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Abstract

The formation of carbecarbon bonds to access sterically challengingriah
guaternary centessll remains a synthetic challenge. Conjugate addition reactions have proven to
be a very effective strategy for transferring alkyl and alkenyl groups to the electropéilic Aite of
unsaturated compounds for feemation of quaternary centdiewever, prior to the research
described in Chapter one, no general strategies had been reported. The objective of my research
was to address this void and develop a general and vergatiigte alkynylation protocol that
gives rise to propargylic quaternary centers. Chapsstasedwo compémentary protocols
t hat were developed for the conjugate al kyny

both the nucleophilic acetyl@ed electrophile were examined.

Chapter 2 focuseonthe Ag(llc at al ysed | actonization of p
adducts, discussed in Chapter 1, that effocdo mp |-batyrolacétones. Varisuother
electrophilic reagenssichas:halogensPhSeBr, and transition metals were also screened for
reactivitybut gave inferior results to8¢s. Lactonization was sensitive to reaction conditions,

particularly for iternal alkynes, whdteandZ isomers can be formed.

In Chapter 3, an intramolecular-¢talyzed conjugate alkylation protocol was explored
by preparing models that possessed a highly electrophilic site that was pawarbalinetal
bondwhichcanundergo transmetallation. Tricarbastannatrane derivatives were the main focus as
analogous tributylstannane substrates displayed regioselective transmetallation problems, and
carbonrboron bonds showed no reactivity. Efforts to prepare models possessing the
carabstannatrane group were thwarted by protodestannylation @rhieo@d. Additionally,
due to the cost of tricabastannatranes, an in situ procedure starting from inexpensive starting

material was found, albeit in low yields.

Finally, in Chapter 4 Istion and solid state studies of intramolecular halogen bonding
interactions were investigatedsekies f Mel drumbds acid model s wer
placed halogen bond donors and acceptors to allow for interactions to take place based on the

results obtained from previous models. Though none of the models prepared displayed any



intramolecular interactions, sufficient evidence for intermolecular interactions between halogen

donor of one molecule and the acceptor othanomolecule were observed.
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Chapter 1.Conjugate Additions of Alkynyl Alanes and Grignard to Alkylidene
Mel drumds Aci d Deri vat i-Gadm PropangyliccQuagern&ryp r mat i or
Stereocenters

1.1.Introduction
1.1.1.Conjugate Addition Reactionsfor the Formation of AlFCarbon Quaternary

Stereocenters

The focus of this sectiontesgive a brief overview of conjugate addrgactionof
sp, sg and sp nucleophiles tgb-unsaturate@lectrophiles in the formatiordC bonds
focusing on altarbon quaternary products. Conjugate addition reactions makeup a class of
reactions that imlve the nucleophilic attaclbagtostion of anUb-unsaturated carbonyl. The
regioselectivity of the nucleophilic additio

nucleophile, and steric accessilaitye electrophilic positioiiBigure 1.1

1,2-Nucleophilic Addition
HO Nu
Nu = MgRX; LiR;

g
/—\O ROTR
R1
Nu: Jﬁ\ o
R2

R3 Nu
1,4,-Nucleophilic Addition

Figure 1.1.1,2NucleophilicAddition versus 1;MucleophilicConjugate Addition

All-carbon quaternary centers are omnipresent throughout nature and therefore a great
deal of attention has been placed on strategies to access these steréapaatel?
illustrates selected examples of naturally occurring molecules that peassbss all
quaternary centers; the highlighted centers have been formed through conjugate addition

reactions in either the total synthesis of the motexud®, routdo the total synthesis.



r WN Ph -
O ', 7 | Br
O S
N

N-o

Dehaloperophoramidine  Serotonin Receptor Inhibitor Briarein A

Figure 1.2. Selected Examples of Naturally Occurring Molecules ThatHddvEheir
Structural Cores Prepared Through a Conjugate Addition Step

Significant progress has been made in Hagldigdion of alkylaryland alkerygroups
to tetra or trisubstituted acceptors for the formatbuaternary stereocenters withrece
examples of enantioselectivethodologiesDespite these advancese oof the main
challengestill facing synthetic chemists is the steric hindedribe electrophilio-carbon.
To circumvent these obstacles, synthetic chemists have resorted to thstrosglyof
nucleophilic reagents such as Grignard reageritewis acidic reagents such alanes and
boranesAlternativelyactivated electrophileschasdoubly activated enorsemdor the
addition of catalysthatenhancéhereactivity of the system whidieectngthe regieand/or
stereoselectivity of the “hdditionhave been successfliypically, a combination of two or
more of the memdned strategies are required to obtain highest yields and enantioselectivities
as illustrated in Scheme 1.1.

Analogous strategies have been exploited for the conjugate alkenylation to form all
carbon quaternary centers bearing at least dmgbsidizd carbon atom. However, due to
the availability of alkenyl nucleophiles, novel strategies were required to expand the
nucleophilicpe of these reagents. Alkalayles can be accessed by the hydroalumination
of desired alkyne, or balogen exchange ngsian alkjithium followed by nucleophilic
substitutionwith ZnCk, or AIRCI (Scheme 1.2). A disadvantage to the latter approach

involves a tedious isolation step to remove thealts that further complicates their use.



Scheme 1.1.Selected Exgntes of Conjugate Alkylation Methodologies for the Formation

of Quaternary Centers

Reactive Nucleophiles

| Ph
o 1) L1 (4 mol%) o 1) L2 (4 mol%) o Et i Ph |
Cu(OTf), (2 mol %) \]V\EQ Cu(OTf), (2 mol %) ! P—N
2) EtsAl (1.2 equiv) 2) EtMgBr (1.2 equiv) ! PH
o i
45% yield EY Et,0,-10°C, 18 h ) aglem C, 18 h 73% yield | PH
, Argon o
69% o6 3) HCI, Argon g 96%ee ! L1
: Hoj\ PFe
\ AN
. N7N
! tBu \ /
L2
Activated Electrophiles
(0] (¢} |
1 o iPr o
COzMe | 3 (2 mol %), CUCN (2 mol %) COzMe | H\)J\
( - Et,Zn (3 equiv) (O ~pg ; N N " “NMe,
R toluene, 0°C, 24 h e | H o =
! NHMe NN
70-98 % yield; !
77-95 % ee ]
>< : L3
o><o 6~ 0 i
L4 (10 mol %), Cu(OTf), (5 mol %) ! B
oo ° Et,Zn (2 equiv) ’ °© ; o /Ph
Ar”” Me DME, -40 °C to rt, 48 h Ar N ""Me ; OIP—N
Et : )—Ph
88% yield !
up to 95% ee i L4

As already mentioned-@rbon benzylic quaternary centers can be fdytbe
1,4conjugate addition of alkyl nucleophiles)feunsaturated acceptors bearingagf
moiety at théb-position; orin the reverse manner by the additioargfnucleophileso
electrophilc acceptors bearing an alkyl group &tgbsition Alexakis reported the first
coppercatalyzed asymmetric conjugate addition of aryl and virg/t@a@amethylcyclohex
2-enone (Scheme 1.3@his methodology expanded slsepe of aryl groups, where previous
approaches were limited to the additioRlofiroups,and overamethe poor reactivitpf

electron deficient arylzinc reagents.



Scheme 1.2Premration of a) Vinyand b) Arylnes

a) b)
___ DIBALH Al(i-Bu), X 1)RLi M
R Theptane =~ ,~/ ~ am - =
50°c,2h R R R

AR, Zn o AR: 2N
/:/ — R—F R'—
R R = =
2

Rh-catalyzed conjugate addition of tetraarylborat@a\rtob,b-disubstitutedlpb-
unsaturated ketones has been reported by Hayashi (Scherhligh@&f)enantioselectivities
wereachieved using chiral didre and various aryl groups were introduced to both cyclic
and acyclic enones giving rise to benzyearbtbn quaternary centers. Skodfter, a
protocol using aglanes in the Rtatalyzed conjugate arylation of enones with commercially
available BINAP was reported (Scheme dir8comparison to Hagai 6 s pr ot oc ol
requires & equivalents of theucleophile that already bears four aryl groups and higher
temperatures, the latter methodology disclosed by Alegegkisl.@ equivalents of the
aryhlane and lower temperatures to achieve comparable enantioselectivities but lower yields
(Scheme 1.3c). iBhexample highlightthe great potential of orgaaslanes as attractive
nucleophilic reagents for conjugate addition reactions.

As an alternate approa&ioltz reportethe firstprotocol for the enantioselective Pd
catalyzed conjugate arylatiob-afibstituted enones with commercially available arylboronic
acids (Scheme 1.3d). wide rangergl groups bearing electrnoh and-poor substituents
were inserted to form enantioenriched benzykcardbn quaternary centers using
pyridinooxazoliné8 for asymmetric induction. One notable advantabe rieactions did
not require purification of solvents or careful handling of reagents showing tolerance to both
air and water comparéal previously reported strategies using air and moisture sensitive

organometallic reagents.



Scheme 1.3Selected Examples of Conjugate Arylation Methodologies

a)

O 2-Naphthyl
o > it

Ph
71% yield
98% ee

L5 (11 mol%), CuTC ( 10 mol %) i
! SP—N
RAIEt, (3 equiv), Et,0, -30 °C, 5 h ; (o) )
i Cﬂ 2-Naphthyl
75% yleld 93% yield nBU !
96% ee 82% ee i
b) [RhCI(L6)], (5 mol% Rh) o i
Ph,BNa (4 equiv) i /“
MeOH (10 equiv), dioxane - i
60 °C, 24 h “Ph |
83% yield !
98% ee !
° o 1 I
[Rh(cod)Cl,] (3 mol% Rh), L7 (9 mol%) | PPh,
PhAIMe; (1.2 equiv) | PPh,
dioxane, 6% THF (v/v) - OO
5°C, 12 h Ph i

L7

0]

o)
Pd(OCOCF;), (5 mol%), L8 (6 mol%)
PhB(OH), (2 equiv)
DCE, 60°C, 12 h

99% yield PN
93% ee

H
O
\ /) \ ]
N NT7gy

In spite ofrecent advances in the formation e€albon quaternary centers bearing
alkyl and/or alkenyl groups, the number of analogous methods for riaidior of
propargylic atarbon quaternary centers remains limited. Strategies employed to achieve 1,4
regioselectivity in the conjugate addition of alkyl or alkenyl grblfipsrisaturated carbonyl!
compounds, such as the use of Cu(l) salts, has been hindered by the inertnes€¢dtihe Cu
bond (Scheme 1.4aln fact, mixed cuprates containing an acetylide and alkyl or alkenyl group
were shown to selectively transfer ttterlawo groups to cyclohexenone, rendering the
acetylides as nontransfer abl eEwgnthestepcallyor o0dun
demanding-Bu group waspreferentially deliveretlustratinghow tightly bound alkynyl
groups are to Gzomplexs As resultsynthetic chemshaveleveloped alternate approaches

to introduce alkynyl groups.



Scheme 1.4Cuacetylides as Nontransferable Groups

a

)
o o
RyCuL <Phtt0uL|2 0
- B ——E
R

R = Me, Ph, vinyl

L

b) (e} IS
CiH,—= (|:u—RLi Q
L é\ + CsH,—=—Cu- L,
R = alkyl, vinyl R
L = (Me,N);P

(0] (0] (0]
ij\t—Bu é\/ é\/\/”cs”ﬂ

OTBS

Nagata and Yoshioka discovered that alkylaluminum cyanidesxeegmtonal

reagents for the tgbnjugate addition of cyano groups (SchemesIIaa&)report illustrated

thatsp-hybridized carbons can undergo a@mjugate addition, arthphasizethe impact

of thereagentisedvhere Na[BEAICN], a nonrLewis acidianalogue of EAICN, resulted in

trace amounts of the dadiduct whereas Lewis aciitAICN afforded adducts in excellent

yields Noteworthywasthe quaternary center formed using this appr¢@&cheme 1.5a)

Based on these results, Hooz and Layton shortly thereafter reported ekanipde of

conjugate alkynylatiom Ub-unsaturated ketones using diethylalkynyldBetesme 1.5b)

The significance of the enone geometry was shown where only those that cais-eidopt an

conformation afforded the 1adiduct through a postulatedramholecular delivery of the

alkynyl groupn contrast tahose locked in strans conformation afforded the-adducts

(Scheme 1ch



Scheme 1.5Early Examples of Conjugate Alkynylation

a)
o ]
0 O Et,AICN (6 equiv) o
toluene, 0 °C, 0.5 h

o]
0]

o)

O
</O </O 91% yield

(0]
0 R—=——AIEt, (2 equiv) N
r O e
Et,O:pet ether (3:1) ' _AEt,
rt, 4 h ¢ \\

C
I R
R

b)

s-cis intermediate possible

c)
R

0 Z

R—=—AIEt, (2 equiv) O
Et,O:pet ether (3:1)
rt, 4 h

Pappo and Collins dissedthat1,4conjugate alkynylations to enones lockedsn an

trans conformation can be overcome by a directing group adjacent to the site of attack
(Scheme 1.6aParticipation of the directing group was/enby thecigelationshifpetween

the hydrayl group and alkyne, ambreoverby the recovery of starting matewhlen

blocking the interaction with a tetrahydropyranyl group (Scheme 1.6a). As an alternate
approach, Schwartz developed Ni(l) catalyzed conditions for¢bejlghte alkynylatioh o

strans enoness DIBAL-H was necessary to have efficient catalytic activity, which was
apparent by the lack of reactivity observed in the absence of the reduciagdfent
isolation of equimolar amounts (based on Ni) of coupled diacetylene. Brettammening

other méal actetylides, such as Li anddithnot afford the 1;4dducts with their protocol.



Scheme 1.61,4Conjugate Alkynylation sfrransUb-Enones

a) o o] o)
R! R (Rz—}m
R’ RZ—}: Al vs
é/ ( 3 . — 2 - no reaction
THPO
HO HO N\
RZ
b)
' o)
o] Ni(acac), (9 mol%)
)H DIBALH (10 mol %)
Ll R—=—AIMe, (2.2 equiv)
0°C, 16 h A

85% yield t-Bu 72% yield

Alkynylboranes have also been shown to be suitable nucleophilesnjudade
additions. Brown reported the-addition of9-alkynyl9-borabicyclo[3.3.1]nonark4dto s
cis enoneshut they suffered the same limitation aghglidanesowardsstrans enones
(Scheme 1.7)Of personalinterest was their sole example ofakkoarbon quaternary
centeedadductl.2thatrequired long reaction timéss examplshowed the potential for
the formation propargylic quaternary centers through conjugate addition reactions.

Scheme 1.71,4Conjugate Additions with Alkynylboranes

el

70% yield

1) R—=—=—Li
THF, -78 °C R_— B
MeO-B =B
2) BFyEt,0, -78 °C i1

1.2, 70% yield



Asymmetric protocols for the conjugate alkynylatiddbtansaturated carbonyls
have begun to appear. The Chong group here at the University of Waterloo reported the
asymmetric conjugate alkynylation of enones using catalytic binaphthaldigadesne
1.8)s What is conceptually impressive about this protocol is that the reactivity was dependent
on the transesterification of the achiral boronate W@tlgenerating a moreactive
nucleophilghat is alsoesponsible for the asymmetric inductionoahgery of the acetylide
to the enone. As was previously observed with racemic protocsisisoetypnes underwent

the conjugate addition, where high yields and enantioselectivities were obtained.

Scheme 1.8Asymmetric Alkynylboration of Enones

L10 (20 mol%)
(@] (i-PrO )zB;R3

N
R‘/\)J\ R2 DCM, reflux

>80% yield
up to 96% ee

Corey reported the Ni(ll) catalyzed asymmedmnjugate addition of alkyalghes to
Ub-enones using either chiral ligant@or L11 (Scheme 1.9)The overall success of the
reaction was sensitive to solventsptesions and temperature in ordeattainoptimum
results. Modest to good yields and enantioselectivities were obtained, but ultimately inferior
to other asymmetric protocols. In contrast to previously reportgdadtillyzed additisof
alkynydlanes by Schwanmgquiringequimolar amous of DIBAL-H, this approach uses
strongly coordinating chiral ligands that pretrereductive elimination ofvo acetylides,

thereby allowing the use of Ni(ll) salts.

Scheme 1.9Enantioselective Conjugate Alkynylation

0 R—=——AIMe, 0
\)< PPh,
ij Ni(L10)Cl, (8 mol%) é\ NH N o
toluene, -45 °C :
or % R I

Ni(L11)(acac) (10 mol%)  60-86% yield
up to 88% ee

MTBE, 0 °C



Alkynylzinc reagent® rot react withJb-enones and require special conditions such
as the addition aftrong Lewis acids to activate figositionze or activated acceptors such
as nitroolefirsand doubly activated Michael acceptordrialkylsilyl triflates @RIOTT)
havebeen employed ithe Lewis acid activation ddb-enones for the J-@ddition of
alkynylzinc reagents at very low temperaiocbeme 1.20a). Unlike allkgioyhinum and
boron reagents, alkynylzincs add to etk andstransUb-enones to forna,i-aceylenic
silyl enol ethers, but require excess of both TBSOTTf and alkynylzinc reagents (1.3 equivalents
of both) to obtain high yields.the absence of Lewis acialkynylzincs have been added to
nitrooelfins in presence of chiral amino alcbhgl whichwasessential to obtain reactivity
(Scheme 1.20b). Amsrequired with the previous report, exoésise alkyne, alkylzinc and
chiral ligand (3 equivalents of each) were necessary to obtain optimum results. Furthermore,

the nucleophilic scope of alkymes limited to argubstituted terminal alkynes.

Carreira reported the conjugate alkynylation of in situ generated alkynylzinc reagents
to chiral oxazepanedione acceptB (Scheme 1.20¢)Mild reaction conditions and
substoichiometric amounts of (A saltsafforded 1,4adducts that were readily hydrolyzed

to b-alkynyl acidsver two steps good to excellegields and enantioselectivities

Scheme 1.20Conjugate Alkynylation

a)

0 TBSOTY OTBS
)H R 7o (-3equi) \
+ R—= ;
Lol (3equyy  EROTHRE
40°C,1h NG

X
54-96% yield R

Ar

L13 (3 equiv) ‘ . Ph Ph
o NO2 ZnMe; (3 equiv) |_| ' /
/ =——Ar : ; H i MeyN OH
! + i Galvinoxyl (0.03 equiv) NO, !
R (3 equiv) PhMe, 50 °C /\f E L12
\.__.. 32-88%yield !
up to 99% ee |
R2
i) KOH, PrOH m
OTf)2 (0.6 equiv) 97 °C (0] i
97 ¢C - :
E (1.2 equiv) EtBN DCM E ii) DMSO HOJ\/\R1
rt, 18 h 100 °C .
55-83% yield
up to 98% ee

10



Early reports claimed that -@cetylides do ngiartake inl,4conjugate addition
reactionglue the strengtbf the C@C(sp) bondvide supra). Howevenore recentlit has
been showthatthe same strateggedfor the alkynylzinc reagectsuld be applied to €u
acetylides, where eitiHBBSOTf+ or TMSI= act asstrongactivators ofUb-unsaturated
carbonyls (Scheme 1.21). Alkyopper(l)-LIBTMSI complexes showed preferencesfor
trans enones, such as cyclic enones, and failed to give appreciable yields to acyclic enones
(Scheme 1.21a). TM&assuperior to other trialkylsilyl halides and triflatesas shown to
be vital toobtain high yieldsAccording to their proposed mechartstoprdination of the
silyl group to the oxygentbie carbonyl not only activates fisposition, but also allows for
an interaction between the | and Cu to form a tightemplex with the alkene (Scheme
1.21a). This 8i6Cu interaction is important because the strength of taeeBdide bond
does not allow for a tight complexatiorti® ¢ldin, and therefore TMSI functions as both a
Lewis acid and coordinator to direct the conjugate addition. This also accounts for the poor
reactivityobserved witls-cis enonesvhere steric interactions that would result from &e Si
|6Cu complexatiowouldnot allow for its formation; anithe superiority of the TMSI over
other halides as | is the most nucleophilic in that group allowing fedtesorbital
overlap. Interestingly, TBSOTkdiated.,4addition of Ceacetylides were reported to add
to bothscis andtrans enones in good yields (Scheme 22hiy.is somewhat contradictory
to the TMSI protocol which only differs in counter iofgrl°CN, and solvent, suggesting
that an alternate silyl activateelcses may be formed prior to delivery of the aceBditte.
strategies afford sihol ethers that are hydrolyzed in the workup (Scheme 1.21a), or can be
hydrolyzed in subsequent steps (Scheme 1.21b).

11



Scheme 1.21Cu-catalyzed Conjugate Aliations

o 1) OTMS

R—==—Cu'Lil-TMSI (1.5 equiv) Q
THF, -30°C, 0.5 h Hg,O+
2) EtsN
q X X
\//

N R R
I—
o culy
Cu
- Cu Y —

Y =1 or THF
b) O R—==—Cu(CN)Li(1.3equiv)  OTBS 1 OTBS oTBS
)H TBSOTf (1.3 equiv) X ! = // =
: / : Ph
| Et,O:Dioxane (5:1) o i . ™S .
o -78°C,0.5h BN | 66% yield 72% yield

R

Catalytic enantioselective Cu(ll) catalyzed conjugatgadibyst o0 Me |l dr umds ac
alkylidene derivativeave been reportede Carreira groufcheme 1.22)Alkynytopper
reagents were generated in situ uadaeeous conditions usingeplicetylene, catalytic
amounts of Cu(OAg)and sodium ascorbate, which proceed totadde | ds acichd
alkylidenes at low temg®ires. Enantioenriched tertiary propargyl centers were formed using
L13in good to excellent yields and selectivities.Hauesterogeneous nature of the reaction,
alarge excess of phenylacetylene was refquioech the organic phase where the conjugate
addition is believed to takeaq®. Although limited to pheagttylenes, this procedure
showcasetild enantioselectivertditions for the addition of @cetylides in the absence
of strang activating agents

Scheme 1.22Enantioselective Conjugate Addition ofaCatylides

: Et
L13 (5-20 mol%) Y4 | HN T
>< Cu(OAc),"H,0 (5-20 mol%) (OS¢} i O SN
— - i _N

[oXNe) B
. Ph—— Na-Ascorbate (10-40 mol%) O)’j/go :
. [ - |
(0) | ] (1-10 equiv) H20, 0°C, 14-66 h R™ I i MeO PPh,
- x|
60-94% yield F7 |
up to 97% ee ! L13

12



Hayashi has reported the Rlefjalyzed enantioselective conjugate alkynylation to

Ub-unsaturated enones (Scheme 1z23@Yically demanding (triisopropylsilyl)acetylene in

combination with the bulky chiral ligaridwere essential in order to suppress thertzvie

Rh-catalyzed alkyne dimerizatiordallow forthe conjugate additn to take placen high

yields and en#oselectivities. As an alternate approadonemissioningsterically bulky

ligands interacting with sterically bulky alkynyl reagents, our group has reported the Rh

catalyzed conjugate addition of TAdStylenetMe | dr u md s

acid alxylidene

Enantioenriched propargyl centers were obtained assimgercially availadigandL15

under mild reaction conditions that afforded adducts in good to excellent yields and

selectivities. Unlike other acceptsushascyclic and acyclic carbonyls that typically do not

all ow for a wide range of

transformations,

readily transformed #ovariety of different chiral compounds (Scheme 1A2Rkbionally,

the removal othe TMS group gives rise to terrhislltynes that can undergo Syashira

couplingreactions expanding the scope of the acetylide.

Scheme 1.23Enantioselective Ri{gatalyzed Conjugate Alkynylations

a)

=Si'Pr, (2.0 equiv) )

o L14 (5.5 mol%) o ! <o O Ar
Pt [Rh(1-OAC)(CoHa)olo (5 mol% Rh) ; P~Ar
R 14-dioxane, 80°C,24h Z Rio RCAr
PrySi < Ar
88-99%yield | ©
up to 95% ee L14
b)
>< =—TMS (5.0 equiv) O><O !
(O L15 (16 mol%) ) '
A o 0 6591%yield |  MeO
O))/go [RhOH(cod)] (15 mol% Rh) o gtree |
4A MS, DME, rt, 66 h R 1
, DME, tt, N
R N 1us
™S / | | N
o o

HO Ph

P[CH3(CH3)2l2

MeO O P[CsH3(CH3)2l2

L15

Although significantprogress has been madeha tonjugate adaih of alkynyl

groupso Ub-unsaturated accepsdo access tertiary propargyl centers, no general strategy to
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prepare propargylic -alhirbon quaternary centéisd been reportegrior to the research

described in the this chaptiris should be noted thatrgpargylic altarbon quaternary
centers have been pr epar eaalybeyg 1,ddditienobakyl s & gr oL
Grignards to cyclic enynoneAs well, &2Naddition of alkynylalanes to allylic phosphates

resulting ineantiopure 1;énynes adducts has been reported by Hoveyda.

Scheme 1.24.a) CuCatalyzed Cgumgate Addition to Enynones; b)-Catalyzed Allylic
Substitutions Reactions to Allylic Phosphates with Alkynylalanes

a)
o] o]

R'MgBr (2 equiv)
lij\ Cu(OTf),, L2 (9 mol%)
R’
CH,Cl,, -10°C, 1 h )
% 2v12 s

R >50% yield
up to 95% ee

R

R Ph

Ph—==—Al(j-Bu), (2 equiv) X R
Ar)\AOPO(OEt)2 S
NHC (2.5 mol%) Ar

CuCly-2H,0 (5 mol%)
THF,-30 °C, 6 h >63% vyield
up to >99:1 er

1.2 Proposal

At the outset of our search, no general methodology for the addition of alkynyl
groups in the formation propargyl quaternary centers had been rép@teds amewhat
surprising given the synthetic potential of a carbon basedatasgiehetically challenging
centertha can be readily manipulated and allow for further transformations. To address this
void, we sought the opportunity to develop conditions to acceagbali quaternary
propargyl centers, aswellasexpamdo nj ugate aryl ati onacdet hodol

alkylidenes in the formation of benzylicalbon quaternary centers.
The convenience with whscarhbe preparedyfiomdene N
inexpensive starting materials makes them an attractive acceptor for developing

methodologies for ogugate arylation and alkynylation protocols. Moreover, given our
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grougs success in developing enantioselgutivecolsfor the conjugate addition of alkyl
groupsaffordingquaternary centers, and alkeagtl alkgyi2s groups for the formation of
tertiary centers, it watogical extensiaio investigatéhe addition of aryl and alkygybups

to access sterically crowdeec@lbon centers that would otherwise be inaccessible. These
Mel drumds aci d adleuidinybdotks fordimtr tranaformasicns (8ceeme
1.25.

Scheme 1.25General Scheme for the Conjugate Addition of Aryl and Alkynyl Nucleophiles

to Al kylidene Mel drumbs Acid Derivatives
o><o O><O
0 o M . o o
| L*, solvent .
R "R? R 2"R3 R3 = Aryl, Alkyne
1.4 M=LiB A,CuRh

1.3. Results and Discussion

In determining suitable reags for the conjugaseldition ofaryl and alkyngroups
toal kyl i de ne sMealudimum iveSex] reagentsean attractive starting point
due to their Lewiscidic nature and ability tonfttionalize with the desired nucleophiles
PhAIMe waseasily prepared by the addition of PhLi teAM} at low temperatures. LiCl
salts can be separated by letting them settle and carefully cannulating the supernatant into
another vessel. Alexakis reported thatshits did not affect the overall yield and
enantioselectivity of their conjugate arylation pratbobls a starting point reactions were
run void of themBriefly screenig solvents quickly revealgatferential delivery of the
sterically less demanding Me graxer the Ph groypvith an overall conversion of less than
50% and recovery of starting material in THF (Table 1.1 ed8je#rbblems of alkyl

transfer with ArAlMe onto b-substituted enones has been documented at elevated
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temperaturesTransition metals have been shown to alter the aegichemoselectivity of
conjugate addition reactiensjth this in mind substohiometric amounts of QI ) salts

were tested (Table 1.1 entrié2)1Gratifyinglya reversal iselectivity withpreferential

delivery of the Ph was observed, and an increase in the overall conversion (>75%) after 48
hours was obtained. Although both Cu(l) and Cu(ll) salts afforaedbalh dibenzylic
guaternary adductsba significant amounts$ the Me transfer adduti6awas still observed

in the crudéH-NMR.

Phosphorus ligands are the most widely used ligandscataliymed conjugate
addition reactions and have been shovwmprove the efficiency of the overall reaction.
Encouraged byhe improved transfer of the Ph moiety and overall reactivity wsdt§u
phosphoramidite ligands were added to test for asymmetric induction and further
chemoselectivity. In particular, phosphoramidite lighAes have been successfully
employed in thenantioselective addition of alkyl and aryl alanes to less reactive cylic enone
In our hands the addition bff resultedn the complete consumption &f4a(entry @7);
however no 1;4dducts were isolated and a complex mixture was observed inlghe cru
'HNMR. It is worth mentioning that the only distinguishable compounds isolated after
column chromatography were trace amoointde | d r u md sL4. Ascan @lteraated
transition metal catalyfRh(cod)Cl]salts have also been reported in conjugdittoadof
alkyl and aryl groups, and were therefore tested with our system. Unfonteactielys
using Rh(l) salfgroved to be ineffectiahowingooor reactivitand affordingrace amounts
of reduced.4ato 1.7

In order to avoid competing conjteyalkylation, organometallic reagents that do not
possess transferable groups such Grignards, organolithium and boron reagents were also
examined (Table 1.2). Both strongly nucleophilic PhMgCI and PhLi resulted in the isolation
of starting material afté?2 h (entries 1 and 2). The strong basicity of these reagents may result
in o-deprotonation of alkyl moiety that gets reprotonated after aqueous seukier
evidence for the deprotonation comes from the reactivity observed when catalytic amount of
Cud is added and >75% conversion is observed. It is also worth mentioning that trace
amounts of -balogcétapmenohe aee olbervédin the SAMMER spectrume
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Tablel1.1.Conjugate Addition of Arylalases to Al Kk

X X

o” O 0" O

O PhAIMe, (2.1 equiv) o) (o)
| catalyst, solvent

1.4a 1.5a
P OO0
o 7—Ph
O (6] o) 0O O:P—N
SYATA
F F
1.6a 1.7 L4
Temp (°C)
Entry Catalyst Solvent conv (%)
/t(h)
1 - DME -78tort/8 1.5a(9) :1.6a(38)
2 - THF -78tort/ 8 no reaction
3 - DCE -78 tort/ 8 1.5a(11) :1.6a(30)
4 CuTC (0.5 equiv) DME -40tort/ 48 1.5a(51) :1.6a(36)
5 Cu(OTfp (05 equiv) DME -40tort/ 48 1.5a(55) :1.6a(21)
Cu(OTf) (20 mol%) _
6 DME -40tort/ 48 complex mixture
+ L4 (40 mol%)
CuTC (20 mol%) _
7 DME -40tort/ 48 complex mixture
+ L4 (40 mol%)
8 [Rh(cod)CH(30 mol% Rh) DME -40tort/ 48 Trace ofl.7

aConversion based on analysi#idMR3?

9-Aryl-9-borabicyclo[3.3.1]JnonanBsAr-9BBN) have been used as a nucleophilic source
of aryl groups in the Rtatalyzed conjugate arylation of cyclic emontesse borabicyclo
reagents only possess one nucleophilic group, and thigseReB8N was prepared and its
reactivity was tested witld(Table 1.2, entried%).No addition adductsereobserved when
2.1 equivalents of the reagemtsused (entry 5), but in the preseot€uCl andexcess
reagentresuledin complete degradatiofn the starting material whévee | dr umés aci d
the only distinguishable compound (entry 6). Similar reactivity was observed with catalytic
amounts [Rh(cod)&l{entry 7). Thesolationof Meld umés aci d mathe be expl

hydrolysis of thalkylidene during the reaction by trace amounts of evatesre likely upon
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aqueous workupAdditionally, thequaternary adductsrmed by the arylation would be

doubly benzylic and unstableena Levis acids present, whetkeMe | dr umdés aci d mc
actsas a leaving grougsulting irCoC bond cleavageAt the outset of this project, we had

not reported the conditions necessary for \
therefore did not acaat for it when developing arylation conditions.

Table 1.2. Screening Nucleophilic Aryl Reagents

o><o o><o
ooy o PhM o o}
solvent
X JIT
1.4 1.5
Entry X Mb catalyst Solvent % conw
[Temp / t (h)

1 F Li - Et,O/0tort/12h 0
2 MgCl - Et:O/O0tort/ 12 h 0
3 MgCl CuCl (10 mol%) THF/Otort/6h 1.5a(77y
4 Cl MgCl CuCl (10 mol%) THF/Otort/6h 1.5b(80}
5 F  9BBN - Et:O/Otort/12h 0
6 F  9-BBNc CuCl (10 mol%) DME/Otort/12h -d
7 F  9BBNec [Rh(codCIL (20 mol% Rh) DME/Otort/48h -d
8 F  9BBNec [Rh(cod)CH(20 mol% Rh) DME/Otort/48h -

MeOH (20 mol%)
9 F  9BBNc  [Rh(cod)CH(20 mol% Rh) DME/Otort/48h -
t-BuOK (20 mol%)

aBased on analysis of créd&IMR; b 2.1 equivalentssed¢ 4.0 equivalents usédrace amount:

of Meldrum's acid was isolated

In parallel to the conjugate arylation studies, conditions for the conjugate addition of
alkynylalams t o al ky | i d werealsdvbeihgdexploredd A rsijdtiteticdute
to preparealkynylalanes that eschews the deprotonation of terminal alkynes with strong
organolithium or sodium reagents was sought aftéhafend we turned to a report by
Binger that demonstrated trialkylaminai®san react with terminal alleg to lose Hand
form the corresponding dialkylalkynylaluminum compduéifscheme 1.26aA catalytic
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protocol appeared nearly 40 years later that showed alkynylalanes can be prepared with
catalytic amount of B at lower temperatures, and be sub=msty added to various

electrophiles (Sceheme 1.26b).

Scheme 1.26Preparation of Alkynylalanes From Trialkylaminates

a) b)
R3 1) EtsN
0.05 equiv) P 1+ E* P
1 H 1 R1L,AIH ( R‘——AIR', —» R*——E
RO H . TR / Sy g— ?
1,A| + =R >20°C 1//'\'\ (1.05 equiv)
R R o
N(R2 N(R2 o
(R%)s (RT3 oo
1.8 1.9
OH Ph, ~~0OH pp,

Attempts to prepare alkynylalanes with the above protocol resulted in incomplete
formation ofthe alkynylalane reagegivinginconsistent results. Longer reaction times and
elevated temperatuigsve more consistent results and complete consumption of-BIBAL
(Table 1.3). High conversiamsreobtained in less Lewis basic solvents such as DME, DCE
and toluene, Table 1.3 entriéd,where THF completely shut down react{eibgry 2)
Toluene proved to be the optimal solvestlingin completeconsumption ofl.4after 24
h, andthe isolation gbroductl.10an good yield (entry.3)Vith this promising ledlde scope
of the nuatophile was investigated by subjectingx¥ne and TM&cteylene to the same
conditions.Though 1-hexyneunderwent d,4conjugate addition to afford the propargyl
adductl.10balbeit in low yields, significant amounts of the vinylatldiatas also foned
(entry B6). The isolation df.11suggestthat hydroaluminatioand conjugate alkenylation
was favouredver deprotonation. Furthermore, varying amounitd 0bandl1.1Jare formed
resulting in inconsistent results. More troublesome wasacE¥yfae which afforded
complex mixturesith no propargyl adduisolated (entry 7). These results suggested that a

more predictable and widely applicable method was required to prepare alkynylalane reagents.

Efforts were also taken to probe the effectgasfsition metals on the conjugate
addition of alkynylalanes to improve reactivity and induce enantioselectivity (Table 1.4). Cu(ll)
and Rh(l) salts with chiral ligahds L7 andL16 that offer different coordination modes,
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were briefly examineldsing opimized conditions described above, a decrease or complete
loss in reactivity was observed for both Cu(ll) and Rh(l) salts withlligands 16 (entries

106). It should benoted that even low yielding reactions (ent&&s6) afforded racemic
mixturesof enantiomers suggesting a background reaction had taken place in the absence of
the chiraimetal complex. Attempts to impede the backgnamaadion to allow for

Table 1.3. Conjugate Alkynylation

DIBAL-H (3.0 equiv)

R— Et3N (15 mol%)
(4.5 eqiv) 0°C-rt,12h
o><o o><o
R—=—Al(i-Bu),
o] o] o] o]
| catalyst, solvent
0°Ctort %
cl o] R
1.4b, (1.0 equiv) 1.10a,R = Ph
1.10b, R = n-Bu
Entry R Solvent / t (h) % Conv (% yield¥y
1 Ph DME / 36 1.10294% <)
2 Ph THF / 48 no reaction, G-
3 Ph Toluene / 24 1.10a100% (75%)
4 Ph DCE / 36 1.10a88 ¢)
5 nBu Toluene / 48 1.10h50 (22%)
o><o
o o]
6 nBu Toluene / 18 =
nBu
cl
1.1189 (53%)
7 TMS Toluene / 36 complex mixture

alsolated yield.

transmetallation by running reactions at lower temperaturesidt#id in racemic mixtures
andslightly lower yields (entry 3). Reactions run with chiral @iafferded the highest yield

but no enantioenrichment of the chiral center was observed.
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It was determined that the focus will be to improve the scope of alkynylations by
preparinghe reagents from the corresponding lithiated alkyne. Additionally, the conjugate
addition of al kynyl Gr i denvativehad not beeraporiteg | i de ne
and therefore offered another alkyne source to be investigated. Gratifyingly, higdreyields
obtained for aryl, alkyl and TMS substituted acetylides using both Al and Grignard protocols
(Table 1.5, entrie®4). Ethynewasdirectly inserted ugjrthe corresponding commercially
available Grignard affording propargykcatbon addudt.10gn excellent yield (86%, entry
5);1.10chas the added advantage of having a terminal alkyne that can readily undergo further
transformations. Propargyl amhfopropargyl alcohols were also added in moderate to good
yields without the need for protectsond deprotectioentries 87). Adductd.10hand1.10i
have an alcohol moiety that gizeses#o further synthetic manipulations.

Due to the synthetic uty of TMSacetylene over Ritetylene, where subsequent
transformations are possjklee electronic nature of the aromatic masétpenzylidene
Mel dr umd s aand thk sterie effecis at the aeleethpiosition werexamined
using TMSacetylene (Table 1.5, entri&43. The electronic character of the aromatic group
did not have a significant effect on the overall reactivity where both electron donating and
withdrawing substituents at eitherdhor pargpositions resulted in high yields (entides 8
14). Detrimental effects were observedffhrsubstituted derivatives (entries 18, 12).
Poor reactivity had previously been observedoffiksubstituted $1-arylalkylidene)
Me | dr u md souraenantibselectiven conjugate alkylation protocibl.is worth
mentioning thabrthcsubstitution with the smaller fluorine atbrik yielded the desired
adductl.10gentry 17), albeit in modest yields, suggestirgidhia properties governed the
overall efficiency of the reaction. Expanding to other aromatic and heteroaromatic groups,
such as naphthyl and furyl respectively, were also well tolerated (e80)esd&in steric
effects directed reactivity where the sterically crowagditlyl derivativé.4ldid not afford
any 1,4adducts, whereas th@@hthyl derivativd..4mafforded adducts in excellent yields
for both protocols (entries 18 and 19 respey).
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Table 1.4. Probing Effects of Cuand RhSalts in the Conjugate Addition of Alkynylalanes
to Al kylidene Mel drumbés Aci ds

o><o o><o
lo) (o) Ph——=——AlI(j-Bu), o) 0O
| TM, L*, solvent
X
,,,,, I - i A
OO 2-Naphthyl
(e} O OO PPh, O‘P—N>——
; o) O PPh, o Yo
CLT™ G e
L6 L7 L16
N Solvent/ Temp (°C) / on Vi b
Entry ™ L Time (h) % Yielda
1 Cu(OTf), (10 mol %) L16(20mol%) Toluene/ C°Ctort/ 48 h 34
2 Cu(OTf), (10 mol %)  L16(20 mol%) DME/ 0°Ctort/48h 30
3 Cu(OTf), (10 mol %)  L16(20 mol%) DME / -60to-45°C /48 h 28
[Rh(cod)Cl]
4 L7 (11 mol%) Toluene/ 0°Ctort/ 48 h trace
(10 mol% Rh)
Rhcod)CI
5 [Rhcod)Cl L7 (11 mol%) DME/ 0°Ctort/48h trace
(10 mol% Rh)
[Rh(GH).ClL,
6 (10 mol% Rh) L7 (11 mol%) Toluene/ 0°C /48 h 30
AgSbF (10 mol%)
[Rh(GH).CIL
7 (5 mol% Rh) L6 (7 mol %) Toluene/ 0°C /48 h 89

AgSbE (5 mol%)

Ysolated yieldRacemic mixtures determined by HPLC wsthgal Chiralcel ABH column (250
x 4.6 mm) with iPrOH:hexane solvent mixtures as eluent

Increasing the steric bulk of the alkyl maiktiie electrophilic accepfoom Me to
thei-Pr andcHex group restdd in lower yields for alkynylalanes than for alkynyl Grignards
(Table 1.5, entriesiZA3). The extra steric bulk around the Al from Me gitinghganteracs
by steric repulsiowith the larger groups at the electrophilicregelting inthe decreased
reactivity. Greatest yields were achieved with aast@ylgroup at the electrophilic center

(Table 1.5, entry 24). It is noteworthy that with respect to alkynytakmdsynyl moiety
was exclusively delivered where no Me transfer was obserVeddesa
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Table 1.5. Optimized Conditions for Conjugate Alkynylation

o><o RO o><o
S ANCILS &
R R M=AMe, Mgal R 22 X .
1.4 1.10
Entry Alkylidene Product (R3) yield (%)2 yield (%)a»
(RYR 2 (M= AlMez) (M= MgCl)
1 Ph/ Me (L.49 Ph (L.10% 77 81
2 Ph/ Me (L.49 nBu (1.104 75 85
3 Ph/ Me (L.49 TMS (.10 83 85
4 Ph/ Me (L.49 cHex (1.10f 87 85
5 Ph/ Me (L.49 H (1.109 N/A 86
6 Ph/Me (.49 CH;OH (1.10h 72 54
7 Ph/ Me (L.49 CH:CH,OH (1.10) 6% 50
8 4-MeGH./ Me (1.49 TMS(1.10) 77 82
9 4-(MeO)GH4/ Me(1.49 TMS(1.10K 91 92
10 4-FCeHa/ Me (1.43 TMS(1.10) 75 84
11 4-CIGH4/ Me (1.49 TMS(1.10m 85 83
12 4-(FC)GHa/ Me (1.4) TMS(1.100 88 89
13 3-MeGH./ Me (1.4ig TMS(1.109 82 85
14 3-(MeO)GHa/ Me(1.4h TMS(1.10p 84 76
15 2-CIGH4/ Me (1.4) TMS(1.10¢ NR NR
16 2-(BnO)GH./ Me (1.4) TMS (1.10) NR NR
17 2-FCeHa/ Me (1.4K TMS(1.10% 39 27
18 1-naphthyl / Me 1.4) TMS(1.10x NR NR
19 2-naphthyl / Me {.4m) TMS(1.10) 76 84
20 2-furyl / Me (1.4n) TMS(1.10y 72 74
21 Ph/i-Pr (.49 TMS(1.Dw) 66 83
22 Ph / cHex (L.4p TMS(1.10% 64 77
23 Ph / cyclopropyl1.49 TMS(1.10y 69 81
24 Ph / COMe (.4) TMS(1.10% 94 92

Ysolated yieldTHF as the solvent furnished comparable reddtgiv were used.

Il ndenyl i de neslMdadval beennsbosvn ta bei edcellent electrophilic

acceptors in conjugate alkylation reactions affordicaylt@ih quaternary centersThe
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conjugate alkynylation protocol sl®ade appl.
adductd.13were isolated good yields for both methods, Scheme 1.27.

Scheme 1.27Conjugate Alkymgtion of Indenylidene Meldréns AX2i d

o)(

_IMS——M _ %
Cl / (] Toluene
0°Ctort,16 h

1.12a 1.13a

77%, M = AlMey; 78%, M = MgCl

_TMS—=—M _ 74
Toluene
0°Ctort,16 h

1.12b 1.13b
74%, M = AlMey,; 70%, M = MgCl

Single crystal s DlDaalre dbthined end therXy structurea d d u c t
isshowninFigr e 1. 3. The Mel dr u mlikescondommiatibn witlothee t vy a d o
larger quaternary center at the psewdd position. Pertinent bond lengths are also listed in
Figure 3, where an elongated Jd€¢sp) bond length is observed between thel Mell md s
acid moiety and the benzylic carbord(@dA, Figure 1.3); whereas typicaPB@Esp) and
C(spPC(sp) bond lengths are observed throughout the rest of the molecule.

I nterestingly, a compari son bet ween Me |
secoudary, tertiary and quaternary benzylic centers show an increase in bond length with
increasing substitution betwe&€C at oms of Mel drumbés acid and
1.4)a This trend coincides with the reactivity observed for the Lewis atydedata
nucl eophilic substitution of Meldrumbs acid
Inordertoinitate@ bond cl eavage between the benzylic
a quaternary benzylic cerdedibenzylic tertiary center was requfr&d.increase in bond
length withan increase in substitution would allow damorefacile bond cleavage; since
propargylic addudt10aalisplays a longer bond length ttredkyl substituted quaternary
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centered analogqukese compoundsay benteresting substrates for unactiva@®d Gond

cleavage investigations.

Bond Length (A) o><o
C5-C11 (1.60)

C11-C19 (1.54) ©
C20-C21 (1.19) T

1.10aa

Figure 1.3.X-Ray Structur e lboha Mel drumds Aci d

o><o o><o o><o o><o
(O;:'/go Sro i.j):ﬁo i.;\go
X X A X
Xt X=i X
= = = =

1.54 A 155 A 1.56 A 1.56-1.68 A

X

Figure 1.4. Comparisorof Average 68C Bond Leng h s o f s KadlDdrivativesd

Propargylic Meldrumds acid adducts <can
examplel.10gcan be hydrolyzed to the correspondinglat#hat is not accessible through

othermetlodologies. In combination with the described conjugate alkynylation protocols, up
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to 5 different sites can undergo derivatization or subsequefdrira@tions as shown in
Scheme .28 Furthermore, in the following chapter the transformation of propargylic
Mel dr umd s alclradcontplero-butyralactonesewsll be discussed.

Scheme 1.28Hy dr ol ysi s o 1.10¢peALidilrldt mé6s Aci d

2O Pyridine (3:1)
95 °C 3h

1.10g 1.14, 90%

1.4. Summary

X e

\\Alkylo
__—" Anyl
o Q R3——M
O)’Igo Toluene o)
o Alkyl
Aryl” Al 0C o160, AryI R
A|ky|7¢

M = AlMe,, MgCl Alkyl
Figure 15. Developed Conditions for Conjugate Alkyromati

In summary, the first general strategy for the formation of proparepdidati
guaternary centers has been described. Alkynylalanes and Grignards were used as nucleophilic
sourcesand the versatility of al khge acak@onsdhasMe | dr u
been expanded to access quaternary centers under mild reaction condition. Benzylic centers
with electron rich and poor substituents are well tolerated while a wide range of substituted
terminal alkynes can be inserted to access tlessba@til quaternary centers. Enantioselective
conditions using Cu(ll) and Rh(l) catalyst were attempted but ressiligdisiteactivity.
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Although analogoustrategiesising arylalanes and Grignards did afford the desired
1,4adducts, these protocoldfeu from significant Me transfer and low yields. Further
investigations into transition metal, ligands and reaction conditions are required to develop a
practical protocol.

1.5. Future Work

Developing catalytic enantioselective conditions forotijagate alkynylation of
alkylidene Mel drumds acid derivatives wil/
access enantioenriched propargyhcaddon centers. The utility of such a methodology
would undoubtedly be of great value to syntbleéimists expanding an alreadyliverse
synthetic tool box. A more rigorous screening of transition metals and ligands is necessary to
obtain enantioenriched propargylic quaternary centers. Based on the success of preparing
tertiary propargylic centersi(IN, Cu(l/Il), Rh(l) or Pd(Il) catalyst would be a practical
starting point. Additionally, while the use of alkynylalanes and Grignards were an effective
nucleophilic sourceven at very low temperaturakynylzinc or boranes may offer less

reactive rad therefore more controllable delivery of the alkynyl group.

1.6. Experimental
General Considerations

Reactions

All reactions were performed in fladnied glassware under an argon atmosphere
unless otherwise stated. Commercial grade reagents devehasg further purification
except as indicated below. Toluene, DMF and pyridine were dried by distilling caea CaH
stored in a Schlenk flask under argos©,BEEH.CL, THF wereobtained from a solvent
purification system based on the publishecgduez MeOH was heated to reflux over Mg
powder overnight and then distilled, and stored over 3 A molecular sieves in a Schlenk flask.

Phenylacetyleneshgéxyne, cyclohexylacetylene, and trimethylsilylacetylene were purchased
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and distilled over Calgrior to use. CuCl was purified by reprecipitation from a conc. HCI
aqueous solution and dried under vacuum, and stored in a nitrogen filled glovebox. Known
al kyl i dene Majloandiivwere prepareddy Knoevenagel condensation
ofthecore pondi ng ketones with Meldrumds aci d.

Reactions were monitored by tlaper chromatography and visualized by UV
guenching and/or staining with cerium ammonium molybdate. Flash chromatography was

performed using 230 meh silica gel.

Characterization:

'H and™C NMR spectra for all compounds were obtained in{&D8&00 MHz and
75 MHz, respectively. Chemical shifts are reported in parts per millioii)(dpraton
spectra were calibrated to residual €&@4 ppmpand carbon spectra were calibrated to
CDCk (77.0 ppm). Carbon multiplicities (C, CHp, @) were determined by combined
DEPT 90/135 experimentSF NMR spectra were recorded wihdecoupling in CDEI
referenced to TFA{6.5 ppm). Chiral HPLC arsdg were performed using a Chiralcel AD
H column (250 x 4.6 mm) with iPrOH:hexane solvent mixtures as eluent. High resolution
mass spectrometry was performed at the University of Waterloo and the University of Toronto

Mass Spectrometry facilities. Melpioigpts are uncorrected.

Gener al Procedure A: Preparati-on of Al kylide

Al alkylidene Meldrumbds acids were prep
Mel drumds acid with the correspondiamlg ket on
coworkerszIn general, a solution of TiC2.1 equiv) in CiEL (3 M relative to ketone) was
added dropwise to dry THF at O °C under nitrogen resulting in a yellow suspension. A solution
containing both the ket onequilndly TieFq@7 M ) and
relative to ketone) was added slowly to the®ATiCHF compl ex. Subsequent
2<) of the flask containing the solution of
reaction mixture. Pyridine (5.0 equiv) was thetysloded to the reaction mixture at 0 °C.

The reaction was then allowed to warm up slowly to room temperature and stirred for 18 h.
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The reaction mixture was cooled back dowiGaadd quenched upon the addition of water,

followed by dilution with ethytetate. The mixture was allowed to stir at room temperature

until the solid had fully dissolved. The layers were partitioned, and the aqueous layer was
extracted was ethyl acetaxd (£ombined organic fractions were washed with Na2&)

brine (X), died over MgS§) filtered and concentrated. Recrystallization from a saturated
solutionnMe OH af forded the pure alkylidene Mel dr

Characterization data for known compounds not fully described in the literature are
provided.

5-(1-(2-Fluorophenyl)-3-(trimethylsilyl)prop -2-ynylidene)-2,2dimethyl-1,3dioxane-
4,6dione (1.4k)

OXO Prepared according to General Procedure A by the Knoevenagel condensation
of2f | uoroacetophenone (8.00 mL, 65. 8 mmi
(10.8 g, 59.9 mmolQlequiv). Recrystallization from MeOH affold#(10.9
F g, 69% yieldas beige crystals. M.p.-115 °C;H NMR (300 MHz, CDG)

7.387.34 (m, 1H), 7.2B20 (m, 2H), 7.6B.02 (m, 1H), 2.69 (s, 3H), 1.79 (broad s,&H);

NMR (75 MHz, CDG) 165.3 (§ 160.8 (C), 160.2 (C), 156.84R44.6 Hz, C), 130.9 #,

= 8.4 Hz, CH), 129.2 (d= 15.2 Hz, C), 127.9 (@ 2.6 Hz, CH), 124.5 (d= 3.2 Hz, CH),

118.8 (C), 115.8 (@ 21.9 Hz, CH), 104.2 (C), 27.3 (msCB5.6 (Ck); HRMS (DART)

m/z cdcd for GH104F (M): 263.07251 Found: 263.07255 .

0
|

5-(Cyclohexyl(phenyl)methylene)2,2dimethyl-1,3dioxane-4,6-dione (1.4p)

\ Prepared according to General Procedure A by the Knoevenagel condensation
o” O
o o of Meldrumds acid wi 2h0nmelnldequiv)endc | oh e x
| Mel drumbés acid (3.27 g, 22.7 mmol, 1.0C

affordedl.4p(3.49 g, 49% yield) as neatti@ped colourless crystals. M.p. 152
154 °C!H NMR (300 MHz, CDG) 7.387.35 (m, 3H), 7.86.97 (m, 2H), 365(app tJ=
12.0 Hz, 1H), 1.78 (s, 6H), B¥44 (m, 5H), 1.44.31 (m, 2H), 1.88.97 (m, 3H){C NMR
(75 MHz, CDGC) 179.2 (C), 160.8 (C), 160.2 (C), 137.6 (C), 123 91Z#B (C¥), 125.4
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(CHs), 118.0 (C), 103.8 (C), 43.6 (CH), 30.9)(CHJ3CH), 25.7 (Ch), 25.5 (Ch); HRMS
(DART) m/z calcd for GHdNO4 (M + NH4)*": 332.18563 Found: 332.18560.

5-(Cyclopropyl(phenyl)methylene)2,2dimethyl-1,3dioxane-4,6-dione (1.4qQ)

\ Prepared according to General Procedure A by the Knoevenagel tondensa
o” O

0P o of Mel drumds acid with benzoylcyclopro
and Meldrumbés acid (3.21 g, 22.3 mmol ,
affordedl1.4q(4.79 g, 79% yield) as neestilaped colourless crystals. M.p. 166
168 °C;H NMR (300 MHz, CDG) 7.397.33 (m, 3H), 6.86.92 (m, 2H), 3.43.40 (m,
1H), 1.77 (s, 6H), 1a108 (m, 2H), 0.88.73 (m, 2H}**C NMR (75 MHz, CDG) 179.5
(©), 162.0 (C), 159.9 (C), 134.6 (C), 128.2 (CH), 127.8 (CH), 126.5 (CH), 116.8 (C), 103.6 (C),
27.2(CHs), 17.8 (CH), 10.2 (GHHRMS (DART)M/z calcd for GH20NO4 (M + NH,)*:

290.13868 Found: 290.13854.
Preparation of Arylalanes: (PhAIMg

To a solution of PhLi (1.0 mmol, 1.9MnBWO) at O °C was added a solution of
MeAICI (1.0 mmol, 1.0M in kanes) dropwise and stirred for 30 min at this temperature.
When supernatant was yssadts were allowed to precipitate over a 30 min period at 0 °C,
after which time the supernatant can be cannulated/syringedeals need

NotePhMgCI can be used in tlz@r® manner as PhLi and identical results were obtained.
Conjugate Arylation of Al kyl;idene Mel dr umds

A flamedried flask flushed with argon, equipped with a magnetic stirrer and a septum,
was charged with the copper salt (0.2 equiDMix (1.0 mL) and the resulting mixture was
stirred at rt for 30 min. The mixture was then cooletDt®C and a solution of PhAIM2.1
equiv) was added and stirred at this temperature for 10 min. A premixed solution of alkylidene
Me |l dr umd smnwl¢c 1.0dequiv)0in IBVE (5.0 mL) was then added dropwise to the
copperalane solution. The mixture was gradually warmed to rt. After the indicated time, the

reaction was cooled back down in abatk and quenched with 5% HCI (5 mL). The solution
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was tha transferred into a separatory funnel, and the flask was rinsed with Et6Ad |2

and 5% HCI (5 mL). The layers were partitioned and the aqueous layer was extracted with
EtOAc (3x) and combined organic layers were washed with brjpndr(@d over anfarous

MgSQ, filtered and concentrated. After analysis of the crude reaction mixkungNbiR

the overall conversion was determined based on the daéth.6hcetophenone.

General Procedure Bd Copper Catalyzed Conjugate Addition of Aryl Grignardso
Alkylidene Meldrum's Acid Derivatives

Procedure is based on a method reported by Hung Atfiimedried flask flushed
with argon, equipped with a magnetic stirrer and a septum, was charged with a solution of
PhMgCI (2.1 equiv, 2.0M in THF)-at°C, followed by the addition CuCl (0.1 equiv). A
solution of the alkylidene Meldiirm  R4q1.0dnmol, 1.0 equiv) THF (10 mL) was
subsequently added dropwise. The resulting mixture was allowed to gradually warm to rt and
stirred for éh. The reactio was quenched by cooling back down over @alickath, and
slowly adding 5% HCI and EtOAc. The layers were partitioned and the aqueous layer was
extracted with EtOAc €. Combined organic fractions were washed with brine, dried over
MgSQ and concenéted. The crude residue was purified by flash chromatography on silica

gel using a gradient of hexanes and EtOAc to isolated the desired product.
5-(2-(4-Fluorophenyl)-1-phenylethyl)-2,2-dimethyl-1,3dioxane-4,6-dione (1.5a)

\ Prepared according to GemeProcedure B. Purification by flash column

chromatography on silica gel eluting with a gradient from 1:4 to 1:2
O O EtOAc:hexanes afforddd5a(61 mg, 18% yield) as a waxy beige $dlid.

F NMR (300 MHz, CDG) 7.327.15 (m, 9H), 4.54 (s, 1H), 2.03 (s, 384, 1

(s, 3H), 1.48 (s, 3HJC NMR (75 MHz, CDG) 162.7 (C), 162.4 (C), 159.9€d243.9 Hz,

C), 140.0 (C), 137.1 (C), 129.1 (CH), 128.6 (CH), 128.4 (CH), 127.1(CH))£1807(d,

Hz, CH), 105.1 (C), 55.1 (CH), 49.6 (C), 31.3,(2811 (Ch), Z.5 (CH). MS data could

not be collected on these samples.
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5-(2-(4-Chlorophenyl)-1-phenylethyl}-2,2dimethyl-1,3dioxane-4,6-dione (1.5b)

Y4 Prepared according to General Procedure B. Purification by flash column
chromatography on silica gel eluting witigradient from 1:4 to 1:2

O O EtOAc:hexanes affordddbb(54 mg, 15% yield) as a white sttidNMR
cl (300 MHz, CDCI3) 7.3215 (m, 9H), 4.54 (s, 1H), 2.03 (s, 3H), 1.64 (s,
3H), 1.48 (s, 3HYC NMR (75 MHz, CDCI3)164.2 (C), 164.0 (C), 140.3 (C), 188,432.7
(C), 130.6 (CH), 128.8 (CH), 128.6 (CH), 128.4 (CH), 127.3 (CH), 105.2 (C), 53.4 (CH), 49.7
(C), 29.3 (Ch), 28.1 (CH), 27.4 (CH. MS data could not be collected on these samples.

General Procedure @ Conjugate Alkynylation of Alkylidene Mé dr umds Aci ds
with Alkynylalane: (~-Bu)-AI6CCR

To a flamedried round bottom flask equipped with a stir bar and septum, was added
i-BlAIH (3.0 equiv, 1.0M in hexanes) and triethylamine (0.15 equhg,rasdlting mixture
wascooled to 0 °C. Tdts solution was added the alkyne (4.5 equiv) dropwise and stirred at
this temperature for 3 h before letting it warm up to rt over 9 h. The resulting alkynylalane

reagent was used without further purification.

A solution of the alkynylalane was coaddl 1C and a solution &f4b(0.40 mmol,
1.0 equiv) in toluene (4.0 mL) was added dropwise over ~30 min, and the mixture was allowed
to gradually warm to rt. Reaction progress was monitored by working up aliquots every 6 h,
where reaction was typicallynpdete within 24 h. The reaction was quenched upon the slow
addition of a saturated solution of sodium potassium tartrate (5.0 mL) and stirred for 10 min.
The solution was poured into a separatory funnel, and the flask was rinsed with EtOAc (2
5 mL) andc% HCI (5 mL). The layers were partitioned and the aqueous layer was extracted
with EtOAc (%) and combined organic layers were washed with brined(@2d over
anhydrous MgSgfiltered and concentrated. After analysis of the crude reaction mixture by
'H NMR, the residue was dissolved inCland concentrated onto a small amount of silica
gel. The silica gel dried with the crude product was then loaded to the top of a packed silica
gel column, and the products were isolated by flash column chrormgtagiag the

indicated solvent gradient.
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General Procedure D® Preparation of Alkynylalane Reagents: MAIGCCR

A procedure reported by Corey and coworkers was adapttainedried round
bottom flask flushed with argand equipped with a magnetic stirrer was charged with the
alkyne (1.4 mmol, 1 equiv) and THF (1.0 M relative to alkyne), and c&fl€dtaro this
solution, 2.5 M-BuLi in hexanes (1.4 mmol, 1 equiv) was added dropwise and stirred for 30
min followedby the dropwise addition of 1.0 MJMEI in hexanes (1.4 mmol, 1 equiv). The
reaction mixture was gradually allowed to warm to 0 °C and then stirred for 4 h at this
temperature. The solvent was then removed in vacuo and the residue was redissolved in a
tolueneEt,O mixture (6:1, 1.3 M relative to alkyne) resulting in a suspension. The supernatant
was carefully cannulated leaving the precipitate behind and used in further reactions below. It
should be noted that identical results are obtained in the @rasdrabsence of the LIiCl
salts generated. Thus, an alternate approach preparing the alkynylaluminum reagents directly
in EtO and then diluting with toluene (6X relative t®JEgave identical results to the

method given above.

General Procedure BB Preparation of Alkynyl Grignard Reagents:

A flamedried round bottom flask flushed with argon, equipped with a magnetic stirrer
and a septum, was charged with the alkyne (1.4 mmol, 1 equiv) and THF (0.5 M relative to
alkyne). This solution was cooled t@ @ollowed by the dropwise addition of 2.i6RvMgCl
in THF (1.4 mmol, 1 equiv) and stirred at this temperature for 15 min. The reaction mixture
was then removed from the ice bath and stirred for an additional 2 h to form the alkynyl

Grignard that was wsén further reactions.

General Procedure Fo Al kynyl ati on of Al kyl i dene Me |

AlkynylAlMe:
N %o
6" O R3—=——AlIMe,
o | o (3.5 equiv.) o} ¢}
Toluene
X
R OR2 oec-m16h R 1 \N\ps
R2
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A flamedried round bottom flask flushed with argon, equipped with a magnetic stirrer
and a septum, was c¢har ged4Dmmaltl.0eqa)dngtbliciee ne Me
(2.0 mL). The mixture was stirred at ambient temperature for 10 min. The solution was then
cooled to O °C followed by the dropwise addition of the alkynylalane solution (1.4 mmol, 3.5
equiv, prepared by General ProcedureTbg reaction was gradually warmed to room
temperature and stirred for 16 h. The reaction was quenched upon the slow addition of a
saturated solution of sodium potassium tartrate (5.0 mL) and stirred for 10 min. The solution
was poured into a separatamyrfel, and the flask was rinsed with EtOAS(L) and 5%

HCI (5 mL). The layers were partitioned and the aqueous layer was extracted witk EtOAc (3
and combined organic layers were washed with brxinadfidd over anhydrous MgSO
filtered and concémated. After analysis of the crude reaction mixtdke MR, the residue

was dissolved in GElband concentrated onto a small amount of silica gel. The silica gel dried
with the crude product was then loaded to the top of a packed silica gel coluh®, an

products were isolated by flash column chromatography using the indicated solvent gradient.

General Procedure G Al kynyl ati on of Al kyl i dene Mel dr

>< R3—=—MgClI
(3.5 equiv.)
THF

-rt, 10 h

Grignards

A flamedried flask, purged with argon and equipped with aetitagtirrer and
septum, charged with alkylidene Meldrumds ac
cooled using an ice bath followed by the dropwise addition of the alkynyl Grignard. The
reaction mixture was gradually warmed to room temperatstieraddor 10 h. The reaction
was quenched upon the addition of deionized water and stirred for 10 min. The contents were
poured into a separatory funnel, and the flask was rinsed with EtxC8\m({9 and 5% HCI
(5 mL). The aqueous layer was extradtedEt®OAC (3¢), and combined organic layers were
washed with brineX2, dried over anhydrous Mg$Sfitered and concentrated. After analysis
of the crude reaction mixture By NMR, the residue was dissolved in,@Hand

concentrated onto a small amaafrdilica gel. The silica gel dried with the crude product was
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then loaded to the top of a packed silica gel column and the products were isolated by flash

column chromatography using the indicated solvent gradient.

5-(2-(4-Chlorophenyl)-4-phenylbut-3-yn-2-yl)-2,2-dimethyl-1,3dioxane-4,6-dione
(1.10a)

o><o Prepared according General Procedure C. Purification by flash column

o chromatography on silica gel eluting with a gradient from 1:4 to 1.2
N EtOAc:hexanes afforded10a114 mg, 75%) as a waxy white stiid.

cl " NMR (300 MHz, CDG) 7.57 (dJ)= 8.5 Hz, 2H), 7.49.46 (ddJ= 7.6,
6.6 Hz, 2H), 7.34.30 (m, 5H), 3.91 (s, 1H), 2.01 (s, 3H), 1.70 (s, 3H), 1.58%€, SMIR
(75 MHz, CDG) 162.7 (C), 162.5 (C), 140.8 (C), 133.3 (C), 131.7 (CH), 128.5 (€H), 128
(CH), 128.2 (CH), 128.0 (CH), 122.3 (C), 105.2 (C), 89.9 (C), 87.8 (C), 56.8 (CH ), 42.9 (C),
29.0 (CH), 28.5 (Ch), 27. 9 (CH; HRMS (DART)n/z calcd for GH23CINO4 (M + NH.,)*:
400.13156. Found: 400.13167.

(0]

5-(2-(4-Chlorophenyl)oct3-yn-2-yl)-2,2-dimethyl-1,3dioxane-4,6-dione (1.10b)

OXO Prepared according General Procedure C. Purification by flash
o o column chromatography on silica gel eluting with a gradient from 1:4
N to 1:2 EtOAc:hexanes afforded 0b(31 mg, 22%) as a waxy beige
“ solid.*H NMR (300 MHz, CDC}) 7.53 (dJ= 8.6 Hz, 2H), 7.32 (d,

= 8.6 Hz, 2H), 3.81 (s, 1H), 2.25&,6.7 Hz, 2H), 1.91 (s, 3H), 1.66 (s, 3H)-1.36 (m,

7H), 0.88 (tJ= 7.2 Hz, 3H)**C NMR (75 MHz, CDG) 163.1 (C), 162.8 (C), 141.0 (C),
132.8 (C), 128.3 (CH)27.9 (CH), 105.1 (C), 86.9 (C), 80.9 (C), 56.9 (CH), 43.1 (C), 30.1
(CH,), 30.0 (Ch), 29.1 (CH), 27.8 (CH), 21.9 (Ch), 18.4 (Ch), 13.5 (Ch); HRMS (DART)

m/z calcd for GHCINO4 (M + NH,)*: 380.16286. Found: 380.16297.
5-(2,4Diphenylbut-3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6-dione (1.10c)

hY4 Prepared according to general procedure F and G. Purification by flash
o O

o column chromatography on silica gel eluting with a gradient from 1:4 to 1:2
T EtOAc:hexanes afforddd10q107 mg, 77% yield by procedard 13 mg,

i 81% yield by procedure G) as an off white solid. Mg8 82;H NMR (300

O
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MHz, CDC}) 7.61 (dJ= 7.6 Hz, 2H), 7.58.47 (m, 2H), 7.37.28 (m, 6H), 3.91 (s, 1H), 2.04

(s, 3H), 1.68 (s, 3H), 1.49 (s, 3NMR (75 MHz, CDG) 163.1 (C),&2.8 (C), 141.9 (C),

131.8 (CH), 128.4 (CH), 128.3 (CH), 127.6 (CH), 126.5 (CH), 122.6 (C), 105.3 (C), 90.4 (C),
86.8 (C), 57.1 (CH), 43.7 (C), 29.1XC29.0 (Ch), 27.8 (CH; HRMS (DART)n/z calcd

for CoH1d04 (M): 347.12888. Found: 347.12890.

2,2-Dimethyl-5-(2-phenyloct-3-yn-2-yl)-1,3dioxane-4,6-dione (1.10d)

\ Prepared according to General Procedure F and G. Purification by flash
o° O
o o column chromatography on silica gel eluting with a gradient from 1:4 to
T 1:2 EtOAc:hexanes affordédl0d(99 mg, 75% gid by procedure F;

111 mg, 85% by procedure G) as a white solid. MZp.T7'H NMR
(300 MHz, CDG) 7.53 (dJ= 7.5 Hz, 2H), 7.38.24 (m, 3H), 3.79 (s, 1H), 2.224,6.9
Hz, 2H), 1.90 (s, 3H), 1.66 (s, 3H),-1.88 (m, 7H), 0.90 (= 7.2 Hz 3H);“C NMR (75
MHz, CDC}) 163.4 (C), 162.9 (C), 142.7 (C), 128.3 (CH), 127.3 (CH), 126.4 (CH), 105.1 (C),
87.5 (C), 80.9 (C), 57.2 (CH), 43.4 (C), 304, (@30 (Ch), 29.1 (CH), 27.9 (Ch), 21.9
(CHy), 18.6 (Ch), 13.6 (Ch); HRMS (DART)mM/z cdcd for GH2aN1O4 (M + NH4)*:
346.20183. Found: 346.20249.

2,2Dimethyl-5-(2-phenyl-4-(trimethylsilyl)but -3-yn-2-yl)-1,3dioxane-4,6-dione
(1.10e)
\/ Prepared according to General Procedures F and G. Purification by flash
7 column chromatography on silichedating with a gradient from 1:4 to 1:2
EtOAc:hexanes afforddd10€114 mg, 83% yield by procedure D; 117 mg,
™S 85% yield by procedure E) as an off white solid. M& €7 'H NMR
(300 MHz, CDG) 7.55 (dJ= 7.2 Hz, 2H), 7.3%.24 (m, 3H), 3.82 (1), 1.94 (s, 3H), 1.66
(s, 3H), 1.54 (s, 3H), 0.21 (s, B)NMR (75 MHz, CDG) 163.0 (C), 162.7 (C), 141.8 (C),
128.3 (CH), 127.4 (CH), 126.4 (CH), 106.6 (C), 105.1 (C), 91.5 (C), 56.9 (CH), 43.8 (C), 29.4
(CHy), 29.0 (CH), 27.9 (CH), -0.14 (CH); HRMS (DART)M/z calcd for GH240.Si (M):
343.13711 Found: 343.13734.

(@]
O (0]
X
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5-(4-Cyclohexyt2-phenylbut-3-yn-2-yl)-2,2-dimethyl-1,3dioxane-4,6-dione (1.10f)

OMO Prepared according to General Procedures F and G. Purification by flash
° column chromatography eilica gel eluting with a gradient from 1:4 to

T 1:2 EtOAc:hexanes afforded 0{123 mg, 87% vyield by procedure D; 120

mg, 85% vyield by procedure E) as a white solid. M/@. €9'H NMR

(300 MHz, CDG) 7.55 (dJ= 7.4 Hz, 2H), 7.3%.22 (m, 3H), 3.78, 1H), 2.582.44 (m,

1H), 1.91 (s, 3H), 1&1L.78 (broad m, 2H), 18270 (broad m, 2H), 1.65 (s, 3H),d1519

(m, 6H), 1.381.28 (m, 3HY*C NMR (75 MHz, CDG) 163.4 (C), 163.0 (C), 142.7 (C), 128.2

(CH), 127.3 (CH), 126.5 (CH), 105.1 (C), 91.81@ (C), 57.3 (CH), 43.4 (CH), 32.5)(CH

30.0 (CH), 29.1 (CH), 29.0 (GK127.8 (CH), 25.9 (Ch), 24.7 (Ch; HRMS (DART)N/z

calcd for GH2504 (M): 353.17583. Found: 353.17606.

o}

2,2Dimethyl-5-(2-phenylbut-3-yn-2-yl)-1,3dioxane-4,6-dione (1.10¢

A flamedried rounebottom flask flushed with argon and equipped with a
stirbar was loaded wittdc(98 mg, 0.40 mmol, 1.0 equiv) and THF (2.0 mL)

and cooled to 0 °C. Then, a solution of 0.5 M ethynylmagnesium bromide (2.4

X

O
(0]

W I°

mL, 1.2 mmol, 3.0 equiv) THF was added dropwise, and the solution was
gradually warmed to rt. The reaction mixture was allowed to stir for 10 h at ambient
temperature, and was quenched upon the addition of deionized water and stirred for 10 min.
The solution was poured into a safmy funnel, and the flask was rinsed with EtOAc (2
5 mL) and 5% HCI (5 mL). The aqueous layer was extracted with Bt)aodXombined
organic layers were washed with brimg, (@ried over anhydrous MgS@iltered and
concentrated. After analysisthe crude reaction mixture By NMR, the residue was
dissolved in CKCLand concentrated onto a small amount of silica gel. The silica gel dried
with the crude product was loaded to the top of a packed silica gel column and the products
were isolatedy flash column chromatography on silica gel eluting with a gradient from 1:4 to
1:2 EtOAc:hexanes affordéd Ogas an off white solid (91 mg, 86% vyield).

Alternatively,1.10gwas also prepared by the following procedure: A-dlaeake

roundbottom flak equipped with a magnetic stirbar was loaded .Witq0.6 mmol, 1.0
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equiv) and THF (100 mL, 0.006 M) and cooled in an ice bath. A 1.0r\Nbtegtammonium
fluoride solution (3.0 mL, 3.0 mmol, 5 equiv) was subsequently added to the sbliifien of

The mixture was allowed to warm to room temperature and continued to stir for 2 h. The
crude mixture was diluted with,@&t and the organic phase was washed with saturated
aqueous NECI (20 mL), followed by waterX30 mL). The combined organic layesse

dried over MgSgQfiltered, and concentrated in vacuo resulting in yellow oil. Purification by
flash chromatography on silica gel eluting with a gradient from 1:3 EtOAc:hexanes afforded
1.10g(132 mg, 81% yield ) as an off white solid. Mip06€;'"H NMR (300 MHz, CDG)

7.55 (dJ= 7.5 Hz, 2H), 7.38.26 (m, 3H), 3.95 (s, 1H), 2.59 (s, 1H), 1.97 (s, 3H), 1.70 (s,
3H), 1.53 (s, 3H¥C NMR (75 MHz, CDG) 162.5 (C), 162.2 (C), 141.6 (C), 128.4 (CH),
127.4 (CH), 126.2 (CH), 105.1 (C), 85.2 (B)(QHl), 56.6 (CH), 42.2 (C), 28.94CEB.1

(CHs), 28.0 (CH; HRMS (DART)n/z calcd for GH-0N104 (M + NH4)": 290.13923. Found:
290.13979.

5-(5-Hydroxy-2-phenylpent 3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6-dione (1.10h)

\ Prepared according to modiftédneral Procedure F: A flaaged round
(0]

bottom flask flushed with argon and equipped with a magnetic stirrer was

o
o}
X o charged with propargyl alcohol (0.10 mL, 1.72 mmol, 4.0 equid in Et

(1.7 mL, 1.0 M) and cooled-&0 °C. To this solution, 2.5 MBuLi in
hexanes (1.37 mL, 3.44 mmol, 8.0 equiv) was added dropwise and stirred for 30 min followed
by the dropwise addition of 1.0 M:MEI in hexanes (3.44 mL, 3.44 mmol, 8.0 equiv). The
reaction mixture was gradually allowed to warm to 0 °C over 30 mimastairéeefor 4 h
at this temperature. The solution was diluted with toluene (10 mL) and subsequently added
dropwise to a solution &f4c(106 mg, 0.43 mmol, 1.0 equiv) in toluene (2.0 mL) at 0 °C. The
reaction mixture was gradually warmed to rt ancedllimnastir for 16 h. The reaction was
guenched upon the addition of a saturated solution of sodium potassium tartrate (5.0 mL) and
stirred for 10 min. The mixture was poured into a separatory funnel, and the flask was rinsed
with EtOAc (2x 5 mL) and 5% HICThe layers were partitioned and the aqueous layer was
extracted with EtOAc €. The combined organic layers were washed with brjndr{@d
over anhydrous MgS@iltered and concentrated. After analysis of the crude reaction mixture

by '*H NMR, theresidue was dissolved in CHand concentrated onto a small amount of
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silica gel. The silica gel dried with the crude product was then loaded to the top of a packed
silica gel column and the products were isolated by flash column chromatographyheluting w
1:2 EtOAc:hexanes that affordedlOh(93 mg, 72% yield) as an off white solid.

Similarly, a modified General Procedure of G: A -thi®e rounebottom flask
flushed with argon, equipped with a magnetic stirrer and a septum, was charged with propargy
alcohol (0.10 mL, 1.72 mmol, 4.0 equiv) and THF (3.4 mL, 0.5 M) and cooled to 0 °C. Then,
2.0 Mi-PrMgCl in THF ( 1.72 mL, 3.44 mmol, 2.0 equiv) was added dropwise and the reaction
mixture was stirred and gradually warmed up to rt over 2 h. The addhm®irignard
alkynylide was done according to General Procedure G. Purification by flash column
chromatography on silica gel eluting with 1:2 EtOAc:hexanes atfd@gd@0 mg, 54%
yield) as an off white solid. M.p-8P<T. 'H NMR (300 MHz, CDG) 7.52 (dJ= 7.5 Hz,
2H), 7.34 (app 8= 7.4 Hz, 2H), 7.27 (d,= 7.1 Hz, 1H), 4.34 (s, 2H), 3.90 (s, 1H), 1.98
(broad s, 1H), 1.95 (s, 3H), 1.69 (s, 3H), 1.48 ($*\BNWVR (75 MHz, CDG) 162.8 (C),
162.5 (C), 141.6 (C), 128.4 (CH), 127.6 (Céi% (@H), 105.2 (C), 87.2 (C), 84.5 (C), 56.8
(CH), 51.2 (Ch), 42.6 (C), 28.6 (G}128.4 (CH), 27.9 (Ck); HRMS (DART)n/z calcd for
CiH2N10s5 (M + NHJ,)*: 320.14980. Found: 320.15064.

5-(6-Hydroxy-2-phenylhex3-yn-2-yl)-2,2-dimethyl-1,3dioxane-4,6-dione (1.10i)

OXO Prepared according to same procedure used for the preparhti@ of
o using 3utynl-ol. Purification by flash column chromatography on

T silica gel eluting with 1:2 EtOAc:hexanes affdrd®d79 mg, 69% yield

by procedure D; 57 mg, 50%rgcedure E) as a white solid. M.p. 91
95 C;'H NMR (300 MHz, CDG) 7.51 (dJ= 7.4 Hz, 2H), 7.3%.26 (m, 3H), 3.81 (s, 1H),
3.76 (tJ= 5.8 Hz, 2H), 2.51 (broadlts 5.9 Hz, 3H), 1.96 (s, 3H), 1.63 (s, 3H), 1.21 (s, 3H);
3C NMR (75 MHz, CDG) 163.5 (C), 162.9 (C), 141.1 (C), 128.5 (CH), 127.7 (CH), 126.7
(CH), 105.5 (C), 84.2 (C), 83.9 (C), 61.3) ®&AB (CH), 43.3 (C), 29.0 ¢;t28.4 (Ch),
27.5 (CH), 23.5 (Ch); HRMS (DARTM/z calcd for GH24N10s (M + NH,)*: 334.16545.
Found: 334.16585.

(0]

39



2,2-Dimethyl-5-(2-(p-tolyl)-4-(trimethylsilyl)but -3-yn-2-yl)-1,3dioxane-4,6-dione
(1.10j)
OXO Prepared according to General Procedures F and G. Purification by flash
o column chromatography on silica gel eluting with a gradient from 1:4 to
N 1:2 EtOAc:hexanedfordedl.10j(110 mg, 77% yield by procedure D;
Me ™ 117 mg, 82% yield by procedure E) as an off white solid. 4’06
'H NMR (300 MHz, CDG) 7.42 (dJ= 7.9 Hz, 2H), 7.14 (d= 7.9 Hz, 2H), 3.77 (s, 1H),
2.32 (s, 3H), 1.91 (s, 3H), 1.66 (s, 369, (5, 3H), 0.19 (s, 9FC NMR (75 MHz, CDG)
163.1 (C), 162.8 (C), 138.8 (C), 137.1 (C), 129.0 (CH), 126.4 (CH), 106.8 (C), 105.2 (C), 91.3
(C), 57.0 (CH), 43.6 (C), 29.4 {CH9.1 (Ch), 28.0 (CH), 20.9 (Ch), -0.1 (CH); HRMS

(DART) m/z calcd 6r CHaNOLSi (M + NHy)*: 376.19441. Found: 376.19427.

(0]

5-(2-(4-Methoxyphenyl)-4-(trimethylsilyl)but -3-yn-2-y1)-2,2dimethyl-1,3dioxane-4,6-
dione (1.10Kk)
OXO Prepared according to General Procedures F and G. Purification by
o flash column chromatography ditaigel eluting with a gradient from
T 1:4 to 1:2 EtOAc:hexanes affordedOk (136 mg, 91% vyield by
MeO ™ procedure D; 138 mg, 92% yield by procedure E) as a pale yellow solid.
M.p. 8082 °C;'H NMR (300 MHz, CDG) 7.45 (dJ= 8.9 Hz, 2H), 6.85 (d= 8.9 Hz,2H),
3.77 (s, 3H), 3.73 (s, 1H), 1.91 (s, 3H), 1.64 (s, 3H), 1.53 (s, 3H), 0.18QNMR)(75
MHz, CDC}) 163.1 (C), 162.9 (C), 158.8 (C), 133.5 (C), 127.8 (CH), 113.5 (CH), 107.0 (C),
105.2 (C), 91.2 (C), 57.1 (CH), 55.2)(@8.4 (C), 29.4 (GH29.1 (CH), 27.9 (CH),-0.13
(CHs); HRMS (DART)m/z calcd for GHsNOsSi (M + NH,)™: 392.18932. Found:

392.18948.

(0]

5-(2-(4-Fluorophenyl)-4-(trimethylsilyl)but -3-yn-2-yl)-2,2-dimethyl-1,3dioxane-4,6
dione (1.10I)
OMO Prepared according to General Proeedk and G. Purification by flash
o column chromatography on silica gel eluting with a gradient from 1:4 to
T 1:2 EtOAc:hexanes affordédl0I(108 mg, 75% yield by procedure D;
T™MS

F 122 mg, 84% vyield by procedure E) as a white solid. ®.°C?*H
NMR (300 MK, CDCY) 7.5467.49 (m, 2H), 7.01 @~ 8.6 Hz, 2H), 3.75 (s, 1H), 1.92 (s,

O
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3H), 1.67 (s, 3H), 1.59 (s, 3H), 0.19 (s,"8HNMR (75 MHz, CDG) 162.9 (C), 162.7 (C),
161.9 (dJ= 245.2 Hz, C), 137.5 @ 3.2 Hz, C), 128.4 (d= 8.1 Hz, CH), 11b.(d,J=
21.4 Hz, CH), 106.4 (C), 105.2 (C), 91.7 (C), 56.9 (CH), 43.2 (C),3228B.&C{€H), 28.0
(CHy), -0.15 (CH); HRMS (DART)M/z calcd for @H>FNO.Si (M + NH,)": 380.16934.
Found: 380.17003.

5-(2-(4-Chlorophenyl}4-(trimethylsilyl)but -3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6
dione (1.10m)

o><o Prepared according to General Procedures F and G. Purification by flash

o column chromatography on silica gel eluting with a gradient from 1:4 to
§ 1:2 EtOAc:hexanes afforded0m(131 mg, 85% yield by procedD;

cl ™S 125 mg, 83% yield by procedure E) as a waxy whité&sbIMR (300
MHz, CDCY) 7.48 (dJ= 8.6 Hz, 2H), 7.29 (d= 8.6 Hz, 2H), 3.78 (s, 1H), 1.90 (s, 3H), 1.68
(s, 3H), 1.62 (s, 3H), 0.18 (s, $¥@)NMR (75 MHz, CDG) 162.7 (C), 162.5 (C3016 (C),
133.2 (C), 128.4 (CH), 128.0 (CH), 106.1 (C), 105.1 (C), 91.8 (C), 56.6 (CH), 43.2 (C), 29.4
(CHy), 28.7 (Ch), 28.1 (CH),-0.15 (CH); HRMS (DART)M/z calcd for GH.CINO.Si (M
+ NH 4)": 396.13979. Found: 396.139809.

(e}

2,2Dimethyl-5-(2-(4-(trifl uvoromethyl)phenyl}4-(trimethylsilyl)but -3-yn-2-yl)-1,3
dioxane-4,6dione (1.10n)

\ Prepared according to General Procedures F and G. Purification by
0} (0]
5 o flash column chromatography on silica gel eluting with a gradient from
T 1:4 to 1:2 EtOAc:hexanes affordetlOn (146 mg, 88% vyield by
M
FsC =™ procedure D; 147 mg, 89% yield by procedure E) as white solid. M.p.

71-73 °C;'H NMR (300 MHz, CDG) 7.68 (dJ= 8.4 Hz, 2H), 7.59 (d7= 8.5 Hz, 2H), 3.87

(s, 1H), 1.93 (s, 3H), 1.71 (s, 3H), 1.65 (s, 3H), 0.19 ¥ BHJR (75 MHz, CDG) 162.6

(©), 162.4 (C), 146.4 (C), 129.4£32.4 Hz, C), 126.8 (CH), 125.3)g,3.6 Hz, CH),
124.0 (g)= 270.4 Hz, Cf, 105.7 (C), 105.0 (C), 92.0 (C), 56.3 (CH), 43.2 (C), 2.4 (CH
28.3 (CH), 28.1 (CH), -0.27 (CH); HRMS (IART) m/z calcd for GH2#3NO.Si (M +
NH,)": 430.16614. Found: 430.16574.
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2,2-Dimethyl-5-(2-m-tolyl-4-(trimethylsilyl)but -3-yn-2-yl)-1,3dioxane-4,6-dione
(1.100)

\/ Prepared according to General Procedures F and G. Purification by
9 flash column chromatogtapon silica gel eluting with a gradient from
(6] 6}
Me « 1:4 to 1:2 EtOAc:hexanes affordedOo (117 mg, 82% yield by
X

Me TMS  procedure D; 122 mg, 85% yield by procedure E) as a white solid. M.p.
97-99 °C:!H NMR (300 MHz, CDG) 7.347.32 (m, 2H), 7.22 (dik 7.5 Hz, 6 Hz, 2H),
7.07 (dJ= 7.3 Hz, 1H), 3.79 (s, 1H), 2.35 (s, 3H), 1.91 (s, 3H), 1.66 (s, 3H), 1.53 (s, 3H), 0.20
(s, 9H)C NMR (75 MHz, CDG) 163.1 (C), 162.8 (C), 141.7 (C), 137.9 (C), 128.2 (CH),
127.2 (CH), 123.5 (CH) 106.8 (C), 105.2 (C), 9156 &JCH), 43.9 (C), 29.5 @5+29.1
(CHy), 27.9 (CH), 21.6 (CH),-0.12 (CH); HRMS (DART)/z calcd for GHaNO.Si (M +
NH,)": 376.19441. Found: 376.19411.

5-(2-(3-Methoxyphenyl)-4-(trimethylsilyl)but -3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6
dione (110p)
\ Prepared according to General Procedures F and G. Purification by
9 flash column chromatography on silica gel eluting with a gradient from
; 1:4 to 1:2 EtOAc:hexanes affordedOp(126 mg, 84% yield by
Me TMS  procedure D; 114 mg, 76% yield by procedure Byhiseasolid. M.p.
116118 °CH NMR (300 MHz, CDG) 7.24 (tJ= 8.0 Hz, 1H), 7.14 (dd= 2.1 Hz, 1.8
Hz, 1H), 7.08 (d]= 7.6 Hz, 1H), 6.79 (dd= 7.9 Hz, 2.3 Hz, 1H), 3.82 (s, 1H), 3.79 (s, 3H),
1.91 (s, 3H), 1.66 (s, 3H), 1.57 (s, 3H), 0.2B)s$3C NMR (75 MHz, CDG) 163.0 (C),
162.6 (C), 159.4 (C), 143.6 (C), 129.2 (CH), 118.4 (CH), 112.8 (CH), 112.6 (CH), 106.5 (C),
105.1 (C), 91.5 (C), 56.7 (CH), 55.%)(@3.8 (C), 29.6 (GK28.9 (CH), 28.0 (Ch),-0.14
(CHs); HRMS (DART)m/z cald for GoHsdNOsSi (M + NHy)™: 392.18932. Found:
392.18972.
5-(2-(2-Fluorophenyl)-4-(trimethylsilyl)but -3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6
dione (1.10s)

\ Prepared according to General Procedures F and G. Purification by flash

O
MeO

O
column chromatography ailica gel eluting with a gradient from 1:4 to 1:2

o
(6]
N o EtOAc:hexanes afforddd10956 mg, 39% yield by procedure D; 39 mg,
F 27% yield by procedure E) as a cleatbMMR (300 MHz, CDG) 7.82

O
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(dt,J= 8.1 Hz, 1.5 Hz, 1H), 7.87.23 (m,1H), 7.15 (= 7.3Hz, 1H), 7.086.95 (m, 1H),
4.45 (dJ)= 5.7 Hz, 1H), 1.97 (s, 3H), 1.75 (s, 6H), 0.19 (s“*SHYMR (75 MHz, CDG)
162.9 (C), 162.5 (C), 159.9242.2 Hz, C), 129.9 (it 10.2 Hz, C), 129.7 (¥ 4.0 Hz,
CH), 129.1 (d]= 8.9 Hz, CH), 124.@,J= 2.9 Hz, CH), 115.9 (d= 23.5 Hz, CH), 105.3
(C), 104.6 (C), 91.9 (C), 53.89¢d7.1 Hz, CH), 42.1 (d= 3.4 Hz, C), 28.5 (GH 28.2 (d,
J=2.6 Hz, CH), 27.7 (CH),-0.10 (CH); HRMS (DART)n/z calcd for GH-#ANO.Si (M +
NH,)": 380.1698 Found: 380.17018.

2,2-Dimethyl-5-(2-(naphthalen-2-yl)-4-(trimethylsilyl)but -3-yn-2-yl)-1,3dioxane-4,6
dione (1.10u)
\ Prepared according to General Procedures F and G. Purification by flash

o
column chromatography on silica gel eluting with a gradrerit:# to

(0]
O 6}
OO T o 1:2 EtOAc:hexanes afforded 0u120 mg, 76% vyield by procedure D;

132 mg, 84% yield by procedure E) as beige solid. MI1.010ZH

NMR (300 MHz, CDG) 8.04 (s, 1H), 7.84.81 (m, 3H), 7.63 (@ 8.7 Hz, 1H)7.4%67.44
(m, 2H), 3.93 (4H), 2.01 (s, 3H), 1.67 (s, 3H), 1.57 (s, 3H), 0.24 (SCIMYR (75 MHz,
CDCE) 163.2 (C), 162.7 (C), 139.2 (C), 133.0 (C), 132.5 (C) 128.3 (CH), 128.0 (CH), 127.5
(CH), 126.2 (CH), 125.8 (CH), 124.1 (CH), 106.7 (C), 105.2 (C), 92.0 (C), 58.0(CHl), 4
29.5 (CH), 29.0 (Ch), 28.1 (CH),-0.069 (CH); HRMS (DARTM/z calcd for GHzdNO4Si

(M + NH,)": 412.19441. Found: 412.19541.

5-(2-(Furan-2-yl)-4-(trimethylsilyl)but -3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6-dione
(1.10v)
\ Prepared according toe@eral Procedures F and G. Purification by flash

o}
column chromatography on silica gel eluting with a gradient from 1:4 to 1:2

o
O O
\OI T EtOAc:hexanes afforddd10v96 mg, 72% yield by procedure D; 99 mg,
™ 749% yield by procedure E) as a yellod-bHMR (300 MHz, OCl:) 7.33
(s, 1H), 6.31 (s, 2H), 4.00 (s, 1H), 1.88 (s, 3H), 1.74 (s, 3H), 1.72 (s, 3H), 0*15 KBVISH);
(75 MHz, CDG) 162.6 (C), 162.1 (C), 154.5 (C), 141.8 (CH), 110.7 (CH), 106.7 (CH), 105.1
(C), 104.4 (C), 89.7 (C), 54.1 (CH), 39.2 (C)(@8:y 26.7 (Ch), -0.18 (CH); HRMS

(DART) m/z calcd for GH2NOsSi (M + NH,)*: 352.15802. Found: 352.15846.
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2,2-Dimethyl-5-(4-methyl-3-phenyl-1-(trimethylsilyl)pent-1-yn-3-yl)-1,3dioxane-4,6
dione (1.10w)

Y Prepared according to General Proceduresl IGaRurification by flash
(O]
5 o column chromatography on silica gel eluting with a gradient from 1:4 to 1:2
T EtOAc:hexanes afforddd10w(98 mg, 66% yield by procedure D; 124 mg,
i-Pr TMS

84% vyield by procedure E) as a waxy white $8liNMR (300 MHz,
CDCH) 7.53 (dJ= 7.2 Hz, 2H), 7.3%7.26 (m, 3H), 3.94 (s, 1H), 34fipseptet]= 6.5 Hz,
1H), 1.55 (s, 3H), 1.26 & 6.4 Hz, 3H), 1.00 (s, 3H), 0.77Jd 6.6 Hz, 3H), 0.23 (s, 9H);
3¢ NMR (75 MHz, CDG) 163.3 (C), 162.8 (C), 138.1 (C), 128.3 (CH), CBfJ,9107.7
(CH), 105.0 (C), 103.7 (C), 93.6 (C), 54.8 (C), 53.7 (CH), 33.1 (CH),:p23.(0C{€H),
18.7 (CH), 18.5 (CH),-0.11 (CH); HRMS (DART)n/z calcd for GH3NO.Si (M + NH,)*:
390.21006. Found: 390.21013.

5-(1-Cyclohexyt1-phenyl-3-(trimethylsilyl)prop-2-ynyl)-2,2dimethyl-1,3dioxane-4,6
dione (1.10x)

OXO Prepared according to General Procedures F and G. Purification by flash

o column chromatography on silica gel eluting with a gradient from 1:4 to 1:2

T EtOAc:hexanes affordddl0x114 mg, 69%ield by procedure D; 161 mg,

™ 989 yield by procedure E) as a white solid. MA42I25CH NMR (300

MHz, CDC}) 7.52 (d)= 7.3 Hz, 2H), 7.3%.23 (m, 3H), 4.03 (s, 1H), 2.69

(broad s, 1H), 2.03 (broad s, 1H),dL&B (broad m, 1H), 1&863 (broadn, 2H), 1.57 (s,
3H), 1.481.41 (m, 2H), 1.23.16 (m, 4H), 1.07 (s, 3H), 0.23 (s, F8)NMR (75 MHz,
CDCk) 163.2 (C), 162.9 (C), 138.1 (C), 128.2 (CH), 128.0 (CH), 127.6 (CH), 104.9 (C), 104.7
(C), 93.5 (C), 54.2 (C), 53.1 (CH), 43.1 (CH), 29;2 2818 (CH), 28.3 (Ch), 27.1 (CHh),
26.4 (CH), 26.3 (Ch),-0.1 (CH); HRMS (DART)M/z calcd for GHzdNO4Si (M + NHy)*:
430.24136. Found: 430.24158.

(o)
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5-(2-Cyclopropyt1-phenyl-3-(trimethylsilyl)prop -2-ynyl)-2,2-dimethyl-1,3dioxane-
4,6dione (1.10y

\ Prepared according to General Procedures F and G. Purification by flash
O O
o o column chromatography on silica gel eluting with a gradient from 1:4 to 1:2
T EtOAc:hexanes affordddl0y(102 mg, 69% vyield by procedure D; 119 mg,

81% yield by procedure E) asoffrwhite solid. M.p. 993 °C;'H NMR
(300 MHz, CDG) 7.58 (appt dl= 7.2 Hz, 2H), 7.38.26 (m, 3H), 3.89 (s, 1H), 11929
(m, 1H), 1.62 (s, 3H), 1.48 (s, 3H),-0.8% (m, 1H), 0.67.64 (m, 1H), 0.42.39 (m, 2H),
0.19 (s, 9H)}C NMR (75 MHz, OCl) 163.2 (C), 163.2 (C), 141.1 (C), 128.2 (CH), 127.6
(CH), 127.1 (CH), 105.5 (C), 101.1 (C), 94.1 (C), 57.5 (CH), 51.5 (C) 2 27.6dBH),
17.9 (CH), 4.8 (GH 2.9 (CH), -0.2 (CH); HRMS (DARTM/z calcd for GH2s0.Si (M):
369.15276. Found869.15292.

Methyl  2-(2,2-Dimethyl-4,6-dioxo-1,3dioxan-5-yl)-2-phenyl-4-(trimethylsilyl)but -3-
ynoate (1.10z)

4 Prepared according to General Procedures F and G. Purification by flash
o” O
o o column chromatography on silica gel eluting with a gradient from.:2:4 to
[ EtOAc:hexanes afforddd104146 mg, 94% yield by procedure D; 142 mg,

coMe " 929% yield by procedure E) as an off white solid. M414B49CH NMR
(300 MHz, CDG) 7.71 (dJ= 7.2 Hz, 2H), 7.3¥7.29 (m, 3H), 4.92 (s, 1H), 3.72 (s, 3H), 1.85
(s, 3H), T3 (s, 3H), 0.20 (s, 9 NMR (75 MHz, CDG) 170.4 (C), 162.7 (C), 160.5 (C),
135.5 (C), 128.5 (CH), 128.1 (CH), 126.7 (CH), 104.8 (C), 100.2 (C), 93.4 (C), 55.5 (CH), 53.9
(CHy), 52.6 (C), 28.6 (GH 26.6 (Ch), -0.27 (CH); HRMS (DART)m/z calcd 6r
CoH2NO6SI (M + NHy)*™: 406.16859. Found: 406.16927.

5-(2-(4-Fluorophenyl)-4-phenylbut-3-yn-2-yl)-2,2dimethyl-1,3dioxane-4,6-dione
(1.10aa)
\ Prepared according to General Procedures C. Purification by flash column
i OO chromatography on silica gel elutmith a gradient from 1:4 to 1:2
“ EtOAc:hexanes afforddd10ag146 mg, 68% vyield) as an off white solid.
A
F " M.p. 8184 °C;'H NMR (300 MHz, CDG) 7.627.57 (m, 2H), 7.5D.46

(m, 2H), 7.32.30 (m, 3H), 7.04 (t= 8.9 Hz, 2H), 3.88 (s, 1H), 2.03 (s, 3HH9 (s, 3H),

o)
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1.55 (s, 3H)?C NMR (75 MHz, CDG) 162.4 (C), 162.2 (C), 161.61&l244.8 Hz, C),

141.1 (C), 139.1 (C), 137.1 (C), 131.8 (CH), 128.6 (CH), 128.4 (CH), 128.3 (CH)=115.2 (d,
21.4 Hz, CH), 105.4 (C), 90.3 (C), 86.8 (C), 57.6 GHJCH, 29.3 (GH 28.9 (Ch), 27.9

(CHy).

(E)-5-(2-(4-Chlorophenyl)oct3-en-2-yl)-2,2-dimethyl-1,3dioxane-4,6-dione (1.11)

O><o Prepared according to General Procedures C. Purification by flash
o o column chromatography on silica gel eluting with a gradrart:#
= to 1.2 EtOAc:hexanes affordéd 1(77 mg, 53% vyield) as a beige
cl solid *H NMR (300 MHz, CDG) 7.287.20 (m, 4H), 5.94 (d, J = 15.0

Hz, 1H), 5.55.47 (dt, J = 15.0 HZ, 9.0 HZ, 1H), 3.89 (s, 1H);208(dt, J = 9 Hz, 6 Hz,

2H), 1.72 (s, 3H).68 (s, 3H), 1.59 (s, 3H), 11378 (m, 4H), 0.87 (t, J = 9.0 Hz, 3fQ);

NMR (75 MHz, CDG) 163.0 (C), 162.8 (C), 139.6 (C), 132. 7 (CH), 131.8 (C), 128.7 (CH),
128.2 (CH), 127.8 (CH), 105.4 (C), 56.1 (CH), 44.4 (C), 33,R26CH(CH), 28.3 (CHh),

22.5 (CH), 22.1 (Ch), 13.6 (CH).

5-(6-Chloro-1-((trimethylsilyl)ethynyl)-2,3-dihydro-1H-inden-1-yl)-2,2dimethyl-1,3
dioxane-4,6-dione (1.13a)

™S L o Prepared according to General Procedure F and G. Purification by flash

o \ o column chromatography on silieh guting with a gradient from 1:4 to

° 1:2 EtOAc:hexanes affordéd 39120 mg, 77% vyield by procedure F;
116 mg, 74% by procedure G) as an off white solid. M:p272€;'H NMR (300 MHz,
CDCh) 7.32 (dJ= 1.5 Hz, 1H), 7.21 (dd= 8.0, 1.8 Hz, 1H),.13 (d,J= 8.0 Hz, 1H) 3.74
(s, 1H), 2.98.93 (m, 2H), 2.82.79 (m, 1H), 2.62.53 (m, 1H), 1.75 (s, 6H), 0.13 (s, 9H);
C NMR (75 MHz, CDG) 162.7 (C), 162.5 (C), 145.8 (C), 141.4 (C), 132.2 (C), 128.4 (CH),
125.7 (CH), 125.4 (CH), 106.3 (C),41(05), 89.7 (C), 53.5 (CH), 49.0 (C), 39.9 @b
(CH,), 28.6 (CH), 28.2 (Ch),-0.10 (CH); HRMS (DARTM/z calcd for GH»ChN1Os (M
+ NH 4)": 408.13979. Found: 408.14031.
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5-(5-Chloro-1-((trimethylsilyl)ethynyl)-2,3-dihydro-1H-inden-1-yl)-2,2dimethyl-1,3
dioxane-4,6-dione (1.13b)

™S o Prepared according to General Procedure F and G. Purification by flash

\ o  column chromatography on silica gel eluting with a gradient from 1:4 to

. © 1:2 EtOAc:hexanes affordéd 3b(122 mg, 78% vyield by procedure F;

109 mg,70% by procedure G) as an off white solid. M.p1142C;H NMR (300 MHz,

CDCk) 7.29 (dJ= 8.0 Hz, 1H), 7.18.16 (m, 2H), 3.67 (s, 1H), 285 (m, 3H), 2.58

2.51 (m, 1H), 1.75,(3H, 1.73 (s, 3H.12 (s, 9H}C NMR (75 MHz, CDG) 163.0 (§

162.7 (C), 144.8 (C), 142.5(C), 134.1 (C), 126.8 (CH), 126.6 (CH), 124.8 (CH), 106.4 (C), 105.5
(C), 89.5 (C), 53.3 (CH), 48.9 (C), 39.9 (ZFD (CH), 28.5 (CH), 28.4 (CH),-0.14 (CH);

HRMS (DART)m/z calcd for GH27ChN1Os (M + NH,)": 408.13%. Found: 408.14154.

Preparation of 3Methyl-3-phenylpent4-ynoic acid (1.14)

O><O N
[e) O  H,O:Pyridine (3:1) N 2
_—
95°C, 3 h OH
X
1.10g 1.14

Procedure based on a procedure reported by DeWafl dr umds aci d der
1.10gwas stirred in 3:1 pyridine:water (0.25 M) at 95 °C for 3 h. The solution was removed
from heat and cooled to 0 °C followed by the acidification with 12N HCI to pH 2 and extracted
with ethyl acetate. The organic extracts were washed withGhtdxield over MgSO4 and
concentrated to affortl14(90% vyield) as a white solid. M.p883C;*H NMR (300 MHz,
CDCB) 8.78 (broad s, 1H), 7.54J4,6.5 Hz, 2H), 7.3%.21 (m, 3H), 2.89 (AB, 1k 14.9
Hz, 1H), 2.83 (AB, d=14.9 Hz, 1H), 2.45 (s, 1H), 1.72 (s, 3 NMR (75 MHz, CDG)
175.5 (C), 143.5 (C), 128.4 (CH), 127.0 (CH)(C2H,B7.5 (C), 72.2 (CH), 47.5 {CBI7.9
(C), 29.6 (CH).
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Chapter 2. Formation of Complex-Butyrolactonesd Studies on Electrophilic

Cyclizatonof Prjpar gyl i ¢ Mel drumds Aci d Derivatives

2.1. Introduction

2.1.1.9-Butyrolactone A Ubiquitous Scaffold in Nature

VirtuallyalHivingorganisms produce lactomdsyt their function varies greatly from
organism to organism. For example, several species of marine organisms produce metabolites
that have antimicrobial and antifungal activity sucB.lasand 2.2 (Figure 2.1).
Cyanobacteri&¢ytonema hofin@iminate competition and ensure their survival by excreting
cyanobacteri@.3 which is toxic to other marine organisms and higher plEmsAfrican
sugaicane borerHldana sacchgrimaosecret.4 a male sex pheromone from its wing
glands and abdomen-Butyrolactonghave potential as pharmaceutical agémdse2.5

and its isometsave shown promising results in the treatment osHIV.

Antibiotic Activity Herbicide
(¢} (o}
Q R cl
"Bu O [0}
\ 9 \ X 0
\ X \ O { oz \ O OMe
Br Br O o P Bh
21 2.2 2.3
Fimbrolides | Rubrolides Cyanobacterin
Insect Pheramone HIV Treatment

o (0}
0 R' o o
) o4
OH R?
24 2.5
(+)-Eldanolide

Figure 2.1. Selected ExamplesBiblogically Active-Butyrolactones

o-Alkylidene butyrolactonese unique compared to othebutyrolactones in that

they posses®n enol lactonegroup which can function asa suicide substrat@hibiting
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enzymes witkpecificnucleophilic groups at their active si#ecording to the postulated
mechanism,acylation catalyzed by the target enzyme results in a stablzyatylcomplex,

or can undergo further irreversible reactions at proximal sikesréactive site, thereby
inhibiting enzyme activity (Figure 2.2). The potential for generating reactive species exclusively
within the active site allows for a higher degree of selectivity of these inactivators than that

exhibited by conventional affinity reagents.

Active Site o
Nu i Nu Nu {
0 e —_—
I (Q I n( ) 0 I i)n
Y n R Y v o
R

Figure 22. Proposed Mechanism of Enol Lactones as Suicide Inhibitors

Due to their biological and pharmacological importance, several synthetic approaches
have been developed to acceakylidene butyrolactores#n the following section, an

overview of methodogies that give risealkylidene butyrolactones will be discussed.

2.1.2 Synthetic Routes to-Alkylidene Butyrolactones

Several generatagegies have been reportéejr merits and shortcomings will be
discussed in the following sections.

Trarsformation of fivanembered heterocycles suebxgfuranss preformedo-
lactones and maleic anhydriddsave all been used to prepareatkylidene butyrolactane
(Scheme 2.1).-Trimethylsiloxyfurans angtylidene butyrolactone have been used as
nucleghilic synthons, whereas maleic anhydrides serve as electrophilic synthons. Although
these transformations have been employed in the synthesis of natural products such as
nostoclide 1 (Scheme 2sihg intrinsic nonstereoselective nature of these reaetsutt in
mixtures ofE and Z isomers in the absence of any overriding factors. These mixtures
considerably reduce the overall yield of a desired product, and result in tedious and difficult

separatios
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Scheme 2.1 Transformation of Fivenembered Hetecycles

T™Mso_ O 1 o oTMS o O R o) .
Oxyfurans m Richo _ © r! _acid m/rr i Ph - cl
R2 R3 Lewis Acid — or base — ! AN
RZ RS R?2 RS '
i Nostoclide |
R3 R3
(0) [e) o) o
vides  © PRs  RScHO O = o O php=cHr® © —
- Et;N I _
R’ R? R! R? R' R? R! R?

Langer initially reported the condensation of dianiondich®onyls onto the
Weinreb amide N@dimethoxyN,Nadimethylethanediamidey followed by a
compementary methodology using -ti§(trimethylsiloxy),3dienes onto oxalyl chloride
(heme 2.2).The latter approach proved to be superior to azedisdidene butyrolactone
2.6where improved yields and stereoselectivities were achieved (up to 88% isolated yields and
E:Z ratios X8:2). A drawback to this approadhas1,3bis(trimehylsiloxydl,3dienes are
not stable and can be difficult to handle at temperatures abder@Udse of decomposition,
and thus required storage at temperatures 620%C under an inert atmosphere.

Scheme 2.2Condensation of 1Bicarbonyl€Onto N,NaDimethoxyN,Na
Dimethylethanediamide and Oxalyl Chloride

Condensations

2) o Me 0
MeO. N. HO
o o “.')Sf OMe \ © o) TMSO  OTMS
3 TMSOTT (cat.
RMw Me O R3 AN R2 <—(Ca ) CI\[HJ\CI + M,@
R2 3) H;0" R' o R® R?

o
2.6

Negishi and coworkers reported a conceptually different strategy by utilizing Pd salts
to catalyze the carbonylation Bf-f-haloUb-unsaturated ketones that can be trapped by
intramolecularenols to formo-alkylidene butyrolactone (Scheme €2.3)ternatively,

acylpalladatierof internal alkynes followed by carbonylation results in the same intermediate
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as the above strategy, which can undergo cyclizatiorotalkigedene butyrolactonEhe

latter approach, although very attractive, suffers from poor regioselectivity and
stereoselectivity problems with unsymmetrically substituted alkynes. With respect to the
former intramolecular strated@)-§-halcUb-unsaturated ketones may be tedimpsepare

and require several low yielding steps.

Scheme 2.3.Pd-catalyzed Carbonylations

Pd-catalyzed Carbonylation

(6] X
R! —

3
R PdL,, base PdL, ,)

2 O 3
R 1 o, ~ . R q o
R /// \
6, R® R2 N R!

co H R2?

e

N —==
ROX + R*—=—R® pg_ base

Finally, the electrophilic lactonization of alkynoic acids offers the most propitious
route. Acidcatalyzed lactonization of-alkynoic acids generally off@xcellent
stereoselectivity,but strategies that emphyhalosuccinimides (NXS)r transition metals
(Hgss Pdgs Rhs? Agse Ausd) to catalyze the cyclization are more attractive due to mild reaction
conditions and shorter reaction times (Scheme 2.dladi#atization of alkynoic acids can
be achieved with NXS (X = I, Br, Cl), KHE&> the base and BiOH as a phaseansfer
catalyst to exclusively form Eelefin (Scheme 2.4alo enol lactones are versatile building
blocks that can undergo subseqtransformations, and are themselves potential candidates

for suicide inhibitors.

Mercurymediated lactonization have also been reported, but are only synthetically
useful for terminal alkynoic acids, where substitution at the terminus significaatythiedu
yield of the desiredalkylidene butyrolactone. Furthermore, isomerization can be an issue
with Hg* salts, presumably due to the readdition &ftdghe olefin, and poor
regioselectivity caasult inthe corresponding pyranone.
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Scheme 2.4 .Electrophilic Lactonization

O  R2CH,CO,H R R2
1) Ph——=4 Ph—— N ©
R!  Ac0, EtN \>,Rz \
150 °C, 18 h HO,C R Ph
2) ﬁ;
PdL, | or Rh(l)
base, MeCN | DCM, rt, 24 h
rt, 4 h

(0]

CO,H
L Hg* / Rz NXS, KHCOg, Bu,NOH  R! o
“oom Z DCM-H,0 \
R? rt, 1-40 h r, 1-12 h R2
X

Pd and Rh catalyzed lactonizations have also been repoetssltransition metals

suffer from the same limitations as'idgtalyzed reactiomgentioned aboybut withbetter
steree and regioselectivities whemimumresults arebtainedor bulky terminal alkyae
Noteworthy isa tandem Rdatalyzed lactonizatieross coupling reactionalkeny! halides
and triflates(Table 2.1)¢ which offers an attractive one pot approach-#tkylidene

butyrolactong that would be inaccessible with other electrophiles.

Table 2.1. Tandem P¢Catalyzed Lactonizati@ross Coupling Reactions

2 2 (0]

R R
=Z
EtsN, BuyNCI, THF A\
60°C,1h
R3
R1/R?2 R3X (% yield)
OTf
H/H
AcO
(60)
H/H Phl (82)
H/H o Xy B (55)
CO:Me / Me P“@O”
(64)
alsolated ield.
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The potential of Ag salfisr lactonization reactiom&s first shown by Castafier and
Pascualback in 1958, where malonic &iflwas converted to-alkylidene butyrolactone
2.8aby either thermal isomerization, or more smoothly in an alcohdlmnsof AQNQ at
rt (Scheme 2.5). Shortly thereafter, catalytic protocols followed and revealed the importance
of substitution at the terminal end of the alkyne, where alkyl groups result in mixaxes of 5
digand 6endo doycloadduct®.8band2.% respectively.

Scheme 2.5.Early Examples of A@atalyzed Lactonization of Alkynoic Acids

(0] O (0]
HO,C AgNOj3 (cat.
HO,C o) 2 @) ?\Aeoa'_f rt : HO.C a)190°C, neat 102C N °
\ + | P <« MeOH, 1t > COH —g——™
— A\
A\ R—= b) AgNO; (xs)
R R R

MeOH, rt

2.8a, R=Ph 2.9b, R = nBu 2.7 2.8a, R = Ph, (80-90%)
2.8b, R=nBu

With respect to transition metal catalyzed lactonization methodologies, they all start
from an alkynoic acjgrecursothattypicallyrequire several synticesteps (Scheme 8.6
As anal t ernati ve psreaeid deriativel l0ddviave doeen rafficiently
transformed to the corresponding butyrolactone®.162.13% adducts2.10 are easily
prepared in 2 steps from inexpensive starting matedalll@am for a wide range of
derivatizatiorat the benzylic positigfscheme 2.63)These compoundslsopossess an
enolizabl e Mel dr umds aac-alglpalladiumecomplextathggt can t
activated alkyne complex, affordiFigutyrolactonge2.11and2.132.13respectively. Both
Ag(l) and Pd catalyzed reactions showed excellent regioselectivity affartyirgjactone
in moderate to excellent yields. Moreover, prec@4@@&d allow for functionalization at
both U and b positions of the>-butyrolactone. It is worth mentioning that reports using
Mel drumds aci d d e rotalkyhdene butysolaccoel2and218weres or s t o
limited to terminal and aryl substituted alkgndshertore require further investigation into

substittion effects for internal alkynes

53



Scheme 2.6.a) Synthetic Step Comparison-ButyrolactoneBrecursors; b) Transition

Met al Catalyzed

2.10a,R = Ac
2.10b, R = CO,Et

2.2 Proposal

Lewis Acid

" R*0
solvent:R*OH

Figure 2.3.Pr opos al for

Acids2.14

5 steps

Pd catalyst

THF/R'OH
40-60 °C

Ag (cat.)

PhH/MeOH
85°C

Ag' (cat.)
—_—
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100 °C
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The motivation was to investigate transition metal catalyzed lactonization of
propargylic Mel @iddmdussedanche grevidus chapieg asioutiaes
Figure 2.3. Various Lewis acids from transition metals to halogens were screened to test the
reactivity oR.14towards electrophilic activation. Furthermore, previous studies using tertiary
propargylicMe | dr umd s a mvestigatddeterminakkynésvaedsaryl substituted
alkynes; the following investigations will include substituted alkynes with the aim to develop
methodologies that utiliZzl4as precursor to afford regioisom2rs5andor 2.16 This
strategy would allow for thenctionaliation ofboth Uandb positions that would otherwise
be inaccessible or require multiple steps, particularly the quaternary stereocebter at the
position.

2.3. Results and Discussion

2.3.1 Development of Reaction and Exploration of Scope

Initial effortstoprombe hal ol actoni zation of propar gy
2.14with either Bror I, resulted in formation of complex mixtures. Precautions to minimize
side reactions such as running reactions in the dark, lower temperatures and high dilutions did
not favour the formation of gole product. N-halosuccimides proved to be a more
promising source of the electrophilic halide (Table 2.2). Halolactonization of alkynoic acids
are sensitive to reaction conditions and therefore investigations were dbaeiwithind.
The importance for a nucleophilicsmvent was previously shown by our groupwaisd
again vital toAg-catalyzedactonizations, which will be discussed in more detdie
following section. Greater than one equivalent of the halasigeiwas required to observe
any reactivity, entries 1 and 2, where aifipdand NaHCQshowed depletion @f14based
on the crudé¢H-NMR spectrm. No combination of halosucemde, base and reaction
conditions screened afforded a single productath&rrcomplicated mixtures containing
either2.14aor 2.14b Entries 85 show that haloand selenmediated lactonization is
possible, albeit in poor selectivity, and the structures are solely based on impure compounds
isolated after chromatography. Femore, difficulties with the reproducibility of
halolaabnization of alkynoic products haleen reported, and analogous reproducibility
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problems witl2.15ab werealso observed. This may be due to instability of products formed.

For example, neith@:1% nor 2.15cwere observed in the cru#leNMR spectra, which

suggests that either further reactivity, such as decarboxylafidbliotakes place upon

isolation of crude products on silica gel (Figure 2.4).

Table 2.2. Halolactonization of Propargyiie | dr umds A @Ll4d Der |
o><o O
1) 6) Lewis Acid, base 2 (o)
2.14a,R'=H solvent (0.1 M) h N\
2.14b, R? = nBu Me X Me R
R 2.15
. Temp
Lewis o .
Entry R! . Base Solvent cOIT Product (% vyield)
Acid )
Nﬁlssor KsPOs0r K:CO;s  DCM:H.O or
1 H or NaHCG DCM:MeOH rt/ 24 no reaction
(1.1 (3 equiv) (10:1)
equiv) q '
NBS DCM:Hx0 or
2 H 2.5 E;:%‘gi DCM:MeOH rt/ 24 mixture
equiv) (10:1)
o O
NIS MeO (6]
3 H 25 NaHCQa 3 DCE.MeOH 65/ 4 Ph Q
; equiv) (4:1) Me
equiv) '
2.15a
mixture
0
0
NBS KsPOq4 or .
4 rmu (25 NaHCOs (3 DCM:H0 rt/16 PN nu
. . (4:1) Me
equiv) equiv) Br
2.15b
mixture
o O
PhSeB Me© i
eBr
: Ph
5 mu (L1 Et:N (2 equiv) THF:MeOH Otort/4 e )nBu
. (10:1)
equiv) PhSe
2.15¢
mixture
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A tandem Pgtatalyzed lactonization crassipling reaction was explored (Table 2.3).
Screening Pd catalyst, it was determined thatFdCN) resulted in the desired adduct, but
was dependent on reaction conditions. In teerame of base and at elevated temperatures,
decomposition d?.14&akes place, where ring opening products s@ch/asre obseed,
entry 2.Compound2.15dwas isolated in modest yields and under mild conditions by the
sequential addition of the Pdadgst to the preformed enolate and trapping theoPglex
with allyl bromide, entry 4. Attempts to prefai8bin a onestep protocol by generating
the enolate with ££O; in the presence of the Pd catalyst andadiylide, entry 7, furnishes
a 1:1 miture of uncoupled adduzitl5dand coupled addu2tl8b Moreover, it was apparent
that the scope of coupling partners was limited to allyl bromide where aryl halides resulted in

the isolation of starting mate@ial4aentry 9.

N D
B
o

~4.10

407
—3.80

,}4;' L . ,, \‘H ,t ’
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Figure 2.4. Compaison of'H-NMR Spectra a2.15h crude (above) and Isolated (below)

After establishing that a tandem lactonization-coogsing reaction is viable, a-one
pot sequential conjugate alkynylation procedure was envisaged, scheme 2.7. The conjugate
alkynylabn protocol developed in the previous chapter presumably produces a magnesium
halide enolate that can be trapped by a Pd salt and promote the tandem process discussed
above. Encouragingly, a 1:1 mixture-alkylidene butyrolactor®l5fwas isolated. Eh
mixture of bottE andZ isomers suggests that two different modes of lactonization are taking
place: an oxypalladation across the triple bond that would affatdstraer; and anti
nucleophililc attack of the enolate to the Pd coordinated alayitafford theE isomer

Efforts to improve the selectivity by running the reaction in toluene, acetonitrile or quenching
with water were unsuccessful.

Scheme 2.7.0ne Pot Tadem Conjugate Alkynylation-atalyzed Lactonization Cross
Coupling

o
>< MgBr O><O i) MeOH Q
(3 5 equiv) if) PACIy(PhCN), 10 mol%
o = OMgBr . MeO (0]
0o N B (20 equiv) Ph—T\
Ctort 10h  PhISN Me N
2.15d,E/Z 11
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Table 2.3. Pd-Catalyzedandeml_actonization CrosSoupling Reactions

o><o Q
Pd-catalyst
O}j‘/\go base, solvent ﬁil
RX Ph \
Pl Mo R
2.14a
Entry Catalyst RX Solvent Base Product (% yield)
Pd(OAc) PPh). .
1 ~~.Br THF or DMF - no reaction
or PACYPhCN}
DMF:H,0 Ph Me
2 Pd(OAC)PPh), _~~_FBr i - % con
85°C 2.17
THF or
3 Pd(OACK(PPh), _~~_FBr MeCN or NaH complex mixtures
DMF
0
o A
4 PACHPhCN)  _~_Br THF NaH v
2.15d, 38%
MeCN or )
5 PdCHPhCN} B DME NaH complex mixtures
KCOs or .
6 PdCHPhCN} NPT THF complex mixture
NaHCO;
O\V\—Oj\/i 0{77\%\/\
7 PACKPhCN)  _~_FBr THF:H,0 K2COs3 Ph Me  pp Me
2.15e 2.15d
(1:1)
8 PdCL(PhCN} AL THF:MeOH K2oCOs complex mixtures
9 PdCHPhCN} PhBr THF NaH 2.14aecovered

As already alluded to,(Agaltsvere shown to catalyze the lactonization of propargyl
Mel drumbds aci d der aternary propgysc. deritatep2dl4 hiionsy t o qu
Ag(l) and Adl/lll ) salts were screened to study the +egid stereoselectivities. The
formation of productwas dependent on both transition metal and reaction conditions.
AgCO; was superior to othekg(l) and AWl/lll ) salts Table 2 entres B5. Near
guantitative yieldf 2.15ewas obtained in 10:1 mixture of PhiDHIn contrast,AuCl

requires the addition of base to avoid competing side retctayns2.15¢ entries 4 angl
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Interestingly, by repeatiAgClcatalyze reactionstat, mixtures of 2.15f 2.16aand2.16b

were observed (entry 6). This resdivghat intheabsence of a nucleophilic enolateaaind

lower temperatures, AuCl catalyzes the formation of bdiexiesigand 6enddigoroducts

over an extended periotitime. Efforts to selectively form one regioisomer over the other,
preferably2.16 by modifying reaction conditiomgludingusing AuGl salts, were not
successfuht best, 8:2 ratio oR2.16a0 2.15ewvas obtained (entry 7). It should be noted that

all reactionsranwith Au€Cle sul t ed i n complete consumpti on
2.14without affording a singldistinctcompound, and thus was abandoned from further

screening.

In contrast to Atcatalyzed reactions, 8@ inherently possessa basic counterion
which can account for the higher yieddserved. Altering temperature or nucleophilic
cosolventesults im-alkylidene butyrolactones containing a carboxylic acid or ester moiety
adjacent to the stereogenic ce2tdibfand2.15grespectively (entries 8 and 9). Akt
arylsubstituted propargyl Medrumds acids were
(entries 1015). Regioand stereoselecti#2.15hand E-2.15iisomers were isolated in a
more polar and Lewis basic sohamth as THF (entries 10 and 12). In a less polar solvent
such as benzene, mixture&f isomers were isolated (entries 11 and d&pneZ-2.15j

was exclusively formed in a mixture of benzene and water (entry 14).

Transitioametalcatalyzed cyclizati of terminally substituted alkynoic acids have
been reported to give mixturedsd® isomerss2«and was rationalized by the authors to be
a result of isomerization of tAasomer. To test this hypothesis, effortséonerize either
E-2.15hor Z-2.15jby subjecting these products to-saffs in their respective reaction
conditions over 24 h did not show any isomerization. Similarly, subjecting a mixture of E/Z
isomers to the same reaction conditions did not changeldtiee ratio of the isomers
formed These resultsuggesthe possibility of competing paths of cyclization as illustrated
in Figure 2.5. Pathgives rise to th2 isomer, where anattack of the carbon@ onto the
alkynecoordinated Ag(l) complegives rise to the-éxaligintermediatéa. TheE-isomer
can be accounted for by a-syymetalation of the carboi@yland Ag(l) ion across the triple
bond giving rise to theexodig intermediatda. Thermally induced cycloreversiornaof

andlla resuled in the formation of acylketene intermediatesdllb respectively,
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Table.24. AdandAl" Lact oni zati on

X

of Propar2d4 |l i c

oo 0 ?
R2 R% (o)
o) O TM, base 9] + P *
solvent  Ph \ Ph R!
Ph X o Mo R! Me
2.14 2.15 2.16
Entry R ™ Solvent Temp (°C) / time (h) Product (% yielda
o]
: b
1 H  AgCOs PhH:H0 85/2 " §/ 0
Me 2.15e(98)
2 H AgCO3 THF:H,Ob 85/2 2.15¢(88)
3 H AgNO;3 PhH:H,OP 85/2 2.15¢(74)
4 H AuCl+K,CO; THF:H,Oc 85/2 2.15¢(77)
5 H AuCl THF:H,0c 85/2 complex mixtures
(e} O O o O
0 HO o  HO ¢}
. C
6 H AuCl THF:HO rt/ 20 Ph _ bh _ Ph
Me Me Me
2.16a2.16h2.15f
7 H AuCl+ KxCOs THF:HOc rt/ 20 2.16at+ 2.15¢3:2)
o O o O
|
"y HO 0 HO) "0
8 H AgCO3 PhH:HO rt/18 _— P
Me Me
2.15f(88), 3:1 dr
o) o O
,
. MeO O MeO™ ™ (o)
9 H AgCO3 PhH:MeOH! 85/2 P ph
Me Me
2.15¢(93), 3:1 dr
O
¢} 0
10 nBu AgCO3 THF:HOb 85/2 Ph Ph \
A nBu
Me Me
nBu
2.15h(86), 29:E/ Z mixture
11 nBu AgCOs PhH:H,OP 85/2 2.15h(89), 2:F/ Z mixture
12 nBu AgCO; THF:MeOH 85/2
2.15i(81), 3:1 dr
13 nBu AgCOs PhH:MeOH 85/2 2.15i(79), 2:E/ Z mixture
0
14 Ph AgCO3 PhH:H,OP 85/2 o
PN ph
Me 2.15j(92)
15 nBu AgCOs THF:H,0P 85/2 2.15)(88), 2:%/ Z mixture

Ysolatedyields?10:1 ratic’30:1 ratid¥4:1 ratio.
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followed by nucleophilic attack of the corresponding solvent affordirglitigedene

butyrolactone.

o><o o><o o
_ -acetone O
o] o] o o R20H
LS — P A, Z-isomer
Ph
% PRI PRl N\ i me YR’
le} le) Me “IR. 1 Me R e
\ R A Ag
Ag+ Ag g
o) 0 la b Ag*

O R’ o><o X

O ?
- — o O (0]
] _ N o) R20H
o] =0, o) o) -acetone
\Ag Ph A\ Ag
Ph P A Me ]
Ag R
Ri

h
Me
lla

E-isomer

b

Figure 2.5. Proposed-Alkylidene Butyrolactone Mechanism

Alkyl and arybubstituted derivatives 2fL4(R' = nBu or Ph subjected to identical
reaction conditionsfor 2.15f gave mixtures of carboxylated and decartekyla
butyrolactones. However, upon gentle heating to 85 °C decarboxdiitgliiene
butyrolactones were exclusively formed (Table 2.5, entries 10, and 14). Further evidence for
the acylketene intermediate was observed when cyclization reactionswie absence
of a nucleophilic solvent. No cyclized products were observed as a result of rapid

decomposition of the unstable acylketene intermediate.

2.4. Summary

Propargyl Mel dr umd s avo to de atfractivé pregursorste s h a v €
prepare functionalized-alkylidene butyrolactoneld-halosuccinimides were shown to
transform these Meldrumdés acid derivatives t
offers a synthetic handle for further manipulationsafdiyst opened the possibility of a
tandem dctonization coupling methodology, but is currently limited to allyl bromide as a
coupling partner. Optimum results were obtained using group 11 transition metals, where

AgCO; offered the highest yields and stereoselectivities-dlkgidene butyrolamies
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prepared using these Lewis acids display a stereogarioalfuaternary center atfilos

C-4 positionand the potential for additional functionalization atUtlee G-3 position
Ultimately, he developednethodology gives access to highlytifumaizedos-alkylidene
butyrolactones after three stefpsrthermore, NMR studies gave insight into the effects of
alkyl substitution whete andZ isomer can be selectively formed by careful selection of

reaction conditions.

2.5. Future Work

Siher (I) salts were shown to be reliable catalyst for the lactonization of propargyl
Mel drumds acid derivatives buorbothheleaad i s si gr
Pd-catalyzethctonization. Halo enol lactones are attractive scaffolds anmismndied to
access these frameworks such as phase transfer catalyst may improve the selectivity of the
lactonization as was the case for alkynoic acids. Applying this strategy directly to propargyl
Mel drumds acid derivatiwmds oacichnderiyvatgi pa:
acids, which proceeds nearquantitative yiegl may offer access to halo enol lactones
(Scheme 2.8).

Scheme 2.8.Halolactonization in the Presence of a Phase Transfer Catalyst

0" o o

2
o o NXS, KHCO3;, Buy,NOH R o
DCM-H,0 T\
Ph - R
Mes rt, 1-12 h Me
/ ”
H,O:Pyridine (3:1) COMH 2
95 °C g/

Ph” Me

Optimization of the tandem FRdtalyed lactonization cressupling protocol
developed will offer an efficient approach to accessing highly dradkgédene
butyrolactones. Alkenyl triflates may offer an extension to allyl bromides as coupling partners.

Also, Rh salts were neglected in transition metal catalyzed lactonization of propargyl
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Meldrum's acid derivatives, and have the potential fef reactivity than previously

observed.

2.6. Experimental
General Considerations

Reactions

All reactions were performed in fladned glassware under an argon atmosphere
unless otherwise statdtHF and benzenweredistilled over sodium/benzophendketyl
before useEt;N wasdried by distilling over Calndused immediatelRichloromethane,
1,2dichloroethanand MeCNwvereobtained from a solvent purification systeradasn the
published procedufeMeOH was heat to reflux over Mg powder overnight and then
distilled, and stored over 3 A molecular sieves in a Schleffitilasimagnesium bromide
(0.5 M in THF) was purchased fr@gmaAldrich and used without further purification.
NaH (60% dispersion in minkal) waspurchased frordigmaAldrich. All other reagents
were purchased from commercial sources and used without further purifozpanygl
Mel dr umd s azldwkre greparedvaecording o procedures reported in Chapter
1. Reactions wemonitored by thidayer chromatography and visualized by UV quenching
and/or staining with cerium ammonium molybdate. Flash chromatography was performed
using 238100 mesh silica gel.

Characterization

'H and™C NMR spectra for all compounds were obthin CDJ or GDs at 300
MHz and 75 MHz, respectively unless otherwise noted. Chemical shifts are reported in parts
per million (ppmii). Proton spectra were calibrated to residual:GHZ4 ppm) or DsH
(7.15 ppm), and carbon spectra were calibrated ta @DOIppm). Carbon multiplicities (C,
CH, CH,, CH:) were determined by combined DEPT 90/135 experiments. Melting points are
unarrectedHigh resolution mass spectra were reittadrthe University of Waterloo Mass
Spectrometry facility and the AIMS facility at the University of Tokbeltong points are

uncorrected.
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General Procedure A Lewis Acid Activated CyclizationofPropar gy | Mel dr umo s
Derivatives 2.14

o o 0 o)
. . R2 R?
o) o) Lewis Acid, base ﬁz' + o)
solvent (0.1 M Pz
2.14a R' = H P IS ( ) Ph i N\ R Ph
2.14b, R' = nBu R’ Me Rt
2.14c, R'=Ph 2.15 2.16

A flame dried resealable Schlenk tube equipped with magnetic stir bar and back filled
with N, was loaded with propargylic Meldrum's Acid a@distelectrophile (NIS, NBS,
PhS8r, Ag(l) sals, AuCl) andbase (MHCO;, KsPOs, EEN) in the corresponding solvent/s.

The tube was sealed astiolred at thendicated temperature and time. The reaction was
monitored using TLC and was brought to ambient temperature on complete consumption of
the starting materid®eactios using NIS and NB&ere halted by coolimgaction mixture

in an ice bath aratddingNa.SOs (aq), followed by NKI (aq). Layers were partitioned and
aqueous layer was extracted witbfGBKBx). Combined organic fractionsre then washed
with brine (X%), dried over MgSOand concentratedfurification by flash column
chromatography on silica galiting with 1:2 EtOAc:hexanes afford thvalkylidene
butyrolactone®.15ac; reactions using Ag(l) salts and AuCl were halt@dtngwith EtO,

and therpassingver a pad of silica to remove ttansition metadalts The homogeneous
solution wasoncentrated onta small amoursilca gethat wadoaded to the top of a silica
gel column for purification by flash column chromatography. Eluting viitO A2 hexanes
affords 2.15¢) and2.16ab.

(E)-Methyl 5-(iodomethylene}4-methyl-2-oxo-4-phenyltetrahydrofuran3-
carboxylate (2.15a)

o 9 Prepared according to General Procedwsing 2.14a100mg, 0.87 mmol),
"o 1.0 NIS (210mg, 0.7 mmol) and NaHC® (78 mg, 0.7 mmol) in a 4:1

Me " DCE:MeOH (0.1M) mixture at 65 °C for 3hl5awas isolated as an impure

yellow film $9mg, 43%) *H NMR (300 MHz, CDG) 7.3%7.31 (m, 5H), 5.45 (s, 1H), 4.42
(s, 1H), 3.74 (s, 3H), 2.26 (s, 3NMR (75 MHz, CDG) 168.7 (C)167.7 (C), 167.6 (C),
136.5 (C)129.0 (CH), 128.7 (CH), 127.3 (CH), 58.4 (CH), 52}, %2H (C)17.9 (CH).

65



(E)-5-(1-Bromopentylidene}4-methyl-4-phenyldihydrofuran-2(3H)-one (2.15 b)

0 Prepared according to General Procedure A sidgf120 mg,0.357 mmol),
0 NBS 330 mg, 1.85 mmol) and:RO, (390 mg, 1.85 mmol) in201DCM:HO
PhMe B\ nBu - (0.1M) mixture at for 10h. 2.1% was isolated as an impure yellow fin (

mg, 26%). 'H NMR (300 MHz, CDG) 7.447.42 (m, 2H), 7.84.32 (m, 3H), 3.08 (d=

20.1 H, 1H), 2.80 (d= 20.1 Hz,1H), 2.382.28 (m, 2H), 1.96 (s, 3H), 1.37 (m, 5H), 0.92 (t,
J=6.9 Hz, 3H)*C NMR (75 MHz, CDG) 1690 (C), 15.1 (C), 145 (C), 128 (CH), 17.0
(CH), 125.3 (CHB8.2 (C)44.1 (CHy), 386 (C), 32.3 (CH, B.6(CH), 280 (CHs), 22.0
(CHp), 15.0(CHy). MS (EI)322 (M).

4-Methyl-5-methylene-4-phenyldihydrofuran-2(3H)-one (2.15¢

o) Prepared according to General Proceduising 2.14a(100mg, 0.367 mmo])

0  AgCO:; (10 mg, 0.036/hmo) and PhH/H:O (10:1) as the solwehe mixture
me = was stirred at 85 °C for 2 h affordidd5eas a colorless oil (60 mg, 88% in
THF/H ,0; 68 mg, 98% in PhH/¥D) after purificationH NMR (300 MHz, CDG) 7.4
7.26 (m, 5H), 4.89 (@ 2.8 Hz, 1H), 4.30 (d= 2.9 Hz, 1H), 2.99 (d= 17.6 Hz, 1H), 2.79
(d, J =17.6 Hz, 1H), 1.70 (s, 3f0;NMR (75 MHz, CDG) 172.4 (C), 164.0 (C), 143.7 (C),
128.8 (CH), 127.3 (CH), 125.7 (CH), 89.8)(@H.2 (C), 45.0 (GKH27.1 (Ch); HRMS
(DART) m/z calcd for @GH140, (M + H)*: 189.09101. Found39.09100.

Ph

(38,48)- and (3%,4R*)-4-Methyl-5-methylene2-oxo-4-phenyltetrahydrofuran3-
carboxylic acid 2.15§

o o o O Prepared according @eneralProceduresA using 2.14a(100
HO% Ho)ﬁ mg, 0.367 mmol), AGOs (10 mg, 0.036nmol) and PhH/HO

el "% © (4:1) as the solvent.&ixture was stirred at rt for 18 h affording

o 2.15fas a colorless oil (75 mg, 88%) after purification. A mixture

of diastereoisomers was obtained in a 3:1 ratio of n@8&ai3d R 4R) and minor (84R
and R4S).'H NMR (300 MHz, CDG) 7.4@7.34 (m5H, mixture), 5.07 (d= 3.2 Hz, 1H,
major), 5.01 (d= 3.3 Hz, 1H, minor), 4.84.45 (m, 1H, mixture), 3.89 (s, 1H, major), 3.71
(s, 1H, minor), 1.95 (s, 3H, minor), 1.70 (s, 3H, mM&oNMR (75 MHz, CDG) 170.1 (C),
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168.0 (C), 162.1 (C, mind§l.2 (C, major), 142.4 (C), 129.1 (CH, major), 128.7 (CH, minor),
128.3 (CH, major), 128.0 (CH, minor), 126.49 (CH, minor), 125.99 (CH, major),,91.8 (CH
major), 90.8 (CkK minor), 59.5 (CH, major), 58.4 (CH, minor), 51.2 (C, major), 50.1 (C,
minor), 266 (CH, minor), 23.0 (Cimajor). HRMS (DARTMN/z calcd for GH1.:04 (M)
231.06628. Found: 231.06594.

(38,43)- and (38,4 R*)-Methyl 4-methyl-5-methylene 2-oxo-4-
phenyltetrahydrofuran3-carboxylate (2.15)p

o o o o Prepared according to General Procedusing 2.14a(100
Meojﬁi MeO o mg, 0.367 mmol), AQ0; (10 mg, 0.0367mmo) and
P Ve P"™%e © PhH/MeOH (10:1) as the solvent. The mixture was stirred at 85

°C for 2 h affordin@.15gas a colorless oil (84 mg, 93%) after
purification. NOE experiments showed a mixture of diasteresswas obtained, a 3:1 ratio
of major (34Sand R4R) and minor (34R and R49).'H NMR (300 MHz, CDG) 7.43
7.27 (m, 5H, mixture), 5.07 J& 3.1 Hz, 1H, major), 4.98 k 3.1 Hz, 1H, minor), 4.46
(d,J= 3.1 Hz, 1H, major), 4.39 @& 3.1 Hz, 1H, minor), 3.85 (s, 1H, major), 3.78 (s, 3H,
major), 3.67 (s, 1H, minor), 3.26 (s, 3H, minor), 1.89 (s, 3H, minor), 1.61 (s, 3HOmajor);
NMR (75 MHz, CDG) 168.2 (C, major), 167.9 (C, minor), 166.2 (C, major), 165.7 (C, minor),
162.4 (C, minor)61.2 (C, major), 143.0 (C, major), 139.4 (C, minor), 129.0 (CH, major), 128.3
(CH, minor), 127.9 (CH, minor), 127.8 (CH, major), 126.6 (CH, minor), 125.7 (CH, major),
91.3 (CH, major), 90.3 (GHminor), 60.0 (CH, major), 59.7 (CH, minor), 52.8 (C&jo),
52.2 (CH, minor), 51.2 (C, major), 50.9 (C, minor), 27.3, (@idor), 23.0 (C¥ major);
HRMS (DART)m/z calcd for @GH1:0,4 (M): 245.08193. Found: 245.08181.

(E)-4-Methyl-5-pentylidene-4-phenyldihydrofuran-2(3H)-one (£-2.15h

0 Prepared according @eneral Procedur using 2.14b(100 mg, 0.367 mmol),
ﬁi AgCOs (10 mg, 0.036Mmol) and THF/H,O (10:1) as the solvent. The mixture
" Me;u was stirred at 85 °C for 2 h afford&i@.15has a colorless oil (77 mg, 86%) after
purification’H NMR (300 MHz, CDG) 7.347.29 (m, 4H), 7.83.20 (m, 1H), 5.19 (s, 1H),
2.88 (dJ= 15.4 Hz, 1H), 2.64 (d= 15.4 Hz, 1H), 2.22 (applts 7.3, 7.6 Hz, 2H), 1.89
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1.49 (m, B), 1.46 (s, 3H), 1.37 (sexdet,7.2, 7.5, 7.7, 7.1, 2H), 0.91 (t, 7.3, 7.2 Hz"*BH);

NMR (75 MHz, CDC}) 168.4 (C), 152.1 (C), 145.4 (C), 128.7 (CH), 126.9 (CH), 125.3 (CH),
109.8 (CH), 43.8 (GK138.2 (C), 32.3 (G}128.4 (Ch), 28.2 (ChH), 22.0 (Ch), 13.8 (Ch);

HRMS (DART)mM/z calcd for GH240:N (M + NH,)*": 262.18016. Found: 262.18008.

(38 ,4R*, E)- and (38,48, E)-Methyl 4-methyl-2-oxo-5-pentylidene-4-
phenyltetrahydrofuran3-carboxylate (E-2.15)

o Prepared according to GeneralcBdure Ausing 2.14b(100

o O (6]
Meojﬁg MGOW mg, 0.367 mmol), Ag0; (10 mg, 0.0367/nmo) and

i Me n; Ph\\\MiB\u THF/MeOH (4:1) as the solvent. Thexiare was stirred at 85

3:1 °C for 2 h affording:-2.15ias a colorless oil (90 mg, 81%) after

purification. NOE experiments showed a mixture of diastereoisomers was obtained, a 3:1 ratio
of major (34R and R4S and minor (34Sand RA4R).*H NMR (300 MHzCDCL) 7.33
7.26 (m, 5H, mixture), 5.26 (s, 1H, minor), 5.14 (s, 1H, major), 3.81 (s, 1H, major), 3.66 (s, 1H,
minor), 3.61 (s, 3H, major), 3.30 (s, 3H, minorf228(m, 2H, mixture), 1d052 (m, 5H,
mixture), 1.421.34 (m, 2H, mixture), 0.93J% 7.2 Hz, 3H, mixture}*C NMR (75 MHz,
CDCk) 166.9 (C, major), 166.4 (C, minor), 164.8 (C, major), 164.4 (C, minor), 152.6 (C, major),
152.3 (C, minor), 143.8 (C, major), 141.7 (C, minor), 128.8 (CH, major), 128.4 (CH, minor),
127.4 (CH, minor), 127(€H, major), 126.2 (CH, minor), 125.7 (CH, major), 109.7 (CH,
major), 107.6 (CH, minor), 58.8 (CH, minor), 58.0 (CH, major), 52.ép), 52.0 (CH
minor), 41.9 (C, minor), 41.5 (C, major), 32.3, (@idor), 32.0 (Ck5I major), 28.3 (G
27.7 (CH, minor), 23.0 (Ciimajor), 22.0 (G} 13.8 (Ck). HRMS (DART)M/z calcd for
CigH260:N (M + NH,)*: 320.18563. Found: 320.18555.

(2)-5-Benzylidene4-methyl-4-phenyldihydrofuran-2(3H)-one (Z-2.15)

o Prepared according to General Procelurisng 2.14 (100 mg, 0.367 mmol),
o Ag:CO; (10 mg, 0.036vimol) and PhH/H:O (10:1) as the solvent. The mixture
" Ve N was stirred at 85 °C for 2 h affordifig.15j as a colorless oil (89 mg, 92%)
after purification'H NMR (300 MHz, CDG) 7.58 (dJ= 8.5 Hz, 2H), 7.47 21 (m, 8H),

5.47 (s, 1H), 3.04 @ 17.7 Hz, 1H), 2.83 (d= 17.7 Hz, 1H), 1.80 (s, 3HC NMR (75
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MHz, CDC}) 172.4 (C), 156.7 (C), 144.1 (C), 133.6 (C), 128.8 (CH), 128.6 (CH), 128.4 (CH),
127.4 (CH), 127.0 (CH), 125.9 (CH), 105.5 (CH), 4784®&)CH), 27.0 (CH; HRMS
(DART) m/z calcd for GH1:0, (M + H)*: 265.12231. Found: 265.12156.

4-Methyl-4-phenyl-3,4-dihydro-2H-pyran-2-one (2.16a)

o  Prepared according @eneraProcedure#\ using 2.14a100 mg, 0.367 mmol),
o /o AuCl (9 mg, 0.036mmol), K:COs (51 mg, 0.367 mmand THF (wet)as the
Me solventThe mixture waefluxedor 2 h affordin®.6aas a impureyellow film
(23 mg, 3M0) after flash chromatographbl. NMR (300 MHz, CDG) 7.387.32 (m, 5H),
6.60 (dJ= 6.0 Hz, 1H), 5.48 (d= 6.0 Hz, 1H)2.95 (dJ= 15.6 Hz, 1H), 2.73 (d= 15.6
Hz, 1H), 1.51 (s, 3H¥C NMR (75 MHz, CDG) 168.7 (C), 146.4 (C), 129.0 (CH), 128.8
(CH), 127.8 (CH), 126.0 (CH}6.0 (CH), 41.7 (GK133.0 (C), 26.8 (GHMS (EI)188(M").

Pd-Catalyzed Tanegm Lactonization CrossCoupling Reactions

X

o” O

1) NaH (1.1 equiv)
o 0  THF,0°C 0O~ =
bt 2 PICK(PRCN); (10 moi%) Ve N
Me ™

Ph
BT (20 equiv)
2.14a 2.15d

Thismodifiedprocedure is based Bad-catalyzed cyclized coupling of alkynoic acids
with alkyl halidegported by Utimoto A flamedriedround bottonflask charged witirgon
andNaH (0.016 g, 0.646 mmat) THF (0.74 mL)as cooled in an ice bath. A solutbn
2.1440.16 g, 0.518 mmal)THF (0.74 mLyvas then added dropwise and mixture was stirred
for 30 min PACH(PhCN} (20 mg, 0.0518 mmol) was then added followed by allyl bromide
(0.90 mL, 10.36 mr)oThe resulting mixture was stirred for 14 h at rt. The reaction was
ceasetby concentrating down dine reaction mixture onto a small amount of silica gel, and
purified by loading it to the top of a column packed with silica gel and eluting with 1:6
EtOAc:hexane&.15dwas isolated as a pale yellow48ihtg, 38%).

'H NMR (300 MHz, CDG) 7.397.32 (m, 5H), 5.88.45 (m, 1H), 5.25 (= 8.1 Hz, 1H),
4.804.76 (m, 2H), 2.94 (@= 18.3 Hz, 1H), 2.77 (d= 18.6 Hz, 1H), 2.3R.23 (m, 2H),
1.75 (s3H); “*C NMR (75 MHz, CDG) 172.7 (C), 157.3 (C), 144.1 (C), 135.4 (@B
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(CH), 127.2 (CH), 125.8 (CH), 115.2C03.6 (CH), 48.0 (Q45.6 (C), 29.2 (GH25.7
(CHs). HRMS (DART)M/z calcd for GHx.NO2 (M + NH.)*: 246.14940Found246.1462
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Chapter 3: Intramolecular Conjugate Addition
3.1. Introduction

3.1.1. Indolines: Background and Preparation

Indolines are common structural motifs vatbroad range of applicabilitygm
natural products that possess therapeutic aetitotyorganocatalysts in stereoselective
reactions (Figure &¥-or examplethe antitumor antibiotic (-«uocarmycin A was prepared
by the key indoline synthdhl (Figure 1).Thereforesynthetic strategies that furnish
substituted indolines, particularly comgjsbf enantioenriched centers, would be of great
utility. Several approaches have been developed where those forming racemic compounds
involving the reduction of indoles and radical cycligatitbmot be discussedRather, the
focus of this section lbe on enatioselective protocols for the formation efubstituted

indolines.
Br —0TBS
MeOZC
N
Bn
3.1
CO,H
Ly
N
OMe H
MeO
(+)-Duocarmycin A (S)-indoline-3-carboxylic acid
Antitumor Antibiotic Organocatalyst

Figure 3.1. Selected Examples of Indolines Scaffolds

Independently, both Bailey and Groth repofipddarteinenediated carbolithiah
of N-allyiN-benzy2-bromoaniline in the synthesis otubstituted indolines (Scheme
3.1):s4 Lithium-halogen exchange in the presendel @fffords a chiral carbanion that can
undergo intramolecular carbocylization in good to excellent yieldssthoselectivities.

However, this approach has limited substrate scope due to the harsh reaction conditions.
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Scheme 3.1Intramolecular Carbolithiation in the Formation-8tiBstituted Indolines

1) t-BuLi (2.2 equiv)
Br L1 (1.5-2.0 eqiuv)
A Z7 _-90°C,18h
R4
Z 2)E* / N

N

R? ' L1, (-)-Sparteine
>65% vyield, up to 90% ee '

R' = 4/5-OBn, 4-Me; R? = Me, Bn, allyl
E = H, Br, CHO

Another common siitegytakes advantage of preexisting indoline baclstynesing
3-substituted indoles as precursors. The Reisman group recently reported the formal [3+2]
cycloaddition between-sBbstituted indoles andathidoacrylates to prepare various
pyrroloindolines high enantioselectivities (Scheme 812ajas postulated that the reaction
proceeds through a stepwise mechanism in RHBINOL - SnCl complex activates the 2
amidoacrylate, promoting the conjugate addition by the indole resulting in an imthatm io
subsequently undergoes an intramolecular attack. Most notable derivafttealvpessess

an allcarbon quaternary center gud3ition of the indoline (Scheme 3.2a).

Alternatively, the asymmetric hydrogenation of indoles has been accomigtished
RhL2 complex, but only-8ubstituted indoles afforded indoline adducts in high yields and
selectivities; -8ubstituted indoles resulted in predominatelyhydeolysisof the amide
(Scheme 3.2B)The protecting group on the nitrogen atom of thelényasmportantas it
was believed to act as a secondary coordinating Tineupoor reactivity of-8ubstituted
indoles was remedied by preparing NR®sylated indoleaffordng the corresponding
indolines in high yields and selectivitidtore reently, conditions for the asymmetric
hydrogentation of unprotected indoles using PH8Iyatalyst and a Brgnsted acid as an
activatorhave been describé8cherma 3.2c)s This strategy relies on the activation of
unprotected indoles by protonation at@H& postion forming an iminium ion that is prone
to hydrogenation. Interestingly, fesubstituted indoles the enatioseleciwvdrolled step is
the hydrogenation step, whereas fod@dstituted indoles it is the protonation step. Due
to the signiiantly faster rate of protonation versus hydrogenationkk) a dynamic kinetic

resolution is responsible for the high enantioselectivities observed.
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Scheme 3.2 Enantioselective Approaches{8ubstituted Indolines from Indole Precursors

’ X
OBn
R FsC NJHO( R CO,Bn
R N R? (R)-BINOL (0.2 equiv) Rl A N‘TFA
Z N SnCly (1.2 equiv) Z N R2
Me DCM, rt Me
""""""""""""""""""""" otss
N H N H
31dr 51dr 3.2, 18:1 dr
92% ee 94% ee 86% ee
H
b ' = Me
) [Rh(nbd),]SbFg (1.0 mol%) ! Ph,P

L2 (1.05 mol%) R' : =

0, 1
sz Cs,CO; (10 mol%) ©\/8_R2 : <) N
N i-PrOH, H, (5.0 MPa) N : —PPh,
H

RCB 60 °C R3 | Me
R"=H, R? = n-Bu, R® = Ac,94% yield, 94% ee L2
R'=Me, R?=H, R® = Ac, 37% vield, 86% ee
R'=j-Pr, R? = H, R® = Ts, 94% yield, 97% ee

c) E
Me Pd(OCOCFs), (2 mol%) Me : ‘O oon
L3 (2. o ' 2
N L-camphorsulfonic acid (1.0 equiv) N '
H H, (700 psi), DCM/TFE, rt H '
82% yield, 92% ee

H+ i Me i Pd7 H2 : L3
k4 K
—Me 2
4 Dynamic Kinetic Resolution
/ Me K, >> k
Ne 1 2
H

3.1.2. Intramolecular Cyclizations: Conjugate Addition Methodologies

A more practical and general approach that does not tiegpmeexisting indole to
prepare 3ubstituted indolines is required. One approach may $e adatent &1 bond
that can react at the designated time. Macdonald has reported a method for the intramolecular
conjugate addition to@/clohexenones that proceeded by the Lewis acid activation of the
enonefollowed bythe nucleophilic attaakf awely polarized C(§@Sn bondhatresulted
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in mixture ofcis andtransg2-decalone8.3in high yields (Scheme 3#8&pr 3methyi2-
cyclohegnone derivatives, where the alkylstannyl side chain is in the pseudoaxial position, the
reaction does not undergoconjugate addition but ratleehydride transfédrom the b-

position to the M&n group to the electrophilic position of the enone generating a single
isomer (+)3.4(Scheme 3.3b). It wpsstulatedhat the steric effects between the Me group

at the disubstitutettenone and the M&n bound to the nucleophiligrbon does not allow

for the Bmembered transition state for the conjugate addition to takenpéaestinglyal

carbon quaternary centers wewzessiblaising shorter alkyl tether (n = 3) which
preferentially undergoes the conjugate addition aff@diin goodyield. This exaphe

highlights the preference foonjugate addition over hydride shift even for sterically
demanding centers. Additionally, spydoadducB.6 were prepared usirgsubstituted
cyclohexenones (Scheme 3.3d). Feldman employed this strategy in the preparation of the
tricyclic core of (£halichlorine by refluxing intermedidté in toluene and MgBas the

Lewis acid activator to acc8s8 (Scheme 3.3e)ln their haads, MgBsproved to be a

superior Lewis acid catalyst giving better yields and cleaner reactions thamti&nTiCl

reported by Macdonald.
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Scheme 3.3.Intramolecular Conjugate Addition ddtialkylstannanes to Cyclohexenone
Derivatves

a) ®T'C| SsnM
TiCl, (1 mol%) | 104 nvies

H
o ( o
DCM, 40 °C, 0.5 h 3.3,92%
R=H,n=4 cis:trans (93:7)
- H

°) TiCl, (1 mol%) -@Tm
4 Me o Me

(o) R
DCM, 20°C, 1 h
—_——=" = |0 H - - i
SnMejy R=Me,n=4 w_ T~ SnMeg P
n 0y NG

(£)-3.4, 94%

c)
TiCly (1 mol%) Me

DCM, 20 °C, 1 h '
R=Me,n=3

H

(£)-3.5, 68%

0 SnMey TiCly (1 mol%)

d)

\_» MgBr; (1.2 equiv)
_—

Toluene
SnB
MBUs reflux, 14 h

EtO,C  OTBDPS

In orde to achieve enantioselectivitpnsmetallation with a chiral transition metal
complex offers an attractive approach. Particudrymolecular methodologies as they do
not suffer from the same limitatsoand are generally entropically more favoured than
intermolecular reactions. Moreover, intramolecular conjugate addition of stabilized
carbanionic centers to Michael acceptors is a well established process that hagexdiibited a
deal of synthetic Uty In contrastyeports of methods that entail intramolecular Michael
additionsof nonstabilized carbaniomienterge.g., organometallic speciegctivated”oC
double bonds are relatively rare. Focusing on the latter protocols, Piesanad/arious
bicyclecompounds bythe copper mediated intramolecular conjugate addition of
alkenyltrimethylstannes tblb-enones (Table 3.1) Cisfused bicyclo[4.3.0]nonanes
possessing quaternary centers were prefpeable 3.1, entriesd3d), which would be

challenging substrates to prepare using alternate approaches. These examples illustrate one of
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the points made earlier, where the poor reactivity of monoalkenylcopper(l) species in
intermolecular conjugate additions to enones is overcome by intramaaodanfrihis
protocolss However,a drawbacko this strategy is the need for excess (2.5 equiv) of Cu(l)
salts.

Table 3.1. Cu-Mediated Intramolecular Conjugate Addition

(0]

(e}
( CuCN (25 equiv)
R DMF or DMSO R? R2
R2 60 °C

N\ SnMeg
Entry R1 R2 n Yield (%)2
1 H Me 2 92
2 H i-Pr 2 73
3 Me Me 2 8%
4 H H 1 e
5 Me H 1 P

dsolated yiel®Reaction run with CuCl at rt.

In contrastto coppemediated conjugate additioascatalytic protocol reported by
Furman describes the intramolecular conjugate addition of vinylstamaBeibydrod-
pyridones catalyzed by [RhCl(cad)fler mild conditions (Scheme 8.Bxcellent yields of
cycloadductsf-3.9wereobtained asingle diastereonser

Scheme 3.4.Rh(I)}Catalyzed Intramolecular Conjugate Addition of Vinylstannanes

H

SnMe N
<\\/ O RnCi(cod)l, (5 mol%) @jo
N 1,4-dioxane N R = Ar, i-C3Hy, c-CgHy
0, Z
R 30°C, 2-3 h &
R = Ar, i-C3H; (£)-3.9, 77-90%

It is worth noting that majority of intesind intramolecular procedures for the
formation of @C bondsutilizesp and sphybridized organometallic precursors, which can
be ascribed to the relative stability of théselionds (M = B, Si, Zn, Sn,) verdus strongly
polar @M bonds (M = Li, Na, MgX). Thusotably absent aneetal catalyzed intramolecular
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conjugate additions that transfet-hggbridized carbongarticularly in the formation of
guaternary centers. With respect to the former, difficultsardferring skhybridized
carbons is likely due to poor reactigitgl selectivity dhe organometallic bona@lkyltin
reagent$or example, and competing side reactionsbshgtiride eliminations for reagents

bearing &-hydroger(Figure 3.2F As a esultreagents that selectively transhaétahd are

R' ee“ml R/\/R
| o
X—Pd—L Ho R @
|
R
R/\/M L—> R PdLz. H I
transmetallation ’0“’& Pl
%
@@/.
/,72 R/\

Figure 3.2. Schematic Example feHydride Elimination versus Reductive Elimination

tolerantto majority of transformations offer an attractive solution. Teribdisa report by
Vedejs showed a convenient protocol to  preparechloBl-aza5
stannabicyclo[3.3.3JundecaBel0 that showed a significant advantage over other
alkylstannanes in Stille coupling reactions (Schemd 3%5atrane framework results in
unique bonding and intramolecular interactions that are not observed for other stannanes.
For example, the apicad8nbond (2.21 A)iB.10h t o the best of the
is thelongesbond length known for a tetrganotin compound and is apxroately 0.06 A

longer than the internal methylen&CShonds (2.33.17 Ays This abnormally long 8@

bond is credited for the increased reactivity observed for these reagents wadkgl metal
exchange occurs exclusively at the exocyd® I$ond circmventing unwanted alkyl
transfers that have been meed for other alkylstannanes. aribastannatranéslOare
crystalline in naturand less toxic tharvolatile trimethylstannanesand avoid tedious
workupstypically accompanied wigheasy alkylstaammes. Furthermore, they are not air or

moisture sensitive and can even be recycled.
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Scheme 3.5.Stille Coupling of Carbastannatréh&6versus Tetramethylstannane

3.10b, Pd(PPh3), (cat)
Br Toluene, 75 °C, 7h Me

: S
67% : \N sﬁ—R
Me,Sn ! 3.10a,R=Cl
OMe OMe | 3.10b, R = Me
Pd(PPh3), (cat) ' 3.10c, R = n-Butyl

Toluene, 75 °C, 7h
<5% conv

Tricarbastannatran8slOhave been mainly utilized in Stille coupling reactibes
advantage over other nucleophilic coupling partners, particularly other stannanes, is
exemplified by challenging reactions that afforded prechictscould not be accessed by
other means. As an illustrative example, Hegedus reported thataiigdtansmetalation,
of 3.11lwas only observed with carbastannatf@t@sand3.1@ (Scheme 3.6)whereany
othercombination ometal catalysts (Ni, W, Ir, Mo, Rh) and organometallic reagentsy(NaBPh
PhznBr, HC=CHSnBuY, PhSnMg failed to afforény substituted products.

Scheme 3.6.Pd-Catalyzed Allylic Substitution With Carbastannatranes

0CO,Me R
Me - Me
Meo'ﬁ [n3-C3HsPdCll, (5-6 mol%) MEO“\Q
0 P(furyl); (27-28 mol%) 10
N DMPU, 60 °C YN R = Ph (72%)
O\:)"'Ph &) s10d,R=ph O\;)"'Ph vinyl (65%)
Ph N-Sn—R 3.10f, R = vinyl Ph

Furthermore Fillion reported the enhanced reactivity of carbastannatidihe
compared to M&nCHI and BySnCHI in the formation of spgerdimetallic species and
evidence for aarbenoid intermediate emesubstitution studies of Stille coupling reactions
(Scheme 3.%.NMR studies revealed carbenoid reactivity in the decomposiibé with
Pd-catalyst resulting: cyclopropanation with excess norbornene, dimerization to ethene, O
trapping to form formaldehyde and iodostannat@ia@® byproduct (Scheme 3.7).
Observation of these adducts supported the BtSagnacinesubstitution mechanisim

the Stille Coumg of sterically demanding vinyl stannanes
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Scheme 3.7.CarbastannatranesGmeSubstitution Studies of Stille Coupling Reactions

. norbornene L]y
SnR'3 | —————> A

\m | Pd(P(t-Bu)s), (25 mol%) | R3P, \ \m

norbornene (xs) R p/Pd;I dimerization_ CoH, + N Sn-l
CGDG rt, 48 3 02 CHZO
3.10f 3.10g

More recently, a stereoretentive protocol using secondary alkylcarbastéhb@tranes
as nucleophilic coupling partners in Stille coupling reactions has been reported by Biscoe
(Scheme 3.8%Chiral secondary alkyl groups were transferred with minimal erosion of
enantiomeric excess or the formationbdfydride elimination side productarther
emphasizing the selective nature of alkylcarbastannatranes as nucleophilic sdurces of sp
hybridized carbons

Scheme 3.8Selected Example of Batalyzed Stereoretentive Gfosapling of Secondary
Alkylcarlastannatrane withBromopyridine

OMe
Pd(dba), (5 mol%)
CN@ 5 L4 (10 mol%) § MeO
Sn r CuCl (2 equiv) 3 iPr ’Pr
+ N KF (2 equiv) :
| MecN,60°C

3.10h, 94% e.e. 65%, 91% e.e.

In order to address the challenges of accessiagbalh stereogenic centers by an
intramolecular protocol, highly electrophilic acceptors may be necessary. ®sUgEaSs
inemp oyi ng Mel drumds acid alkylidenes as act.i
bearing enantioenrichedatbon tertiary and quaternary centers offers an attractive strategy
to develop an intramolecular protocol. The ease as to which unautivigtgchiles can be
inserted in a lf&shion was shown by ti&c(OTf)-catalyzed conjugate addition of
allyl stannanes to alkylidene Mel dr umo s aci
developedh ourgroup(Scheme 3.93High yields of tertiary dmuaternary benzylic adducts

were obtained.

79



Scheme39Lewi s Acid Catalyzed Conjugate Allyl at

o><o Sc(OT); (5 mol%) o><o
CH,Cly, rt - 50 °C, 1.5-21 h
o7 o o o)
SR,

Ar” R I Ar X
_____________________ R=nBuPh R
s s 'S
0 o) 0 o 0 o)

N X
CO,Me N
85% 81% 77%

Furthermore, Rlgatalyzed inter and intramolecular conjugate addition of
vinylstannandsas also been developed in our laboratory (Scheme Qtinal yields and
enantiomeric ratios (er) were obtained using a cationic chirabRIp{Bx that was prepared
by the addition of AgSkfand chiral diené5. Mild reaction conditions showed great
functional group tolerance where aryl halides and boronic esters were unaffected, offering
synthetic handles for further transformations (Scheme 3.10a). The allyl acetate or carbonate
groupwas essential to obtain any reactivity, where vinyl stannaresdilin appreciable
amounts. Noteworthy was the intramolecular conjugate add@d2which afforded the
cyclized M®xBidmodeasiyiseld and ar (bcheme 3.10b). The superiority of the
intramolecular addition 8f12was shown when thetérmolecular conjugate addition with
the analogous geminal stannane failed to show any reactivity under identical conditions used
for 3.12(Scheme 3.10a).
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Scheme 3.10Rh-Catalyzed Asymmetric a) Int@nd b) Intramolecular Conjugate Addition

of Al kenyl stannanes to Mel drumdés Acid Benzyl

RhCI(C,H,)l, (5 mol% Rh) RhCI(CyHy)ol, (5 mol% Rh) : OMe
L5 (7 mol%) >< L5 (7 mol%) >< :
AgSbFg (5 mol%) o 0 AgSbFg (5 mol%) 0" 0 L
Bu,Sn oA oﬁ/&o BusSn. o o CFs
W/\ R! THF, 4 AMS RN R2 Q
THF, 4 AMS 10°C,45h
10°C, 45 h LS
N N 4,
o-B _~_ _OCOEt  pBr _~__OCO,Et |
57% yield 70% yield 87% yield OAC
er =937 er =955 er=83:17
b)
o><o RhCI(CoHy)ol, (5 mol% Rh) o><o
L5 (7 mol%), AgSbF (5 mol%)
o7 o o o
BusSn R2
THF, 4 A MS
SnB :
o/ﬁr nss 10°C, 45 h 0
3.12 3.13, 35% yield,

er = 64:36

Prior to the outset of this project and to the best of our knowledge, no reports of

conjugate addition reactions using alkyl carbastannatt&has been reported tilrearlier

this year when the Fillion group published such a proeediheel1,4conjugate &ylation

of benzyl i slazid was Mbi¢vedrusing @ equigalématkyl carbastannatranes
3.10and 1 equivalent of Bfs); as strong bulky Lewis aciditldealkylates 1 equivalent of
3.1Qgeneratig a cationic cardannatranes that responsible for activation of the alkylidene,
whilethe second equivalent subsequently akkthate-position (Scheme 3.18ySn NMR

in conjunction with HRMS studidsgved evidence for tanolate intermediates, and adroit
3C-NMR studies using GRarbastannatranes helgsthblish that it was indeed the second

equivalent 08.10that was responsible for the alkylation.
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Scheme 3.11First Report of Conjugate AdditiBeactions Using Carbastannatranes

oo M
+ \@ (Cer) (1 equiv)
U ®_R (CHaClpo 1t 24 1
2
Ar .
. 3.10, (2.0 equiv)
v
>< N S{—R
O O
© o e
[RB(CeFs)s]  + No-Sn N T - N
| &<~ < >
Ar A
[RB(CoFs)l” "

92% 89%

49%

O><O OXO O><O O><O
gl
Me "By Ph =
Cl Cl Cl Cl

34%

Previous attemptisave been made in our grdopstudy intramolecular conjugate
additions usin@.14as potential models (Table 3sHowever, hese compounddot

transmaallate with Ritatalystsjntramolecularconjugate additiordid take place upon

formation of the more nucleophilic stannate complex by the addition of@iA&s 3 and

4)

Table3.2.Resul ts from Intramol ecul ar 3RMeact.
o X
° TM, additive ©
Solvent, Temp o
0" SnBus o
3.14
Entry TM (mol%) Additive Solvent Temp (°C) % Yield
1 [Rh(cod)CH(0.1) - THF rt 0
2 [Rh(cod)(MeCN)BF: (0.05) - THF rt 0
3 [Rh(cod)(MeCN)BF, (0.05) H,O:TBAB THF 50 23
4 - H.O:TBAB THF 50 29
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Efforts to examinealternativeorganometallic C(3gM sourcessuch as boron
derivatives3.15 were preparetiut did not show any reactivity towardscRtalysts and
decomposition of starting material was obsavetevated temperatu@heme 3.12).
Additionally, these compounds failed to conc
an activated electrophilic site. Interestingly, these two examples show the potential for
transferring sghybridized carbon atoms intramolecularly via conjugate addition, and draw
attention tadhe need foa model system that possesses both an orgariomgedaj that can

transmetallate and an activated site for conjugate addition.

Scheme 3.12Intramolecular Conjugate Addition Attempts with Boron Deriv&iy{gs

Q OH
©\)LH Rh(1), additive
—
O/\BRn Solvent, Temp o

3.15, BR, = B(pin), BFsK

3.2. Proposal

The aim of this project was to depea methodology for the enantioselective
intramolecular formation of CEC(spP) bonds (Figure 3. A model that possesses
elements of previously successful conjugate addition reactions was envisaged, where an
organometallic appendage proven to tratadlate can subsequently undergoeohjdgate
addition at an activated site to afford enantioenrietigasBtuted indolines (Figurd)3Two
potential routes will be explored where eithEraaminoorganometallic synthon will undergo
a Knoevenagelondensation resulting in the model subs8éité (Figure 3a); or N-
al kyl ation of the Me l3.d6Modelslmearingdhe darbdsamnatraret i v e
group will bdocused omas thg have been shown to be ideal reagents for the selacisvertr
of sp-hybridized carbons.
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O><O
(0] (0]
(@) (6] 1
| , Ryl _0
R catalyst @
(o)
N/\M N
R2 R?
3.16
y Y
° oo
oINS
+ (0) 0]
N M OMO | N N
|'q2 R! | M M = B(pin), SnBu3,V/SnQ

Figure 33. Proposed Model for Intramolecular Studies

3.3. Results and Discussion
3.3.1 Preparation of lodomethylricarbastannatrane anda Novel Approach to/n Situ

Formation of Chlorostannatrane

The selectivimsertion of transition mesahto a @M bond is essential for developing
conditions for the intramolecular conjugate additions and in this regard carbastannatranes

fulfill that requirement.

A procedure reported by Méedk melt aioched ot ac
chlorostannatrar210ac and therefore offered an ideal starting point. Hydrostannylation of
triallylamine catalyzed by Pd(@€)gave3.17n comparable yield to that reported. However,
disproportionation with Snesulted in vanyg amounts 08.10awith a maximum yielaf
31% being obtaind&cheme 3.13Jhe authors did note the amount of alcohol or water was
criticalto obtaining high yields, and therefore required a Karl Fischer titration to determine
the exact amount of wataresentDue to inconsistency of results, and in order to avoid a

tedious aqueous workugn alternate approach to pre@at®avas sought after.
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Scheme 3.13Thermal Disproportionation PreparatiorBdfOa

1) SnCly (1.5 equiv)

BuzSnH (5.5 equiv) H,0O (0.3 equiv) T’l‘
Pd(OH),/C (10 mol%) 80-95°C, 4 h
= _OoTIY w v
N%\/)a THF, rt, 22-36 h NMS”BUB» 2) 10M NaOH
20-40 °C
3.17,56% (15.5 g) 3.10a, 931%(<1.6 g)

Although several approaches to peepdrOahave been reported)/edejdmethod
proved to be efficient and reproducible, but
reagent, and as a result warranted a search for alternative approaches. It is worth noting that
Bucdwald hasrepole a very efficient procedure for the
reagent from the inexpensive zirconocene dichiefldes procedure remedies the over
reduction of previous strategies by the introduction@if.€L wash that converts the
zircorocene dihydride back to the monohydride. The overall success of this procedure is
highly dependent on the removal of the insoluble Al contaminates by filtration using a
modified cannula fitted with a piece of glass fiber filter paper, and the amoer@ igi@in
is in contact with the Schwartzd reagent ; W
convert dihydride to mohydride but prolonged exposure leads to complete decomposition
to zirconocene dichloride (>10 min). As an alternate apprdasitamnethod was envisaged
that would allow for the direct hydrozirconation of the olefin without the need to isolate the

moisture, air and light sensitive Schwartz reagent from inexpensive starting reagents.

Previously reported in situ procedures fogémeratiof Schwartéreagent for the
reduction of olefins have used various hydride sources such as HatAl, t-BuMgCl,
and LiIEtBH. However, they result in the formation of a heteeogemeagent that is typically
contaminated with varying amés of reductant and other salts which can interact with
substrates and intermediates. Therefore, the success of the hydrozirconation was dependent
on the substrate (where rate of hydrozirconation appears to decrease in the order of: terminal
alkyne>temi nal monosubstitut e d-disubsktged alkede>R,2t er nal

disubstituted alkene > trisustituted alkers)lvent and source of the hydride.
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Table 33 In Situ Hydrozirconation of Triallylamine in the Formatidhifia

1) Solvent, rt, 3-5 h W\l

P
NN)S + CppZrCly + MH 5y ghc), 78 °C to rt SPQ
14-18 h cl

3.10a
Entry MH Solvent Yield (%)a

1 LiAIH(O'Bu) (4.0 equiV) THF 11

2 LIAIH(OBu) (3.5 equiV) THF 24

3 LiAIH(OBu) (3.0 equiv) THF 17

4 LiAIH(OBu) (3.2 equiV) DCM

5 LIAIH(O®Bu) (3.2 equiV) Toluene trace

6 LIAIH(O®Bu) (3.2 equiV) DME

7 LIAIH(OBBuU)X (3.2 equiv) THF 37

8 LiEtsBH (3.2 equiV) THF

9 LiEtsBH (3.2 equi¥) THF

Ysolated yield.Order of addition: MH to a mixture of triallylamine and
CpZrCly. ¢ CpZrCl and MH were premixed for 1 h then triallylamine was €

The problematiaansfer of multiple hydridesth LiAIH4 to zirconocene dichloride
was not screened. RatHaAIH(O'Bu)showed immediate promising results, albeit in low
yields, wher&.10awas obtained in THF (Table 3.3, entry 1). Reducing the number of
equivalents frm 4.0 to 3.5 improved the yield; moreover, it was determined that a slight excess
of 3 equivalents gave best results, where a minimum of 3 equivalents of hydride are required
for each molecule of triallylamine. Screening solvents that have been usedtie eit
preparation of Schwadteagent or in the hydrozirconation obéfindid not improve the
formation of3.10a(entry 46). Further improvements were made by changing the order of
addition, where slow addition of triallylamine to a premixedosotitiCpZrCl, and
LIAIH(O'Bu}afforded3.10ain modest yields (entry Wsing alternate hydride sources such
aso Super h y 8H) iprdvedto Kelinfeior andid not afford any8.10a It is
important to note that the quality LOAIH(O'Bu)is essntial to the overall success of the
reaction, wheragedLiAIH(O'Bu)showed poor to no reactivity. On the other hand, freshly
prepared.iAlH(O'Bu)restored reactivity and gave optimum results
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In order to keep the project progressing, Schiweaigentvas purchased in larger
guantities and8.10awvas prepared using Vedgistocol, whilg¢hein situ protocol was being
developed.

3.3. 2. Preparation of Al kylidene Mel drumbs

Scheme 3.14AdditiondElimination Approach t8.16

a)
X %6 'S
N
RMgX S H30
o) o] > O o o) o]
| THF / |
XMg-._
Me,N NG R R
Me" Me
3.18 R = Me, CH(CHj3),, Ph
b)
Br BocyO (1.1 equiv) ) -PrMgCl, THF

Br
DMAP (cat) @[ -30°C, 2.5h ©\
THF (0.4 M)
NH, reflux 24 h NHBoc 2 >< NHBoc
3.19, 60% 3.20
o7 o

Me,N
-30°Ctort, 24 h

Based on a procedure by Zieglérat showed various alkyl and aryl Grignards can
be added t8.18via an additioelimination reactioto access the corresponding alkylidene
Mel drumds aci d d e anvaaalogousestrategy Svath envisaged3us 1 4 a )
carbamat8.19as a pronucleophile that can undergo a halogen magnesium exchange and then
participate in the nucleophilic attack3df8(Scheme 3.bJ. Protection of commercially
available -bromoanaline with dibutyl dicarbonate gave the carbanratgood yields.
However, treatment wiitfP r Mg C | failed to result in the de
derivative, but rather gave varying amounts of starting n3at®aalthe major component
and protonate8.20as the minor component in the reacts determined by analysis of the
crude’H NMR. The fact thaB.20is seen as the major component suggests that the halogen
magnesium exchange did takegland efforts to achieve reactivity 3vitBsuch as longer
reaction times or higher temperagudéd not result in the desired conjugate addition.
Attempts to generate the lithiated carbamate through thhiogen exchange wiBulLi
and then traghe nucleophile witbMF to install the carbonyl at thg@sition also failed.
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Though the above afgach would have given rise to the model substrate in the fewest
steps, commercially availabé&rtnobenzyl alcohol proved to be a better starting point where
carbamat8.21was prepared in ~80%teld after 2 steps (Scheme 3RBjported strategies
forthe Knoevenagel condensation of Meldrumds a
3.2114 However, using stronger Lewis acidic conditions that have been successful for
acetophenones afford822in approximately 50% yie{@cheme 3.15Disappointingly
efforts to alkylat8.22with 3.10j 3.23 or 3.34did not result in the model compound after
extensive screening of bases, solvents and additi\asst. reactions gave either starting
materiaB.22 or the hydrobled product 08.21 Based on these résut was determined that

thelCH-M moietyshould be installed prior to the Knoevenagel condensation.

Scheme 3.15Results foN-Alkylation 0f3.22

X X
on 1) Boc0 H OMO o ° M
©\/\ rt, 13 h (1:1 equiv)
NH, 2)50°C,5h NHBoc TiCl,/DCM solvent
3) Swern Pyridine, THF NHBoc base
3.21,78% 0°C -1t 16 h 3.22, 49%
over 2 steps
By
M= t/SnQ, BusSn, B(pin)

3.10j 323 3.24

In addition to carbamat@2l, sulfonamide3.27 was also preparexhd reported
conditions forN-alkylations were tested (Schem®).8¢1’Due the cost and number of
synthetic steps to prepare the organometallic re8gEnjt8.23 and 3.24 screeningor
optimal conditions foN-alkylation 0f3.21 was done sing benzybromide (Scheme 3&)6
It was found thal -alkylation can be achieved affordrifin good yields using:8Os in
DMF at rt, but these conditions failed to give alkylated product8\WBg8.23 and3.24
were used as electrophiles and resulted gtisatiecovery &.21 and3.27(Scheme3.1&
and b respectively). Under more forcing condition, temperatures above 80 °C, decomposition
of both reagents was observed. It is plausible the lack of reactivity observed with the
organometallic electrophilese | d be due to a stable o0ated cor
acidic metal (B, Sn) and the enolate forapesh deprotonation (Scheme 8)16hese
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intermediates would impedealkylation and afford the corresponding starting maieoial
aqueous workuplhe successful alkylation with benzyl bromide can be attributed to the

absence of a Lewis acidic site.

Scheme 3.8. Results foN-Alkylations of Carbama®e2l and Sulfonamid&27

a) o

Ph” O Br 0 3.10j or 3.23 or 3.24
H 1.1 i 1.1 equiv
o (1.1 equiv) H ( quiv) 16 rxn
N~ Ph  KCOjg (xs) K2COj3 (xs)
Boc DMF, rt NHBoc DMF, rt
3.26, 77% 3.21

o 3.10j or 3.23 or 3.24

H (1.1 equiv)
—————>X——— norxn
K,COj3 (xs)
NHSO,Ph DMF, rt
3.27

©

c)
0 o o—M_I
O = 0L — O =L
S
NHBoc NBoc )IN\ \N’BOC

o I
BUO” ~O-M—/

In order to avoid the postulated ke interference foi-alkylation, amino alcohol
3.28and3.23were chosen, based on cost and ease of preparation, to test for reactivity (Table
3.4). It was believed that based on the difference in pKa between the carbamate (~21 in
DMSO)ues and alcohol (-2 in DMSO)ue alkylation could be achieved under the same
conditions used to prepa@3€6 However, complex mixtures and incomplete reactivity was
observed (entry). Stronger bases such NaHBuLi did not improve selectivity and gave
mixtures of productswhere3.29 was the only compound that could be isolated and
characterized from the mixtures, entry 3. Noteworthy & 2®aibes possess the desied
alkylated moiety.
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Table 3.4. Results foN-Alkylation 0f3.28

©\/\OH base, solvent ©\/\OH
3.23
NHBoc N”>SnBus,
Boc

3.28

Entry Reaction Conditions Product (%oyield)?
1 K2CO;s (1.5 equiv), DMF, rt, 10 h mixture
1) NaH (1.1 equiv), DMF, rt, 4 h i
2 mixture

2)3.23(1.5 equiv)

o
1)nBuLi, THF,-78 °C CEI\Ego

2)3.23(1.5 equiv) SnBuj
3.29(22)

qsolated yields.

To mitigate competin@-alkylation, THFprotected3.30was prepared\-alkylation
of 3.30to 3.31was achieved smoothly in modest yields by complete deprotonation with KH
followed by the addition &23(Scheme 37 Deprotection followed by Swern oxidation
gave3.32in excellent yield over 2 steps. Kin&noevenagel condensation under strongly
Lewis acidic conditions afforded model subS8raéa Though3.16gpossessa more stable
CoSn bond compared to thecarbastannatraned®h, the potential for intramolecular
conjugate addition was still exsediusing Rh{datalysts (Table 3.5).
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Scheme3Z1Z Preparation of Me3dléa umbés Aci d Al kyl i de

1) KH (1.2 equiv)
DHP (xs) 18-crown-6 (0.1 equiv)
©\/\ OH  PPTS (cat) ©\AOTHP THF, 0°C @(\OTHP
_—
NHBoc  CHyCly, rt NHBoc  2) BusSnCHjl (0.85 equiv) E/\SnBu3
THF:DMF (20:1) oc
0
3.30, 94% 331 41%
1) PPTS (0.1 equiv)
EtOH (0.1 M)
55°C, 3 h
T X 2) Swern
0" o 0" o

5 AN o

0]
| (0.9 equiv) H
TiCl4/CH,CI
101/0RL01 N/\SnBua
Boc

N/\SnBu3 Pyridine, THF
Boc 0°C-rt 3.32, 89% over 2 steps

3.16a, 33%

In the absence of any Ratalysts and using TBAF as an activator to form a
hypervalent organotin colapi2ono 1,4conjugate addition adducts were observed and a 1:1
mixture ofstarting materi®8.16aand 3.32was observed in the crut&NMR spectrum
(Table 3.5, entry 1). Repeating the reactions at higher temperatures resulted in decomposition
of startingmaterial (entry 2). Rialts were then screened and displayed varying levels of
reactivity. Reactions using [Rhé&@]. did not show any reactivity after 72 h at rt and
decomposition after 16 h at elevated temperatures, edridh& addition of plsphine
ligands (entry 5) or using a cationic&hlyst that was very effective in conjugate addition
reactions (vide supra)entry 6) both failed to give any isolatable adducts. Interestingly both
[Rh(cod)Cland [RI6OH)(cod)} afforded spiro compourl33 The structure d3.33was
proposed based éH, *C, DEPT 135/90, CO%, HMQC and HMBC data collected which
match the structure 833 The formation 08.33can be explained by transmetallation taking
place betweethe sterically less challengir@3yond giving rise to intermediaig4(Figure
3.4. The intramolecular participation of nitrogen-fmies haseenshown to enhance
reactivity in Stille reactiomsn 3.16&ahe lone pair of electrons on the oxygfethe carbonyl
group may have directed the transmetallation aiBinegroups, as well as stabilize the
formation 0f3.34 Successivehydride elimination of the correspondingRt followed by
the reduction of alkylidene moiety gives rise to th-iRtermediate3.35 Nucleophilic
attack of enolate onto the Sn liberates theaRilysand gives rise t133 Alternatively,
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Table 3.5. Results forthe R@at al yzed I ntramol ecular Conjug
Acid Benzylideng.16a

o><o O)(O
0 | 0 Catalyst, solvent © o
Temp, time
N”SnBu, N
Boc Boc
3.16a
Temp (°C) /
Entry Catalys¥ Solvent Time (h) Pdt
1 TBAF (1.3 equiv) THF rt /72 3.16a:3.321:1)
2 TBAF (1.3 equiv) THF 55/24 decomp
3 [RhCI(CH4)2]2 THF rt /72 3.16a
4 [RhCI(GH4)2]2 THF 55 /16 complex mixturés
[RhCI(GH4)2]2
5 PP (20 moi%) THF rt /72 3.16a
[RhCI(GH4)2]2
6 AgSbk (20 mol%) THF re/72 3.16amajor)
PPh (20 mol%)
[RhCI(GH4)2]2
7 AgSbks (20 mol%) THF 55/8 decomp

PPh (20 mol%)

OO\F

o]
8 [Rh(cod)CH THF (/72 @(XJEBL:?

h
Boc

3.33

Rh(cod)C

9 PI[Dh; ((20 r%olﬂ%) THF rt/ 72 3.16a
[Rh(cod)CH

10 AgSbfs (20 mol%) THF re/ 72 3.16amajor)

PPh (20 mol%)
11 [Rh(cod)(MeCN)BF, THF re/72 3.16amajor)
Rh(cod)(MeCN)BF4

12 | Ffph éo mol(;o ) THF rt/72 3.16a

13 [Rh(cod)(MeCN)BF4 THF 55/22 inseparable mixture

14 [Rh(OH)(cod)} THF rt/ 120 33%

15 [Rh(OH)(cod} THF 55/18 complex mixture

310 mol% Rh was usé@omplete consumption of starting material.

oxidative insertion of the Rh(l) catalyst affording intermé&d&geanthenundergo @-

hydride eliminatioresulting in intermediaB37and 1butene (Figure 3.4). Intramolecular
coordination by the oxygen of the carbamate can direct hydrorhodiation of the olefin resulting
in intermediat8.35 which can proceed through the same sequeB &3 tefforts toobtain

single crystals @t33failed to give a solid and a yellow waxy oil was isolated. The undesired
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regioselectivity of transmetallation furthreterscorethe need for an organometallic moiety

that will selectively transmetallate.

oiyio
(0] | (0] o~
Rh(llI
N s W ydride
Buy Elmination \
’BUOAO 0---Rh—H
3.36
Rh() %,é
Oxidative Oo;é&
Insertion &
OXO 0><0 o><o Rh
N L
(6] (0] o (0] (0]
Rh()) | /
—_— + Rh—nBu - Rh—H —>
Transmetallation p-Hydride
PO Elmination
N SnB N\ PN
nBuz . ShBuy L /SnBuz
BUO” N0 Bu0” Og BuO” 22
3.16a 3.34 3.35

N

0 o
o
SnBu,
-/

N
Boc

3.33

Figure 3.4 Proposed Mechanism for the FormatioB.88

Efforts to prepare the analogous moaél8.16with organometallic electrophiles
3.10jor 3.24proved to be more problematic than V@ith3 Using the same conditions for
the preparation 08.16aN-alkylation witt8.10jsmoothly formed the desired addBi&g
however, alkylation with24was not as clean (Schem&)3Moreover, efforts to purify
crude material of either reaction wahi0jor 3.24 were unsuccessful andutesd in
decomposition on silica gel. As result, crude material of both reactions were subjected to
deprotection with catalytic amounts of PPTS that resulted in complete decomposition of crude

materialdrawing attention tthe limitationof this approachi-or crude3.36 evidence for
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protodestannylatioof the GSn bond was obtained by the isolation of carb&3tend

the isolation 08.10&by treating the aqueous layer with excess HCI and extraction with DCM.
Scheme 3.8 Results for thdl-Alkylation of 3.30With 3.10jand3.24

1) KH (1.2 equiv) 1) KH (1.2 equiv)

18-crown-6 (cat) 18-crown-6 (cat) OTHP  PPTS (cat)
THF, 0 °C OTHP  THF,0°C EtOH (0.1 M) OTHP W\l

2\ o e NHBoc 2 m T‘ ] 55°C, 3 h '\hI/lIBoc * VSEA
Sn e
o’B ! Y/S@ VNQ
3.24 (0.90 equiv)  3-30 [ 3.36 3.37 3.10a
3.10j (0.9 equiv)

3) PPTS, EtOH, 55

As an alternate approach, a i@ected derivativ@.38possessing a labiléSt
compared to other silyl based protecting graagsprepared in good yield (Schen®.3.1
Subjecting3.38to previously successiNtalkyation conditions witl8.10jafforded the
alkylated cyclic carbamat89 Intramolecular ringlosure reactions of carbamate esters to
form 1,3benzoxazi?-ones have been studied by Fife and believed to proceed through a
isocyanate intermediatd he formation of3.39may also proceed through an isocyanate
intermediate that is trapped by the migration of labile TMS group followed by intramolecular

nucleophilic attack.

Scheme 3.9. Results for th&l-Alkylation of CarbamaB38with 3.10)j

1) KH (1.2 equiv)
18-crown-6 (0.1 equiv) ©\/\i
NHBoc EtsN THF, rt NHBoc 2 ?‘ TS‘nJ
Sni N
3.38, 80% kl 3.39

(0.90 equiv)

In order b avoid cyclization via the proposed isocyanate intermediate in the formation
of 3.39 amide3.40was prepared (Schem20B.Subjecting.40to N-alkylation conditions
with 3.10jresulted in consumption of startmgteriahs indicated by TLC aadalys of the
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crude'H NMR spectrum (Scheme@; however, due to the lack of the TMS group it was
determined that the desired adduct was not formed. Efforts to isolate the product were
fruitless as novel peaks and spots were observed after flash columtogrammga
suggesting decomposition by the silica gel.

Scheme 0. Results for thal-Alkylation of Amide3.40with 3.10j

1) KH (1.2 equiv)
1) AcCl, EtzN 18-crown-6 (0.1 equiv)
©\/\OH DCM, rt ©\/\OTMS THE, 0°C
_oeM e , y
NH, 2) TMSCI, EtzN NHAG 2) complex mixture
THF, 0-rt N

S
3.40, 44% over 2 steps @
|
(0.90 equiv)

The final strategy that was explored was starting from commercially available 2
nitrobenzaldehydwhere acetalization followed by nitro reduction wit8-8t4O cleanly
afforded the aniline derivative that was directly protecte@aeitanhydride to giv&41
(Scheme 312 N-Alkylation with3.23was successful affording $1é2in modest yield of
43%, but alkylation with carbastannatBab@jfailed to afford the desired adduct. Efforts to
purify under neutral or basic conditions by deactivating silica gel with the additionMNf 1% Et

or using alumina (&)s) based columns were unsuccessful.
Scheme 3.4 Synthesis dhceal 3.42

. 1) KH (1.2 equiv)
1) MeOH/DCM (2:1) OMe OMe

CHO CH3SO3H (cat) 18-crown-6 (0.1 equiv)
@[ 3A MS, reflux OoMe THF,0°C OMe
2) Na,S9H,0 (xs) 2) 3.23 (0.9 equiv)
NO 229172 A~
: EtOH reflux NHBoc N” “SnBus
3) Boc,0O Boc

3.41 3.42
Et3N, THF, reflux
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3.4. Summary

Due to the synthetic utility aficarbastannatranes, particularly in enhanced and
selective transfer of alkyl groups, a novel in situ prodeduhe preparation of chloro
carbastannatrangd0astarting from inexpensive starting reagergshown some promise.

This lead requires optimization but may offer the most inexpensive and direct approach to
3.10a

Me | dgs aawnd benzyliden®.16a was successfully prepared but failed to
transmetallatat theJ-amino @Sn bond; instead transmetallation took place at one of the
nBu groups. Efforts to install an organometallic appendage that does not suffer from
selectivity issues was problematic. The desired enhanced reactivity of alkyl
tricarabastanmanes proved talsobe responsible for the inability to prepare and isolate
carbastannatrane derivative3.b6 1t was decided thatd to inkerent instability and ease of

protodestannylatioof the COSnbond novel models or strategies must be explored

3.5. Future Work

Improving the in situ hydrozirconation of triallylamine protocol may be achieved by
the addition of Lewis acids. Negishi reported the hydrozirconation of monosubstituted
alkenes, which are typically sluggish, can be accelenategnoited yields by the catalytic
addition of various Lewis acids (AI8gBR, PdC)(PPh),), where an increase of up to 70%
yield was obtained: Additionally, alternate zirconocenedrdge sources, such as
BuZrCpCl, will need to be tested to deterthe optimum conditions.

With respect tthe development of an intramolecular asymmetric conjugate addition
protocol, rather than utilizing an organometallic group for transmetallation, difgtd C(sp
activation would avoid the instability or selgctof the @M bond. Daugulis has used
pyridine and -&minoquinoline groups as auxiliary groups in the direct alkylation of
unactivated $@mnd sp CoH bonds, where careful substrate design allows complete control

of which @H bond is activated (Figuréa®i2¢ A similar strategy can be employed whég:
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(Figure &b) possess a strategically placed directing group which activates thedttesired C
bond that can undergo an intramolecular cyclization with an electrophilic site resulting in a 3
substituted indme. It should be noted that efforts towards the preparati8m®and
analogous with different directing groups have already begun but insufficient results were

obtained to be included.

a)

X X
| 1 n-Octl | _
N" s Pd(OAC), (5 mol%) N
HN4 o) _ > HN (0]
5 KzCO3, PivOH
F. S - ° F.
“Me t-AmylOH, 110 °C CH,n-Oct
Ph Ph
b)
Electrophilic
Acceptor
N
Pd(Il) or Rh(I/1I)
_—
X

N=
Directing
Group @}

3.43
Figure 35. PdCatalyzed -Bminoquinoline Directed Alkylatiasf spp COH Bonds; b)
Proposed Future World Auxiliary Assisted Tandem CJ8d Bond Activation

Intramolecular Allylation Methodology

3.6. Experimental

General Considerations

Reactions

All reactions were carried out in oven or fldrmexl glassware der dry nitrogen or
argon atmospher€H:CkL, DCE and E{ wereobtained from a solvent purification system
based on the published proceduiiéHF was distilled from sodiubenzophenone ketyl
under nitrogen. DMFDMSO andEt:N were dried by distilling over Gaahd stored in a
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Schlenk flask under argon. EtOH was distilled over Mg powder under argon and stored over
3A molecular sieves. Reactions were monitored bgytbirchromatography and visualized

by UV quenching andfestaining with cerium ammonium molybdate. Flash chromatography
was performed using 2800 mesh silica gel.

Characterization

Unless otherwise statéd,and**C NMR spectra for all compounds were obtained in
CDCkat 300 MHz and 75 MHz, respectiveher@ical shifts are reported in parts per million
(ppm, ). Proton spectra were calibrated to residual ;{HE4 ppm) and carbon spectra
were calibrated to CDC(77.0 ppm). Carbon multiplicities (C, CH,,,CE8H;) were
determined by combined DEPT 90/135 experiments. High resolution mass spectrometry was
perfamed at the University of Waterloo and the University of Toronto Mass Spectrometry

facilities. Melting points are uncorrected.

Hydrostannylation-Thermal Disproportionation Approach to Chloro
Tricarbastannatrane 3.10a

1) SnCly (1.5 equiv)

BuzSnH (5.5 equiv) H,0O (0.3 equiv) T’l‘
Pd(OH),/C (10 mol%) 80-95°C, 4 h
= 2 _OOY WD e
N/é\/)s THF, rt, 22-36 h NMS”BUB 2) 10M NaOH
20-40 °C
3.17,56% (15.5 g) 3.10a, 931%(<1.6 9)

The procedure is based on a repgrivang et al. at Merck research laboratories.
Freshly prepared EBnHz2(221 mmol, 5.5 equiv) in THF (138 mL) desxygenateby
bubbling argon and was slowly added by syringe pump (10 mLdeptoygenatedixture
of triallylamine (40.3 mmol, 1.0 eyaind Pd(OHJC (4.03 mmol, 0.10 equiv) in THF (40
mL) at rt. After complete addition, the reaction mixture was filtered over a pad of Celite to
remove the heterogenous catalyst and concentrated. Purification by flash chromatography on
silica gel was aelied by initially eluting with hexanes to remoy8iiBoyproduct, and then
a 9:1 mixture of harnefEtOAc. Compound3.17was isolated as clear colourless oil (22.7 g,
57%). NMR data matched that of reported procedhrddviR (CDC}, 300 MHz) 2.36 (d,
= 7.5 Hz, 6H), 1.61 (m, 6H), 188040 (m, 18H), 1.88.21 (m, 18H), 0.89.77 (m, 45H),
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0.69 (tJ= 8.5 Hz, 6H)3C NMR (CDCJ, 75 MHz) 28.7Xsc= 19.5 Hz), 27.1Ksc= 52.0
Hz), 24.4%sc= 17.1 Hz), 14.2 (CH 8.8 &rsc= 308.0 Hz), 6.3Hsc= 299.1 Hz).

Water(36¢L) was addedta pures3.17(7.35 mmol) andeated to 80 °C, followed
by the slow addition of SnC11.7 mmol). The resulting mixture was then stirred at 95 °C for
4 h. Thereactionwas cooled back down to rt and stirred at this temperature for 3dienin.
temperature was then raised to 50 °C and aqueous NaOH (30 mL, 10 M) was slowly added
dropwise and continued to stir for an additional 40 min. The reaction was cooled back down
to rt, the layers were partitioned and the aqueous layer was washed Evitfrhigl8gueous
layer was cooled in an ice bath and acidified with conc. HCI (pH 2.5). The mixture was
extracted wittCH.ClL (50 mL) and organic fractions were dried over Mg&0Ofilered.
Removal of solvent afford8dLOaas beige solid that can be ratatiized from MeOH (0.67
g, 31%). The NMR data matched that of reported procedtildsMR (CDC}, 300 MHZz)
2.47 (tJ= 6.5 Hz, 6H), 1.83 (nwn = 107 Hz,6H), 1.21 (mka= 69 Hz, 6H). *C NMR
(CDCE, 75 MHz) 53.6 (CHXEwsc= 38.5 Hz), 23.1 (@, Jwsc= 28.9 Hz), 14.2 (CGHkwc=
476.6 Hz).

In Situ Preparation of ChloroTricarbastannatrane 3.10a

1) Solvent, rt, 3-5 h ?\

P N
N(’\/L *+ CppZrCly + MH 5y5161,, 278 °C to 1t Y/SPQ
Cl

14-18 h

3.10a

To a premixed solution of the metal hydride (5.53 mmol, 3.2 equiv) in THF (17 mL)
was added a solution of ZpCl, (5.53 mmol, 3.2 equiv) in FH5.5 mL) at rt resulting in a
light grey mixture. The flask was wrapped in aluminum foil and stirred for 30 min, followed
by the addition of triallylamine (1.73 mmol, 1.0 equiv) which was then allowed to stir for an
additional 5 h. The turbid greenistown solutiorwas cooled te/8 °C and Sn@lvas added
dropwise and allowed to gradually warmup to rt overnight. The reaction was quenched upon
the addition of ice and 10% HCI to help dissolve aluminum oxide byproducts. The layers were

partitioned and thegaeous layer was extracted WithCl, (3x). The organic layer was
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washed with KD, dried over MgSQfiltered and concentratedompound3.10acan be
further purified by recrystallization from MeOH as a beige solid (0.18 g, 37%).

Preparation of tertbutyl (2-((2,2-dimethyl-4,6-dioxo-1,3dioxan-5-
ylidene)methyl)phenyl)carbamate (3.22)

X OXO
OH 1) Boc,O [e) | (0]
@\/\ _THF OH 3)Swern_ (1 1 equw)
NH,  2)50°C, 5h NHBOC NHBoc T|C|4/CH20|2
Pyridine, THF NHBoc
0°C-rt,16 h 3.22

Bocprotection of Zaminobenzyl alcohaias achieved using reported proceehtoe:
a solution oR-aminobenzyl alcohn®1.0 mmol) in TH (21 mL) was added Boc anhydride
(43.0 mmol) in one portion atlee solution wastirred at rt overnight. The resulting bright
orange solution was stirred at 50 °C and the progress of the reaction was monitored by TLC.
The solvent was removed in vacuo angle mixture was purified by flash column
chromatography on silica gel eluting with a gradient from 9:1 to 1.1 hexanes:EtOAc.
Carbamate3.28 was isolated as an yelonange oil (7.68 g4%) and characterization

matchedhat reported.

To a solution obxalyl chloride (40.8 mmol)@H.CkL (26 mL) at78 °C was added
DMSO (121.1 mmol) dropwise and stirred for 45 min. A soluti®r2®{40.4 mmol) in
CH.CL (40 mL) was then slowly addeer8t°C and stirred for 30 min, followed by the slow
addition ofEtsN (242.3 mmol) and additional stirring7a&t °C for 45 min and &0 °C for
30 min. The reaction was quenched by the addition of water and extraCeleGki{Bx ).

The organic layer was then washed with 5% HCI, dried ovey, MggB&dand concenated.
Analyses of the crudd NMR matched that reported f8r21and was sulfficiently pure to

proceed to the next step.

Al kyl i dene 3wP2Wwad prepanéddy thecKnogvenagel condensation of

Me | dr u mo s3.2lasing tthe nvethdd lneporteg Brown and coworkersA solution
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of TiCL (52.4 mmol, 2.1 equiv)@H.CkL (9 mL) was added dropwise to dry THF (91 mL) at

0 °C under nitrogen resulting in a yellow suspension. A premixed soBi88(2@f4 mmol,

1.1 equiv) and Md,N1.06equivnid dry THE (3ImLY wasgladded siowly

to the TiCl-THF complex. Subsequent rinses with THF & the flask containing the
solutionof3.2land Mel drumés acid was added to the
5.0 equiv) was then sloatided to the reaction mixture at 0 °C. The reaction was then allowed
to warm up slowly to room temperature and stirred for 18 h. The reaction mixture was cooled
back down to 0 °C and quenched upon the addition of water, followed by dilution with ethyl
aceaite. The mixture was allowed to stir at room temperature until the solid had fully dissolved.
The layers were partitioned, and the aqueous layer was extrdci@dev@s ). Combined

organic fractions were washed with Nakl@©), brine (k), dried over igSQ, filtered and
concentrated. Recrystallization from a saturated solution of MeOH afforded the pure
al kyl i dene 3pRU.B4rgudstb)as asdbeige drgstals. MAaIEB6C;'H NMR

(300 MHz, CDG) 8.45 (s, 1H), 7.80 (5 7.8 Hz, 1H), 7.56 (d= 8.2 Hz, 1H), 7.46 (d1,
=8.4,1.3 Hz, 1H), 7.16Jt 7.3 Hz, 1H), 6.57 (br s, 1H), 1.80 (s, 6H), 1.46 (STOMNMR

(CDCE, 75 MHz) 159.5 (C), 154.5 (C), 152.9 (CH), 138.2 (C), 133.3 (CH), 131.1 (CH), 125.3
(C), 124.3 (CH), 123.0 (CH), 11€&) 104.8 (C), 81.6 (C), 28.24CPi7.7 (Ck). MS (EI)

452 (M).

Synthesisof 1-((tributylstannyl)methyl)-1H-benzo[d][1,3]oxazin2(4H)-one (3.29)

1) nBulLi (2.0 equiv)

©€OH THF - 78 °C @Co
NHBoc 2) BugSnCHjl (1.0 equiv) /&O

N
THF:DMF (20:1) L
3.29

-78°Ctort
3.28 2

SnBuj

To a solution 08.28(1.05 mmol, 1.0 equiv) in THF (10 mL)7& °C was slowly
addedBuLi (2.10 mmip2.0 equiv, 2.5M in hexanes)thiedesulting mixture wsitsrred for
1 h. A solution of B&$nCHI (3.23 1.50 mmol, 1.0 equd)n 1 mL of THF:DMF (20:1) was
then slowly added and the mixture was gradually warrheddaitoring the consumption
of 3.28by TLC, the reaction was quenched upon the addition of water. The aqueous layer was
extracted with EtOAc &3; combined organic fractions were washed with brpea(d

dried over MgS©OThe filtrate was concentratedo a small amount of silica gel and loaded
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to the top of a silica gel column. Flash column dbognaphy eluting with 9:1
EtOAc:hexanes afforde?i29 (104mg, 22%) as a pale yellow fitth. NMR (300 MHz,

CDCl) 7.33 (tJ= 8.0 Hz, 1H), 7.185.96 (m, 3§ 5.11 (s, 2H), 3.38, 12.4 Hz, 1H)3.31

(d, 12.4 Hz, 1H)L.551.32 (m, 6H), 1.89.20 (m, 6H), 0.80.82 (m, 15H}*C NMR (CDC},

75 MHz) 153.5 (C), 139.0 (C), 128.9 (CH), 124.0 (CH), 122.5 (CH), 120.8 (C), 113.2 (CH), 67.0
(CH), 30.4 (Ch), 28.9 CHy, Enc = 10.5 Hz), 27.3 (CHknc = 40.0 Hz), 13.6 (G 10.4

(CH,, Enc = 166.7 Hz). MS (Ein/z 396 (M 0 CiHy).

Preparation of tertbutyl (2-((2,2-dimethyl-4,6-dioxo-1,3dioxan-5-
ylidene)methyl)phenyl)((tributylstannyl)methyl)carbamate 3.16a

1) KH (1.2 equiv)
18-crown-6 (0.25 equiv)

DHP (xs)
@COH PPTS (cat) @Comp THF, 0°C @COTHP PPTS (0.1 equiv)
s B —
NHBoc ~CH2Cla t NHBoc  2) BuzSnCH,l (0.85 equiv) N EtOH (0.1 M)

SnBuj
THF:DMF (20:1) Boc 55°C,3h
528 330 3.31
e o
o OMO oo
—_— —_—
A~ i
N SnBuj N/\SnBu3 TiCl4/CH,Cly N/\SnBu
Boc Boc Pyridine, THF Boc 3
A 3.32 0°C-rt

3.16a

Carbamat&.30was prepared based on a procedure reported by YoskiKoshi:
solution 0f3.28(8.53 g38.20 mmol, 1.0 equiv)@iH.Ck (255 mL) was added dihydropyran
(4.82 g57.31 mmol, 1.5 equiv) and PPT.8] g;3.82 mmol, 0.1 equiv) at rt and was stirred
for 5 h. The mixture was then diluted wittOEand washed with brine. Removal of solvent
in vacuo afforded.30(11.02 g, 94%) as colourless oil and was sufficiently pure to proceed to
the next stegH NMR (300MHz, CDC}) 8.00 (br s, 1H), 7.97 (s, 1H), 7.29<t7.4 Hz,
1H), 7.15 (dJ= 6.6 Hz, 1H), 6.96 = 7.4 Hz, 1H), 4.81 (d= 11.6 Hz, 1H), 4.67 (m, 1H),
4.47 (dJ=11.6 Hz, 1H), 3.9B.92 (m, 1H), 3.68.56 (m, 1H), 1.86.72 (m, 2H), 1.64
1.56(m, 4H), 1.50 (s, 9HJC NMR (CDCJ, 75 MHz) 153.1 (C), 138.3 (C), 129.7 (CH), 129.1
(CH), 125.5 (C), 122.5 (CH), 120.2 (CH), 98.1 (CH), 79.9 (C), 6),.83@HCH), 30.5
(CHy), 28.3 (Ch), 25.2 (Ch), 19.6 (Ck). MS (El)m/z 308 (M+H).
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Carbamat3.31was prepared according to the following procedamepound3.30
(3.68 g,12.00 mmol, 1.0 equiv) was dissolved in THF (40 mL) and cooled in an ice bath,
followed by the addition of KH (30% by wt, 14.15 mmol, 1.2 egniwvo equal portions
and stired for 2.5 h. 2&rown6 (0.80 g;3.02 mmol, 0.25 equiv) was added to the mixture,
followed by the dropwise addition 223 (10.20 mmol, 0.85 equiv). The solution was
gradually warmed to rt and continuously stirred for 16 h. The reaction was cliEed wit
and then quenched by the addition £9 Hhe layers were partitioned and the aqueous layer
was extracted with &1 (2x). Combined organic fractions were washed with brine, dried over
MgSQ, filtered and concentrated. The crude compound was posifitdsh column
chromatography on silica gel eluting with 5:1 hexanes:EX@Apound3.31(2.55 g, 41%)
was isolated as a pale yellowtiNMR (300 MHz, CDG) 7.5857.48 (m, 1H), 7.82.20
(m, 2H), 7.02 (m, 1H), 487567 (m, 2H), 4.54.46 (m, 1H),.92 (m, 1H), 3.$8.53 (m, 1H),
3.213.17 (m, 1H), 2.92.84 (m, 1H), 1.82.32 (m, 30H), 0.89 (m, 16KE NMR (CDC,
75 MHz) 155.0 (C), 143.0 (C), 135.3 (C), 128.1 (CH), 127.8 (CH), 126.9 (CH), 126.6 (CH),
98.0 (CH), 79.3 (C), 64.7 @5H61.9 (Ch), 36.9 (CH), 30.5 (Ch), 29.0 (Ch), 28.2 (Ch),
27.5 (CH), 25.5 (Ch), 19.4 (Ch), 13.7 (CH), 10.8 (Ch).

Compound3.32was prepared according to following procedioepound3.31
(8.46 g13.86 mmol) and PPT&35 g1.38 mmol) were weighed infitagk and diluted with
EtOH (140 mL). The mixture was stirred at 55 °C while monitoring the progress of the
reaction by TLC. The reaction was cooled back to rt and solvent was removed in vacuo.
Purification by flash column chromatography on silica g elth a gradient from 1:12 to
1:9 EtOAc:hexanes affordad6.72 g, 92%% NMR (300 MHz, CDG) 7.487.46 (m, 2H),
7.25 (brs, 2H), 7.03 (br s, 1H), 4.57 (br s, 2H2300br m, 2H), 1.51 (br s, 9H), 1.46 (br
s, 12H), 1.28 (br s, 21H), 0.85 (b26H).*C NMR (CDC}, 75 MHz) 155.1 (C), 142.9 (C),
137.5 (C), 129.0 (CH), 128.5 (CH), 127.2 (CH), 126.9 (CH), 79.9 (C),.5133.8€H),
29.0 (CH), 28.2 (Ch), 27.3 (Ch), 13.6 (CH), 12.9 (Ch).

SubjectingompoundA (6.70 g12.75 mmol) to Sawvn conditiongsee proceduresed
to preparaldehyde.21vide suprdor detail¥ affordedcompound3.32(5.75 g, 86%) as a
pale yellow oitH NMR (300 MHz, CDG) 10.06 (s, 1H), 7.84 §d+6.9 Hz, 1H), 7.56 (dt,
=7.5, 1.5 Hz, 1H), 7.32 Jt=75 Hz, 1H), 7.21 (d= 7.9 Hz), 3.288.14 (br m, 2H), 1.87

103



1.39 (m, 8H), 1.25 (m, 16H), 0.83 (m, 178)NMR (CDCJ, 75 MHz) 189.9 (CHO), 154.8
(C), 147.8 (C), 134.5 (CH), 131.8 (C), 127.8 (CH), 126.9 (CH), 126.6 (CH), 80.7 (G), 38.1 (CH
28.9 (CH, knc = 10.5 Hz), 27.9 (G} 27.3 (Chi ke = 28.3 Hz), 13.6 (CJ 10.7 (Ch).

Compound3.16awas prepared by the Knoevenagel condensati@Bdivith
Mel dr umod s acid according to 32h(ede suprje pr oce
Purification bylash column chromatography on silica gel eluting with 1:5 EtOAc:hexanes
afforded3.1642.92 g, 33%) as a yellow'BiINMR (300 MHz, CDG) 8.41 (s, 1H), 7.85 (br
s, 1H), 7.48 (1] =10.5 Hz, 1H), 7.87.19 (m, 2H), 3.11 (br s, 2H), 1.80 (s, 6H)314B
(m, 6H), 1.381.23 (m, 20H), 0.62.83 (m, 17H}*C NMR (CDCJ, 75 MHz) 159.3 (C), 155.4
(©), 154.5 (CH), 137.2 (C), 133.1 (CH), 130.8 (CH), 129.3 (C), 126.5 (CH), 125.8 (CH), 115.6
(C), 104.5 (C), 80.7 (C), 38.34CPB.9 (Ch kwc = 10.5 Hz)28.0 (CH), 27.6 (CH), 27.3
(CH), 17.5 (Ch), 13.5 (CH), 10.5 (Ck). HRMS (ESIm/z calcd for GH4NOeSn (M
CiHo) 593.17993. Found 593.17979.

Preparation of tertbutyl 3,3-dibutyl-2',2'-dimethyl-4',6'-dioxo-2,3
dihydrospiro[benzolf][1,3]azastannepire-4,5-[1,3]dioxane}1(5H)-carboxylate 3.33.

)%
0" o OO\F

07 O [RnCl(cod)l, (10 mol% Rh) °
o)
THF, rt, 48 h SnBu;
_/

N SnBus N
ocC Boc

3.16a 3.33

A flamedried Schlentubepurged with argon and equipped with a magnetic stirrer
was charged wih16a110 mg.17 mmol) and [RhCl(cad)).085 mmol). The walls of the
Schlenkubewere washed with THR.7 mL) to ensure complete transfer of reagents. The
Schlenkubewas sealed and the resulting bright yellow solution was stirreddort48he
mixture was then passed over a pad of silica and concentrated onto a small amount of silica
gel. The sitia gel dried with the crude product was loaded to the top of a packed silica gel
column eluting with a gradient from 1:11 to 1:1 EtOAc/hexanes affdrthaP8 mg, 27%
not completely purak a thin film'H NMR (500 MHz, CDG) 7.26 (dJ =7.8 Hz, 1H)7.15
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(m, 1H), 7.06 (m, 1H), 6.75 (d, 7.7 Hz, 1H), 3.4B=(@6.0Hz, 1H), 3.21 (d,=12.5 Hz,

1H), 2.96 (d) =15.9 Hz, 1H), 2.41 (@=12.5 Hz, 1H), 1.72 (s, 3H), 1.68 (s, 3H)p1.28

(m, 17H), 1.25 (s, 9H), 182217 (m, 7H), 0.81 (m, 3HC NMR (CDC}, 125 MHz) 167.5

(C), 167.0 (C), 161.3 (C), 140.0 (C), 139.4 (C), 129.1 (CH), 127.9 (CH) 126.1 (CH), 125.2 (CH),
103.0 (C), 83.8 (C), 77.2 (C), 38.1)(@4.1 (Ch), 27.8 (Ch), 27.3 (Ch), 26.5 (CH), 26.3

(CHs), 26.1 (Ch), 24.9 (CH), 23.2ACHy), 19.4 (Ch), 18.9 (Ch), 13.7 (Ch), 13.6 (CH).

HMQC NMR DATA (CDCI 3, 300 MHz)
Proton(s) Exhibited Coupl

6.75 (H) 125.2 (@)

7.15 (H) 128.0 (&)

7.06 (H) 126.0 (Q)

7.26 (H) 129.1 (@)
3.49,2.96 (H X s 23.2 (Q
1.72,1.68 (K ) 5 28.1,26.0 (G X s
3.21,241 (H ) s 38.1 ()

1.25 (H) 24.5 (@)

NoteHMQC data for stannyl butyl groups were omitted because they could not be
unambiguously assigned.

HMBC NMR DATA (CDCI 3, 300 MHz)
Proton(s) Exhibited Couplin
6.75 (H) 128.0 (), 139.4 (¢
7.15 (H) 125.2 (@), 139.4 (§
7.06 (H) 129.1 (@), 140.0 (§
7.26 (H) 140.0 (Q
3.49,2.96 (H X s 125.2 (@), 139.4 (§, 77.2 (), 167.5 (§
1.72,1.68 (5 % 5 103.0 (¢
321,241 (HY) s 161.3 (@)
1.25 (H) 83.8 (Q
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Preparation of tertbutyl (1-aza5-stannabigyclo[3.3.3Jundecan5-ylmethyl)(2-
(((tetrahydro-2H-pyran-2-yl)oxy)methyl)phenyl)carbamate 3.36.

1) KH (1.2 equiv)
18-crown-6 (cat) OTHP

OTHP  THF,0°C @C
— NBoc

NHBoc 2 J

VEQ @*

3.30 3.36
3.10j (0. 9 equiv)

Carbamat&.36was prepared according to the same proced8r@légde supra)
using3.30 (0.40 g, 1.30 mmol) ardd10j(0.4 g, 1.17 mmolas the alkylating group.
Purification by flash column chromatography on silica gel eluting with 1:10 EtOAc:hexanes
afforded3.36(0.39 g, 52%) as waxy séktiNMR (300 MHz, CDG) 7.48 (br m, 1H), 7.19
(br m, 2H), 7.00 (br s, 1H), 44466 (m, 2H), 4.48.42 (m, 1H), 3.89 (br m, 1H), 3.52 (br
m, 1H), 2.532.48 (m, 1H), 2.34 @,=5.4 Hz, 6H), 1.88.76 (m, 2H), 1.68.49 (m, 13H),

1.27 (br s, 7H), 0.68 (m, 6L NMR (CDCY, 75 MHz) 154.8 (C), 143.6 (C), 127.6 (CH),
127.3 (CH), 126(€H), 126.2 (CH), 98.1 (CH), 78.7 (C), 64.9)(6BL0 (Ch), 62.2 (CH),
54.9 (CH), 30.6 (Ch), 28.4 (Ch), 25.5 (Ch), 23.4 (Ch), 19.4 (CH), 8.0 (CH).

Synthesisof 1-(1-aza-5-stannabicyclo[3.3.3]Jundecarb-ylmethyl)-1H-
benzo[d][1,3]oxazin-2(4H)-one 3.39

1) KH (1.2 equiv) o
18-crown-6 (0.1 equiv) ©\/\/g
@C TMSCI (2.0 equw) OTMS THF,0°C N~ 0
NHBoc EtaN THF, rt NHBoc  2) W\l @n)
SHQ NQ
kl 3.39
(0.90 equiv)

3.28 3.38

Compound3.38was prepared based on a reported procedimea mixture 08.28
(0.46 g2.05 mmol, 1.0 equiv) andNE(4.10 mmol, 2.0 equiv) in THF (2.1 mL) at O °C was
added TMSCI (4.10 mmol, 2.0 equiv) dropwibde \8tirring, the reaction was gradually
warmed to rt and the progress of the reaction was monitored by TLC. Excess reagents and
solvent were removed under kgt and crude was redissolved i@ Hiiltering through a
pad of silicagel eluting with EtO& afforded3.38(0.48 g, 80%) as yellow oil that was
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sufficiently pure to proceed to the next sStdgfNMR (300 MHz, CDG) 7.987.93 (br m,

2H), 7.26 (t) =7.5 Hz, 1H), 7.07 (d,=7.2 Hz, 1H), 6.94 @,=7.5 Hz, 1H), 4.67 (s, 2H),
1.51 (s, 9H), 0.18, 9H)*C NMR (CDCJ, 75 MHz) 153.0 (C), 138.4 (C), 128.7 (CH), 128.1
(CH), 127.8 (C), 122.4 (CH), 120.1 (CH), 79.9 (C), 64)64& Bl (CH), 0.51 (CH).

Compound3.39was isolated as the major product irNtfagkylation 08.38(64 mg,
0.22 mmolusing the same conditions outlined for the prepa&tdmwith 3.10j(78 mg,
0.19 mmolas the alkylating group. Purification by flash column chromatography on silica gel
eluting with 1:4 EtOAc:hexanes affor@e89 (44 mg, 48%) as a thin filflal NMR (300
MHz, CDC}) 7.28 (m, 1H), 7.86.95 (m, 2H), 6.87 (@ 8.1 Hz, 1H), 5.08 (s, 2H), 3.06 (m,
2H), 2.32 (tJ =5.4 Hz, 6H), 1.61 (quint,= 6.0 Hz, 6H), 0.70 (§, =6.6 Hz).**C NMR
(CDCE, 75 MHz) 153.0 (C), 139.3 (C), 128.7 (CH), 123.8 (CH)(112},.9220.9 (C), 113.4
(CH), 66.9 (Ch), 54.5 (CH Xnc = 14.2 Hz), 37.4 (G 23.1 (CH Xnc = 12.4 Hz), 7.51
(CH, Enc = 207.1 Hz). HRMS (ESt)/z caled for GeHoaN02'Sn (M+H) 418.10117. Found
418.101083.

Preparation oftert-butyl (2-
(dimethoxymethyl)phenyl)((tributylstannyl)methyl)carbamate 3.42.

1) MeOH/CH,Cl, (2:1) OMe
cho  CHsSO:H (cat 2) Na,S'9H,0 (xs) oMe
3A MS, reflux OMe  EtOH reflux OMe
3) Boc,0
NO, NO, Et,N, THF, reflux NHBoc
B 3.41

1) KH (1.2 equiv)
OMe

18-crown-6 (0.1 equiv)
THF, 0°C OMe
2) 3.23 (0.9 equiv) N~ SnBu
3
|

Boc
3.42

AcetalB was prepared according to literature proceddre:a solution of2-
nitrobenzaldehyd€9.50 ¢,62.86 mmol) in MeOH:CHLK2:1, 150 mL) was added
methanesulfac acid (1.88 mmol). The mixture was refluxedlaslafitted with acshlet
apparatus containing 3 A MS (15g) for 24 h. The reaction was cooled bagkl t.inEx
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was added and the solvent was evapanatadu€rude sample was purified byhfladumn
chromatography over silica gel eluting with 1:5 EtOAc:hexanes aBdingy g, 94%) as
yellow solid. Characterization data matched that reported.

Compound3.41was prepared by the following procedei@ a solution oB (2.72
0,13.80 mmol) in EtOH (27 mL) was addeeS¥¢&l.O (8.29 g34.50 mmol) and the mixture
was refluxed for 1.5 h. After cooling to rgNEtL mL) was added and solvent was removed
in vacudhe crudeil wasdissolvedn EtO (20 mL), EN (1 mL) and KO (20 mL). The
layers were partitioned and the aqueous layer was extracted with EJOBonibined
organic fractions were washed with brine, dried over Mi8Ped and concentrated.
Characterizatiodata fo8.41(2.43 g, 66%) matched that reported, and was isolated as a yellow
oil sufficiently pure to proceed to the next step.

Compound3.42was prepared by the same procedure descrilged8Xdgide supra)
using3.41(337 mg, 1.26 mmol) aB®3(488 mg, 1.13 mmokurification by flash column
chromatography on silica gel eluting with 1:19 EtOAc:hexanes &8fd&{d8d0mg, 8%)
as a thin film*H NMR (300 MHz, CDG) 7.5&7.55 (m, 1H), 7.88.26 (m, 2H), 7.06.98
(s, 1H), 5.33 (s, 1H), 3.3634), 3.26 (s, 3H), 3.15Jd;12.7 Hz, 1H), 2.79 (@=12.7 Hz,
1H), 1.581.43 (m, 7H), 1.27 (m, 15H), 0.86 (m, 8EINMR (CDCJ, 75 MHz) 155.1 (C),
143.5 (C), 134.9 (C), 129.2 (CH), 127.6 (CH), 127.1 (CH), 126.8 (CH), 10@=2(EH), 7
53.8(CH;s), 53.5 (Ch), 37.5 (ChH), 29.1 (Ch), 28.1 (Ch), 27.3 (CH), 13.5 (Ch), 10.8 (Ch).
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Chapter 4. HaHolge nl Btoenda eitgi: o M& St udi es usin

Acid Derivatives and Halogen Bond Directed DielsAlder Reactions

4.1.Introduction

Schneider recently stated, oOowith courage«
chemistry of the last century was largely the chemistry of covalent bonding, whereas that of
the present century is more likely to be the chemistry ofvnancoe nt wsdThimdi ng o .
statement draws attention to the relatively understudied area of noncovalent interactions.
Particularly halogen bonding (XB), which can be regarded as the poorly recognized
counterpart of hydrogen bonding (HB). XB is not a new pleemooin |, in fact, O i
i odammoni umd omerp ldescrileed fwo dehturies agblore recently,
complexes of dihalogens with different oxygen/nitrogen Lewis bases as interaction partners
have been characterized crystallograpealjoweverthese complexes were frequently

referred to as charransfer complexes.

The concept of XB has been broadened further shvatly for complexes of
dihalogens with various Lewis bases, and nowdatlogely to that of HB. The IUPAC
definition for XB is, 0a halogen bond occul
interaction between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in angtheror t h e s a mesxHalogenlbendsul ar en
are represented by three dot®{RY, where BX is the halogen bond donor and X is any
halogen atom with an electrophilic (elegbaor) region, and R is an electwathdrawing
group ranging from anothkalogen atom to organic or inorganic atom (e.g., haloalkanes,
haloarenes, dihalogens, halonium ions). Y is the halogen bond acceptor possessing at least one
nucleophilic (electreni ¢ h) region (e.g., atom with | one
Evidence for the presence of a halogen bond may be experimental and or theoretical. A non
exhaustive list of some of the key feafiores halogetronded complex,dX:--Y, are: (1)
the interatomic distance between X and Y is less than the sum of thieNVaalsleadii; (2)
elongation of the®X bond length compared to freé&® (3) The RX---Y bond angle tends
to be close to 180°; (4) forces involved are primarily electrostatic, but polarization, charge

transfer, and dispersion contributions all playnpartant role; (5) observable differences
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with respect to the NMR chemical shifts for both #¢ &d Y nucles These features and

the extent to which they are observed may vary based on the systeengtaater the

number of features present, the more reliable the characterization of an interaction as a
halogen bond is.

E*
90 to 120°

K4
N
5) --»=E* R <————:Nu

v
E* E¥

Figure 4.1. TraditionaView ofHalogen&Jniformly Negativeurfacel nteracting with
Electrophiés (left)Halogen nteractions witBoth Electrophiles anNucleophile8ased

on theAnisotropicDistribution ofElectrons at th&urface.

XB appears to contradict the traditional view of unfavourable repulsive interactions
between species with similacgonic charactexherehalogens are viewed as being negative
in character, Figeird.1. The question then arisay and how do these inherently negative
entities interact favourably with other negative sites? The contradiction lies in the idea that an
atom in a given molecule can be treated as entirely negative or positive. Surveys of
crystallographic database have revealed characteristic pat@XnsYofsiRstems that were
interpreted as attractive noncovalent interactiond.hese noncovalent ingéetions are
mainly electrostatically driveand therefore suggest that these apassespositivdy and
negativly chargedegions that can interact favorably with both nucleophilic and electrophilic
sites respectivelfFigure 4.1. right) This has be&e comprehensivelyconfirmed
computationally in terms of the atomsd el ect

detail in the next section.

The occurreceof a regionwithposi ti ve el ectrostatic pot
surface that extendsiag the X bond axis is the basis of XB. This region has been referred
t o as-haolrved 0 Dhe @ isattribubed ttthe &njsotropic charge distribution
of acovalentibonded halogen atoms:Both hydrogen and halogen bonding are directional
and strong, and these nonc o-hoklthatratiseatithet er act i
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surface of the atom from which electrons are being pulled away by an electron withdrawing
subst it thelenconcepthasdeeExtended to also describe noncovalent irsteraction
between a covalentipnded atom of Groups 8¥1l and a Lewis basic sitel-or example,

sulfur atoms have been observed to interlctboth nucleophilic and electrophilic sites

within the crystal lattice of a XB compiex.If noncovalent interactions are considered to

be mainly electrostatically drivethen atomshat are traditionally viewsdlelyaselectron

rich, such as sulfur and halogansstill ableinteract favorably with both nucleophilic and
electrophilic sites strongipuld indicatéhat these atoms mugimprise oboth positivey

and negatiwe chargedregions. These observations have been studied and confirmed
computationally in ter ms s@idimgortast featdireoofitted el ect
electrostatic potential is that it is not just computatioletédigmined but is a physical property

that can be determined experimentally by diffraction techniqi@siputed molecular
electrostatic potentials (MEP) show a maximal positive region along the extensiah of the R
X bond, theDHAole, which can interact attractively with nucleophilic sites (FiguiEhd.2.).

main factors that affect the magnitude oDAelemaking it more positive are the eleetron
withdrawing powerfdr, and the polarizability ¥f where | > Br > Cl > E= Compounds

with multiple (RX). bonds are able to havaumber of XB interactionadditionallyMEP
calculations show negative regions found along the lateral sides of the molecule that can
interact favordip with electrophilic sites (Figure 442.).

© S
c—hole
S) ©

Figure 4.2. Schemati®iagranillustratingComputed MEP.

Another way to view XB is to consider the atomic orbitals (A®@$)jed. Kutzelnigg
pointed out that qualitative descriptions of chemical bonding, such as hybridization, only apply
to first row elemenendshould not be generalized to higher main group elemistsould
be noted thathe calculations useddmaw he following conclusiorse beyonthelevel of
understandingf this authorand therefore will be omitted from discussion; however, the
conclusionsdrawnfromthem | ow f or a gr e ath@derconoepaddenillst andi n
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be discussed’he main difference between the atoms of the first row versus that of the higher
rows are their cores. The s and p valence AOs of the first row atoms are localized in
approximagly the same region of space, whereas the p valence AOs of higher row atoms are
extended further in spaeeAs a result, for first row atoms both lgrzer repulsion and
isovalent hybridization play a msignificant role than for the heavy main group elements.

For example, the lone pair of electrons on N in anidiecule are essentialitsgbridized,

whereas the corresponding electrons for P and heavier atoms within the same group are found
in sorbitds4 With respect to halogen bonding, for halogens other than F, 4 out of the 7
valence electrons are assigned torifals that are perpendicular to each other and can
explain the negative belt along the laterabfitie halogen. The remaining 3 electrons are
then allocated to 2 orbitatee sorbital and theemaining forbital that will be in the
orientation of the bond (Figure 4.3.). Compared to the 2 fildutals, the singly occupied
p-orbital participates the RX bond and is depleted in electronic density in the outer lobe

of the orbitals This outer portion of the hdifled bonding orbital is along the extension of

RAX bond and is referred to as Bole.

—
. —

=X

-

4 oo
e

s Q

Fluorine Chlorine and Higher

Figure 4.3. Schematic iéw of theValence&&ates of F versudigherHalogens.

HB has been extensively studied in gas phase, solution and solid states. Our group has
recently extended studies on-ntassical grsistent intramoleculadi€:--X (where X = O,
S, Br, Cl, and F) bonding in solutiosing®™™H NMR spectroscopy for various benzyl
Me | dr u méFsarther evidehee for the noncovalent interastias gained by solitate
X-ray analysis that revealedrbgen bonding ocaed through a sismnembered ring (ure
4.4 The easef preparation obben z y | Mel dr umo s tedstructdrald er i v at

modifications of both the aromatic moiety and the benzylic tetheetkashown to affect
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the @H---X interaction Three derivatives in particular were further studied in gas phase

using infrared multiple digsation (IRMPD) spectroscopyidlire 4.4.), and in conjunction

with combined WIR and computational studies, to quantify @té-CX interactions It

was computed th#tieCT HE L £ X hydr ogen b o nisian oxggeniatorn,er act i
was comparable in magnitude to that of the-HEI dimer; and when X is a sulfur atom,
ClHLLES interaction was found to be approxi
water dimers Furthermore, the removal of the acidic hydrogen resultgeonaetric
conformational changehere the phenyl ring is orientated away frona-ttzebon. The

absence of thacidichydrogen does not allow fordrogen bonding that would occur in the

neutral moleculd|ustratinghe importancéhathydrogen bonding playsthestabilization

of theoverall molecule? Based on these experimental and computational resigtgdens

t hat benzyl Mel drumds acids derivatives ser

interactions in solution, solid and gas phase.

> e o
o; E éo é%\:@o 5%@0
OMe SMe S S
Figure 4.4.Me | d r gigiervativteshow HBInteractions bix-Memberedring
(left). Model&Jsed for IRMPD&udies (right).

As already discussedB occurs at the surfaoéthe molecule and believed to be
involved in molecular recognition processes throughout sstmast all living organisms
from simple organisms $uas fungi to more advanced species such as humargdmve
shown to either produce or use organohalogen compounds. Figure 4.5. illustrates an example
of some naturally occurring compasimdchere compound.lis ainsecticid@roducedy the
Thai planfArundo donak?2is produced by the marine organisssoclinum voeltzakodrhas
been shown to have anticancer activity at the nanograms per millilitér3level; sex
hormone in several species of tanks is alsproduced by grasshoppers as amnegpatlent;
4.4 was isolated from the cerebrospinal fluid of humans, cats and rodents and plays an
important role in inducing sleep.

113



Figure 4.5. SeleadExamples oNaturallyOccurringOrganohalogenegcompounds

In contrast to HB, XB interactions outside gas phase and computational studies are
not as well understood. Although some very fundamental studies of XB in solution have
recently appearedthey are typically limited to perfluorinated species and therefore are
limited in scope. Novel models that would allow feider range ariiteractions would e
great value, particularly since XB is expected to play an essential role in biological processes

which ultimately take place in solution.

4.2. Proposal

Basedon our group experience with Meldrumbds acid
intramolecular HB, an obvious extension, that being the parallelism of hydrogen and halogen
bondi ng, would be to prepare Meldrumds aci
acceptig groupgo studyRoX:--Y type interactions. As a starting point it was believed that
having as many of the structuraluiess that promoted HB would hdvantageou$Vith
respect tahese studies, it was found thamdimethyl substituents at the bdiazgosition,
and SMe > Br > CI, OMe groups at théhegposition of aromatic grougpad the maximum
interaction based on the difference in chemicaisHiftNMR for HB models compared to
analogous blank models that did not pesseslectronegative atere It was envisaged that
models bearinghalogen atthepo s i t i on o f caMe dsdhe ¥Brdoror, emda d
Lewis basic group at tbehgposition of the benzyl moiatgn act as the XB acceptag(ife
4.6&). Two potential modes of interaction were also predidtedethe lone pair of electrons
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ofYcan don a thelegemetated by theeX giddmure 4.6 anti conformation In

this scenarioX would be at the pseudo axial positbh h e Me | id ning andacinga ¢

as the electron withdrawing graapulting &HBole along the extension of thedX bond.

Alternatively, a less ideal conformation would alloafat i r e-¢ X idteraRtign, where

t he Mel drumds aci d mdrawiag sybstiéent iisthessame méneeras| ect r
it did in HB interactionsHigure 4.6 direct). Molecular orbital calculations by Ohwada

revealed that the electraccepting ability of the acidic CH group was related to the magnitude

of over Icaopbitad f atnhde tDZe a d| ae@hwada @tomalzedrihatl 3* o
when Meldrumds acid is being deprotonated,
pair of electrons at t he uhmbitlwhichealstor bi t al
CH bond cleavag8ased on the same rationtilere is potential fo{B interactios since

the sameantibonding orbitalsreinvolved. Figure 4.@tustrates an adaptation of the models

proposedy Ohwada in HB, and shows thbitals available for h @irect XB interaction.

It is worth notinghat this second mod#he direct mode&f interaction does not allow for

the ideal 180° overlap thereby making it the less favorable mode of int€eadtibtirR

spectroscopy will be employed to conduct solutied [sigdies and-My crystallography

will be used to observe solid state interactions.

b)

anti direct

Figure4.6.a) Pr oposed Mo a¢dieDesvativelBeaNhgXB Daonor (Xpasrd A
XB Acceptor (Y)Xsroups b) Potential Modesf XB InteractiongdNoteOxygen Atoms for

the Carbayl Groups were Omitted for @tg); c) Atomic Orbitals Representation for
oDirectd XB Interaction
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4.3. Results and Discussion

4.3.1In Solution *C NMR StudiesExploring IntramolecularHalogen Bonding

InteractionsUsingMe | dr umo s

Me |

dr umo s

aci

d

Aci d

deri vati

Der i

vV .es

vat i

VvV es

wer e

readi

1 starting with corresponding orthsubstituted aldehyde or ketone. Halogenation at the 5

posi ti

on

o f aMm ladhievedwsirgg eithiechlodosuccinimide orhiCl, for

chlorination, and Bfor bromination(Scheme 4)1 Several different modei®re prepared
with XB acceptors ranging from Cl, Br, Ollled S andCl or Br as the XB donor. The
limitationfor XB donorswas quickly apparemnheresubstitution at therthgosition of the

aromatic moiety hindered the bromination at4he®5s i t i o n

of Me

| dr umo s

the recovery of starting materfdnningthe reactiorat higher temperatures, up ®°€,

afforded inseparable mixture of compou@dsen he ability tgreparet.7g which has a Br

Scheme 4.1H a |

a)

ogenat.i

o] 0°Ctort
4.5b,R,R'=H
4.9b,R,R' = Me
b)
0 O*L
a PhIC,
S o K,CO3, DMF

o O
Br
4—2 O
NaHC03, Hzo
y R Meg

)

AAAARS
2ooNDW
e e P
;”U nm o nunn
§i<<<<
n u nu
T;OQQI
oTF

NCS or PhiCl, _
"K,COs, DMF

o Acid®drivatitesl dr u mo s

QQY%

y R Meg

453, R=H;Y=H
4.6a,R=H;Y=Cl
4.7a,R=H;Y =Br
4.8a,R=H;Y =0OMe
49a, R=Me;Y =H
4.10a, R=Me; Y =Cl

l'y p

ac

atomon the aromatic group amdCl atomat the Sposition of M | d r u ménd thea c i d

inability to prepare the reverse, where tla¢o@lis on the aromatic group andaBomis at

the5p o s i

ti on

o f impiesl hdlagenationsat gpoisd ,t i o n

ofis Me |

blocked by the steric effeatf the ortheubstituent The close proximity of therthe
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Substituent on the benzyl group phasbeeni on t o
shown by nOe between an ethyl group and the acidic hydiigges 4.7

Me
(H

Ae H
o Me

0 OMe
O

Figure 4.7. Close Proximity Betwe&fethylene Hand HattheP® si t i on of Mel dr u
Acid Shown BynOe in CDU.

Models possessing sterically demanding groups at the benzylic padited, 12
may force XB interactions byaking advantage of the -alBlic strain between thatho
substitute on the aromatjooup and the largest group at the benzylic positbeworthy
werechlorination reactions df12with PhIC}, where halogenation took place atlésred
5position of Meldrumdés acid as wedlRaands t he e
4.12b(Scheme 4.2).

Scheme 4.2Chl ori nation of 42nzyl Mel drumds Aci d

Cl

o o\’/\ 0 o\,/\ o o\'/\
cl cl
O Phicl, o + g ¢

—_— =
OMe 'Pr O  K2€O3,DMF  Sye ipr o OMe Pr O
412 4.12a 4.12b

Sdution based studiesf intramoleclar XB interactiondbegan by investigating
substitutioreffects of Y(XB acceptgron X (XB dono)) in CDCE and GDe. The results are
summarized for compoundssd4.11a in CDCE in Table 4.2 Model substrates with
electronegative XB acceptors (9OMe,Cl), entrie? and 4showed downfield shifts 2134
and 0.24 ppmespectivelyat the C(®CI position compared to the blank modeldEH{5n
contrast, for theakger and less electronegaXiBeaccept® (Y = Br, S) entries3 and 5
upfield shifsof 0.04and 1.74pm, respectivelyereobservedncreasing the substitution at
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the benzyliposition, compoundé.9aand4.10ashowa downfield shift of 0.38 ppm for
4.10acompared to control modél9a(entry 7). However, a considerable differeh8e%
ppm (entry 7yvas observed when compatimgtertiary benzylit6ato quaternarpenzylic
4.10aThis difference can be attributed to the closer proximity of gtenttb that carbon
as result of the gedimethyl substitution at the benzylic posiBased on these results, no
correlation between the electrotigig or size of Ywas observedn the @X in the*C
NMR.

Table 4.1.*CChemicath i f t s /A& (obBenmy Metdfum’ €Acidl Perivatives
CDCk.

OO\A
X

(0]

vy R Rgo
Entry Compound X Y 1C(5) (ppm) ' ppm
1 45a (Me / H) Cl H 62.97 3
2 46a (Me / H) Cl Cl 63.21 0.24 (entry@l)
3 4.7a (Me / H) Cl Br 62.8 -0.04 (entry @l)
4 4.8a(Me / H) Cl OMe 65.31 2.34 (entryél)
5 415 (Me / H) Cl 2-thiophene 61.23 -1.74 (entry &)
6 49a(Me/Me)  Cl H 71.19
0.38 (entrydB)
7 41 (Me/Me)  Cl Cl 71.57
8.36 (entryd?)
In addition tothe 5-chloro derivdives, analogouséc et oni tri |l e Mel dr

derivatives were also prepareti¢sie 8). Computational and gas phase studies have shown

thatt he el ectron withdrawi ng pholesamndinduinfoooy ano gr
some of the strongeRiX---Y interaction:ss Alkylation at the-position of Meld umés aci d
derivativesvas achieved using@®O; and bromoacetonite in DMF(Sheme 48). Based on

their proximity to the electron withdrawing growppt p ot e nt thaldslabsléedt.e s f or
and G (heme &) were probedandthec hemi cal shifts £ in ppm ar
these model@.6¢ 4.8¢ 4.13¢ adifference oft 0.15 ppmat G was observed thirespect

to the control modet.5c More interestingly, for all the models with a XB acdeptor i H)
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an upfield shift was observed fgruthere OMe > Cl > SMe. gimilarshielding effect was

also observed the *F NMR of XB bonding aryldiynes reported by Bowkmagthough it

would be premature to insinuate tK8t interactions are responsible for the trénese

results have more promise than ticllbroderivatives.

Scheme 43. Al kyl ati on Me.l drumds aci d
@qﬁ o9
. O
KoCO3, DMF DMF
o Y Mme\ O
CN
4.5 Y=H 4.5c,Y=H
46,Y=Cl 4.6c,Y=Cl
4.8, Y = OMe 4.8c,Y = OMe
4.13,Y = SMe 4.13c,Y = SMe
Table 42.'"H/C chemical shisfts A& (ppm) i
o>(o
07X "o
S—CN
Me
Y
Entry Y 1 (a) ppm 1 1C(a) ppm 1C(b) ppm I 13C(b) ppm
1 4.5 (H) 56.95 22.88
2 48c (OMe)  57.02 -0.07 21.32 1.56 (entry &)
3 41% (SMe) 57.10 -0.15 21.79 1.09(entry 31)
4 46¢c (Cl) 56.83 0.12 21.69 1.19 (entryam)

n

derivatiyv

CDCI

4.3.2. Solid State Intramolecular Halogen Bonding Studies of Benzyl Meldrum’s

Acid Derivatives Using xRay Crystallography

Benzyl

sMaeid ndodels nns&2d for solution based studies were also investigated

in solid state for XB interactions. However, amyesubstratefirnished single crystahat

were of sufiient qualityor x-ray analysis.
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(0] (0]
(@) cl O
Me
4.5a

4.10a

Figure 4.8. X-ray structures of Meldrum's aclds (top) and4.1(a (bottom).

The xray structures @f.5a and4.1Ga are shown in Figure 4\8here both structures
havea Clatom atthep os i t i o n safid ahtethedaromatidgroup aithgpan
antipemplanar conformation about the @®{(11) bond. This conformation allows for the
predictedd a nXBiinteractior(Figure 4.6); howeverthe xray struture of4.1Ga shows the
XB acceptor, cCl (17), on the arhwmste.iThus ri ng
orientation minimizes the allylic-&tBans”between CI(17) and the Meld@iecid ring, but

also has the unfortunate consequence of impeding any edrtdanokB interactions. It is
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also worth highlighting the hallh ai r and chair conformations o
45mand41lar espectively. Neither of these conforrm
derivatives prepared for the HB studiesforMe | d r u medviserelzoth addpta boat

conformation. One possible explanation for both thehaif and chair conformations being

favored iMd.5a and4.1Ga may be due to the increased sizeeodtibstituents at thgpbsition

of Mel drumbds acid, forcing the ri agxiat o adopt
interactions of the boat conformatidm.addition to reducing steric effects, destabilizing

fact or s cadsiuedverlais alsbZninimized by having the Cl atom at the pseudo
equatori al position in the Meldrumds acid ri

) of o jﬂ\e
Me\ﬁo\@xﬁr ~— CI\%QO Me
Me 0 Ar O

Figure 4.9.P o t e ncd § &0 DBRFabilizing Interactions 4f10a

Although intramolecular XBtéaractions were not observed in solid staté.IG,
intermolecular interactions between the XB donor of one molecule and the acceptor of
another molecule were observeidufe 410 Close contacts between the CI(5) atom of one
molecule and th@l(17) am of another were observed, with a bond length of 3.49 A that is
shorter than the sum of the van der Waals radii of 3.50 A. Based on the bond ngle
for C(5BCI(5)--Cl(17) CI(5) can be considered the XB dawinich only deviates 1ffom
the ickal 180 for maximaloverlap and28.4 for C(17pCI(17---CI(5) would suggest that
CI(17)is theXB acceptor. Further evidence for intermolecular XB was 0.01 A shortening of
the C(59CI(5) bondor 4.10acomparedo 4.5a(Table 4.8 XB interactions witlll atoms
have been shown to be weak compared to the more polarizable Br and | atoms both in solid
state*o and computationallyz. However, these results are encouraging as no intermolecular

interactions were observed for models that lacked a XB act&ator (
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Figure 41Q Intermolecularriteractions fod.1Qa.

Morei gi d Mel dr u mddsidaseceialdo repazed,iwheatcyiclohexyl
groupis presentt the benzylic positioX-ray crystallographic datallected fod.Ma is
illustrated in igure 4.1 (top)andr e v e al s t h sdcid morety is Apaiftie chair m 6
conformation with the Cl atom at the pseudo equatorial position, and the benzylic group at
the pseudo & position. Efforts to preparelatednodels with a XB aeptor, Y = OMe,
lead toCOC bond <cl eavage between the benzylic ¢
evidenced by thsolation of4.155a and the olefid.16 (Scheme 8). The xray structure of
4Bashows t hat Meis$idtheboattcenformationdwithr therChgroup at the
pseudo equatorial positifffigure 4.11 bottom)t should be noted that thédCl in 4.15a
bond is at least 0.03shorterthanthose models that were in a chair cordion ¢.53

4.10aand4.14awith Cl atom at the equatorial position.
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4.14a

Figure 4.1. X-raySructure of4.Ma (top) and4.B5a (bottom)

Thedifficulty of isolating halogenated datives o#l.15 althouglstructurallysimilar
to 4.6a may be attributed to two factors, both of which promote diebGnd cleavage
(Scheme 4). Firstly,the donating ability of theethoxy group at tharth@osition of the
aromatic ringcan help stalze the formation of a tertiary benzylic carbocation through
conjugation. Secondtylorination ofthep osi t i on of Mel sitabettsf s aci d
leaving grougscheme 4.shows the proposed mechanism for the chlorinatiérisivith
NCS bas# on the two factors mentionatbove, where chlorination 4f15presumably
precedes bond cleava@s.alluded to ithe previoushapter, or grouphas reportethat

Me | dsg acich@n act acarbonbased leaving group, where both electron rich aromatic
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groups, as well as methglatof the 5p o s i t I 0 n sadidpordvhetétlte rclearage of
the G3C bondat the benzylic position.

Scheme 4. Proposed Mchanism for thedC Bond Cleavage

NCS (1.01 equiv.)
0 K2003 (2.1 equiv.) O '
DMF, rt, 12 h M

OMe

OMe 415a 4.16
415

>

/

)o %\/k
%l — ¢

>I( I
4\* ;

OMe

OMe

Mel dr umd s a chniltipleeXB acceptdr sites eoslld imcrease the potential
for XB interaction@ndwere also pursued. Schenieilistrates the strategy employed to
access Meldnué acid derivatives17 4.19and 4.20that had eitheran ester or carbonyl
moiety at the énzylic positianChlorination o#.17 was followed by an elimination of the
benzylic proton resulting olefin4.18as the only producgtheme 4a). In order to avoid
unwanted elimination reactions, compctud@was prepared which has a quaternatgrcen
at the benzylic position, but the increase in steric bulk appears to also impede the chlorination
and resuétdin the complete recovery of starting matsictieme 8b). As an alternative
model for multiple XB sitesompound4.20whichhas a benzogroup at the $osition of
Me | dr u mv@assprepaced. €Compoud@0 does notsuffer from potential elimination
reactions observed fdrl7 and has the added advantage of introducing another electron
withdrawing substituent next to the XB donor. HoweWéorination reactions proved to be
futile and starting material was isolated (Sch&the 4.
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Table 4.3. X-rayDa t a

Meldrum
Acid

of

Bond Length (A)

(sum

Atel Dalivativesd s

of v an oabservedV

X-ray distance) (A)

C(5pCI(5) : 1.80
C(4pO(9) : 1.19
C(6pO(10) : 1.19

45a

C(5pCI(5) : 1.79
C(17pCI(17) : 1.75
C(4pO(9) : 1.19
C(6pO(10) : 1.18

41G

0.01 (G Cl)

C(5pCI(5) : 1.79
C(4pO(9) :1.19
C(6pO(10) : 1.19

4.4a

C(5pCI(5) : 1.76
C(4pO(9) : 1.19
C(6PO(10) : 1.19

4.1%

C(4APO(9A): 1.19
C(6APO(10A) : 1.15
C(17pCI(1) : 1.75
C(21APN(1A) : 1.15

4.6c

C(13pCI(13) : 1.74
C(4pO(9) : 1.20
C(6pO(10) : 1.20
C(S5PC(14) 1.34

4.18

C(13APCI(13A) 1.74
C(13BJCI(13B) 1.74
C(SAPCI(5A) 1.78
C(5BPCI(5B) 1.78
C(SAPC(5B) 1.56 C(4A)
O(9A) 1.18 C(4BD(9B)
1.20 C(6AJ0(10A) 1.20
C(6BPO(10B) 1.18

4.2

Scheme 4. ChlorinationReactions dfl e |
420

dr umod s

aaydi.Iflb) d®andc)y at i ves

4.18,67%

O NCS (1.01 equiv.)
K,CO3 (2.01 equiv.)

DMF
Y =Cl, Br

no reaction

? N4
>4 >4
NCS (1.01 equiv.)
o o K,CO3 (2.01 equiv.)
OMe DMF. 8 h OMe OMe
o)
Cl
417
b)
oyo
o o NCS (1.01 equiv.)
K,COj3 (2.01 equiv. .
copMe R2EQs @1 eaulv) -y oaction
Me DMF, 8 h
Cl
4.19
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Thesolid state structucé 4.6c was alsaetermined using-Ky crystallography and
shown in Figure 4.12. Compouh@ichas the potential for multiple sites of XB and did show
an upfield shift at theethylene carbon {dnthe**C-NMR compared to the control model
(vide supra However,X-ray analysis @f6c does not shovany intra or intermoécular
interactions (Figure 4)12 The Meldrumbés acid ring 1is in
acetonitrilgroup at the pseudo equatorial position and the benzyl group in the pseudo axial
position.A survey of the penént bonds in4.6¢crevealed ahorten bond lengt®.04 Afor
one of the carbonyl gr oudO$l0A) Mablg 4Beomphecst dr u md s
toany of the other deri®atives and Mel dr umds

NIA

0~ "0
o) o)
CN
Me
4.6¢c
Figure 4.2. X-ray structure of.6c.
Due to the absence iotramoleculaKk B | nt er act i on seriviatvas Me |l dr u

halogenated at thep®bsition, novel models were envisioned that would allow for the
incorporation ofhe largehalogengFigure 4.3). These models place the XB acceptor at the
C(2) position of Mel dr upuoditisn We bavelalrendy dbsérviece X B d
that the Mel drumds aci d ¢haocopformatontha cbolpt a bo
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allow for the flexibility needed to incorporate larger halogens -gioigdn, and a broader
angle necessary for the directionaiii¥B. Moreover, t has been reported that thpdsition

of Mel dr umds a csi chloricagerhant leromindtad which sheutd givk a
more comprehensive range of studies. These derivativeaaassbedly the acid catalyzed

condensation of atonic acid andorrespondingarbony/sz

X
X o o Y (0]
Ri X - R% 0 f—
O-, ~ (6] +
o—({) o?\ HOJ\/U\OH @AR
X
(0] (e}

Figure4.B. C(2yDer i vat i vesAcibf Mel dr umd

With these new models in mind, compodir&diwas prepared in a modest yield of
31% after 60 iStheme 4). Efforts were madi improve the yield kdiluting reactions in
various solvents and using dehydrative conditions suchauBeepSark trapand the
addition of molecular sieves to tslitie equilibrium towards righftowever, those

modificationslid not improve the efiiency of the reaction. On the contrary, molecular sieves

completely halted the reaction and afforded the ketone in quantitasvé&witgidrmore,
attempts toprepae the 2-bromo and 2methoxyanalogous ofl.21failed togive any
condenseg@roducts. i was apparent that new conditineededo be developed to promote

the condensatiobutmodel4.21was a good starting poinfambe for RX:-Cl interactions

Scheme 4. Acid Catalyzeddhdensation dflalonicAcid and2-Chloroacetophenone

o o 1) Ac,0, HySOy4 (cat.) Q
60 °C, 30 min

J\/U\ (6]
HO OH 2 o Mo

0,
@ﬁ: 4.21,31%

60 h, rt
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With these new potential models in handy; the halogenation stepia? lremained
to prepare the desired mod8lrprisingly chlorinationat the 5position of 4.21 was
inaccessible using previous strategies that wergsldoe earlier modeBndresultedn
hydrolysis o#t.21to 2-chloroacetophenone with NCS (Schervi@)dor the formation of
complex mixtures for reactions with Ph{Stheme Zb). Alternate halogenation strategies
were sought after and to this arméport byVeinretet alfor thehalogenatioof Adicarbonyl
compounds using sodium hypochlorite and acetic acid in acetone offered an attractive mild
approaches However, under those conditstheKnovenagetondensation betweér?land
acetone was favoureohd4.22wasisolatedScheme 4c). The Xray structure o4.22was
obtained, gure 4.4,ands hows t he Me listhia boat&eaformationdvithrthe n g
aryl group at the axial position. Bond lengthé.2®are summarized in Table 4.3.

Scheme 4{. Halogenation Reactions421with a)NCS, b) PhiGland c) HOAc/NaOCI

a) b)
O
NCS (2.1 equiv.) PhICI, (2.1 equiv.)
K,CO3 (2.1equiv.) K,CO3 (2.1 equiv.) .
421 —2z=s e BRI, 4219 2==s8 = T,
DMF, 1t, 15 h g DMF. t, 15 h mixture of products
c) AcOH, NaOCl >< \

0o~ O cCI

Acetone
421 ——————>
0° tort,15h o;:fo

4.22

Figure 4.14. X-ray structure cf.22
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Instead of halogenatidg?1directly,a different precursor was targeted aftening
across a report by tidurphy group here at the University of Waterloo. They recently
expanded on their chlorination methodotdgitazoacetatesto phenyliodonium ylidestiv
hypervalent iodine reagei@heme @8a and b respeeely.Utilizing the same stratedy21
was teated with Phl(OAg)n the presence of catalytic base affording4/#d8e excellent
yield of 93%3cheme 4 c).Ylide4.23 has arelectron deficient | atoat the Sposition of
Me | dr u mwihish wauldibe the best XB donor, but efforts to obtagiescrystals for
X-rayanalysis faileand an amorphous white solid was isolated. Trda&Bwyith a slight
excess of Phi@inexpectediyavet. 24 (SSheme 4&¢). Initially, it was believed that the desired
5,5dichlorinated product was formed basedttan disappearance of the phenyl peaks
corresponding to the iodobenzend #8 However, upon running HRMS analysek 24f
no Cl atoms were present based on the alsfetheecharacteristic M+2 peak, &NMR
analyses was not informativertématey single crystalgere obtained for-¥ay analysand

the structure o4.24was unambiguously determif@dure 4.%).

Scheme 4. a) Chlorination of zoacetate wilodobenzen®ichloride; b) Chlorination
of PhenyliodoniunYlides withodobenzen®ichloride; c) Chlorination df17with

lodobenzen®ichloride

% PhICI, (1.1 eq.) o
pyrldlne (5 mol%)
“DCM, 10min OMe
90% c’ ¢l
0O ©
)S(lk PhICI, (1.1 equiv.) _ )%
DCM,0°Ctort . RO OR
cl” “al
PhI(OAc), (1.0 equiv.) 1) o Cl (@) cl (6]
NaZCO3 10% aq. PhICl, (1.1 equiv.) Cl
M EtOH, 15 h oéﬁ(&o DCM, 0 °C to rt

IPh o0__0O

4.21 4.23 93% % 4.24
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Oo” O ClI
OCI CIO
)

o.__0O Cli

Figure 4.B. X-ray $ucture of4. 24

Compount.22has t wo Mel dr umds @gasiticthwith vicmdy s cou p |

Cl atons (Figure 4.15) Bot h Mel drumds acid rings are
CI(5A/B) atons at the pseudo axial positioneTwo CI(5A/Byatoms areclipsingabout the
C(5APC(5B) bond, whilthe 2aryl group aregauche relative to each ottiéhough both
XB partners have the correct orientation for intramolecular interactions, the aromatic ring is

again rotated away from XB donor. Pertinent bond lengths are summaabkkd4r8, where
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