(2)  15.6267(3)
aldeg 90 90 90

pldeg 104.297(11) 90 100.3353(18)
ydeg 90 90 90

VIR 1856.9(4)  1788.32(10) 3850.85(13)
z 4 4 8

Deaic /g cm™] 1.232 1.272 1.336
wImm™ 0.081 0.669 0.784
F(000) 728 720 1616

Data/ 3263/0/240  2117/0/236  3692/0/263
restraints/

parameters

S 0.963 1.075 1.146
R1[I>26(1)] 0.0599 0.0411 0.0666
wR2 [all data] 0.1865 0.1049 0.1592
Max./min. 0.282/-0.172  0.113/-0.207 0.495/-0.693
residual

electron dens.
[eA”]
*R1 = 3||Fo| - |Fc||/Z|Fo| and wR2 = [Ew(Fo?-Fc?)?/EwFo*]%?
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PART-B

TRANSITION METAL-FREE CYCLIZATIONS OF EPOXY
YNAMIDES



Chapter 4

INTRODUCTION

Heteroatom-substituted alkynes, in particular ynamines and ynamides, are emerging
as highly useful and versatile building blocks for the synthesis of numerous heterocycles.
The synthetic utility of ynamines is because of their predictable regioselectivity and high
reactivity,’® 2 despite the hydrolytic sensitivity hampering the development of their
chemistry. Hence ynamides were introduced as alternative precursors to ynamines. In the
year 1972, Viehe and co-workers synthesized the first ynamide by the elimination of HCI
from the corresponding a-chloro enamide.® After this report, other functionalized
ynamides were explored for numerous organic transformations due to their relatively
higher stability.* Due to the strong polarization of the triple bond by the directly attached
electron donating nitrogen atom and the better coordination of the metal catalyst with the
alkyne moiety, these compounds are versatile reactants (Fig. 1).

) ﬁ,\\“EWG
RB « R
n (O EWG o 4.1
R—=——N__
B o R
\ /EWG
4.1 [M] R—==—N_
i R
M]
4.2

Fig. 1. A drawing showing the effect of nitrogen connected to the alkyne moiety.

In the year 2003, hydrohalogenation of ynamides was investigated by the Hsung and
co-workers.” Thus in the presence of MgBr, or Mgl,, ynamides 4.3 were converted to E-
a-halo-enamides 4.4 in good yields with excellent stereoselectivity (Scheme 4.1). The
method involved in situ generated HX from the reaction of magnesium salt with wet
CH.CI, and indicated that water played a crucial role during the hydrohalogenation
process. We have been more interested in cyclization reactions of ynamides that lead to
the products with very high regio- and stereo-selectivity.®” In the following section, we

shall discuss cyclizations occurring at the a-position of the ynamides.
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Scheme 4.1
(@)

>‘R2 MgXa RQ 2
R—N ~—— - R
‘R»] wet CH2C|2 N
rt X R!
4.3 X=1,Br 4.4

4.1  Cyclization invoelving a-position of ynamides

Max Malacria’s group reported the radical-cyclization of the functionalized
ynamides.® Thus ynamides 4.5 were transformed into polycyclic compounds 4.6 via two
sequential cascade reactions (Scheme 4.2). Initially, ynamide is involved in a 5-exo-dig
cyclization resulting in endocyclic double bond which undergoes radical cyclization via
6-endo-trig manner to lead to the polycyclic compounds in good yields. Intermediate

steps were not elaborated in this work.

Scheme 4.2 v
Y Z
X y4
AN N -y, BuzSnH, AIBN | N
| | s AF
V& P benzene, reflux R \ \
R! X | ’ Y=0orH, SN )
e X =Br, | R® e
4.5 4.6 (23-90%)

Janine Cossy and co-workers reported the reaction of ynamides 4.7 with arylboronic
acids under [Pd]-catalysis that afforded (E)-3-(arylmethylene) isoindolin-1-ones 4.8
stereoselectively (Scheme 4.3).° Under these conditions, trimethylsilylynamide is
generated terminal ynamide in situ, which underwent Heck-Suzuki-Miyaura reaction with

benzeneboronic acid providing the corresponding isoindolinone in good yields.

Scheme 4.3 0

PA(OAC), (5 mol%)
©fLN/\© +PhB(OH), PPhs (10 mol%) N
1 .

(1.2 equiv)  NaOH (1.5 equiv

THF/H,O
4.7 4.8 (70%)

A Brgnsted acid catalyzed cyclization of arene-ynamides 4.9 providing heterocycles
4.10 was illustrated by Hsung’s group (Scheme 4.4).2° Instead of Tf,NH catalyst, p-

nitrobenzenesulfonic acid (20 mol%) was used as a Brgnsted acid catalyst for indole-
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tethered ynamides. Stronger Bransted acid Tf,NH [pK, (1,2-DCE) -11.9)] competing the
protonation of the indole ring resulted in a very poor yield of the desired product. This

protocol was also employed in the total synthesis of desbromoarborescidines A and C.

Scheme 4.4
Tf,NH (1 mol%) O‘
Il CH,Cly, rt ”
N(n-Bu)Ts 3 min N(n-Bu)Ts
4.9 4.10 (91%)

Zhao’s group described the synthesis of 2-amido indole derivatives 4.14 by
cyclization of ortho-haloaryl acetylenic bromides 4.11 via sequential metal catalyzed C-N
bond formations (Scheme 4.5).!* Initially, ortho-haloaryl substituted ynamides 4.12 are
formed by amidative cross-coupling of ortho-haloaryl acetylenic bromides 4.11 under
[Cu]-catalysis. In the next step, N-arylation of the ortho-haloaryl substituted ynamides
4.12 by using anilines, followed by 5-endo-dig cyclization in the presence of [Pd]-
catalysis via an in situ produced ortho-aminoaryl substituted ynamides 4.13 afforded the

2-amido indoles 4.14 in good yields.

Scheme 4.5
(0]

) CUSO4 5H20 HNJk

— R
XC 1,10-phenanthroline | >\\
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\ /o m
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Br b) Pdy(bda);, R2-NH,

R?
4.1 phosphine ligand 414 (6 091%)
o
R
Re= o N >\\ JO
— —
\ )= Ny\ ] \ 7/ \,\1
Br R Nen R
R2
4.12 4.13

Synthesis of 2-amidoindoles 4.18 was achieved by Karin Dooleweerdt et al. from
terminal ynamides 4.16 and o-iodoanilines 4.15 by using [Pd]-catalysis (Scheme 4.6).*2
This is a two-step sequential reaction. The reaction proceeds through Sonogashira
coupling of iodoanilines and ynamides affording aryl alkynes 4.17. In the presence of a

base, alkynes 4.17 undergo hydroamination resulting in the formation of indole ring.
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Electron withdrawing groups on the o-iodoanilines decrease the nucleophilicity of the -
NH, group in the hydroamination step leading to poor yields of 2-amidoindoles. In order
to overcome this problem, anilines were converted to their corresponding carbamate
derivatives. This methodology was further extended for the synthesis of 2-

amidobenzofurans from o-iodophenols and ynamides.

Scheme 4.6
| G Pd(OAc), (5 mol%) EWG
R@i o = e PPy oMo S N
Z>NH, R Bu,NOAc ZoN R
DMF, 60 °C
4.15 4.16 4.18 (26-87%)
via EWG
|
= N\R
R—1 = ~
T 417
Z > NH,

Pierre Garcia et al have investigated the cycloisomerization of allenynamides 4.19 in
the presence of silver triflate.® By varying the substitution on the allenic moiety and the
length of the side chain, different sized nitrogen heterocycles (e.g., 4.20) were prepared.
Synthetic utility of trienes 4.20 was also demonstrated by producing polycyclic ring
systems 4.22 in the presence of N-phenylmaleimide 4.21 via cycloisomerization/ Diels-

Alder sequence (Scheme 4.7).

Scheme 4.7
Me ﬂ Me
M
AgOTf 9 07>\ O H 2
10 mol% | 421 /7
s e 7 Ph | N=Ph
= - =
N N v
Ts Ts Ts O
419 4.20 4.22 (53-99%)

A new gold catalyzed [4+1] cycloaddition reaction between 3-en-1-ynamides 4.23
and 8-methylquinoline oxide 4.24 affording highly substituted furans 4.25 was reported
by Rai-Shung Liu and co-workers (Scheme 4.8).%* This cycloaddition was an effective
synthetic route for the heterobiaryl compounds like 2-(furanyl)-thiophene, 2-(furanyl)
benzothiophene and 2-(furanyl)benzofuran. Ynamides like 4-phenyl-3-en-1-ynamide and
2-cyclohexenyl-1-ethynylamide led to dicarbonyl compound and dienylamide
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respectively instead of furan derivarives. Alkyl group at the C(3)-carbon of 3-en-1-
ynamides facilitates an oxa-Nazarov cyclization due to the stabilization of the gold allylic

cation and providing the furan derivatives.

Scheme 4.8 ]
LAUCIAgSbFs
(5mol%) n _R?
>— e R o N
EWG
4.2 4.25 (56-91%)

Jian Cao’s group illustrated a facile carbocation-induced electrophilic cyclization
reaction of o-anisole substituted ynamides 4.26 giving 3-alkyl-2-amidobenzofurans 4.29
or 3-allenyl-2-amidobenzofurans 4.32 from various substituted alcohols (Scheme 4.9).%
But the simple phenylmethanol failed to undergo this electrophilic cyclization reaction.
The mechanism involves formation of carbocation by the reaction of diarylmethanol with
ZnBr, (ESI-TOF MS analysis of reaction mixture showed the existence of
diphenylmethylcation). This in situ generated carbocation 4.28 undergoes electrophilic
addition to ynamide alkyne. Subsequent cyclization via —OMe group affords the
benzofurans which undergo demethylation by bromide ion providing the 2-
amidobenzofuran 4.29. In the case of propargyl alcohol 4.30, allenylic carbocation 4.31°
reacts with ynamide due to the steric hindrance caused by the presence of two aryl groups
leading to the formation of 3-allenyl-2-amidobenzofuran 4.32.

Scheme 4. 9

“R2 R5
EWG R3427 - R\Ef 4.30 o R R! EWG
2 ZnBrZ CH20|2 Me ZnBr2 CH20|2 \

4.29 (54 -84%) 4 32 62 89%)

R®
>®%R7<—’>:-:é

R6 4.31 R 4.31'

R3/\ 4

4.28

An effective method for the construction of benzo[b]furans 4.35 in high yields under
mild conditions by the iodocyclization of ynamides containing ethoxyethyl ether group
4.33 was described by Takashi Okitsu’s group (Scheme 4.10).*° The same group also

demonstrated the utility of this methodology by synthesizing polycyclic isoquinolinones
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via Suzuki-Miyaura coupling/decarboxylation/lactamization. In the presence of iodinating
reagent I(coll),PFs, ynamides form keteniminium ion 4.34. Subsequent nucleophilic
attack of oxygen from the ethoxyethyl ether group on keteniminium ionic species

followed by the loss of the ethoxyethyl group affords the benzo[b]furan 4.35.

EWG-. Scheme 4.10
[ ) |
N

‘R-- I(coll),PF
=~ R (coll) Fe I CEWG
(1 equiv) EWG, N~ 5
- Ny . \ :
e} CH20|2, rt,3s e} \R\ ’,' /(‘)\ R\\__/'
)\OEt coll = 2,4,6-pyridyl OEt  PFg

4.33 4.35 (84%-quant.) keteniminium ion 4.34

A novel [Cu]-catalyzed one-pot regio- and stereo-specific synthesis of
benzo[1,4,2]dithiazine 1,1-dioxides 4.37° and benzo[1,4,2]thiaselenazine 1,1-dioxides
4.37” by the cyclization of functionalized ynamides 4.36 with elemental sulfur/ selenium
has been developed from our laboratory (Scheme 4.11). This methodology was
elegantly extended for the synthesis of benzodithiazepines 4.39° and
benzothiaselenazepines 4.39”. Incorporation of D at the olefinic site by using D,O in
place of water revealed the involvement of the water in the cyclization process. Selective
oxidation at sulfur in benzo[1,4,2]dithiazine 1,1-dioxide by using mCPBA as the

oxidizing agent was also described.

o
0, Scheme 4.11 s R
s. _R! N
N X
N R2 X H
R2 |
R
436 R X (3 equiv) X =8,4.37" (72-96%)
Cul/K,CO4 = Se, 4.37" (50-72%)
0O, 1 H,0 (1.5 equiv) O 1
R 2 2 R
, | 70-90 °C, 12-24 h
R R2 X
f— - N
4.38 Ph Ph

X =S,4.39' (76-86%)
= Se, 4.39" (68-82%)

Very recently, our group has reported an intermolecular nucleophilic attack of various
nucleophiles such as sulfonamides, amines, phenols and active methylene compounds

onto the functionalized ynamides 4.36 providing a wide range of hetero-substituted
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benzosultams (1,2-benzothiazine 1,1-dioxides) 4.40 by using palladium catalysis (Scheme
4.12)."® Generality of this methodology was shown by employing medicinally useful
compounds like nortriptyline and eugenol as nucleophiles. Base has a significant effect in
the cyclization process, depending on the nucleophile source used. DFT studies suggested

that the reaction pathway involves a [Pd"]-[Pd’]-[Pd"] cycle.

Scheme 4.12
02 O2
S\N/R PdCl,(PPhj3), (5 mol%) s\N,R
/@ NuH 4
R’ X ” Base R Nu
X = I/ Br DMSO, 70°C, 12 h R?

R
4.36 NuH = R*R3NH, ArOH, R*R3CH, 4.40 (52-96%)

So far, we have discussed cyclization reactions of ynamides involving the a-position
(to the nitrogen atom) of the alkyne. The cyclizations taking place at the B-position of
ynamides are rarely explored, but examples are available and are discussed below.

4.2  Cyclization involving B-position of ynamides

Bernhard Witulski et al. accomplished a highly successful route for the synthesis of 2-
amino indoles 4.43 from alkynyl-2-halogenanilides 4.41 and amines 4.42 by using
palladium cross-coupling sequence (Scheme 4.13).%° This methodology was elaborated to
secondary amines also. Less basic amines morpholine and allylamine also worked well.
Formation of o,n-chelated palladium species played a key role and activated the triple
bond by coordinating to the B-position initially. This was followed by the attack of amine

to provide the indole derivatives 4.43.

Scheme 4.13
=1 [PACL(PPhy);] A
/ 5 mol% h
Ll B ol
2 THF K2CO3 N \Rz
80 °C, 2-24 h Ts
4 41 4.42 4.43 (66-99%)

Fabien Gagosz and coworkers established a two-step sequential route for 1,5-
disubstituted oxazolones 4.48 (Scheme 4.14).° Thus Cu(ll)-catalyzed cross-coupling
reaction of bromoalkyne 4.45 with tert-butyloxycarbamate 4.44 resulted in N-alkynyl
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tert-butyloxycarbamates 4.46. These ynamides 4.46 led to oxazolones 4.48 by gold(l)-
catalyzed cycloisomerization in good to excellent yields. The catalyst AQNTf; (5 mol%)
also furnished the desired oxazolones in decent yields. The pathway involved the
activation of alkyne group of ynamides 4.46 by the gold catalyst providing stabilized
cationic species 4.47, followed by the fragmentation of C-O bond of tert-butyloxy group
offering the neutral vinyl-gold species, which undergoes protodeauration affording

oxazolones 4.48.

R'—-Br Scheme 4.14

4.45

v CuS0,.5H,0 [(PhsP)AU(NCMe)|SbFg 0

0 >< 1,10-phenanthroline 0 (1 mol%) oJ{
Ry =0 O A
~N K3POy4 R—N CH,Cl, 40°C gt

\ toluene, 80 °C R

H 4.44 4.46 (22-88%)

Gwilherm Evano’s group explored a robust and general method for the synthesis of
polysubstituted 1,4-dihydropyridines 4.50 and pyridines 4.51 from the readily available
N-allyl-ynamides 4.49 (Scheme 4.15).%° This method comprises lithiation/ isomerization/
intramolecular carbolithiation sequence of ynamides 4.49. A broad range of substituents
are incorporated on the dihydropyridine ring. They also trapped the final stabilized
vinyllithium intermediate by using deuterated water or methyl iodide as an electrophile.
This strategy was also applied to cyclic allylamines that led to hexa- and tetra-

hydroisoquinolines in moderate yields.

Scheme 4.15
Boc Boc 1. s-BuLi, TMEDA \
| N | s-BuLi, TMEDA \ THF, -78 °C | A
QR THF, -78 °C )/ R 2. o-chloranil, AOH R
4.50 4.49 78°Ctort  4.51 (79-96%)

A simple synthetic route for indoles was communicated by Wafa Gati et al. They
prepared polysubstituted indoles 4.53 by intramolecular 5-endo-dig carbocupration of N-
aryl-ynamides 4.52 (Scheme 4.16).# A variety of 3-substituted indoles were synthesized
in moderate to good yields.
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Scheme 4.16
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Till now, reports on the reactivity of epoxide functionalized ynamide substrates have
not been reported. Hence we wanted to utilize epoxy functionalized ynamides in
intramolecular or intermolecular cyclizations. Since epoxides are highly strained three
membered ring compounds, that can undergo various organic transformations to furnish
the O-containing heterocycles.? In particular, ring expansion reactions of epoxides are of
considerable interest since multitudes of carbocycles or oxygen containing heterocycles
can be generated.®? Illustrative transformations of substrates containing epoxide and

alkyne functionalities are discussed below.

4.3  Ring expansion reactions of epoxide and alkyne containing substrates
Timothy Jamison’s group demonstrated a novel method for the generation of
carbo/heterocycles 4.56 by the reductive coupling of epoxides 4.54 possessing alkyne
functionalities by using [Ni]-salts (Scheme 4.17a).2%* This is the first catalytic method for
the reductive coupling of substrates having alkyne and epoxide. The reaction proceeds
through regioselective oxidative addition of a PBus-Ni(0) complex onto the less hindered
side of the epoxide resulting in metallaoxetane 4.55, which then undergoes exo-dig
cyclization with the alkyne, p-H elimination. Finally, reductive elimination leads to the
cyclized product 4.56. Later, the same group has utilized this strategy for the total
synthesis of pumiliotoxin 209F 4.58 and 251D 4.60 with an overall yield in 25% and 17%
respectively by using the substrates 4.57 and 4.59 (Scheme 4.17b).%% Recently, the same
group showed more convenient conditions for the above reductive coupling reaction.? In
this protocol, they employed an air-stable and inexpensive catalytic system for the

cyclization process (Scheme 4.17c).
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Scheme 4.17
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Richmond Sarpong and co-workers reported a platinum catalyzed pentannulation
reaction of propargylic esters 4.63 that furnished pentannulated products 4.65 (Scheme
4.18).%" In the presence of [Pt]-catalyst, propargylic esters 4.63 undergo 5-exo-dig
cyclization to produce the zwitterion 4.64, which is in equilibrium with the
metallocarbenoid 4.64°. Nucleophilic attack of oxygen from the epoxide and oxa-6x

electrocyclization afforded the pentannulated product.

Scheme 4.18 R
R1
%\ PtCl, (10 mol%):li}o
NV
N 0.1 M PhMe _
(0] CO,R o £ YOAC
2R 100 °C H Som
4.63 4.65 (46-73%)

@ 1
o) joj
i “COR py ~COR

4.64 4.64'

Rai-Shung Liu’s group established a new strategy for the cycloisomerization of

epoxy-alkynes in the presence of [Au]/[Ag] catalytic system.?® The reaction proceeds via
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formation of a gold carbenoid species. Cycloisomerization of aromatic alkynyl epoxides
4.66 produces carbo/heterocyclic compounds 4.67 (Scheme 4.19a). The nonaromatic
epoxides 4.68 lead to polycyclic 2H-pyrans 4.69 via 6-exo-dig attack of the epoxide on
the alkyne that generates the gold-carbenoid intermediate, which undergoes Nazarov-type
cyclization in the presence of [Au]/[Ag] catalytic system (Scheme 4.19b). Formation of
the gold-carbenoid intermediate was proved by trapping experiment using Ph,SO
oxidation. This cycloisomerization was successfully applied for the rapid construction of

the central skeletons of natural pallidol and gibberic acid.

a) Scheme 4.19
O R2
©< PPhsAUCI (5 mol%) O’ R2
AgSbF (5 mol%)
NV 6 1
g1 DCM,23°C g R
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R/ i PR
PPhgAUCI (5 mol%) g R?
R* X\ s AgSbFs (5 mol%) ©

| DCM, 23°C, 8 h R5

468 R° 4.69 (49-86%)

Reductive coupling of alkynyl epoxides 4.70 by using a [Ni]-catalyst resulting in the
macrocycles 4.71 with high regioselectivity was described by the Timothy Jamison and
co-workers (Scheme 4.20).%° (-)-Gloeosporone was synthesized by this new approach in
10 steps with an overall yield of 6% by using 20 mol% catalyst loading, whereas 9%
yield obtained was by using 100 mol% of the catalyst.

Ph
Scheme 4.20
MGy o Ph [Ni(cod)o], PBUS

O, J\/\/ _— O

o EtsB, THF ‘

“n-CsHi 4

4.70 4.7
20 mol% [Ni(cod)2], [4.70] = 0.075 M resulting 4.71 (46%) >95:5d.r.
100 mol% [Ni(cod)2], [4.70] = 0.15 M resulting 4.71 (67%) >95:5 regioselectivity

Later, the same group reported a novel method for the synthesis of oxacyclic
compounds from epoxy-alkyne substrates using gold catalysis in a highly

diastereoselective manner. Thus reaction of alkynyl epoxides 4.72 with enones/dienes
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4.74/4.76 resulted in tricyclic-oxacyclic/tricyclic compounds 4.75/4.77 in excellent yields
via two step sequential route (Scheme 4.21).%° Initially, compound 4.72 forms bicyclic
oxacyclic alcohol 4.73 in the presence of AuCls, which upon subsequent treatment with
the enone/diene (2 equiv) in the presence of PPh;AuCI/AgSbFs (10 mol%) catalytic
system furnishes compound 4.75 or 4.77 as a single diastereomer with excellent

sterioselectivity.

Scheme 4.21

1) AuCl3 (5 mol%), CH,Cl,
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Later, the same group probed the construction of halogenated products from cis-1-
oxiranyl-1-alkynylcyclopropanes 4.78 by using N-halosuccinimides and Au(lll)-
catalysts.>* Two sequential ring opening reactions of 4.78 resulted in the eight-membered
ether i.e. 3-chloro-4,5-dihydro-2H-oxocin-6(3H)-one 4.79 via oxacyclization/ring
expansion in the presence of AuCl,(Pic) and N-chlorosuccinimide (NCS). In contrast, the
ring expansion reaction with AuCl; and NBS or NIS provided compound 4.80 (Scheme
4.22).

Scheme 4.22

X HO, AuCl3 (5mol%)  H S Rz 1.PicAuCl, (3 mol%)
| H HyO (2 equiv) ' . H,0 (2 equiv)
A '<R2  PPh30 (5 mol%) W PPh;O (5 mol%)
- NBS or NIS N >~
R or Ar - 2.NCS (1.0 equiv)

(1 2 equiv) 10 min Ar
4.80 (56-75%) 4.78 4.79 (47-83%)
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Jun Yong Kang et al. demonstrated a useful method for the synthesis of aromatic and
aliphatic 2,3,5-trisubstituted furans 4.83 from alkynyl epoxides 4.81 by using InCl; as the
catalyst (Scheme 4.23).%* These epoxy-alkynes were synthesized by the nucleophilic ring
closure of propargylic alcohols which were obtained by reacting a-haloketones with
lithium acetylide. The reaction proceeds through the coordination of InCl; to an epoxide
generating the zwitterionic species 4.82, followed by 1,3-hydride shift and subsequent C-
O bond formation resulting in the highly substituted furans 4.83.

Scheme 4.23
R o
O 2

N\ 2> InCl; (5mol%) R R R® o—InCl3
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Jie Wu’s group discovered a novel strategy for the construction of 3°,5’-dihydro-1H-
spiro[benzo[d]oxepine-2,4’-imidazoles] 4.86 in good yields by the reaction of 2-(2-
ethynylphenyl)oxirane 4.84, sulfonyl azide and 2-isocyanoacetate via ketenimine
intermediate 4.85 by using a copper(l)-catalyst (Scheme 4.24).* Intramolecular
nucleophilic attack of the epoxide on 4.85 followed by rearrangement furnished the
desired product 4.86.

Scheme 4.24 R2
R® O o
X 2 R*>NC CuCl (10 mol% X
R R _cucltOmole) o RI-L R? _NSO,R®
7>\ R-SON, Pr2NEt, 1.4-dioxane 7
[LCu]
4.84 4.86 (40-85%) ketenimine 4.85

4.4  Synthesis of 1,3-oxazine and 1,4-oxazine derivatives from alkyne substrates
This section deals with synthetic routes to 1,3-/1,4-oxazines, where one of the
reactants is an alkyne, that are relevant to the present study. Thus an one-pot
multicomponent reaction of alkynes 4.87, urea / thiourea 4.88/4.88°, and aldehydes 4.89
led to 1,3-oxazine/1,3-thaiazines 4.91/4.91° as reported by Shenlin Huang et al. (Scheme
4.25).% The reaction proceeds through condensation of aldehyde and urea or thiourea

providing intermediate 4.90. Subsequent hetero-Diels-Alder reaction of intermediate 4.90
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with alkyne followed by deprotonation affords 2-amino-4H-1,3-oxazines 4.91 or 2-

amino-4H-1,3-thiazines 4.91°, respectively.

Scheme 4.25
CHO X
R2 X |
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’ * HNT ONH, * I RT | 490
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X~ 'NH;

0, 4.91 (53-87%)
S, 4.91' (50-75%)

n

Gold catalyzed intramolecular hydroamination of trichloroacetimidates derived
homopropargyl alcohols 4.92 resulting in six membered 1,3-oxazines 4.93 was reported
by Seunghoon Shin’s group (Scheme 4.26).*> Propargyl alcohol derived
trichloroacetimidates 4.92° led to five membered 1,3-oxazole derivatives 4.94 by using
Au(PAr3)SbFg as the catalyst in DCE solvent. An application of thus obtained 1,3-oxazine
derivatives was also reported by taking one of the 5,6 dihydro-1,3-oxazine as diene in

Diels-Alder cycloaddition by using Zn(OTf), catalyst delivering the corresponding

cycloadduct 4.95.
Scheme 4.26
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RH\H/R DCM (02M) RY” COMe Rt CO,Me
n .93 (73-99%) COM
n=1,4.92 (n=1) Il 495(257;)
= . ' . (¢
0, 4.92 CCly CO,Me
oN R'=Ph,R?=H
R
(n=0)

4.94 (74-98%)

Lu’s group illustrated synthesis of highly functionalized 1,3-0xazines by three
component reaction of imines 4.96 with alkynes 4.97 and benzaldehydes 4.98 under mild
conditions via 1,4-dipolar cycloaddition (Scheme 4.27).*® Thus nucleophilic attack of
imine nitrogen on the electron deficient alkynes resulted in 1,4-dipolar species, which
then underwent [4+2] cycloaddition with the aldehydes leading to 1,3-oxazines.
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Scheme 4.27

X
1 ~ ] Ry ¥ g
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CO,Ré  CHO 24h H: 2 0% coRr!
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| X X 0.8:1-1.9:1 N |
coRrt R Cesrn o
4.97 4.98 Cis-4.99 ° trans-4.99

Silver complex {[Ag(py).][OTf]} catalyzed hydroamination of trichloroacetimidate
derived alkynes 4.92/4.92° in an intramolecular fashion resulting in 1,3-oxazines
4.100/4.100° was demonstrated by Wong et al. (Scheme 4.28).%” This is the first report for
the hydroamination of trichloroacetimidates derived alkynes by using [Ag]-catalysis. Aryl
group accommodated at R* position also provided the corresponding 1,3-0xazines in
excellent yields. Dissociation of one of the pyridine rings from metal complex plays a key
role and provides free coordination site for effective catalysis. The reaction did not

progress in the presence of [(phen)Ag][OTf] due to the chelating phenanthroline ligand.

Scheme 4.28
Cl;C |
Uy R AgPy)IOTH ¢
o // (10 mol%) O N
rie—n Acetone R'=— ~_R?
: 23-60 °C r2 \n
R 6-8 h
n=1,4.92 n=1,4.100 (31-99%)
=0, 4.92' =0, 4.100' (29->99%)

Polyene substituted 1,3-oxazines 4.104 were synthesized by Zhong-Jian Cai et al.
from ortho-ethynylanilides 4.101 and alkenes 4.102 under [Pd]-catalysis via a 6-exo-dig
cyclization and alkenylation process (Scheme 4.29).% The method was applicable to a
wide range of substrates and gives products in moderate to excellent yields. Aliphatic
substituents on the alkyne group of ortho-ethynylanilides gave lower vyields. Initially,
Pd(OACc), activates the alkyne moiety of the ortho-ethynylanilides 4.101. Subsequent
nucleophilic attack of carbonyl oxygen results in vinylpalladium species 4.103, which
undergoes migratory insertion with activated alkenes followed by the reductive

elimination producing the polyene-substituted benzo[d][1,3]oxazines 4.104.
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Scheme 4.29

R RO,C
1
4 Pd(gAC); (10 m.ol%) R’ ACO” Pd| R
. /\CozR Q (0.5 equiv) N .
~
R2 DMSO . , N7 O R2
© 40 °C N™ "R | vinylpalladium
4.101 4.102 4.104 (24-91%) species 4.103

A convenient method for the synthesis of ketals 4.106-4.107 via intermolecular
addition of water or alcohols to epoxy alkynes 4.105 by using gold catalysis was
illustrated by Min Shi’s group (Scheme 4.30a).%® The pathway comprises the attack of
nucleophile at less hindered side of the epoxide ring followed by 6-exo-
cycloisomerization, and subsequent addition of nucleophile to a double-bond either intra-
or inter-molecularly affording the fused bicyclic ketals 4.106 and trans-substituted
morpholines 4.107, respectively in a highly regio- and diastereo-selective manner. Under
optimized conditions, O-tethered alkynyl epoxide 4.108 led to a,B-unsaturated carbonyl
compound 4.109 instead of the fused bicyclic ketal (Scheme 4.30b).

a) Scheme 4.30
R1O R H
/_"——(\R (Ph3P)AUCI/AgSbF (Ph3P)AuCI/AgSbFg (
0 O (5 mol%) \
X O - (5 m0| /D) - X O \O
L\é@ow p-TsOH, R'OH, rt " H,0, DCE, rt \_Q/R
H
4.107 (44-80%) 4.105 4.106 (38-70%)
X =NTs
b) o
Ph (PPh3)AuCI (5 mol%) O Et
NN .
A o > =
><Etﬁ AgSbFg (5 mol%) PhM Et
DCE, rt, 24 h
4.108 4.109 (80%)

H,0O (1.5 equiv)

Later, the same group studied gold catalyzed intramolecular cycloisomerization of
propargylic/homopropargylic alcohols having an oxirane moiety 4.110/4.113 that
provided the ketal/spiroketals 4.112/4.115-4.116 in moderate yields under mild conditions
(Scheme 4.31a-b).*® In the presence of a cationic gold complex, epoxy propargylic
alcohol 4.110 rearranges to cumulene intermediate 4.111.°®° Attack of water on this
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intermediate 4.111 and subsequent tautomerization of enol form results in ketone
substrate. Intramolecular reaction of the ketone with epoxide in the presence of gold
catalyst leads to ketals 4.112. Homopropargylic alcohols 4.113 were transformed into
ketal 4.114 upon gold catalytic activation of the alkyne, followed by the nucleophilic
attack of alcohol. Subsequent ring-opening of oxirane catalyzed by a cationic gold
catalyst or p-TsOH, followed by an intramolecular ketal-exchange led to spiroketals
4.115-4.116. However, O-tethered epoxy propargylic alcohol failed to give the desired
product under standard reaction conditions. Mechanism for the formation of spiroketals

based on a series of control and *°O tracer experiments was also studied.

Scheme 4.31
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HO
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b) - —>(2 mol%) X o + x V;O X VVO o
p-TsOH (0.3 equiv) k;

X
o}

J ROH, 0.1 M, rt RO HO ketal 4.114

4.113 X=Ts 4.115 upto 52% 4.116 upto 69%

A convenient method for the synthesis of N,N- or N,O- heterocycles 4.120 from
bromoacetylenes 4.117 and a diamine or ethanolamine 4.118 was reported by Yasuhiro
Fukudome et al. (Scheme 4.32).*! Initially, sulfonamide undergoes alkynylation with
bromoacetylene providing the ynamide intermediate 4.119. This is followed by
hydroamination or hydroalkoxylation with the second amine or hydroxyl group to the

acetylinic bond via a 6-endo-dig approach affording the tetrahydropyrazines or oxazines.

Scheme 4.32
Br Cul (5 mol%) Ts. /—\
Tse 7\ CH,NHMe Ty xR °N NHTs/OH
H (CH; )2
. N NHTs/OH —~— 27 772 &NT o
! H K5PO,, DMF s I
4117 4118 110°C,14h 4120 (47-77%) R 4119

Shiyue Fang and co-workers provided an approach for the synthesis of cyclic allyl

vinyl ethers 4.122 from alkynyl epoxides 4.121 by using PtCl, as the catalyst (Scheme
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4.33).%? Hydrolysis of these allyl vinyl ethers afforded 2-hydroxymorpholine derivatives
in excellent yields. However, thermal Claisen rearrangement of cyclic allyl vinyl ethers
4.122 led to piperidine derivatives 4.123.

Scheme 4.33
(@]
TsN” Xy PIClz (5 mol%) TsN/Y Toluene
" O——
(0] toluene °
216 °C, 60 h
kx reflux, 24 h TSN/
4121 4.122 (62%) 4.123 (92%)

Jeh-Jeng Wang’s group developed a new method for the synthesis of 1,4-0xazine
4.125 from alkynyl alcohols 4.124 (Scheme 4.34).** This is a base mediated, metal free
atom economic approach. Grignard reaction of alkynyl aldehydes was used to prepare the
corresponding diastereomeric alcohols 4.124. In the presence of NaH, alcohols 4.124
transformed into the 1,4-oxazines 4.125 at 70 °C. The induced stereoselectivity was
studied by application of Cram’s rule and density functional theory calculations (DFT).
The exo-dig attack of —OH group of alkynyl alcohols to alkyne motif led to 1,4-oxazine.

This protocol was extended for the synthesis of 1,4-oxazepines.

Scheme 4.34
O,

R o, R
1 f R1
/©/S\N/\/R NaH (1 equiv) S\N)\/
. o (o)
Me \\\OH 40 min, 70 °Cy Kr

Me
4.124 4.125 (59-91%)

In the above context, it may be noted that both 1,3- and 1,4-oxazines constitute an
important class of heterocycles due to their extensive range of biological activities (cf.
Chart 1).* Thus, it would be worthwhile exercise to explore synthetic methodologies for

this class of compounds.
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Chart 1. Biologically important oxazine derivatives
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OBJECTIVES OF THE PRESENT WORK - PART B

The main aim of this part of the present work was to explore the cyclization reactions

of functionalized ynamides under mild conditions given below:
(. To synthesize diverse epoxy tethered ynamides (as substrates) and explore their
reactivity under transition metal free conditions for the generation of 1,3-oxazine

derivatives, and

(if).  To study the intermolecular reaction of epoxy ynamides with NaN3 as a

nucleophile in an effort to synthesize 1,4-oxazines.
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Chapter 5

RESULTS AND DISCUSSION

In this part, we discuss cyclization reactions of epoxy ynamides. Details on the
precursors used in the present work are presented in sections 5.1-5.3. After this, transition
metal free, base mediated intramolecular cyclization reactions of epoxy ynamides are
discussed. In the last section, a highly regioselective synthesis of 1,4-oxazines by tandem-
cyclization of epoxy ynamides using NaN3 as a nucleophile is described. Characterization
of the products is generally done by using mp (for solids), IR, NMR, LCMS, and
HRMS/CHN with single crystal X-ray structure determination for illustrative compounds.

5.1  Synthesis of epoxy sulfonamide precursors la-h

The epoxy sulfonamides la-h, were synthesized from a two-step protocol by
following literature procedures (Scheme 1).** Substituted bromo alkyne precursors 2a-h
were synthesized from the corresponding alkyne substrates.*® Phenyl propargy! bromide 3

4" and N-phenyl epoxy sulfonamide 4 were prepared from reported methods (Chart 1).*®

Scheme 1
02 02 gZ
| X S\C|+H2N\/\ DCM | XN S\N/\/ mCPBA | AN \”/\4)
X > H >
S 0°C-it N~ DCM, it 5L~
R R R (1a-h)
Chart 1
gz
// N = g Ph—=—\ @/ NN
R Br Me O
(2a-h) (3)

“4)

5.2  Synthesis of epoxy ynamides 5a-p
Epoxy ynamides 5a-p are new and have been prepared by a known protocol with

slight modification.*” Thus reaction of epoxy sulfonamides with various bromo alkynes in
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the presence of CuSO4.5H,O and 1,10-phenanthroline by using K,CO; base in THF
provided the epoxy ynamide precursors 5a-p in good to excellent yields (Scheme 2). For
our purpose, we used THF instead of toluene as the solvent. In the latter solvent, very low
yields of the desired epoxy ynamides were obtained. The identities of all these substrates
5a-p were confirmed by IR and NMR spectra. IR spectra were particularly useful in
identifying these compounds because the alkyne C=C group displays a strong band at ~
2200 cm™. In the *C NMR spectra, two peaks at & ~ 80 and at 6 ~ 70 due to the presence
of -C=C- group were observed.

Scheme 2 0,
CuS0,.5H,0 SN
(20 mol%) R~ Ny

O,
YNy - == -~ °
I/ O R1 —_—
M

1,10-phenanthroline
) (40 mol%)

K,COj, THF, 70 °C |

R']
R = 4-Me, R'=H (5a, 85%)
R = 4-OMe, R'=H (5b, 88%)
0, R = 4-Cl, R'=H (5¢c, 82%)

s. R = 4.Br R'=H (5d, 78%)
N ) y
/©/ NZ R = 4-tBu, R'=H (5e,80%)
Me

! ! R = 1,3,5-triisopropyl, R' = H (5, 76%)

R=-H, R'=H (5g, 90%)
(5P, 70%) = |N R= -(C4H4)-1 R'=H (5.h, 77%)
x R = 4-Me, R' = 4-OMe (5i, 86%)
R =4-Me, R' = 4-Me (5], 84%)
R =4-Me, R' = 2-Me (5k, 81%)
R =4-Me, R' = 4-F (51, 77%)
R =4-Me, R" =3-F (5m, 79%)
R = 4-Me, R' = 4-CI (5N, 75%)
R = 4-Me, R" = -(C4H,)- (50, 73%)

5.3  Synthesis of epoxy alkynes 6a-d
Epoxy alkynes 6a-d were prepared by following a known method from epoxy

sulfonamides 1 and phenyl propargyl bromide 3 by using K,COj3 as a base in acetonitrile
with slight modification (Scheme 3).*°
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Scheme 3
0, Br 0,

S. .
7Y N% K,CO3 (2 equiv) X S\N/%
R—— H g+ [ ] - R—— g
= CH4CN, 70 °C ¥
Ph 12 h \\

(1) (3) R=-Me, (6a) PN

= -H, (6b)

= -Br, (6¢)

= -(CHy)4- (6d)

5.4 Base mediated cyclization reaction of epoxy ynamides

From the literature reports presented in Chapter 4, it is clear that ynamides are highly
useful precursors for the synthesis of heterocyclic compounds by suitable organic
transformations. Heterocycles possessing both nitrogen and oxygen in their core structure
are present in numerous biological active compounds.’'™* This section is devoted to a

new reaction leading to 1,3-oxazines.

5.4.1 Atom economic synthesis of 1,3-oxazines 7-22 from epoxy ynamides 5a-p

Ynamides appended with epoxide functionality are interesting substrates, since such
epoxide tagged ynamide substrates 5a-p can generate multitudes of nitrogen and oxygen
containing heterocycles. Thus, in continuation of our interest in the reactivity of
functionalized ynamides,""® ** herein we discuss a simple base promoted regio- and
stereo-selective intramolecular 6-exo-dig cyclization of epoxy ynamides for the
generation of 1,3-oxazines in an atom economic approach and in the absence of any
transition metal catalyst. Thus we treated 4-methyl-N-(oxiran-2-ylmethyl)-N-
(phenylethynyl) benzenesulfonamide 5a with NaH (2 equiv) in THF for 2 h. Surprisingly,
the cyclized product 7 was formed in the absence of any transition metal catalyst and was
isolated in 26% yield (Scheme 4).

Schme 4
s o,
\N/\<‘ S\
o) N
Me I _ NaH
THF, rt,2h  Me 7 "0
5a 7 (26%)
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In the above reaction, the yield of product 7 did not improve by changing the solvent
from THF to (EtO),CO (Table 1, entries 2-4). Use of bases such as NaNH,, NaOH and
K,COj3 did not give the desired product (entries 5-8). To our delight, the reaction
proceeded very smoothly in the presence of 2 equiv of potassium tert-butoxide (KO'Bu)
in THF at rt (25 °C) affording the desired product 7 in 82% yield within 2 h with excellent
regio- and stereo-selectivity (entry 9). A lower stoichiometry (one equiv) of the base,
though, lowered the yield. Solvents such as 1,4-dioxane, DCM, DMF, toluene, EtOH, and
Et,O were less effective and did not enhance the yield of the product (entries 10-15).
Unexpectedly, bases like NaO'Bu and LiO'Bu also did not furnish the desired product
(entries 16-17). Also, DBU or TBD as the base could not effect the reaction (not shown in
Table). Thus the optimal reaction conditions for this cyclization are: 5a (1.0 equiv) in
THF as the solvent and KO'Bu (2 equiv) as the base at rt for 2 h.

Scheme 5
8’ 0
- 2
N s<
e} B N/j
ase
Me [ ~ M />0
Solvent, rt e
5a 7

Table 1: Survey of reaction conditions for the cyclization of epoxy ynamide 5a°

Entry | Base Solvent Yield (%)°
1. NaH THF 26
2. NaH Toluene N.D.
3. NaH DMF traces
4. NaH | (Et0),CO N.D.
5. NaNH; THF N.D.
6. NaOEt THF N.D.
7. NaOH THF N.D.
8. K,CO3 THF N.D.
9. | KOBu THF 82
10. | KO'Bu | 1,4-Dioxane 20
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11. | KOBu DCM 55
12. | KO'Bu DMF traces
13. | KO'Bu Toluene 65
14. | KO'Bu EtOH 30
15. | KO'Bu Et,0 40
16. | NaO'Bu THF N.D.
17. | LiO'Bu THF N.D.

*Reaction conditions: Epoxy ynamide 5a (0.3 mmol), solvent (2 mL) and base (0.6 mmol)

at rt (25 °C) for 2 h. "Isolated yield of product 7. N.D. = Not Detected.

After establishing the optimized reaction conditions, we explored the substrate scope
for this base promoted cyclization of epoxy-ynamides (Scheme 6). Both electron-
donating (7-8, 11) and electron-withdrawing groups 9-10 on sulfonyl attached benzene
ring gave good yields, but electron withdrawing groups (-Cl, -Br) marginally reduced the
yield of the product. This methodology also tolerated the presence of a bulky group like
1,3,5-triisopropy! on sulfonyl attached phenyl group affording the desired product 12 in
decent yield. Substrates having a naphthyl groups attached to -SO, moiety also offered
the corresponding product 14 in 75% yield. The scope of this method could be extended
further by changing the substituents on the alkyne attached aryl group of the epoxy
ynamide. The reaction was very clean and afforded dihydro-1,3-oxazines 15-20 in 64-
83% vyields in a highly regioselective manner. The epoxy ynamides 50 and 5p possessing
the naphthyl/ heterocyclic motif group attached to the alkyne also afforded the desired
products 21 and 22 in 79% and 72% vyield, respectively. In the IR spectra of these
compounds, v(C=C) stretch is absent as expected. Presence of a singlet due to alkenyl
=C-H proton at & ~ 6.40, in *H NMR spectra and absence of peaks due to C=C bond in
the 3C NMR spectra indicated the involvement of alkyne in the reaction. To further
confirm the formation of cyclized product, X-ray structures were determined for
compounds 7 and 21 (Figure 1). The C1-C2 distance of 1.309(4) A in compound 7
confirmed the existence of a double bond between these two atoms. It is clear that the C4-
C5 distance of 1.318(3) A is in the double bond in range as expected. Similar parameters

were observed for compound 21.
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Table 2. Atom economic synthesis of 1,3-oxazines 7-22 from epoxy ynamides 5a-p (cf.
Scheme 6)?

Entry | Epoxy ynamides 1,3-Oxazine derivatives Yield (%)°
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1 Me I Me Z0 82
5a 7
(X-ray)
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®Standard conditions: Epoxy ynamide 5 (0.3 mmol) in THF (2 mL) and

KO'Bu (0.6 mmol) at room temperature for 1-2 h. “Isolated yields.
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Figure 1. Molecular structure of compounds 7 (left) and 21 (right). Selected bond
parameters: Compound 7 N1-C1 1.411(3), C1-C2 1.309(4), C2-C3 1.477(4), C3-0O3
1.435(3), 03-C4 1.365(3), C4-N1 1.434(3), C4-C5 1.318(3) (A). Compound 21 N1-C1
1.423(2), C1-C2 1.313(3), C2-C3 1.470(3), C3-03 1.438(2), O3-C4 1.3670(17), C4-N1
1.4304(17), C4-C5 1.321(2) (A).

5.4.2 Control experiments

Control experiments were performed in order to know the plausible catalytic cycle.
Thus the reaction of alkyne unsubstituted epoxy sulfonamide 4 with KO'Bu (2 equiv) as a
base in THF led to the formation of product 23 in 46% yield (Scheme 7a). This is
consistent with that reported in the literature using LDA as a base.>* The reaction of
epoxy ynamide 5a with LDA or n-BuLi at -78 °C for 0.5 h resulted in isomeric allyl
alcohols (E+Z2)-24 (ca 95% purity; Scheme 7b); at 0 °C and above, the reaction led to a

complex mixture.

o Scheme 7
82 /V (S)2 N
°N SN
O/ g KOBu (2 equiv) N OH
(@ Me —_—
THF, rt,2h  Me
4 23 (46%)

5a THF, -78 °C, 0.5 h

O,
s SL A
/©/ N/\g LDA (or) n-BuLi /©/ NN N
(b) Me ‘l’ (2equiv) Me H
Ph

5.4.3 Possible pathway for the base mediated cyclization of epoxy ynamides
Based on the above control experiments, we propose the following pathway for the
formation of compound 7 (Scheme 8). Initially, the base abstracts the proton from the
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carbon atom adjacent to the nitrogen atom of epoxy ynamide 5a resulting in carbanion I.
This carbanion | undergoes rearrangement with the opening of epoxide ring affording
allyl oxide ion intermediate 11, which can take up the keteniminium structure II’.**
Subsequent nucleophilic attack of allyloxide ion at the a-position of keteniminium species
11’ followed by protonation provides the cyclized product 7 via I11.

Scheme 8
Me@\ Me\©\ ® Me\©\
V2 H ko'Bu SOz K SO,
0 N—) N
7NE 7 X[l AN
o) f o
o)
o)
L K®
5a - I - I -
Me - n - ¢ -
SO,
?Oz +H* SO, (®N
N - @ | -
S K S) N ) \
O\J T Lo
o) o)
7 i i L K®
m

Similarly for 8-22

We also attempted the reaction of epoxy ynamide 5a with D,O using KO'Bu in THF.
We did not observe the any product formation even after 6 h. Later, we checked the
reaction of epoxy ynamide 5a in THF:D,0 (3:1) mixture by taking excess of KO'Bu (20
equiv). In this case, 64% deuteration took place at the alkenyl —C-H position.
Interestingly though, we observed ~50% deuteration of one of the protons of methyl
group on the tosyl moiety! This may be due to the presence of excess of base.

The attractive features of the above reaction are that the ring expansion of an epoxide
to afford 1,3-oxazines has been carried out in the absence of the transition metal catalyst
and the reaction is atom economic. In continuation to these, we discuss below an
interesting reaction involving intermolecular nucleophilic attack of N3~ on epoxy

ynamides that leads to 1,4-oxazines.

5.5  Synthesis of 1,4-oxazines by tandem cyclization of epoxy ynamides with NaN3
Most of the cyclization reactions of ynamides involve attack of nucleophile at the

alkyne carbon o to the nitrogen atom.”™® As described in Chapter 4, the rather
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unpredicted regio-selective cyclization (i. e. attack of nucleophile at the B-carbon) of
ynamides is rarely explored.®® *?! In this context, transition metal free, regioselective
synthesis of 1,4-oxazines by tandem-cyclization of epoxy ynamides in their reaction with

NaNj3 is discussed below.

5.5.1 Reaction of epoxy ynamide Sa with NaN;

In the beginning, we performed the reaction between 4-methyl-N-(oxiran-2-
ylmethyl)-N-(phenylethynyl) benzene sulfonamide 5a and NaN; (2 equiv) in -
BuOH/H,0 mixture (1:1) at 80 °C for 12 h. Surprisingly, the cyclized product 25 was

isolated in 20% yield in the absence of any transition metal catalyst (Scheme 9).

Scheme 9

S
N1 NaNg S\N N
/©/ I | (@) (2 equiv) /©/ i\lf 3
Me —_—
t-BuOH/H,0 Me
(1:1)
80°C,12h

5a 25 (20%)

In the next stage, we optimized the reaction conditions to increase the yield of the
cyclized product 25. Use of +~-BuOH alone afforded only a trace amount of the desired
product (Table 3, entry 2). The cyclized product was not observed by using H,O itself as
the solvent either (entry 3). Polar protic solvents like MeOH and EtOH furnished only
low yields of the cyclized product (entries 4-5). Polar aprotic solvents NMP, DMF, and
DMSO also provided only traces of the cyclized compound 25 (entries 7-9). Use of
solvents like CH3CN, toluene, and 1,4-dioxane did not give any product (entries 10-12).
To our delight, the reaction proceeded very smoothly in PEG-400 solvent affording the
desired product 25 in 70% yield with excellent regioselectivity (entry 13). Later, we
found that cyclization occurred even at room temperature (25 °C) and delivered the
desired product 25 in 72% yield within 12 h (entry 14). Use of one equiv of NaN3 reduced
the yield of desired product (entry 15). In addition, use of gold -catalyst
[Johnphos[Au](CH3CN)SbF¢] too diminished the yield of the cyclized product 25 (entry
16). For entries 4-16, it should be noted that 1 equiv of H,O was used as a reagent.
Increasing the amount of H>O to 2 equiv decreased the yield of the product due to the

formation of byproducts which were not isolated (entry 17). We checked a mixture of
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solvents also. Among THF, ethanol, acetonitrile, toluene along with PEG-400, EtOH+
PEG-400 solvent system gave better yield of the product (entry 18). Under solvent free
condition, there was no reaction (entry 19). Thus the optimal reaction conditions for this
cyclization were: 5a (1.0 equiv), NaN; (2.0 equiv), and H,O (1 equiv) in PEG-400 solvent
at rt for 12 h.

o Scheme 10
s’ Q2
~
N/\<| NaN3 S\ N
/©/ 0 (2 equiv) NN
Me || —>M 0
solvent €

5a 25

Table 3. Survey of reaction conditions for the cyclization of epoxy ynamide 5a by using

NaN;*
Entry Solvent TCC) | Yield (%)°
1 t-BuOH/H,0 80 °C 20
2 -BuOH 80 °C traces”
3 H,O 80 °C N.D.°
4 MeOH 70 °C 25°¢
5 EtOH 80 °C 36
7 NMP 80 °C 15
8 DMF 80 °C traces
9 DMSO 80 °C traces
10 CH;CN 80 °C N.D.°
11 Toluene 80 °C N.D.
12 1,4-Dioxane 80 °C N.D.
13 PEG-400 80 °C 70
14 PEG-400 rt 72
15 PEG-400 rt 58¢
16 PEG-400 rt 46°
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17 PEG-400 rt 501

PEG-
18 rt 65°
400+EtOH

19 - rt N.D.

®Reaction conditions: Epoxy ynamide 5a (0.15 mmol), NaNs (0.3 mmol), solvent (1 mL)
for 12 h unless otherwise noted, Note: From entries 4-16 we used 1 equiv of H,O as a
reagent. "Isolated yields. “Unreacted starting material remained. ®One equiv NaNs; was
used. ®Johnphos[Au](CHsCN)SbFg (5 mol%) was used. ‘Other byproducts observed when
2 equiv of H,0O was used. 9(1:1) ratio of PEG-400 + EtOH.

After having the optimized reaction conditions in hand, we explored the substrate
scope for the cyclization reaction of epoxy-ynamides with sodium azide as the
nucleophile (Scheme 11). Sulfonyl attached phenyl ring having both electron—releasing
(25-26, 29) and electron-withdrawing groups 27-28 gave good yields, but electron
withdrawing groups (-Cl, -Br) marginally reduced the yield. Presence of bulky group like
1,3,5-triisopropy! on sulfonyl attached phenyl group also afforded the desired product 30
in decent yield. Substrates possessing naphthyl group attached to -SO, moiety also
offered the corresponding cyclized product 32 in 64% yield. The scope of this method
could be extended by changing the substituents on alkyne attached aryl group of the
epoxy ynamide. The reaction was clean and afforded dihydro-1,3-oxazines 33-38 in 52-
70% yields in a highly regioselective manner. A band due to N3  group was observed at ~
2100 cm™ in the IR spectra as expected. Also *C NMR spectra showed the absence of
alkyne peaks. The structures of cyclized products 30 and 31 (Figure 2) were confirmed by
single crystal X-ray diffraction. In compound 30, The C3-C4 distance 1.327(4) A
establishes the presence of a double bond between these two atoms. Two single bonds
C(5)-N(2) and O(3)-C(3) are newly formed. Similar structural features were observed in
compound 31 also.

Scheme 11
O,
N oSN _ R 0>

R@/ N 0 NaNseauv) Ay S\N“Ne,

= ‘ l H,O (1 equiv) l P O

PEG-400, rt, 12 h
=z

R | 5 R \

< _J 5a-n ~_ 25-38
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Table 4. Transition metal free synthesis of 1,4-oxazines 25-38 from epoxy ynamides 5a-n"

Entry Epoxy ynamides 1,4-Oxazine derivatives | Yield (%)"
0O,
S\N/\(\Na
Me O
1 5a 72
25
O,
o
O
2 5b Me© 68
26
0O,
o
3 5¢ cl N0 56
27
O,
isgon
4 5d Br N0 48
28
O,
o
5 5e tBu X0 65
29
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12 60

13 om /©/ g 55
O

0
14 5n 52

“Reaction conditions: Epoxy ynamide 5 (0.3 mmol), NaN; (0.6 mmol), H,O
(0.3 mmol), PEG-400 (2 mL) at rt for 12 h unless otherwise noted. ®[solated

JOR O
5l Me Y°©
36
F

yields.

Figure 2. Molecular structures of compounds 30 (left) and 31 (right) [H-atoms are
omitted for clarity]. Selected bond parameters: Compound 30 O3-C3 1.382(4), C3-C4
1.327(4), C4-N1 1.410(4), N1-C1 1.457(5), C1-C2 1.302(6), C2-C5 1.495(5), C5-N2
1.435(6), N2-N3 1.169(6), N3-N4 1.111(6), C2-03 1.406(4) (A). Compound 31 03-C3
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1.371(5), C3-C4 1.317(6), C4-N1 1.425(5), N1-C1 1.440(6), C1-C2 1.380(7), C2-C5
1.441(7), C5-N2 1.297(8), N2-N3 1.184(8), N3-N4 1.119(7), C2-03 1.370(5) (A).

5.5.2 Control experiment

To understand the plausible catalytic cycle, we have performed deuterium-labelling
experiment. Thus the reaction of epoxy ynamide Sa (1.0 equiv), NaNs (2.0 equiv) in
PEG-400 and D,O (5:1) mixture furnished compound 25 (Scheme 12). Notably, ~80%
deuterium incorporation was observed at the alkenyl C-H position of 25°. Formation of
the deuterium incorporated compound 25’ clearly suggests the key role of water as a

proton source in the cyclization process.

Scheme 12
O,
S.
/ﬁ NaN3 (2 equiv) N/\/\Ns
NGO
PEG 400 D,0 PEG400 D0 Me (H)D
rt 12 h ~80% D
25' (66%)

5.5.3 Possible pathway for the formation of 1,4-oxazine derivative 25
On the basis of the control experiment, we propose the following pathway for the
formation of compound 25 (Scheme 13). Initially, intermolecular nucleophilic attack of
azide onto the less hindered side of epoxide group of epoxy ynamide leads to intermediate
IV. Subsequent 6-endo-dig attack of oxide ion at the B-position of the ynamide results in
intermediate V. This is followed by the protonation of intermediate V which delivers the

cyclized product 25.
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5.54

Interestingly, epoxy tethered alkyne substrates 6a-d that contain NCH,-C=C moiety
also underwent 6-endo-dig cyclization with sodium azide affording the 1,4-oxazines 39-
42 in good yields (Scheme 14). Both electron releasing and electron withdrawing groups
on sulfonyl moiety worked well and gave the corresponding 1,4-oxazines 39-41 in good
yields (Table 5 entries1-3). IR spectra exhibited a band at ~ 2100 cm™ corresponding to
azide functional group. The 'H NMR spectra showed two singlets at & ~ 6.00 (alkenyl C-
H), 8 ~ 3.30-3.40 (-CH,; protons). The absence of alkyne peaks and the presence of a peak
at & ~ 101 due to alkenyl C-H carbon in C NMR spectra supported the formation of

cyclized products.

o N
SiN/\7(— s
/[ j (@]
Me ||

JE—

25

Scheme 13

v
G
S<
+H* /©/ N/j)/\
AL
Me O
\"

Similarly for 25" & 26-38

Synthesis of 1,4-oxazines 39-42 from epoxy alkynes 6a-d

N3

Scheme 14
O,
NaNj3 (2 equiv) S.
H,O (1 equiv) /©/ K[\fm
R
PEG-400
rt, 12 h s9az N

Table 5. Synthesis of 1,4-oxazines 39-42 from epoxy alkynes 6a-d*

Entry

Epoxy alkynes

1,4-Oxazine derivatives

yield (%)°

1

76




(S)2 02
ISR R G0
1| M \ Ve Y° 75
6a 39
o o
~ S\
©/ N/\<é ©/ N/\(\N3
2 \\ N© 73
6b 40
gZ 02
~ S\
ISR OA O
3 Br \ Br N 66
6c 41
S 2
T oS
4 \ O 79
6d 42

“Reaction conditions: Epoxy alkyne 6 (0.3 mmol), NaN3 (0.6 mmol), H,O (0.3
mmol), PEG-400 (2 mL) at rt for 12 h unless otherwise noted. "Isolated yields.

5.5.5 Possible pathway for the formation of 1,4-oxazine 39

We propose the following pathway for the formation of compound 39 (Scheme 15).
Initially, intermolecular nucleophilic attack of azide onto the less hindered side of
epoxide group of epoxy tethered alkynes 6a leads to intermediate VI. In the presence of
base, intermediate V1 can isomerize to species V11.>> Subsequent 6-endo-dig attack of
oxide ion at the alkyne group of VII results in VIII. Later, protonation of intermediate

V111 delivers the cyclized product 39.
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Me

O, Q2 N3
s2 s< {
NN /@ NN
O NaN; Me o
—_—
N\ A\ -
6a
gZ — 02 =
oo oo
Me X0 e Me ox©
39 Vil
Similarly for 40-42 L _

5.5.6

We utilized the above formed 1,4-oxazines 34 and 40 possessing azide moiety in the
familiar click reaction. Thus the reaction of 1,4-oxazines 34 and 40 with phenyl acetylene
using Cul as a catalyst in PEG-400 at rt for 12 h afforded the corresponding triazole
appended 1,4-oxazines 43-44 in excellent yields (Scheme 16). Formation of compounds
43-44 was analyzed by IR, NMR and HRMS data. The structure of compound 44 was
confirmed by single crystal X-ray analysis (Figure 3). The C1-C2 distance 1.326(3) A in

compound 44 proves the existence of a double bond between these two atoms.These data

Scheme 15

indirectly prove the identity of compounds 39-42.

Scheme 16

Me
Cul
(10 mol%) 43, (92%)
PEG-400
12 h, rt 0, Me

44, (95%, X-ray)
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Figure 3. Molecular structure of compound 44. Selected bond parameters: N1-C1
1.417(3), C1-C2 1.326(3), C2-0O3 1.379(3), 03-C3 1.432(3), C3-C4 1.511(3), C4-N1
1.469(3), C2-C14 1.498(3), C14-C15 1.512(4), C3-C5 1.489(3), C5-N2 1.471(3), N2-N3
1.330(3), N3-N4 1.322(3), N4-C7 1.360(3), C7-C6 1.370(3), C6-N2 1.328(3) (A).

5.6  Reaction of epoxy ynamide 5a with sodium thiocyanate

We performed the reaction of epoxy ynamide 5a with thiocyanate (SCN; 2 equiv) in
a manner similar to that with the azide in PEG-400 solvent. This reaction provided the
thiirane ynamide 46, instead of compound 45 that is analogous to azide products (Scheme
17). IR spectrum of compound 46 showed characteristic peak of the alkyne at 2236 cm™;
this alkyne group [5 82.2 and 71.3] was also seen clearly in the *C NMR spectrum.
HRMS data showed the correct mass for compound 46. Although synthesis of thiiranes
from oxiranes is known by using NaSCN as a sulfur source,®® the reports are rather
limited in number. However, since the products of type 46 were not our synthetic targets,

we did not proceed further in this direction.

Sceme 17 0O,
S.
N SCN
o »ORON
82 Me
"N NaSCN
O (2equiv) 45
Me | | (Expected)
PEG-400
rt, 2 h
O,
S.
Me | |
46
(quant.)
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5.7 Reactivity of epoxy ynamide 5a in the presence of p-toluene sulfonic acid
(PTSA)

Treatment of epoxy ynamide 5a with a catalytic amount of PTSA (10 mol%) in
MeOH led only to the formation of MeOH/water addition product 48. In this process,
MeOH acts as a nucleophile and attacks the less hindered side of epoxide moiety. The
alkyne group of 5a is hydrolyzed due to adventitious water. Compound 48 shows
characteristic peaks for -OH and -C=0 groups in the IR spectrum at 3499 and 1711 cm™,
respectively. "H NMR spectrum shows three singlets at & 3.61 (2H), 3.30 (3H) and 2.44
(3H) ascribable to -COCH, OCHs (from MeOH), and —CHs groups. *C NMR spectrum
shows a peak at 8 171.1 due to the presence of —C=0 group. **C-DEPT NMR spectrum of
compound 48 is consistent with the presence of 3 CH; and 2 CH3 groups (one from tosyl
and other from MeOH). HRMS data also tallies with the structure of compound 48 as

shown. Since the product was not our synthetic target, we did not continue this work.

Sceme 18

o T

2
Q Ty e (Expocied
Me I (10 mol%)

MeOH /@/ /\/\

48 (85%)

5a
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SUMMARY - PART B

A base assisted intramolecular 6-exo-dig closure of epoxy ynamides leading to
regio- and stereo-selective synthesis of 1,3-oxazines in an atom economic approach

under transition metal free conditions has been developed.

An unprecedented transition metal free regioselective cyclization of epoxy
ynamides using sodium azide for the synthesis of 1,4-oxazines in a 6-endo-dig
fashion has been demonstrated. This methodology was extended to epoxy tethered
alkynes. Here also, 6-endo-dig mode cyclization was observed. Deuterium-labeling
experiment supported the important role of water as a proton source in cyclization
process. The attractive features of our methodology are the use of (a) an
environmentally benign PEG-400 solvent and (b) simple sodium azide as the

nucleophilic source under the transition metal free conditions.
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Chapter 6

EXPERIMENTAL SECTION

Details of instruments, standards etc. are already given in Chapter 3. Epoxy sulfonamides
(1a-h),* bromoalkynes (2a-h),*® phenyl propargyl bromide (3),"” and epoxy tethered
sulfonamide (4)*® were prepared by using standard literature reports. Epoxy ynamides 5a-
p were prepared following a known protocol with slight modification® while epoxy

alkynes 6a-d were synthesized by following a known method.*

6.1  Synthesis of epoxy ynamide precursors 5a-p

To a mixture of 4-methyl-N-(oxiran-2-ylmethyl)benzenesulfonamide 1a (1.00 g, 4.40
mmol), CuSO,4 5H,0 (0.220 g, 0.88 mmol), 1,10-phenanthroline monohydrate (0.349 g,
1.76 mmol) and K,CO; (1.520 g, 11.0 mmol) in dry THF (20 mL),
(bromoethynyl)benzene 2a (0.956 g, 5.28 mmol) was added. The vessel was stoppered
under nitrogen atmosphere and heated overnight on an oil-bath maintained at 70 °C. The
mixture was passed through celite and concentrated in vacuum. The crude product was
purified by using silica gel column chromatography to obtain the pure epoxy ynamide 5a
by using hexane-ethyl acetate (8:2) as the eluent. Compounds 5b-p were prepared

following the same procedure and by using the same molar quantities.

Compound 5a

O,

Yield: 1.224 g (85%, gummy liquid).
IR (Neat): 3058, 2992, 2921, 2236, 1600, 1501, 1441, 1364, 1162, 1085, 1019, 937,
751,690 cm .
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'H NMR:

1BC NMR:

§7.89 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 7.6 Hz, 4H), 7.33-7.32 (m, 3H),
3.71-3.55 (m, 2H), 3.26-3.25 (m, 1H), 2.85 (t, J = 4.4 Hz, 1H), 2.69-2.67
(m, 1H), 2.48 (s, 3H).

§ 145.0, 134.3, 131.4, 129.9, 128.3, 128.0, 127.9, 122.5, 82.3, 70.7, 54.0,
49.3, 45.6, 21.7.

HRMS (ESI): Caled. for C1gH17FN3SNa [M++Na]: m/z 350.0827. Found: 350.0829.

Compound 5b
O,
o
MeO ©

Yield:
IR (Neat):

'H NMR:

BC NMR:

LC-MS:

1.330 g (88%, gummy liquid).

3068, 3014, 2926, 2844, 2236, 1600, 1496, 1447, 1359, 1315, 1260, 1162,
1090, 1025, 942, 756, 690 cm ™.

§7.94 (d, J = 8.8 Hz, 2H), 7.40-7.38 (m, 2H), 7.32-7.30 (m, 3H), 7.05 (d, J
= 9.2 Hz, 2H), 3.89 (s, 3H), 3.69-3.56 (m, 2H), 3.26-3.22 (m, 1H), 2.84 (t,
J = 4.4 Hz, 1H), 2.68-2.66 (m, 1H).

§ 163.9, 131.4, 130.1, 128.7, 128.4, 128.0, 122.6, 114.4, 82.5, 70.7, 55.8,
53.9, 49.3, 45.6.

m/z 344 [M+1]".

Anal. Calcd. for C1gH17NO4S: C, 62.96; H, 4.99; N, 4.08; Found: C, 62.86; H, 4.91; N,

Compound 5c¢

4.13.

O,

Yield:

1.255 g (82%, gummy liquid).

184



IR (Neat):

3090, 3058, 3003, 2932, 2241, 1589, 1480, 1375, 1282, 1184, 1096, 1008,
948, 767, 696 cm L,

'HNMR: 8795 (d, J = 8.8 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.41-7.37 (m, 2H),
7.34-7.32 (m, 3H), 3.72-3.62 (m, 2H), 3.28-3.24 (m, 1H), 2.86 (t, J = 4.4
Hz, 1H), 2.69-2.67 (m, 1H).

B3C NMR: 5 140.6, 135.7, 131.6, 129.6, 129.3, 128.4, 128.3, 122.2, 81.7, 71.0, 54.2,
49.2, 45.5.

LC-MS: m/z 348 [M+1]".

Anal. Calcd. for C17H14CINOsS: C, 58.70; H, 4.06; N, 4.03; Found: C, 58.85; H, 3.98; N,
4.09.

Compound 5d

0,
Ny

Yield:
IR (Neat):

'H NMR:

1BC NMR:

LC-MS:

1.346 g (78%, gummy liquid).

3058, 3003, 2932, 2236, 1677, 1573, 1480, 1386, 1271, 1184, 1090, 926,
707 cm ™.

§ 7.84 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.38-7.35 (m, 2H),
7.31-7.29 (m, 3H), 3.63 (d, J = 5.2 Hz, 2H), 3.24-3.20 (m, 1H), 2.82 (t, J =
4.4 Hz, 1H), 2.65-2.64 (m, 1H).

8 136.2, 132.5, 131.5, 129.3, 129.2, 128.4, 128.3, 122.1, 81.6, 71.0, 54.1,
49.1, 45.5.

m/z 392 and 394 [M]" and [M+2]".

Anal. Calcd. for C17H14BrNOsS: C, 52.05; H, 3.60; N, 3.57; Found: C, 52.19; H, 3.68; N,

3.51.
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Compound Se

ISR
O
t-Bu ||

Oy

Yield: 1.301 g (80%, gummy liquid).

IR (Neat): 2964, 2866, 2230, 1600, 1447, 1364, 1266, 1178, 1107, 1014, 937, 844,
767 cm™,

HNMR:  §7.94 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 7.41-7.39 (m, 2H),
7.32-7.30 (m, 3H), 3.69-3.58 (M, 2H), 3.28-3.24 (m, 1H), 2.84 (t, J = 4.4
Hz, 1H), 2.69-2.67 (m, 1H), 1.37 (s, 9H).

BCNMR:  §157.9, 134.3, 131.4, 128.4, 128.0, 127.7, 126.3, 122.6, 82.5, 70.7, 54.0,
49.4, 45,6, 35.3, 31.1.

LC-MS: m/z 368 [M-1]".

Anal. Calcd. for C21H23NOsS: C, 68.27; H, 6.27; N, 3.79; Found: C, 68.36; H, 6.21; N,
3.85.

Compound 5f

O,
SN~

I

Yield: 1.47 g (76%, gummy liquid).

IR (Neat): 3068, 2970, 2882, 2241, 1611, 1468, 1425, 1381, 1184, 1047, 937, 849,
756 cm.

'HNMR: 8 7.26-7.24 (m, 5H), 7.22-7.18 (m, 2H), 4.22-4.15 (m, 2H), 3.85-3.80 (m,
1H), 3.66-3.61 (m, 1H), 3.42-3.37 (m, 1H), 2.99-2.92 (m, 2H), 2.77-2.75
(m, 1H), 1.31-1.29 (m, 18H).

BC NMR: 0 154.4, 152.2, 131.3, 129.8, 128.2, 127.8, 124.1, 122.7, 82.2, 72.3, 51.9,
49.4,46.0, 34.3, 29.9, 24.9, 23.6.

LC-MS: m/z 440 [M+1]".
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Anal. Calcd. for CH33NOsS: C, 71.04; H, 7.57; N, 3.19; Found: C, 71.15; H, 7.51; N,

3.26.

Compound 5g

O,

SN
o

Yield:
IR (Neat):

'H NMR:

3C NMR:

LC-MS:

1.241 g (90%, gummy liquid).

3057, 2997, 2931, 2236, 1605, 1447, 1370, 1184, 1096, 1019, 937, 751
cm

§7.98 (d, J = 8.0 Hz, 2H), 7.65 (t, J = 7.6 Hz, 1H), 7.56 (t, J = 7.6 Hz,
2H), 7.37-7.35 (m, 2H), 7.28-7.27 (m, 3H), 3.61 (d, J = 5.2 Hz, 2H), 3.22-
3.18 (m, 1H), 2.79 (t, J = 4.4 Hz, 1H), 2.63-2.62 (m, 1H).

8 137.2, 134.1, 131.5, 129.3, 128.4, 128.2, 127.8, 122.4, 82.2, 70.7, 54.1,
49.3, 45.5.

m/z 314 [M+1]".

Anal. Calcd. for C17H15NOsS: C, 65.16; H, 4.82; N, 4.47; Found: C, 65.26; H, 4.76; N,

4.41.

Compound 5h

O,

Yield:
IR (Neat):

'H NMR;:

1.231 g (77%, gummy liquid).

3063, 3003, 2932, 2241, 1589, 1507, 1441, 1364, 1271, 1167, 1080, 1014,
943, 866, 745 cm .

& 8.60 (s, 1H), 8.03-8.00 (m, 3H), 7.94 (d, J = 8.0 Hz, 1H), 7.71-7.63 (m,
2H), 7.43-7.41 (m, 2H), 7.33-7.31 (m, 3H), 3.78-3.68 (m, 2H), 3.30-3.26
(m, 1H), 2.84 (t, J = 4.4 Hz, 1H), 2.70-2.69 (m, 1H).
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3C NMR: 5 135.4, 134.1, 132.0, 131.5, 129.69, 129.65, 129.5;, 129.44, 128.4, 128.2,
128.1,128.0, 122.6, 122.5, 82.4, 70.9, 54.2, 49.4, 45.6.

LC-MS: m/z 364 [M+1]".

Anal. Calcd. for C;;H17NOsS: C, 69.40; H, 4.71; N, 3.85; Found: C, 69.32; H, 4.76; N,
3.81.

Compound 5i

O,

IS
Me H

OMe

Yield: 1.352 g (86%, gummy liquid).

IR (Neat): 3074, 3008, 2937, 2833, 2236, 1605, 1512, 1468, 1364, 1260, 1162, 1079,
1041, 948, 838, 668 cm .

H NMR: § 7.88 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.8 Hz,
2H), 6.85 (d, J = 9.2 Hz, 2H), 3.82 (s, 3H), 3.69-3.64 (m, 1H), 3.57-3.52
(m, 1H), 3.26-3.22 (m, 1H), 2.84 (t, J = 4.4 Hz, 1H), 2.67-2.65 (m, 1H),
2.48 (s, 3H).

3C NMR: 8 159.7, 145.0, 134.3, 133.5, 129.8, 127.8, 114.4, 114.0, 80.9, 70.3, 55.3,
54.1, 49.3, 45.6, 21.7.

LC-MS: m/z 358 [M+1]".

Anal. Calcd. for C1gH19NO,S: C, 63.85; H, 5.36; N, 3.92; Found: C, 63.76; H, 5.41; N,
3.87.

Compound 5j

Oz

e
(6]
Me ||

Me

Yield: 1.262 g (84%, gummy liquid).
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IR (Neat): 3003, 2915, 2236, 1595, 1512, 1364, 1173, 1079, 1019, 816, 669 cm ™.

'H NMR: 5 7.89 (d, J =8.4 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz,
2H), 7.12 (d, J = 8.0 Hz, 2H), 3.68-3.56 (m, 2H), 3.26-3.21 (m, 1H), 2.83
(t, J = 4.4 Hz, 1H), 2.67-2.65 (m, 1H), 2.46 (s, 3H), 2.35 (s, 3H).

3¢ NMR: 6 145.0, 138.3, 134.3, 131.5, 129.9, 129.1, 127.8, 119.4, 81.7, 70.6, 54.1,
49.3,45.6, 21.7, 21.5.

LC-MS: m/z 342 [M+1]".

Anal. Calcd. for C1gH19NOsS: C, 66.84; H, 5.61; N, 4.10; Found: C, 66.72; H, 5.56; N,
4.21.

Compound Sk

foae

N
O

Me

Yield:
IR (Neat):

'H NMR:

BC NMR:

LC-MS:

1.217 g (81%, gummy liquid).

3063, 2997, 2926, 2236, 1600, 1490, 1359, 1167, 1085, 1019, 942, 806,
756 cm .

8 7.89 (d, J = 8.4 Hz, 2H), 7.40-7.34 (m, 3H), 7.22-7.20 (m, 2H), 7.17-
7.12 (m, 1H), 3.73-3.59 (m, 2H), 3.28-3.24 (m, 1H), 2.85 (t, J = 4.4 Hz,
1H), 2.69-2.68 (m, 1H), 2.48 (s, 3H), 2.41 (s, 3H).

o 145.1, 139.8, 134.4, 1315, 129.9, 1295, 128.0, 127.8, 125.6, 122.4,
86.1, 69.7, 54.1, 49.3, 45.5, 21.7, 20.7.

m/z 340 [M-1]".

Anal. Calcd. for C1gH19NOsS: C, 66.84; H, 5.61; N, 4.10; Found: C, 66.72; H, 5.68; N,

4.16.

189



Compound 51

O,

fosn
(0]
Me | |

Yield:
IR (Neat):

'H NMR:

BC NMR:

LC-MS:
Anal. Calcd.

1.170 g (77%, gummy liquid).
3063, 3003, 2926, 2241, 1595, 1501, 1359, 1222, 1167, 1085, 1014, 948,
838, 663 cm .
3 7.86 (d, J = 8.0 Hz, 2H), 7.38-7.34 (m, 4H), 6.99 (t, J = 8.8 Hz, 2H),
3.65-3.56 (m, 2H), 3.23-3.19 (m, 1H), 2.81 (t, J = 4.4 Hz, 1H), 2.66-2.63
(m, 1H), 2.45 (s, 3H).
6 162.4 (d, J =247.8 Hz), 145.1, 134.3, 133.6, 133.5, 129.9, 127.8, 118.6
(d, J=3.6 Hz), 115.6 (d, J = 22.0 Hz), 82.0, 69.6, 54.0, 49.3, 45.4, 21.7.
m/z 346 [M+1]".

for C1gH16FNO5S: C, 62.59; H, 4.67; N, 4.06; Found: C, 62.45; H, 4.59; N,
4.18.

Compound Sm

O,

Yield:
IR (Neat):

'H NMR:

1.201 g (79%, gummy liquid).

3057, 2981, 2241, 1578, 1436, 1364, 1271, 1173, 1123, 1014, 877, 740
cm .
5 7.84 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.26-7.22 (m, 1H),
7.15-7.13 (m, 1H), 7.06-6.96 (m, 2H), 3.62-3.60 (m, 2H), 3.23-3.19 (m,

1H), 2.82 (t, J = 4.4 Hz, 1H), 2.65-2.63 (m, 1H), 2.45 (s, 3H).
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1BC NMR:

LC-MS:

§ 1623 (d, J = 244.9 Hz), 145.2, 134.2, 130.0, 129.9, 127.8, 127.14,
127.0, 124.4 (d, J = 9.5 Hz), 117.9 (d, J = 22.5 Hz), 115.2 (d, J = 21.0
Hz), 83.3, 69.8 (d, J = 35.0 Hz), 54.0, 49.3, 45.5, 21.7.

m/z 346 [M+1]".

Anal. Calcd. for C1gH1sFNO5S: C, 62.59; H, 4.67; N, 4.06; Found: C, 62.47; H, 4.58; N,

4.12.

Compound 5n

Cl

Yield:
IR (Neat):

'H NMR;:

1BC NMR:

LC-MS:

1.194 g (75%, gummy liquid).

3074, 2920, 2849, 2235, 1726, 1594, 1490, 1364, 1177, 1084, 936, 832,
723cm™,

5 7.87 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.32-7.26 (m, 4H),
3.63-3.61 (m, 2H), 3.25-3.21 (m, 1H), 2.83 (t, J = 4.4 Hz, 1H), 2.66-2.64
(m, 1H), 2.47 (s, 3H).

5 145.2, 134.3, 133.9, 132.6, 129.9, 128.6, 127.8, 121.1, 83.2, 69.7, 54.0,
49.3,45.5, 21.7.

m/z 362 [M-1]".

Anal. Calcd. for C1gH1sCINO3S: C, 59.75; H, 4.46; N, 3.87; Found: C, 59.67; H, 4.52; N,

3.81.

Compound S0

we

O,
S.

Yield:

1.213 g (73%, gummy liquid).
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IR (Neat): 3058, 2991, 2926, 2241, 1594, 1495, 1358, 1254, 1177, 1001, 1046, 936,
799, 696 cm .

'H NMR: § 8.30 (d, J = 8.0 Hz, 1H), 7.98-7.96 (m, 2H), 7.87 (d, J = 8.0 Hz, 1H),
7.82 (d, J = 8.4 Hz, 1H), 7.65-7.53 (m, 3H), 7.46-7.42 (m, 1H), 7.37 (d, J
= 8.0 Hz, 2H), 3.77-3.75 (m, 2H), 3.36-3.32 (m, 1H), 2.89 (t, J = 4.4 Hz,
1H), 2.74-2.73 (m, 1H), 2.45 (s, 3H).

3C NMR: d 145.2, 134.4, 133.3, 133.2, 130.0, 129.9, 128.4,, 128.35, 127.9, 126.9,
126.5, 126.2, 125.3, 120.3, 87.0, 69.2, 54.1, 49.5, 45.6, 21.7.

LC-MS: m/z 378 [M+1]".

Anal. Calcd. for C»H;19NOsS: C, 70.00; H, 5.07; N, 3.71; Found: C, 70.15; H, 5.12; N,
3.76.

Compound Sp

O,

Yield: 1.012 g (70%, gummy liquid).

IR (Neat): 3090, 2935, 2230, 1584, 1458, 1364, 1255, 1167, 1085, 1014, 773 cm ™.

'HNMR: & 8.54-8.53 (m, 1H), 7.90 (d, J = 8.4 Hz, 2H), 7.64 (t, J = 7.6 Hz, 1H),
7.39-7.36 (m, 3H), 7.21-7.17 (m, 1H), 3.71-3.59 (m, 2H), 3.27-3.23 (m,
1H), 2.83 (t, J = 4.4 Hz, 1H), 2.68-2.67 (m, 1H), 2.45 (s, 3H).

BCNMR:  §149.9, 145.3, 143.1, 136.1, 134.3, 130.0, 127.8, 126.5, 122.3, 82.6, 71.0,
53.9,49.2,45.7, 21.7.

LC-MS: m/z 329 [M+1]".
Anal. Calcd. for C17H16N>,O5S: C, 62.18; H, 4.91; N, 8.53; Found: C, 62.07; H, 4.86; N,
8.45.

6.2 Base mediated cyclization of epoxy ynamides Sa-p: Representative procedure
for the synthesis of dihydro-1,3-oxazines 7-22

To an oven dried 10 mL RBF (round bottom flask) 4-methyl-N-(oxiran-2-ylmethyl)-

N-(phenylethynyl)benzenesulfonamide 5a (0.3 mmol) in dry THF (2 mL), KO'Bu (0.6
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mmol) was added. The mixture was stirred under the nitrogen atmosphere for 1-2 h. After
completion of the reaction as monitored by TLC, the contents were passed through a pad
of celite, washed with ethyl acetate (2 x 20 mL) and concentrated in vacuo. The residue
was then purified by using silica gel column chromatography using hexane-ethyl acetate
(9:1) as the eluent to afford dihydro-1,3-oxazine 7. Compounds 8-22 were prepared
following the same procedure and by using the same molar quantities.

Compound 7

O,

Yield: 0.082 g (82%, white solid).
Mp: 68-70 °C.
IR (KBr): 3008, 2926, 2871, 1666, 1600, 1447, 1353, 1238, 1167, 1080, 871, 674
-1
cm .

'H NMR: 8 7.73 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 7.2 Hz, 2H), 7.35-7.31 (m, 4H),
7.24 (t, J = 7.2 Hz, 1H), 6.85 (dt, J ~ 8.4 and 2.0 Hz), 1H), 6.39 (s, 1H),
5.30 (dt, J=8.0 and 2.8 Hz, 1H), 4.35-4.34 (br m, 2H), 2.45 (s, 3H).
3C NMR: o 144.5, 141.1, 134.6, 134.0, 129.7, 128.9, 128.4, 127.7, 127.1, 125.0,
109.4, 109.3, 66.1, 21.7.
HRMS (ESI): Calcd. for C1gH1gNO3S [M*+H]: m/z 328.1007. Found: 328.1007.
This compound was crystallized from ethylacetate/hexane (2:1) mixture at room

temperature (25 °C). X-ray structure has been determined for this compound.

Compound 8

O,

Yield: 0.081 g (79%, gummy liquid).
IR (Neat): 3063, 2937, 2838, 1600, 1507, 1348, 1260, 1156, 1030, 926, 844 cm ™.
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'H NMR: 8 7.77 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 7.6 Hz, 2H), 7.34 (t, J = 7.6 Hz,
2H), 7.25 (t, J = 7.6 Hz, 1H), 6.97 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.4 Hz,
1H), 6.39 (s, 1H), 5.31 (dt, J = 8.0 and 2.8 Hz, 1H), 4.36-4.35 (br m, 2H),
3.88 (s, 3H).

3C NMR;: o 163.5, 141.1, 134.0, 129.8, 129.1, 128.9, 128.4, 127.1, 125.1, 114.2,
109.4, 109.1, 66.1, 55.6.

HRMS (ESI): Calcd. for C1gH1gNO,S [M*+H]: m/z 344.0956. Found: 344.0959.

Compound 9

O,

Yield: 0.071 g (68%, white solid).

Mp: 90-92 °C.

IR (KBr): 3085, 3025, 2959, 2920, 2866, 1666, 1595, 1474, 1392, 1249, 1167, 1085,
1003, 877, 822 cm ™.

'HNMR:  §7.78 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 7.6 Hz, 2H), 7.49 (d, J = 8.4 Hz,
2H), 7.35 (t, J = 7.6 Hz, 2H), 7.27 (t, J = 8.8 Hz, 1H), 6.82 (d, J = 8.0 Hz,
1H), 6.40 (s, 1H), 5.35 (dt, J = 8.0 and 2.8 Hz, 1H), 4.36-4.35 (br m, 2H).

BCNMR: & 140.6, 140.1, 135.8, 133.6, 129.4, 129.1, 129.0, 128.4, 127.4, 124.8,
110.3, 109.9, 66.2.

HRMS (ESI): Calcd. for C17H15CINO3S [M*+H]: m/z 348.0461. Found: 348.0464.

Compound 10

O,

o
Br e

Yield: 0.077 g (65%, white solid).
Mp: 78-80 °C.
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IR (KBr):

'H NMR:

3C NMR:

HRMS (ESI):

Compound 11

3090, 3030, 1660, 1573, 1507, 1458, 1397, 1266, 1173, 1096, 1014, 822
cm .
8 7.71-7.64 (m, 4H), 7.58-7.56 (m, 2H), 7.35 (t, J = 7.6 Hz, 2H), 7.27-7.24
(m, 1H), 6.81 (dt, J = 8.0 and 2.0 Hz, 1H), 6.39 (s, 1H), 5.35 (dt, J = 8.0
and 2.8 Hz, 1H), 4.37-4.35 (br m, 2H).
0 140.6, 136.4, 133.6, 132.4, 129.1, 129.0, 128.7, 128.4, 127.4, 124.8,
110.3, 109.9, 66.2.

Calcd. for Ci7H1isBrNOsS [M™+H] and [M+H+2]: m/z 391.9956,

393.9956. Found: 391.9953, 393.9912.

O,

Yield:
Mp:
IR (KBr):

'H NMR:

1BC NMR:

0.086 g (78%, white solid).

120-122 °C.

2964, 2860, 1655, 1595, 1458, 1370, 1359, 1249, 1173, 1085, 844, 762
cm .

8 7.77 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 7.6 Hz, 2H), 7.51 (d, J = 8.8 Hz,
2H), 7.34 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.6 Hz, 1H), 6.87 (dt, J = 8.0 and
2.0 Hz, 1H), 6.39 (s, 1H), 5.31 (dt, J = 8.0 and J = 2.8 Hz, 1H), 4.36-4.35
(br m, 2H), 1.36 (s, 9H).

o 157.2, 141.1, 134.7, 134.0, 128.9, 128.3, 127.7, 127.5, 127.0, 126.2,
126.0, 125.0, 109.1, 109.0, 66.1, 35.2, 31.1.

HRMS (ESI): Calcd. for C1H24NOsS [M*+H]: m/z 370.1477. Found: 370.1473.

Compound 12

O

S
\Nﬁ

Z "0
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Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.087 g (66%, white solid).

98-100 °C.

2964, 2921, 2866, 1666, 1600, 1458, 1375, 1332, 1249, 1178, 1090, 882,
701 cm™,

0745 (d, J=7.2Hz 2H), 7.28 (t, J = 7.2 Hz, 2H), 7.21-7.19 (m, 3H),
6.93 (dt, J =8.0 and 2.0 Hz, 1H), 5.86 (s, 1H), 5.34 (dt, J = 8.0 and 2.8 Hz,
1H), 4.57-4.56 (br m, 2H), 4.16-4.06 (m, 2H), 2.98-2.87 (m, 1H), 1.27 (d,
J=6.8 Hz, 6H), 1.20 (t, J = 6.8 Hz, 12H).

6 153.7, 151.7, 141.2, 133.8, 131.6, 128.7, 128.2, 126.9, 124.3, 124.2,
108.3, 107.7, 66.6, 34.2, 30.1, 24.9, 23.5.

HRMS (ESI): Calcd. for Co6H3sNO3S [M*+H]: m/z 440.2259. Found: 440.2251.

Compound 13

O,

0

O

Yield:
IR (Neat):

'H NMR:

BC NMR:

0.075 g (80%, gummy liquid).

3068, 2959, 2920, 2860, 1666, 1501, 1452, 1353, 1266, 1162, 1085, 1019,
877,789 cm .

§7.86 (d, J = 8.0 Hz, 2H), 7.66-7.62 (m, 1H), 7.58-7.56 (m, 2H), 7.52 (t, J
= 8.0 Hz, 2H), 7.35 (t, J = 8.0 Hz, 2H), 7.26 (t, J = 7.6 Hz, 1H), 6.86 (d, J
=8.0 Hz, 1H), 6.41 (s, 1H), 5.32 (dt, J = 8.4 and 2.8 Hz, 1H), 4.34-4.33 (br
m, 2H).

o 140.9, 137.4, 133.9, 133.5, 129.3, 129.0, 128.9, 128.4, 127.7, 127.2,
124.9, 109.7, 109.5, 66.1.

HRMS (ESI): Calcd. for C17H16NO3S [M*+H]: m/z 314.0851. Found: 314.0848.

Compound 14

0,

=
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Yield:
IR (Neat):

'H NMR;:

BC NMR:

0.077 g (87%, gummy liquid).

3063, 3030, 2932, 2860, 1660, 1633, 1595, 1501, 1353, 1266, 1167, 1074,
921, 816 cm .

§ 8.44 (s, 1H), 7.97-7.92 (m, 3H), 7.86-7.84 (m, 1H), 7.69-7.65 (m, 1H),
7.64-7.59 (m, 3H), 7.36 (t, J = 7.6 Hz, 2H), 7.27 (t, J = 7.6 Hz, 1H), 6.95
(dt, J = 8.4 and 2.8 Hz, 1H), 6.49 (s, 1H), 5.32 (dt, J = 8.0 and 2.8 Hz, 1H),
4.30-4.29 (br m, 2H).

6 141.0, 135.2, 134.6, 133.9, 132.1, 129.5, 129.3,, 129.2¢, 129.1, 129.0,
128.4,128.0, 127.6, 127.2, 125.0, 122.7, 109.8, 109.5, 66.1.

HRMS (ESI): Calcd. for Cy;H1gNOsS [M*+H]: m/z 364.1007. Found: 364.1013.

This compound was crystallized from ethylacetate/hexane (2:1) mixture at room

temperature (25 °C). X-ray structure has been determined for this compound.

Compound 15

O,

OMe

Yield:
Mp:
IR (KBr):

'H NMR;:

BC NMR:

0.082 g (75%, white solid).

68-70 °C.

2953, 2920, 2849, 1666, 1600, 1512, 1463, 1353, 1249, 1178, 1085, 1025,
871, 806 cm ™.

§ 7.72 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 8.4 Hz,
2H), 6.88 (d, J = 8.8 Hz, 2H), 6.84 (dt, J = 8.4 and 1.6 Hz, 1H), 6.34 (s,
1H), 5.29 (dt, J = 8.0 and 2.8 Hz, 1H), 4.33-4.31 (br m, 2H), 3.83 (s, 3H),
2.43 (s, 3H).

§ 158.7, 144.3, 139.6, 134.6, 130.2, 129.7, 127.7, 126.5, 125.0, 113.8,
109.6, 109.2, 66.1, 55.3, 21.7.

HRMS (ESI): Calcd. for C19H2NO,S [M*+H]: m/z 358.1113. Found: 358.1108.
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Compound 16

O,

Me
Yield: 0.086 g (80%, gummy liquid).
IR (Neat): 3046, 2926, 1600, 1594, 1512, 1446, 1325, 1156, 1095, 1013, 816, 673
-1
cm ~.

'H NMR: 8 7.73 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.8 Hz,
2H), 7.29 (d, J = 8.0 Hz, 2H), 6.85 (dt, J = 8.0 and 2.0 Hz, 1H), 6.38 (s,
1H), 5.30 (dt, J = 8.4 and 2.8 Hz, 1H), 4.34-4.32 (br m, 2H), 2.44 (s, 3H),
2.38 (s, 3H).

3C NMR: o 144.4, 140.5, 137.0, 134.6, 131.0, 129.7, 129.1, 128.9, 127.7, 125.0,
109.6, 109.2, 66.1, 21.7, 21.3.

HRMS (ESI): Calcd. for C1gH20NOsS [M*+H]: m/z 342.1164. Found: 342.1164.

Compound 17

O,
O
Me )
Me
Yield: 0.073 g (71%, white solid).
Mp: 88-90 °C.
IR (KBr): 3052, 2986, 2926, 1627, 1595, 1425, 1337, 1277, 1162, 1096, 1019, 811
1
cm ~.

'HNMR:  $7.76 (d, J = 8.4 Hz, 2H), 7.58-7.55 (m, 1H), 7.32 (d, J = 8.0 Hz, 2H),
7.22-7.15 (m, 3H), 6.88 (dt, J = 8.4 and 2.0 Hz, 1H), 6.52 (s, 1H), 5.31 (dt,
J=8.0and 2.8 Hz, 1H), 4.31-4.30 (br m, 2H), 2.46 (s, 3H), 2.40 (s, 3H).

BCNMR: & 144.4, 140.9, 136.6, 134.7, 132.5, 130.0, 129.7, 128.8, 127.7, 127.1,
125.6, 125.1, 109.1, 107.0, 66.3, 21.7, 20.3.

HRMS (ESI): Calcd. for C1gH20NO3S [M*+H]: m/z 342.1164. Found: 342.1162.
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Compound 18

Oy

oy
Me

\N/j

2

Yield:
IR (Neat):
'H NMR:

1BC NMR:

0.066 g (64%, gummy liquid).

3069, 1606, 1512, 1342, 1227, 1173, 1096, 1030, 816 cm ™.

8 7.71 (d, J = 8.0 Hz, 2H), 7.55-7.52 (m, 2H), 7.32-7.29 (m, 2H), 7.02 (t, J
= 8.8 Hz, 2H), 6.84 (d, J = 8.4 Hz, 1H), 6.35 (s, 1H), 5.31 (dt, J = 8.0 and
2.8 Hz, 1H), 4.34-4.33 (br m, 2H), 2.45 (s, 3H).

d 161.7 (d, J = 245.6 Hz), 1445, 140.7, 134.5, 130.5 (d, J = 7.7 Hz),
130.1, 129.7, 127.6, 125.0, 115.2 (d, J = 21.2 Hz), 109.2, 108.3, 66.1, 21.7.

HRMS (ESI): Calcd. for C1gH17FNO3S [M*+H]: m/z 346.0913. Found: 346.0903.

Compound 19

O,

Yield:
Mp:
IR (KBr):

'H NMR:

13C NMR:

0.068 g (66%, white solid).

86-88 °C.

3068, 2926, 1666, 1595, 1496, 1447, 1348, 1255, 1162, 1079, 1014, 932,
827 cm™.

o 7.72 (d, J = 8.0 Hz, 2H), 7.39-7.36 (m, 1H), 7.31 (d, J = 8.4 Hz, 2H),
7.28-7.24 (m, 2H), 6.95-6.91 (m, 1H), 6.84 (d, J = 8.0 Hz, 1H), 6.35 (s,
1H), 5.33 (dt, J = 8.0 and 2.8 Hz, 1H), 4.34-4.33 (br m, 2H), 2.44 (s, 3H).
5 162.8 (d, J = 242.2 Hz), 144.6, 141.9, 136.2 (d, J = 8.6 Hz), 134.5,
129.8, 129.7, 129.6, 127.6, 124.9,, 124.8¢ (d, J = 2.7 Hz), 115.1 (d, J =
22.6 Hz), 113.8 (d, J = 21.5 Hz), 109.3, 107.8 (d, J = 2.6 Hz), 66.0, 21.7.

HRMS (ESI): Calcd. for C1gH17FNO3S [M*+H]: m/z 346.0913. Found: 346.0908.
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Compound 20

O,

Cl

IS
Me e

Yield:

IR (Neat):

'H NMR:

1BC NMR:

LC/MS

0.080 g (74%, gummy liquid).

2932, 1595, 1496, 1332, 1167, 1090, 1014, 811 cm ™.
87.71(d,J=7.2Hz, 2H), 7.49 (d, J = 7.6 Hz, 2H), 7.31-7.27 (m, 4H),
6.86-6.83 (m, 1H), 6.33 (s, 1H), 5.33-5.30 (m, 1H), 4.33-432 (brm, J = 1.6
Hz, 2H), 2.45 (s, 3H).

0 1445, 141.3, 134.5, 132.5,, 132.4,, 130.1, 129.7, 128.5, 127.6, 125.0,
109.1, 108.0, 66.0, 21.7.

m/z 475 [M+1]".

HRMS (ESI): Calcd. for C1gH;7CINO3S [M*+H]: m/z 362.0617. Found: 362.0611.

Compound 21

O,

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.090 g (79%, white solid).

128-130 °C.

3063, 2931, 2849, 1666, 1584, 1447, 1386, 1359, 1249, 1167, 1079, 1019,
773cm™,

§ 8.17 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.81-7.77 (m, 3H),
7.65 (d, J = 7.2 Hz, 1H), 7.59-7.51 (m, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.31
(d, J = 8.0 Hz, 2H), 7.06 (s, 1H), 6.93 (dt, J = 8.0 and 1.6 Hz, 1H), 5.34
(dt, J=8.0 and 2.8 Hz, 1H), 4.32-4.31 (br m, 2H), 2.44 (s, 3H).

o 1445, 141.7, 134.6, 133.6, 131.9, 130.2, 129.8, 128.5, 127.7, 127.6,
126.7, 126.2, 125.8, 125.4, 125.1, 124.4, 109.3, 106.0, 66.4, 21.7.
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HRMS (ESI): HRMS (ESI): Calcd. for CpHxNOsS [M*+H]: m/z 378.1164. Found:

378.1162.
Compound 22
O,
OB S
Me e
2\
U
Yield: 0.071 g (72%, gummy liquid).
IR (Neat): 3058, 2964, 2849, 1660, 1584, 1463, 1348, 1244, 1173, 1090, 877, 811,
679 cm ™.
IHNMR: 5859 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.0 Hz,
1H), 7.62-7.58 (m, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.11-7.08 (m, 1H), 6.88
(d, J = 8.0 Hz, 1H), 6.56 (s, 1H), 5.35 (dt, J = 8.0 and 2.8 Hz, 1H), 4.36-
4.35 (br m, 2H), 2.44 (s, 3H).
BCNMR: & 153.9, 149.4, 1445, 143.7, 136.0, 134.7, 129.7, 127.6, 125.1, 123.6,

121.2, 108.8, 108.5, 65.9, 21.7.

HRMS (ESI): Calcd. for C17H17N203S [M*+H]: m/z 329.0960. Found: 329.0962.

Compound 24

Yield:
IR (Neat):

'H NMR:

0.072 g (72%, gummy liquid).

3357, 3050, 2931, 2869, 2244, 1665, 1588, 1485, 1381, 1185, 1082, 1010,
771,663 cm .

§ 7.85-7.82 (m, ~3H), 7.43-7.33 (m, ~9H), 6.84 (d, J = 10.8 Hz, 1H), 5.69-
5.64 (m, 1H), 4.21-4.20 (m, 2H), 2.45 (s, 3H), 1.97 (br s, 1H) (for major

isomer).
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3C NMR: o 1455, 133.6, 131.6, 130.0, 128.5, 128.4, 127.8, 126.6, 124.6, 122.0,
114.3,77.5, 76.8, 60.8, 57.1, 21.7, (for the major isomer).
HRMS (ESI): Calcd. for C1gH1gNOsS [M*+H]: m/z 328.1007. Found: 328.1002.

6.3 Cyclization of epoxy ynamides Sa-n with NaNj;: Representative procedure for
the synthesis of dihydro-1,4-oxazines 25-38

To a 10 mL RBF, 4-methyl-N-(oxiran-2-ylmethyl)-N-
(phenylethynyl)benzenesulfonamide 5a (0.3 mmol), NaN; (0.6 mmol), and H,O (0.3
mmol) in PEG-400 solvent (2 mL) were added. The RBF was stoppered and the contents
stirred at room temperature (25 °C) for 12 h. After completion of the reaction as
monitored by TLC, the crude mixture was diluted with ethyl acetate (20 mL) and washed
with water. The aqueous layer was extracted twice with ethyl acetate (20 mL). The
combined organic layer was washed with brine solution, dried over anh. sodium sulfate
and concentrated in vacuum. The residue was then purified by using silica gel column
chromatography using hexane-ethyl acetate (9:1) as the eluent to afford dihydro 1,4-
oxazine 25. Compounds 25” and 26-38 were prepared following the same procedure and

by using the same molar quantities.

Compound 25

O,

oc
O
Me

Yield: 0.090 g (82%, gummy liquid).
IR (Neat): 3058, 2932, 2099, 1649, 1600, 1496, 1447, 1353, 1315, 1162, 1090, 1019,
767 cm ™,

'H NMR: 8 7.72 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 6.8 Hz, 2H), 7.39-7.35 (m, 4H),
7.33-7.29 (m, 1H), 6.78 (s, 1H), 3.88-3.85 (m, 1H), 3.67-3.62 (m, 1H),
3.51-3.46 (m, 1H), 3.39-3.35 (m, 1H), 3.18 (dd, J = 13.2 and 8.8 Hz, 1H),
2.45 (s, 3H).

B3C NMR: d 1445, 139.8, 133.6, 133.1, 130.1, 128.5, 128.2, 127.3, 123.7, 101.7,
71.6,51.7,44.9, 21.6.

HRMS (ESI): Calcd. for C1gH13N403S [M*]: m/z 370.1100. Found: 370.1104.
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Compound 25’

Yield:
IR (Neat):

'H NMR:

3C NMR:

0.085 g (66%, gummy liquid).

3065, 2925, 2094, 1634, 1598, 1494, 1443, 1355, 1314, 1169, 1091, 1019,
859, 771 cm ™.

8 7.72 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 7.6 Hz, 2H), 7.39-7.29 (m, 5H),
6.78 (s, 0.2H), 3.88-3.84 (m, 1H), 3.66-3.61 (m, 1H), 3.51-3.46 (m, 1H),
3.39-3.35 (m, 1H), 3.17 (dd, J = 13.2 and 8.8 Hz, 1H), 2.45 (s, 3H).

o 1445, 139.7, 133.6, 133.1, 130.1, 128.5, 128.2, 127.3, 123.7, 101.7,
101.4 (d, J =28.0 Hz), 71.6, 51.7, 44.9, 21.6.

HRMS (ESI): Calcd. for C1gH17DN4O3SNa [M*+Na]: m/z 394.1060. Found: 394.1064.

Compound 26

Yield:
IR (Neat):

'H NMR;:

13C NMR:

0.089 g (68%, gummy liquid).

3063, 2932, 2104, 1655, 1589, 1490, 1452, 1353, 1310, 1266, 1162, 1096,
1025, 838, 668 cm .

8§ 7.77 (d, J = 8.8 Hz, 2H), 7.52 (d, J = 6.8 Hz, 2H), 7.38-7.29 (m, 3H),
7.03-7.01 (m, 2H), 6.78 (s, 1H), 3.87 (s, 3H), 3.84,-3.84; (m, 1H), 3.68-
3.63 (m, 1H), 3.51-3.46 (m, 1H), 3.40-3.35 (m, 1H), 3.17 (dd, J = 13.2 and
8.4 Hz, 1H).

§ 163.5, 139.8, 133.2, 129.5, 128.5, 128.2, 128.1, 123.7, 114.7, 101.8,
71.6,55.7,51.7, 44.9.

HRMS (ESI): Calcd. for C1gH13N4s04SNa [M*+Na]: m/z 409.0947. Found: 409.0946.
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Compound 27

0,

o
Cl

N/\AN3

0

Yield:
Mp:
IR (KBr):

'H NMR:

13C NMR:

0.074 g (56%, white solid).

73-75 °C.

3096, 2926, 2104, 1753, 1644, 1573, 1468, 1364, 1310, 1162, 1090, 1003,
756, 685 cm .

o 7.79-7.76 (m, 2H), 7.55-7.50 (m, 4H), 7.40-7.32 (m, 3H), 6.75 (s, 1H),
3.90-3.86 (m, 1H), 3.74-3.68 (m, 1H), 3.54-3.50 (m, 1H), 3.44-3.40 (m,
1H), 3.19 (dd, J = 13.2 and 8.8 Hz, 1H).

o 140.3, 140.1, 135.1, 132.9, 129.8, 128.7, 128.5, 128.4, 123.8, 101.2,
71.7,51.6, 44.9.

HRMS (ESI): Calcd. for C17H15CIN4O3S [M*] and [M*+2]: m/z 390.0553 and 392.0553.
Found: 390.0550 and 392.0572.

Compound 28

0,

S\N/A\T/A\NS
Br N©

Yield:
Mp:
IR (KBr):

'H NMR:

BC NMR:

0.070 g (48%, white solid).

68-70 °C.

3085, 2932, 2099, 1649, 1573, 1447, 1348, 1310, 1173, 1086, 992, 899,
773cm

§ 7.70 (br, 4H), 7.53-7.50 (m, 2H), 7.39-7.31 (m, 3H), 6.74 (s, 1H), 3.90-
3.86 (m, 1H), 3.74-3.69 (m, 1H), 3.54-3.50 (m, 1H), 3.44-3.40 (m, 1H),
3.19 (dd, J = 13.2 and 8.8 Hz, 1H).

o 140.3, 135.6, 132.9, 132.8, 128.7, 128.6, 128.5, 128.4, 123.8, 101.2,
71.7,51.6, 44.9.

HRMS (ESI): Calcd. for Cy7H1sBrN404S [M'] and [M*+2]: m/z 434.0048 and 436.0048.
Found: 434.0048 and 436.0019.
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Compound 29

O,

o
tBu

N/\/\Ng,

0

Yield:
IR (Neat):
'H NMR:

1BC NMR:

0.090 g (65%, gummy liquid).

3058, 2959, 2099, 1649, 1589, 1452, 1370, 1321, 1162, 1014, 767 cm ™.

3 7.79 (d, J = 8.4 Hz, 2H), 7.59-7.54 (m, 4H), 7.39-7.36 (m, 2H), 7.33-
7.30 (m, 1H), 6.84 (s, 1H), 3.91-3.87 (m, 1H), 3.77-3.72 (m, 1H), 3.52-
3.47 (m, 1H), 3.40-3.36 (m, 1H), 3.21 (dd, J = 12.8 and 8.4 Hz, 1H), 1.37
(s, 9H).

o 157.4, 139.5, 133.7, 133.2, 128.5, 128.2, 127.2, 126.5, 123.7, 101.9,
71.7,51.7,44.8, 35.3, 31.1.

HRMS (ESI): Calcd. for Co1H24N4O3SNa [M*+Na]: m/z 435.1467. Found: 435.1464.

Compound 30
0,

NGO

Yield: 0.111 g (70%, White solid).

Mp: 104-106 °C.

IR (KBr): 3062, 2964, 2099, 1644, 1600, 1562, 1463, 1359, 1310, 1249, 1162, 1090,
1014, 762, 674 cm ™.

'HNMR:  8§7.52(d, J = 7.6 Hz, 2H), 7.38-7.34 (m, 2H), 7.32-7.28 (m, 1H), 7.25 (br,
2H), 6.59 (s, 1H), 4.24-4.15 (m, 3H), 3.78-3.74 (m, 1H), 3.61-3.51 (m,
2H), 3.21 (dd, J = 13.2 and 8.4 Hz, 1H), 2.99-2.92 (m, 1H), 1.31-1.28 (m,
18H).

BCNMR: & 154.1, 151.8, 139.6, 133.4, 129.3, 128.4, 128.0, 124.3, 123.7, 100.6,

72.3,51.9,43.7, 34.2, 29.8, 24.9,, 24.9,, 23.5.

HRMS (ESI): Calcd. for Co6H3sN403S [M*+H]: m/z 483.2430. Found: 483.2435.
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This compound was crystallized from DCM/hexane (2:1) mixture at room

temperature. X-ray structure has been determined for this compound.

Compound 31

O,

SRS

N3

Yield:
Mp:

IR (KBr):
'H NMR:

BC NMR:

0.082 g (66%, White solid).

80-82 °C.

3090, 2915, 2099, 1655, 1452, 1348, 1321, 1178, 1008, 756 cm ™.

d 7.85 (d, J = 6.8 Hz, 2H), 7.66 (t, J = 7.2 Hz, 1H), 7.60-7.56 (m, 2H),
7.52 (d, J = 6.8 Hz, 2H), 7.37 (t, J = 7.2 Hz, 2H), 7.34-7.29 (m, 1H), 6.79
(s, 1H), 3.90-3.86 (m, 1H), 3.69-3.62 (m, 1H), 3.51-3.46 (m, 1H), 3.40-
3.35(m, 1H), 3.19 (dd, J = 13.2 and 8.8 Hz, 1H).

d 139.9, 136.6, 133.5, 133.0, 129.5, 128.5, 128.3, 127.3, 123.7, 101.6,
71.6, 51.6, 44.9.

HRMS (ESI): Calcd. for C17H15N403S [M™]: m/z 356.0943. Found: 356.0946.
X-ray structure has been determined for this compound in (2:1) DCM:hexane.

Compound 32

O,

Sen

N/\/\Ne,

0

Yield:
IR (Neat):

'H NMR:

0.087 g (64%, gummy liquid).

3058, 2932, 2099, 1655, 1584, 1447, 1359, 1310, 1167, 1014, 751, 663
cm

8 8.44 (s, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.94 (d, J = 8.0 Hz, 1H), 7.82-7.80
(m, 1H), 7.72-7.64 (m, 2H), 7.52 (d, J = 7.2 Hz, 2H), 7.39-7.31 (m, 3H),
6.88 (s, 1H), 3.97-3.94 (m, 1H), 3.71-3.66 (m, 1H), 3.49-3.44 (m, 1H),

3.39-3.34 (m, 1H), 3.24 (dd, J = 13.2 and 8.8 Hz, 1H).
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1BC NMR:

HRMS (ESI)

0 139.8, 135.1, 133.7, 133.1, 132.2, 129.9, 129.4, 129.3, 128.9, 128.5,
128.3,128.1,127.9, 123.8, 122.2, 101.7, 71.7, 51.6, 45.0.
: Calcd. for Co1H1gN4O3S [M™]: m/z 406.1100. Found: 406.1100.

Compound 33

O,

/©/S\N/\/\N3
Me NGO

OMe

Yield: 0.089 g (66%, gummy liquid).

IR (Neat): 3058, 2932, 2093, 1655, 1606, 1512, 1447, 1348, 1310, 1249, 1167, 1090,
1025, 838, 663 cm ™.

'H NMR: 8 7.71 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H), 7.34 (d, J = 8.0 Hz,
2H), 6.89 (d, J = 9.2 Hz, 2H), 6.64 (s, 1H), 3.87-3.83 (m, 1H), 3.82 (s,
3H), 3.62-3.57 (m, 1H), 3.48-3.43 (m, 1H), 3.36-3.32 (m, 1H), 3.15 (dd, J
=13.2 and 8.8 Hz, 1H), 2.43 (s, 3H).

3¢ NMR: 6 159.8, 144.4, 140.1, 133.6, 130.1, 127.4, 125.3, 113.9, 100.2, 71.6, 55.4,
51.7,44.9, 21.7.

HRMS (ESI): Calcd. for C19H20N404S [M™]: m/z 400.1205. Found: 400.1205.

Compound 34

O,
SRS
Me N

Me

Yield:
IR (Neat):

'H NMR:

0.091 g (70%, Gummy liquid).

3036, 2921, 2088, 1655, 1595, 1518, 1458, 1353, 1310, 1156, 1090, 1019,
663 cm ™.,

3 7.73 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz,
2H), 7.19 (d, J = 8.0 Hz, 2H), 6.76 (s, 1H), 3.89-3.86 (m, 1H), 3.65-3.60
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(m, 1H), 3.49-3.44 (m, 1H), 3.38-3.34 (m, 1H), 3.18 (dd, J = 13.2 and 8.4
Hz, 1H), 2.45 (s, 3H), 2.38 (s, 3H).

BCNMR: & 144.4, 140.1, 138.2, 133.6, 130.4, 130.1, 129.2, 127.3, 123.7, 101.0,
71.5,51.7,44.9, 21.6, 21.2.

HRMS (ESI): Calcd. for C1gH20N403SNa [M*+Na]: m/z 407.1154. Found: 407.1154.

Compound 35

Yield: 0.073 g (56%, gummy liquid).

IR (Neat): 3069, 2921, 2099, 1666, 1589, 1496, 1452, 1364, 1304, 1162, 1014, 762,
668 cm .

'H NMR: 6 7.73 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.30-7.26 (m, 2H),
7.21-7.18 (m, 2H), 6.30 (s, 1H), 3.91-3.88 (m, 1H), 3.55-3.50 (m, 1H),
3.47-3.42 (m, 1H), 3.40-3.35 (m, 1H), 3.15 (dd, J = 13.2 and 8.8 Hz, 1H),
2.49 (s, 3H), 2.30 (s, 3H).

3C NMR: o 144.4, 141.9, 136.9, 133.5, 133.2, 130.6, 130.0, 129.1, 129.0, 127.5,
125.8, 104.3, 70.8, 51.8, 44.9, 21.7, 20.3.

HRMS (ESI): Calcd. for C1gH20N403S [M*+Na]: m/z 407.1154. Found: 407.1154.

Compound 36

0,

ISR
O
Me

F

Yield: 0.079 g (60%, gummy liquid).

IR (Neat): 3052, 2926, 2099, 1660, 1594, 1512, 1457, 1227, 1167, 1085, 838 cm .

HNMR:  §7.71 (d, J = 8.0 Hz, 2H), 7.49-7.46 (m, 2H), 7.36 (d, J = 8.0 Hz, 2H),
7.05 (t, J = 8.8 Hz, 2H), 6.70 (s, 1H), 3.88-3.84 (m, 1H), 3.65-3.62 (m,
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1H), 3.50-3.45 (m, 1H), 3.39-3.35 (m, 1H), 3.16 (dd, J = 13.2 and 8.8 Hz,
1H), 2.45 (s, 3H).

BCNMR: 8§ 162.6 (d, J = 246.4 Hz), 144.5, 139.1, 133.5, 130.2, 129.3 (d, J = 3.2
Hz), 127.3, 125.6 (d, J = 8.0 Hz), 115.4 (d, J = 21.7 Hz), 101.5, 71.7, 51.6,
44.8,21.6.

HRMS (ESI): Calcd. for C1gH17FNOsS [M*+H]: m/z 388.1005. Found: 388.1000.

Compound 37

O

e
O
Me

F

Yield: 0.072 g (55%, gummy liquid).

IR (Neat): 3056, 2932, 2104, 1655, 1584, 1490, 1430, 1359, 1315, 1167, 1019, 877,
663 cm .

'H NMR: 87.71(d, J=8.4 Hz, 2H), 7.36 (d, J = 8.4Hz, 2H), 7.34-7.27 (m, 2H),
7.21-7.18 (m, 1H), 7.01-6.96 (m, 1H), 6.80 (s, 1H), 3.88-3.84 (m, 1H),
3.69-3.64 (m, 1H), 3.51-3.46 (m, 1H), 3.41-3.36 (m, 1H), 3.17 (dd, J =
13.2 and 8.8 Hz, 1H), 2.45 (s, 3H).

B3C NMR: 5 163.0 (d, J = 243.7 Hz), 144.6, 138.5 (d, J = 2.7 Hz), 135.4 (d, J = 8.1
Hz), 133.5, 130.2, 130.0 (d, J = 8.4 Hz), 127.3, 119.1 (d, J = 2.8 Hz),
114.8 (d, J = 21.2 Hz), 110.7 (d, J = 23.5 Hz), 102.7, 71.6, 51.6, 44.8,
21.6.

HRMS (ESI): Calcd. for C1gH17FN4O3S [M*]: m/z 388.1005. Found: 388.1000.

Compound 38

O,
isdon
Me O

Cl

Yield:

0.071 g (52%, gummy liquid).
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IR (Neat):

'H NMR:

BC NMR:

3046, 2921, 2099, 1649, 1584, 1485, 1337, 1167, 1090, 1003, 811, 712
cm .

§7.71 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.36 (d, J = 8.4 Hz,
2H), 7.32 (d, J = 8.8 Hz, 2H), 6.76 (s, 1H), 3.87-3.83 (m, 1H), 3.68-3.63
(m, 1H), 3.50-3.45 (m, 1H), 3.39-3.35 (M, 1H), 3.16 (dd, J = 13.2 and 8.8
Hz, 1H), 2.45 (s, 3H).

o 144.6, 138.8, 133.8, 133.6, 131.6, 130.2, 128.6, 127.3, 124.9, 102.1,

71.7,51.6,44.8, 21.6.

HRMS (ESI): Calcd. for C1gH;7CIN4OsSNa [M*+Na] and [M*+2+Na]: m/z 427.0608 and
429.0608. Found: 427.0604 and 429.0572.

6.4  Synthesis of dihydro-1,4-oxazine derivatives 39-42 from epoxy tethered

alkynes 6a-d

Compounds 39-42 were prepared from substrates 6a-d by following the same

procedure and the same molar quantities as illustrated for compounds 25-38.

Compound 39

O,

o
Me

N/\(\N3

0

Yield:
IR (Neat):

'H NMR:

1BC NMR:

HRMS (ESI)

0.087 g (75%, gummy liquid).

3060, 3024, 2921, 2105, 1671, 1593, 1490, 1457, 1345, 1154, 1020, 700
cm .
d 7.68-7.65 (m, 2H), 7.36-7.30 (m, 4H), 7.27-7.24 (m, 1H), 7.20-7.18 (m,
2H), 5.98 (s, 1H), 3.73-3.70 (m, 1H), 3.44-3.39 (m, 1H), 3.36 (s, 2H),
3.30-3.20 (m, 2H), 3.04 (dd, J = 13.0 and 8.5 Hz, 1H), 2.46 (s, 3H).

o 144.3, 142.1, 137.3, 133.4, 130.0, 128.7, 128.4, 127.4, 126.7, 101.7,
71.1,51.4,44.6, 38.2, 21.6.

: Calcd. for C19HoN4O3SNa [M*+Na]: m/z 407.1154. Found: 407.1159.
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Compound 40

O,

0]

o
AN

Yield: 0.081 g (73%, gummy liquid).
IR (Neat): 3060, 3024, 2915, 2099, 1676, 1598, 1495, 1454, 1356, 1164, 1015, 684
cm .
IHNMR: 5 7.79 (d, J = 8.0 Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.56 (t, J = 7.5 Hz,
2H), 7.32 (t, J = 7.5 Hz, 2H), 7.27-7.24 (m, 1H), 7.19 (d, J = 8.0 Hz, 2H),
6.00 (s, 1H), 3.75-3.72 (m, 1H), 3.43-3.38 (m, 1H), 3.37 (s, 2H), 3.30-3.20
(m, 2H), 3.06 (dd, J = 13.0 and 8.0 Hz, 1H).
3C NMR: & 142.3, 137.4, 136.4, 133.5, 129.4, 128.8, 128.5, 127.4, 126.8, 101.6,
71.2,51.3,44.6, 38.2.
HRMS (ESI): Calcd. for C1gH19N403S [M*+H]: m/z 371.1178. Found: 371.1173.
Compound 41
O,
Br O

Yield:
IR (Neat):

'H NMR;:

BC NMR:

HRMS (ESI):

0.089 g (66%, gummy liquid).

3060, 3029, 2931, 2105, 1671, 1573, 1490, 1448, 1361, 1164, 1009, 700
cm

§7.70-7.68 (m, 2H), 7.64-7.62 (m, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.28-7.25
(m, 1H), 7.18 (d, J = 7.0 Hz, 2H), 5.94 (s, 1H), 3.74-3.71 (m, 1H), 3.53-
3.48 (m, 1H), 3.36 (s, 2H), 3.34-3.25 (m, 2H), 3.05 (dd, J = 13.0 and 8.5
Hz, 1H).

o 142.6, 137.1, 135.5, 132.6, 128.9, 128.7, 128.5, 128.4, 126.8, 101.3,
71.2,51.3, 44.6, 38.2.

Calcd. for C1gH17BrN4OsSNa [M*+Na] and [M*+2+Na]: m/z 471.0103 and

473.0103. Found: 471.0107 and 473.0086.
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Compound 42

O,

S\N/\/\Ns
SURY!

Yield: 0.091 g (72%, gummy liquid).
IR (Neat): 3060, 3034, 2931, 2105, 1676, 1588, 1495, 1448, 1350, 1170, 1015, 860,
746 cm,

'H NMR: § 8.43 (s, 1H), 8.02 (d, J = 6.8 Hz, 2H), 7.97 (d, J = 6.4 Hz, 1H), 7.83-7.81
(m, 1H), 7.72-7.66 (m, 2H), 7.30-7.26 (m, 3H), 7.19-7.18 (m, 2H), 6.13 (s,
1H), 3.87-3.85 (m, 1H), 3.48-3.44 (m, 1H), 3.39 (s, 2H), 3.28-3.20 (m,
2H), 3.14 (dd, J = 10.4 and 6.8 Hz, 1H).

3C NMR: o 142.3, 137.3, 135.1, 133.5, 132.2, 129.7, 129.4, 129.2, 128.9, 128.7,
128.5,128.1, 127.9, 126.8, 122.5, 101.8, 71.2, 51.3, 44.7, 38.2.

HRMS (ESI): Calcd. for CHzoN4OsSNa [M*+Na]: m/z 443.1154. Found: 443.1155.

6.5  Click reaction of 1,4-oxazine derivatives 34 and 40

To a 10 mL RBF, 2-(azidomethyl)-6-(p-tolyl)-4-tosyl-3,4-dihydro-2H-1,4-oxazine 34
(0.3 mmol), phenylacetylene (0.3 mmol), and Cul (0.03 mmol) in PEG-400 (2 mL) were
added. The RBF was stoppered and the contents stirred at rt (25 °C) for 12 h. After
completion of the reaction as monitored by TLC, the crude mixture was diluted with ethyl
acetate (20 mL) and washed with water. The aqueous layer was extracted twice with ethyl
acetate (20 mL). The combined organic layer was washed with brine solution, dried over
anh. sodium sulfate and concentrated in vacuum. The residue was then purified by using
silica gel column chromatography using hexane-ethyl acetate (7:3) as the eluent to afford
triazolo derived 1,4-oxazine 43. Compound 44 was prepared following the same

procedure and by using the same molar quantities like compound 40.
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Compound 43

O,

o
Me

N/YN,N\\N

O =

Me

Yield:
Mp:
IR (KBr):

'H NMR:

3C NMR:

0. 134 g (92%, White solid).

165-167 °C.

3088, 3029, 2952, 1655, 1469, 1350, 1309, 1159, 1098, 1030, 818, 766
cm

5 7.83-7.80 (m, 3H), 7.65 (d, J = 8.4 Hz, 2H), 7.45 (t, J = 7.2 Hz, 2H),
7.39-7.30 (m, 4H), 7.15 (d, J = 8.4 Hz, 2H), 6.73 (s, 1H), 4.67-4.56 (m,
2H), 3.97-3.92 (m, 1H), 3.84 (dd, J = 13.2 and 2.0 Hz, 1H), 3.14 (dd, J =
13.0 and 7.6 Hz, 1H), 2.39 (s, 3H), 2.36 (s, 3H).

0 148.0, 1445, 139.2, 138.4, 133.4, 130.3, 130.1, 129.2, 128.9, 128.4,

127.3, 125.8, 123.7, 121.0, 101.4, 71.0, 50.8, 44.6, 21.6, 21.2.

HRMS (ESI): Calcd. for C7H26N403S [M*+H]: m/z 487.1804. Found: 487.1803.

Compound 44
0,
O/S\N/YN/N“N
0 =
Yield: 0.135 g (95%, White solid).
Mp: 164-166 °C.
IR (KBr): 3065, 3024, 2905, 1676, 1443, 1350, 1309, 1164, 1128, 1020, 948, 689
cm .
'H NMR: 6 7.77 (d, J =7.5Hz, 2H), 7.69 (d, J = 7.5 Hz, 2H), 7.61 (t, J = 7.5 Hz,

1H), 7.53 (t, J = 8.0 Hz, 2H), 7.43 (t, J = 7.5 Hz, 2H), 7.36 (t, J = 7.0 Hz,
1H), 7.28-7.21 (m, 4H), 7.16 (d, J = 7.0 Hz, 2H), 6.10 (s, 1H), 4.47-4.36
(m, 2H), 3.80-3.76 (m, 1H), 3.68 (dd, J = 13.0 and 2.0 Hz, 1H), 3.36 (s,
2H), 2.97 (dd, J = 13.0 and 7.5 Hz, 1H).
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3C NMR: 0 147.9, 141.0, 137.2, 136.3, 133.5, 130.3, 129.4, 128.8, 128.6,, 128.5,
128.3, 127.3, 126.9, 125.8, 120.8, 101.8, 70.8, 50.8, 44.2, 38.3.

HRMS (ESI): Calcd. for Ca6H5N403S [M*+H]: m/z 473.1647. Found: 473.1647.

X-ray structure has been determined for this compound (crystallized from acetonitrile).

6.6  Reactivity of epoxy ynamide Sa with sodium thiocyanate: Synthesis of
thiirane ynamide 46

To a 10 mL RBF, 4-methyl-N-(oxiran-2-ylmethyl)-N-(phenylethynyl)
benzenesulfonamide 5a (0.3 mmol) and NaSCN (0.6 mmol) in PEG-400 (2 mL) were
added. The RBF was stoppered and the contents stirred at rt (25 °C) for 2 h. After
completion of the reaction as monitored by TLC, the crude mixture was diluted with ethyl
acetate (20 mL) and washed with water. The aqueous layer was extracted twice with ethyl
acetate (20 mL). The combined organic layer was washed with brine solution, dried over
anh. sodium sulfate and concentrated in vacuum. The residue was then purified by using
silica gel column chromatography using hexane-ethyl acetate (9:1) as the eluent to afford

thiirane ynamide 46 in quantitative yield.

Compound 46

O,

IS
Me (/I

Yield: 0.103 g (quantitative, gummy liquid).
IR (KBr): 3052, 2926, 2236, 1595, 1496, 1441, 1370, 1167, 1085, 1041, 816, 751
1
cm ~.

'HNMR:  §7.88(d, J = 8.4 Hz, 2H), 7.42-7.38 (m, 4H), 7.34-7.32 (m, 3H), 3.95 (dd,
J = 13.6 and 4.8 Hz, 1H), 3.28 (dd, J = 13.6 and 8.4 Hz, 1H), 3.18-3.12
(m, 1H), 2.58-2.57 (m, 1H), 2.48 (s, 3H), 2.38 (dd, J = 5.2 and 1.6 Hz,
1H).

BCNMR: 5 145.0, 134.5, 131.4, 129.9, 128.4, 128.0, 127.7, 122.6, 82.2, 71.3, 57.3,
30.7, 24,5, 21.7.

HRMS (ESI): Calcd. for C1gH1sNO,S, [M*+H]: m/z 344.0779. Found: 344.0780.
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6.7 Water and Methanol addition to epoxy ynamide 5a in the presence of p-
toluene sulfonic acid (PTSA)

To a 10 mL RBF (round bottom flask) 4-methyl-N-(oxiran-2-ylmethyl)-N-
(phenylethynyl)benzenesulfonamide 5a (0.3 mmol) and PTSA (0.03 mmol) in MeOH
solvent (2 mL) were added. The RBF was stoppered and the contents stirred at rt (25 °C)
for 12 h. After completion of the reaction, as monitored by TLC, the solvent was removed
under vacuum. The product N-(2-hydroxy-3-methoxypropyl)-2-phenyl-N-tosylacetamide
48 was purified by silica gel column chromatography by using hexane:EtOAc (7:3) as the

eluent.

Compound 48

O,

Jos et
Me o OH

Yield: 0.096 g (85%, gummy liquid).
IR (KBr): 3499, 3261, 2936, 1711, 1598, 1505, 1453, 1314, 1164, 1091, 952, 812,
668 cm .

HNMR:  87.71(d, J = 8.4 Hz, 2H), 7.37-7.25 (m, 7H), 4.96-4.90 (m, 2H), 3.61 (s,
2H), 3.53-3.44 (m, 2H), 3.30 (s, 3H), 3.27-3.15 (m, 2H), 2.44 (s, 3H).

BC NMR: 6 171.0, 143.6, 136.8, 133.7, 129.8, 129.2, 128.7, 127.3, 127.0, 71.5, 71.1,
59.3,43.7,41.2, 21.6.

HRMS (ESI): Calcd. for C19H,3NOsSNa [M*+Na]: m/z 400.1195. Found: 400.1198.

6.8  X-ray crystallography

A suitable crystal was mounted on a glass fiber (for 7, 21, 30, 31, and 44) and X-ray
data were collected at 298 K on a Bruker AXS-SMART or on an OXFORD
diffractometer using Mo-K,, radiation (A = 0.71073 A). Structures were solved and
refined using standard methods.>” Absorption corrections were done using SADABS
program, where applicable. All non-hydrogen atoms were refined anisotropically;
hydrogen atoms were fixed by geometry or located by a Difference Fourier and refined

isotropically. Crystal data are summarized in Tables 6-7.
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Table 6. Crystal data for compounds 7, and 21°

Compound

7

21

Emp. formula

Formula
weight
Crystal system

Space group
alA
b /A
c/A

aldeg
pldeg
Adeg
Vv IA®
Z
Deaic /g cm™]

w/mm?
F(000)

Data/
restraints/
parameters

S
R1 [1>26(1)]
wR2 [all data]

Max./min.
residual
electron dens.

[eA”]

327.39
Monoclinic
P2(1)/c
13.1754(3)
12.8893(3)
9.6352(2)
90
97.160(2)
90
1623.52(7)
4
1.339
1.893

688

3108/0/209

1.091
0.0453
0.1408

0.179/-0.358

C18H17NO3S  CxH19NO3S

377.44
Monoclinic
P2(1)/c
19.1531(8)
7.3529(3)
13.8120(6)
90
108.013(2)
90
1849.82(13)
4
1.355
0.198

792

3662/0/246

1.048
0.0345
0.0959

0.257/-
0.295

“R1 = 3||Fo] - |Fc||/Z|Fo| and wR2 = [Ew(Fo?-Fc?)?/swFo*]%?
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Table 7. Crystal data for compounds 30, 31, and 44°

Compound 30 31 44
Emp. formula CosH33N403S C17H1sNO3S CosH24N40O3S
Formula 481.62 356.40 472.55
weight
Crystal Monoclinic Monoclinic Monoclinic
system
Space group P2(1)/c Pcab P2(1)/c
alA 5.8986(3) 8.7500(7) 8.3734(10)
b /A 26.6087(15)  15.7853(17) 25.188(3)
c/A 16.7845(11) 24.961(2) 11.2668(13)
aldeg 90 90 90
Bldeg 96.428(2) 90 98.394(2)
ydeg 90 90 90
VIR 2617.8(3) 3447.7(5) 2350.8(5)
Z 4 8 4
Deac /g cm™®] 1.222 1.373 1.335
w/mm™ 0.157 0.212 0.174
F(000) 1028.0 1488.0 992.0
Data/
restraints/  3869/0/313  3030/0/226  4149/0/307
parameters
S 1.025 1.034 1.047
R1 [1>25(1)] 0.0805 0.0771 0.0577
wR2 [all 0.2226 0.2132 0.1478
data]
Max./min. oon) 0568 0.391/-0.446  0.460/-0.245
residual
electron dens.
[eA®]

*R1 = 3||Fo - |Fc||/Z|Fo| and wR2 = [Ew(Fo?-Fc?)?/EwFo*]%?
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APPENDIX

A)  Copies of 'H/**C NMR spectra for representative compounds
PART A:  Compounds 9, 35, 40, 42, 46, 60, 63, 63, 81, 95 and 98
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Compounds 5a, 7, 25, 25°, 39, 44
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B) Publication numbers and atomic coordinates for X-ray structures
reported in this thesis

. Publication numbers for the published compounds
PART A:  Compounds 9 and 44 Publication no. 4
Compounds 52, 62, 63, 81 and 86 Publication no. 3
(Contents, p. xiii)

1. Selected atomic coordinates for compound 100 from PART A and for
compounds, 30, 31, and 44 from PART B.

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A?

x 10%) for 4. U(eq) is defined as one third of the trace of the orthogonalized U" tensor.

PART A
Compound 100
Atom X y b4 U (eq)
0(1) 1419(3) 3909 (3) 1318(2) 19(1)
0(3) -406(3) 9302 (3) 2458 (2) 22 (1)
0(2) -1300(3) 6091 (3) 2829 (2) 15(1)
C(11) 556 (4) 7047 (4) 3796 (3) 12 (1)
C(34) -1316(4) 7091 (4) 4122 (3) 11(1)
C(9) 627 (4) 8570 (4) 3249 (3) 11(1)
C(1) 370 (5) 4040 (4) 1070 (3) 17(1)
C(58) 2682 (4) 6456 (4) 3655 (3) 13(1)
C(5) -693(4) 7054 (4) 3465 (3) 14 (1)
C(29) -2233(4) 4036 (4) 2869 (3) 16(1)
C(7) -1153(5) 8432 (4) 2586 (3) 16(1)
C(2) 257 (4) 4721 (4) 1694 (3) 11(1)
C(52) 2055 (4) 8836 (4) 4636 (3) 15(1)
C(12) 596 (4) 6126 (4) 3222 (3) 12 (1)
C(10) 1405 (4) 8135 (4) 3782 (3) 16(1)
C(6) -526(4) 7975 (4) 3070 (3) 11(1)
C(16) =294 (5) 3438 (4) 2273 (4) 20 (1)
C(66) 4641 (5) 4640 (5) 3633 (4) 23 (1)
C(3) -648 (4) 5213 (4) 1781 (3) 16(1)
C(40) -2358(5) 8258 (5) 2224 (3) 21(1)
C(63) 3594 (4) 6894 (4) 3353 (4) 17(1)
C(14) 1294 (4) 5048 (4) 2354 (3) 14 (1)
C(39) -1534 (4) 7979 (4) 4433 (3) 17(1)
C(35) -1611(4) 6235 (4) 4467 (3) 17(1)
C(28) -1071(4) 4456 (4) 3633 (3) 12 (1)
C(15) 1974 (4) 4530 (4) 2107 (3) 15(1)
C(41) -3179(5) 7386 (5) 2286 (3) 21 (1)
C(59) 2887 (4) 6504 (4) 4494 (3) 15(1)
C(62) 4676 (5) 7369 (4) 3893 (4) 21(1)
C(54) 2090 (5) 9775 (4) 5967 (4) 22(1)
C(53) 1511 (5) 9161 (4) 5189 (3) 16(1)
C(69) 3863 (5) 4508 (4) 1971 (4) 23 (1)
C(57) 3236 (5) 9152 (4) 4902 (4) 19(1)
C(33) =391 (5) 3952 (4) 3419 (3) 19(1)
C(4) -593(4) 5452 (4) 2724 (3) 13 (1)
C(64) 3121 (4) 4523 (4) 2458 (3) 14 (1)
C(60) 3974 (5) 6964 (4) 5029 (4) 20 (1)
C(37) -2305(4) 7185 (5) 5428 (4) 22(1)
C(30) -2703(5) 3140 (5) 3119 (4) 23 (1)
C(8) 693 (4) 9381 (4) 2867 (3) 18(1)
C(46) 1584 (5) 10231 (4) 2755 (4) 20 (1)
C(13) 1502 (4) 5884 (4) 3089 (3) 13(1)
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C(38) -2017(5) 8036 (5) 5086 (4) 22(1)
C(21) -1061(4) 3778 (5) -276(3) 19(1)
C(42) -4314(5) 7251 (5) 1982 (4) 27(2)
C(51) 2723 (5) 10347 (5) 3117 (4) 27(2)
C(45) -2715(5) 8974 (5) 1833 (4) 28(2)
C(22) -1842(5) 4675 (5) 1231 (4) 23(2)
C(23) -2374(5) 3592 (5) 1065 (4) 32(2)
C(65) 3531 (5) 4557 (4) 3290 (4) 18(1)
c(6l) 4874 (4) 7405 (4) 4730 (4) 22(1)
C(32) -870(5) 3053 (5) 3673 (4) 28(2)
C(36) -2113(4) 6272 (5) 5102 (4) 20 (1)
C(20) -1686(5) 3194 (5) -1070 (4) 28(2)
C(43) -4669(5) 7957 (5) 1595 (4) 33(2)
C(56) 3839 (5) 9789 (5) 5694 (4) 27(2)
c(67) 5372 (5) 4666 (5) 3154 (4) 26(2)
C(47) 1349 (5) 10935(5) 2297 (4) 31(2)
C(50) 3585 (6) 11145(5) 2998 (4) 33(2)
Cc(27) -2464(5) 5284 (6) 924 (4) 39(2)
C(68) 4974 (5) 4587 (5) 2321 (4) 28(2)
C(31) -2028(5) 2653 (5) 3525 (4) 26(2)
C(55) 3266 (5) 10102 (4) 6220 (4) 27(2)
C(49) 3324 (6) 11826 (5) 2537 (4) 35(2)
C(19) -1524(6) 2281 (6) -1379(4) 45(2)
C(48) 2203 (6) 11718(5) 2186 (4) 39(2)
C(17) -129(6) 2512 (5) -97 (4) 43 (2)
C(44) -3853(5) 8827 (5) 1520 (4) 36(2)
C(18) =737(7) 1952 (6) -896 (5) 61(2)
C(24) -3506(6) 3146 (7) 583 (4) 54 (2)
C(25) -4117(6) 3769 (9) 287 (5) 67(3)
C(26) -3590(6) 4836 (8) 458 (5) 61 (3)
PART
Compound 30
Atom X y z U (eq)
S(1) 3555(1) 5077 (0) 2561 (1) 45(0)
o(1) 1704 (4) 5145 (1) 1955(2) 67 (1)
0(3) 6801 (4) 3639 (1) 2249 (1) 56 (1)
Cc(12) 5425 (5) 5601 (1) 2615(2) 42 (1)
C(3) 4901 (5) 3784 (1) 1744 (2) 43 (1)
C(4) 4102 (6) 4250 (1) 1739(2) 47 (1)
Cc(17) 6279 (6) 5820 (1) 3356 (2) 50(1)
N(1) 5160 (5) 4631 (1) 2231 (2) 58 (1)
C(13) 6013 (5) 5797 (1) 1877 (2) 48 (1)
C(6) 3988 (6) 3378 (1) 1203 (2) 47 (1)
C(1l5) 8224 (6) 6450 (1) 2637 (3) 59 (1)
0(2) 2975 (6) 4944 (1) 3332 (2) 85 (1)
C(le) 7653 (6) 6242 (1) 3332 (2) 58(1)
C(7) 1794 (7) 3389 (1) 811 (2) 59 (1)
C(18) 5254 (6) 5591 (2) 1043 (2) 63 (1)
C(5) 9930 (7) 3818(1) 3203 (3) 71 (1)
C(14) 7400 (6) 6224 (1) 1921 (3) 62 (1)
C(1l1) 5369 (7) 2975 (1) 1058 (2) 65(1)
Cc(21) 9732 (8) 6917 (2) 2641 (4) 91 (1)
N(2) 9240 (8) 3556 (2) 3883 (3) 101(1)
C(24) 5865 (9) 5639 (2) 4189 (2) 79 (1)
C(9) 2424 (9) 2618 (2) 144 (3) 82 (1)
C(19) 7285 (8) 5460 (2) 595 (3) 91 (1)
Cc(10) 4575 (9) 2598 (2) 533(3) 83 (1)
C(20) 3653 (8) 5960 (2) 564 (3) 94 (2)
C(8) 1029(8) 3011 (2) 278 (2) 74 (1)
C(23) 8438 (8) 7369 (2) 2435 (4) 97 (2)
C(1) 7028 (9) 4458 (2) 2807 (4) 130(3)
C(2) 8011 (10) 4036 (2) 2653 (4) 114 (2)
C(25) 8087 (14) 5495 (3) 4672 (3) 153(3)
C(26) 4642 (14) 6021 (3) 4537 (4) 170 (4)
N (4) 6671 (14) 2917 (3) 3827 (3) 170 (3)
C(22) 11891 (9) 6840 (2) 2458 (6) 176 (4)

XIX



Compound 31

Atom X y z U (eq)

C(1l2) 7737 (4) 80 (3) 1973(2) 53 (1)
C(17) 8632 (5) -385(4) 2322 (2) 65 (1)
C(16) 8525 (7) -1256(4) 2326 (2) 79(2)
C(15) 7541 (7) -1659(4) 1991 (2) 88(2)
C(14) 6663 (7) -1204 (5) 1641 (2) 89(2)
C(13) 6765 (5) =337 (4) 1628(2) 71(1)
C(4) 8456 (5) 1402 (3) 932 (2) 57(1)
C(3) 9375 (5) 1354 (3) 515(2) 53(1)
C(2) 11531 (6) 1301 (5) 1076 (2) 107 (2)
C(1) 10637 (6) 1288 (5) 1531 (2) 104 (2)
C(5) 13158 (6) 1160(5) 1088(2) 98(2)
C(6) 8878 (5) 1399(3) -49(2) 54 (1)
C(7) 9803 (6) 1101 (3) -454 (2) 70 (1)
C(8) 9330 (7) 1127 (4) -980(2) 83(2)
C(9) 7949 (8) 1445 (4) -1109(2) 86 (2)
C(10) 7039 (7) 1784 (5) =721 (2) 104 (2)
C(1l1) 7496 (6) 1759 (4) -186(2) 84 (2)
N(1) 9021 (4) 1430(3) 1467 (1) 62 (1)
N(2) 14123 (7) 1113(8) 695 (3) 241 (6)
N (3) 13869 (6) 918 (6) 245 (3) 146 (3)
N (4) 13781 (8) 729 (6) -186(3) 175 (4)
o (1) 8618 (4) 1452 (2) 2442 (1) 83 (1)
0(2) 6414 (4) 1515(3) 1818(1) 88 (1)
0(3) 10929 (3) 1283 (2) 570 (1) 74 (1)
S(1) 7875 (1) 1182 (1) 1961 (1) 64 (1)
Compound 44
Atom X vy z U (eq)
S(1) 10625(1) 7169 (0) 4787 (1) 63 (0)
0(3) 8962 (2) 5801 (1) 2419 (2) 62 (1)
0(2) 9567 (2) 7601 (1) 4416 (2) 87 (1)
N(2) 6924 (3) 5275(1) 3964 (2) 59 (1)
C(8) 3415 (3) 4495 (1) 2853 (2) 50(1)
C(7) 4962 (3) 4743 (1) 3337 (2) 52 (1)
N (3) 7399 (3) 4789 (1) 4320(2) 80 (1)
C(9) 2088 (3) 4801 (1) 2393 (2) 62 (1)
N (1) 9927 (2) 6664 (1) 3963 (2) 61 (1)
N (4) 6205 (3) 4459 (1) 3942 (2) 77(1)
C(2) 8714 (3) 6322 (1) 2065 (2) 57(1)
C(13) 3202 (3) 3950 (1) 2895 (2) 61 (1)
Cc(21) 12539 (3) 7322 (1) 4417 (2) 51 (1)
C(15) 6008 (3) 6240 (1) 788 (2) 55(1)
C(3) 9449 (3) 5724 (1) 3680 (2) 58 (1)
0(1) 10836 (3) 6988 (1) 5988 (2) 92 (1)
c(1) 9182 (3) 6735 (1) 2761 (2) 59 (1)
C(5) 8001 (3) 5728 (1) 4306 (2) 64 (1)
C(20) 5054 (3) 6552 (1) 1401 (2) 66 (1)
C(10) 622 (3) 4568 (1) 2004 (3) 75 (1)
C(22) 12694 (3) 7730(1) 3643 (3) 66 (1)
C(le6) 5279 (4) 5823 (1) 128 (3) 72(1)
C(6) 5442 (3) 5263 (1) 3356 (2) 58 (1)
C(14) 7783 (3) 6362 (1) 827 (2) 69 (1)
Cc(12) 1727 (4) 3722 (1) 2507 (3) 71 (1)
C(19) 3438 (4) 6456 (1) 1360 (3) 80 (1)
C(11) 430 (4) 4030(1) 2071 (3) 74 (1)
C(4) 10666 (3) 6138 (1) 4191 (3) 67(1)
C(26) 13881 (3) 7035(1) 4912 (3) 69 (1)
C(24) 15529 (4) 7580 (2) 3870 (3) 85 (1)
C(17) 3647 (4) 5724 (1) 88 (3) 89 (1)
C(23) 14196 (4) 7859 (1) 3379 (3) 86 (1)
c(18) 2720 (4) 6044 (2) 705 (3) 86 (1)
C(25) 15366 (3) 7169 (1) 4625 (3) 80 (1)

XX



