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Abstract

This thesis encompasses a novel methodology enabling the diastereoselective addition of
heteroatorrcentered nucleophiles to the conjugated double bonth gitug e ner atied U, E
unsaturated cyclopropenyl amide¥he methodology is presented as a medractvating the
relatively poorly electrophilic double bond of conjugated amides via release of the ring strain
which is inherent to cyclopropenedhrough strairrelease activation it was demonstrated that
oxygen, sulfur and nitrogecentered nucleophd adducts of cyclopropylcarboxamides can be
efficiently synthesized The thesis is divided into three chapters which discuss not only the
devel opment and el aboration of our chémistry

unsaturated amides and why our method will benefit the synthetic community

Chapter one is a veew of activation methods which are commonly employed to
facilitate nucl eo ptunshtirated anddés The aitility of odirediy, b
functionalizing conjugated amides through nucleophilic addition is discussed, as well as why
activation is necgsary The discussion is organized as a comparison of the reactivity of
unactivated systems to that of activated systems; meanwhile providing an overview of what the

synthetic community has done to develop this area of chemistry.

Chapter two focuses orné development of the straielease activation method and
addresses the problems and solutions associated with using inherently unstable cyclopropenes
Elaboration of the methodology to include addition of alkoxide, phenoxide and thiolate
nucleophiles, obth inter and intramolecularly, toin situ generated, conjugated
cyclopropenylcarboxamides is then presented and discusSédpter three follows up with

discussion of the benefits of nitrogeantered nucleophilic addition and the challenges we faced



Abstract (Continued)

in accomplishing this task Utilization of anilines, carboxamides and sulfonamides as
nucleophilic aminesurrogates are presented as a viable means facilitating the addition of
nitrogencentered nucleophiles to conjugated cyclopropenbereby accessing biologically

i nt er eminhocyolgprofanecarboxylic acid derivatives
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Chapter1.Acti vati on met hods f o-unsatucated amglest e addi ti o1

1.1.Introduction

The conjugate addition reaction has been known for over a century and has received vast
attention from the synthetic communif{# The overwhelming majority opublications on the
subject have focused o-onsatunated addehgde,i ketone and estéri t i o
derivatives Earlyinthe2lcent ury, it wa s-unbaunatedasnidesaduld a@sot h a t
undergo conjugate additibi, however, it was quickly recognized that this class of molecule
suffers from poor electrophilicity as compared to analogous aldehydes, ketones ot’esters.
Despite having relatively poor reactivity, conjugate additiomtsaturated amides has received a
great deal of attention over the past several decades, granting synthetic access to a number of
valuable products including alkaloids polyamines, b-peptide$ and biologically interesting
heterocycled Efforts leading to this development will be discussed in this review, which is
organized into three sections based on the class of nucleophile; with each section being

subdivided into two groups: antivated amides, and activated amides.
1.2. Carbon nucleophilesand unactivated systems

Many classes of carbdvased nucleophiles have been demonstrated as catdidates
f or ad diitnsaturated amides wHich have no activating grotfus exanple in 1973,
Schlessinger demonstrated that the enolate anion generated feom viable nucleophile for

conjugate addition to lactagh en routeto the total synthesis of vincamin®dhemel).’



Schemel

S
A N0
S
[ N—COsEt + E O_LDA THF _
-78 OC 95% CO,Et
;3 Ss
-/

1

Interestingly, it was found that when a sterically hindered acyclic version of thiodcb&aring
S-ethyl substituents, was employed under similar conditions; the reaction did nat bct98Q
Baldwin demonstrated that alkyl and phenyl lithium reagents could be added to secondary
amides, in a 14ashion'® Concurrently Snieckus published that alkyl and aryl Grignards, alkyl,
aryl and vinyl lithium reagents as well as cyclic and acyclic lithiunmates can be successfully
added in a 1,4 fashion to unsaturated tertiary amitiesfurther demonstrated that many of the
anionic conjugate addition intermediates can be trapped with chdsad electrophiles

(Scheme2). **

Scheme2
o 1)Nu,HMP1’ Nu O
MNN THF, -70 °C _ MN/W
Rz 2FE E R

Nu = alk-Li, aryl-Li, vinyl-Mg, Li-enolate  Yield = 48-97%



Nitroalkanes also react with unactivated amides as carbon nucleophitesvas
demonstrated that bicyclic lactadrin the presence of DBU and nitropropane as solvent, yeadil

forms 1,4adducts (Scheme).®

Scheme3

86%

It is noteworthy that in the case of sterically demanding satiest such as substituted lactém
(Tablel,eqlentry 1) bear i ngpostionpbreactipn wittgnitromethanain thet h e U
presence of DBU results in poor yields Steric factors play a defining role this reaction as

evidenced by the fact that the only nitroalkane adducts that were formed, were products of
relaively unhindered nitromethaneritry 1) in contrast to nitropropane (entry 3) where only

trace ammounts of products were observatso thesubstituents on unsaturated lactamlay a

pivotalrole The best yi el ds wesubstituentwasahydiogeh (emirty @)nin t h e
which case, a more bulky nit@yclopentane was added in 37% vyieldn contrast, the
compkmentary thiolactan®, bear i ng v ar i o-pcsitios, wasdound todbneoret s at
reactive and accepts a variety of different aliigto nucleophiles under identical conditions to

form thiolactam derivative8 in excellent yieldsTablel, entries 2, 4, 6 and 8).



Table 1

Rl R R1__NO,

X NO,
\ (1)
DBU

R?" "N” VX R2' N7 X
R3 R3
6 8
Entry X R! R R? yield (%) dr
1 0 H H n-Bu 17 -
2 S H H n-Bu 88 >99:1
3 @) Me H n-Bu trace -
4 S Me H n-Bu 88 >99:1
5 @] Me Bn Allyl trace -
6 S Me Bn Allyl 20 >900:1
7 0] (CHy)s Ph H 37 na
8 S (CHp)s Ph H 72 na

One other example of Xaddition of nitroalkanes to an unsaturated lactam was published in
2006 and demonstrates the viability of an intramolecular appradchete4).® It was
demonstrated that pentacyclactam1l1 can be synthesized througkefidotrig cyclization of

unsaturated amidg



Schemed
O 1)NaH, THF
N N ) NaH, - N N. o | _NaH N N__O
2)MeOH | - HNO, N
(Hc|: | (HoC (HCl
2 NO, " NO,
9

With the exception of the above exampl&si{eme3) which gae only poor yields of

nitroalkane adducts, nitroalkasebstituted amides, synthesized by intermolecular nucleophilic
addition, are formed by addition to the more reactive thiolactam followed by subsequent

transformation into lactants.
1.3. Carbon nucleophilesand activated systems

While Grignard, organolithium and stabilized enolgige reagents are viable
nucleophiles for unactivated systems, organocuprates are not well tof8fate@hese less
reactive nucleophiles necessitate activation of the olefin by various methagias shown that
the addition of a tosyl group to the amide nitrogen of lact@roan enhanceelectivity towards
conjugate addition and -sgbstituted lactantdc &he sosylgroup pr o d u c
effectively diminishes the electron donating ability of the nitrogen, and subsequently enhances

the electrophilicity of the conjugated olefienabling weaker nucleophiles to add.

I n the absence of this act i cabbninfagoredadst i t u
b -umsaturated lactaml3 is formed Gcheme5).”* This activatioamethod was also

demonstrated to work on acyclic systems allowing access to atides



Schemeb

RMgX/Cul _ -1 E>:O
¥ N 13
_ X

e
N X=Ts

X - o
12 )’\(l 14

(@] 3
R3,Culi or R® 0O
™ /T82—>
RZ/\)LN RZJ\/U\N/TS

¥ R3MgX/Cul )
R R1
R3 = Me, Ph, Bu Yield = 70-83%
15 16
Schemeb
C6H5 C6H5
O - O -

N/E RCU(CN)Li N )
RO,C—\ THF, -78 °C RO,C o

R =Bn; R = CgHs
17a R 18a

70%

CeHs CeHs
o i

O o
N ) RCuCN)L N
COR—\ )" THF, 78°C RO,C O
17b R =Bn;R"=CgHs R" 18b
75%
In the case of five and six membeifladtams bedng a tertiary nitrogen, it was found that
substit ut icasbon with an talkogycalbonyl group activates the molecule towards
addition of organocupratés'® Bosch and coworkers have shown thatester substituent on the

U carbon activates bicyclit) ,-umsaturated amide$7 towards addition of alkyl and aryl



cuprates $chemeb). It was established that the angular position of th@ Cbond -at t he

position determines the facial selectivity of the incommngleophile

Schemer
CeHs CeHs
o A
N ) RMgX, Cul N
0 > RO,C =0
ROC—\ % LCLTMSCL, THF 2 X
19a X =Me or Ph, R 20a
R’ = Vinyl, allyl, phenyl 62-91%

R'CU(CN)LI, THF g6 ¢

-78°C
II= Rll
19b R"=Me, Ph 20b
38-80%
Utilizing-caromi hati Wated system, Il nvestigat

substituents on the lactam ring on the facial selectivity of cuprate addition cerdeicted

(Scheme7)*"81920 and t  was det er mi n@%)? n & a(19d substittehte r 9

influence facial selectivity under kinetic control.



Scheme8

CeHs
O <

CeHs S. P9
o o L
S  OFt

N Y
N Y o
\ o} > SER 70%, >95:5
LDA, THF, HMPA [ \ 2a

2

S 0]
21a EtO

60%, >95:5

21b

Under thermodynamic control howevecheme8),?2® a stabilized enolate could be added to
either isomeroRland it was fsubstitueht could anfluenttte estereochemical
outcome of the reactionlt is thought that enolate addition is reversible and in the ca2&kof

t he et hyl group | ikely forces the appeldDded es

bond as a result of thermodynamic éipuation.



Schemed

0 0
N RMgBr,CuX, TMSCI N
@/\g_\ ) g - \ 91%, dr: 92:8
N THF N
H H
23 24 /
RMgBr, CuX
THF
N
_ _ \
N
N
s I
N / +
H ’ 0
N
25 N /
H ~
24

Aside from olefin isomerization, adding organocuprates to unsaturated lactams can have other
chemoselectivity issued?*?® |t wasthatdemonstrated chemoselectivity can beagrded by the
addition of TMSCI, which traps the enolate ion until acidic workup, thereby affording vinyl
adduct24 in good yield(Scheme9). In the absence of TMSCI, lactaBB undergoes cuprate
addition, but als®ignificant dimerization via intermedia®b reacting with23 to form mixtures

of dimerized adducf6 as the major product It is likely that TMSCI also enhances the
electrophilicity of the double bond through interaction with the carboryyjen of the

unsaturated lactam.



1.4. Nitrogen-centerednucleophilesand unactivated systems

Unact i v-ansatuchtedlhmidles have been shown to react with several classes of
nitrogentbased nucleophiles Similar to carborbased nucleophiles, stronger nitrogmsed
nucleophiles readily add to unactivated amides while activation is often emfayaeaker

nucleophiles

SchemelO

o)
PhCHs, NuLi 65a
R1«\)LNJV_P*1 s R
| -90 °C
OH Nu O
oA A e
OH

64 R'= Et, Yield = 85%

ab = 94:6 65b
For example, acyclic unsaturated amidas reactwith secondary lithium amide nucleophiles
with good to high yields§chemel0).2%?"#® This example also demonstrates that the chiral

auxiliary on64 can lead to a high degree of enastiduction.

Schemell

; ® 0
I | N
10% Pd(OAC),, PPhs o Q
| — NAr

CO (1atm) Cs,CO3, NHLAr
| 29 86%
NHAr O 4

10



Intramolecular cyclization reactions between andedvatives and conjugated amides can also
be realized for several substrafé®** An intramolecular Sexotrig cyclization between
weakly nucleophilic amidelerivative30and i t s -eapbpnehasdbeett defnonstrated as

part of a HeckMichael cascade reaoh (Schemel1).*°

Schemel2

R
1)20% piperidine/DMF o BzN/'\fo
2)benzoyl chloride/TEA, DCE

Ph
H Q N R
®~N o~ _N_ _~ > HoN MN
\[O(\NJJ\/\/ KNHFMOC 3)95/5TFA/H20 2 \I‘OK\N w

H/ K( Ph
3:1 33

32

Similarly, Schemel 2 highlights a reaton sequence beginning with removal of the FMOC group
from silicasupported amid&2, initiating 6-exo-trig cyclization, followed byN-acylationwith
benzoyl chloride and subsequent cleavage from the silica support with 7T&AdH/ield33 as a

3:1 mixtue of diastereomersHPLC was utilized for determination of diastereomeric ratio and
products were isolated bgmi-preparative HPLC However, NMR resonances 88 were broad

and therefore assignments of major/minor diastereomeric products were nad&port

Schemel3
OH OH
o)
H /\/©/ B, H i /\Q/
_— >
s N
O (@) 35
34 NHBn

Dehydroalanine derivatives are an attractive candidates foradtion despite being

notoriously poor Michael acceptots Thisislk el y due t o t he-cathenabgt i vat

11



both the amide nitrogen of the conjugated amide, and further deactivation by the amide nitrogen

at t ac h e-darbbnoDegpiteghese drawbacks, several papers have been published showing

that through opthi zati on of reaction conditions -(solve
based nucleophiles can be added to this class of maledate example, dehydroalanine
derivative34 can accept benzyl amine to yield functionalized alaBB¢Schemel3).% It should

be noted that reactions require protic solvents (water, methanol), have reaction times on the order

of days and require aZ0 fold excess of amine

Schemel4

P Toluene, reflux C{\/ y 80%
N N
H2N \[(\/ ~ N NBI’IQ

X
anN @]

Z
o:§
w
(<]
Y

Given the observation that poor Michael acceptors like dehydroalanine can react with amines, it
i's no sur pr i sumesaturateé amidssilik®chnereadily react with similar amine
substrates Scheme14).>* However, this reaction required refluxing toluene for 32 hours to
complete A similar system used ethanol as a solvent and required 24 hours to achieve a modest
60% vyield®® Even large azarown ethers have been demonstrated to react writiaturated

amides, but require similar reaction tineesl a large excess of substrite.
1.5.Nitrogen-centerednucleophiles and activated systems

Thepoor el e cr ojuisatdrated anmides farther ranifests itself when less

reactive nitrogen nucleophiles are emplayed single example demonstrating addition of
12



pyrrole was present in the literatu@chemel5).3” Although pyrrole adds t88in high yield, it
takes three days for the reaction to complete, compared to stronger Michael acceptors such as

U ,-umsaturated esters and nitriles which take only 18 hours to achieve comparable yields under

Schemel5

K
N
THF, 0 °C PhMN/
¢ 89% |

39

w
0
ZT +

identical reaction conditions However, using various modes of activation, the addition of
several amine derivatives, including aromatic amines, can be achieved for a variety of substrates

undercomparatively mild conditions and shorter reaction times.

N-acyl activation is a viable approach for promoting the addition of nitrbgsed
nucleophiles to unsaturated amid&3®®*! For example Nohenylmaleimidet0, which can be
viewed as an unsatueal amide with an Marbonyl activating group, readily accepts aromatic

heterocyclic nucleophildl; forming succinimidederivative42 (Schemel6).4?

13



Schemel6

M

o °
N N
H - N—Ph

CHzclz, cat.

@)
42

The utility of N-carbonyl activation is further showcasedSohemel7, which illustrates the

reaction of weakly nucleophilic Charotected amine with activated amida to yield glycine

derivative44in goodyield.*®

Schemel?

)LJV

43

NHZCbZ 0) o)
_TENH

TCHON N N

Lewis acids are sufficient activators for nucleophilic addition of weak nitrogen

nucleophiles Utilizing Cu(OTf), as alLewis acid catalyst enables highly deactivated-Cbz

proteced aromatic amin&5 to react cleanly with amidd6 to form adduct47 in good to

excellent yield 8chemel 8).**

14



Schemel8

O
©\) J)J\ Q Cu(OTf), (15 mol%) M@
NHCbz MeCN, reflux, 48h N R

R = Ar 72-93%
45 46 47

Schemel9
o) 0
Q/Z(Aux RNH,, Yb(OTf); (10 mol %)‘ EHAux
48 THF, RT 49
o)
\ o R = alkyl
NHR

Similarly, the above system utilizes catalygiterbium(lll) triflate to enhance the reaction rate

of unsaturated amidd8 with alkyl amines While examples involving unagated amides

(Schemel3, Schemel4, Schemel5) sometimes require days of reaction time25fold excess

of amine, and/or hah onditions, this particular case utilizes only a 1:1 ratio of starting

materials, is performed in an aprotic solvent and requires only 12 hours to complete at room

temperature yielding amine derivati®@ (Schemel9).

15



Scheme20

o) (@]

\)k Silica, MeCN - RLN/\)J\NR?’

3 al
NR%2 7000 HNR'RZ 1,

2

Table 2: Addition of amines to silica-activated unsaturated amides

Entry R R.R* Time (h)  yield (%)
1 H n-Bu, H 3 92
2 H R'=R’= CH,CH; 5 89
3 H R'=R’*= (CH,)s 5 93
4 H R'=R*= (CH,CH,),O 5 92
5 CH,CH; n-Bu, H 5 94
6 CH,CH; R'=R’= CH,CH; 10 88
7 CH,CHj R'=R?= (CH,)s 10 72
8 CH,CHj R'=R?= (CH,CH,),0 10 84
9 CH,CH; Ph, H 24 62

A weak Lewis acid like silic® and even alumirfd can be used to promote amiaddition to
unsaturated amideg dble 2, entries 18) in aprotic MeCN on the timescale of several hours
(Scheme20); even allowing access to an adduct of weakly nucldiephniline within a

reasonable amount of time and in good yidldhle2, entry 9).
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Collin demonstrated the effectiveness of gnm conjunction with an Mcyl group, at
activating amideb0 towards 1,4addition d a variety of aromatic amines in good to excellent

yields under bas&ee conditions $cheme21). *’

Scheme21
O O Ar Ar
NH O o NH O
50 /\)L /[< 10% Smly(THF),
R N" 0 "CH,Cl, rt, 48 h RMNJ(O R)\)J\N'Ar
+ \\/ \\/ H
ArNH, 51a 60-100% 51b

1.6. Oxygencenterednucleophilesand unactvated systems

The literature provides scarce examples of oxylggsed conjugate addition to unactivated
amides One example demonstrates an eliminaaoidition pathway to add hydroxyl, alkoxyl

and amino substituents to bicyclic amB2(Scheme22).*®

Scheme22

o | o N

Base, NuH S
PMBN g — > PMBN g

Nu = -OH, -OR, -NH,R
52 53
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Scheme23

Nu = -N3, -S(CH2)11CH3,
-Bu™, -OMe

Paolucci demonstrated that unsaturated lac&ms capable of accepting ethoxide as a
nucleophile without activationScheme23).*® This paper also demonstrates that aziess
well as sulfurbased nucleophiles can be added to this syst@tier similar reports confirm that

alkoxidesare indeed viable nucleophiles for these unactivated amide syStems.
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1.7.0xygencentered nucleophiles and activated systems

Scheme24

PMB.® 0® PMB.®_CH,
N e o
| \ o) | 2
/ . .~
Protonation of
'Tl o ylide T o
56 57

However when activated with an electnaithdrawing groupon the amidenitrogen>?
oxygenbased nucleophiles add under relatively mild conditi@eheme24).>® In this example,
PMB-protected glycine is added to aldehyato form iminiumadduct56 which undergoes
decaboxylation to form an azomethine ylide which is protonated in the presence of water to
form iminium intermediate57. This imminium is in conjugation with the amide nitrogen,
activating the olefin towards nucleophilic addition of waterhis is the starbf a Michael

Mannich cascade which produces prodifein 90% yield.
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Scheme25

TBDPSQ TBDPSO

1

OH R __CSA | o R’

— N CH2C|2, rt N

R2 ~R2

58 1 2 * O

R'/R? = alkyl /aryl/acyl
“No reaction observed 49-94%

In another example, the amide nitrogerb8fis substituted with either an aryl or acyl group to
allow access to -enembered cycle59 under mild conditions §cheme25).® Note that when

amide58 has an alkyl substituent, no reaction occurs

Scheme26
o PhS i
PhS Nu
NR, —— | NR,
| Solvent N
u
cl 60 61

Nu=N,S,0,C

Conjugated olefins can be activated towards nucleophilic addition by electron
withdrawi ng garton’p® Nirogent shlferr, dxygen and carbon nucleophiles
were successfully added to acrylamdkrivative60, accompaied by reformation of the double

bond via chlorine elimination, yielding conjugated antd€Scheme26).>’

20



1.8.Conclusiorns

U ,-umsaturated amides can readily react with carbon and nittmagsd nucleophiles
given that the nucleophile is sufficiently strong or that the reaction conditions are relatively
harsh Through various methods of activation including Lewis acidic catalysis, installation of
electron withdrawing groups on the amide nitrogen, or instafatif electron withdrawing
groups on the U or b position of the append:e
unsaturated amides can be greatly enhanced to encompass weaker organocuprates, deactivated
aminederivatives as well as oxygdrased nu@ophiles Work done in this area has allowed

conjugate addition into unsaturated amides to grow into a valuable synthetic tool allowing access

to a large number of valuable molecules
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Chapter 2. Strain-Release activation of unsaturated amideand oxygen-centered
nucleophiles

2.1 Introduction

An alternative ap-pnsaumiechamides coald heiaccessed thrgughl, b
ring-strain release It is known that cyclopropene is accompanied by large amounts of strain
energy because of the fact that it contairfsbemds which are locked a6%bond angles This
has several implications including instability but also that cyclopropene can serve as an effective
energy reserve for driving otherwise unfavorable reacfidiis We envisioned utilizing the
strainenergy inherent to conjugated cymfopenyl carboxamides as a means of both activating
the amide and accessing a variety of interesting and useful cyclopropanecarboxamide derivatives

(Figurel).

1 1
R! R!

N—R?2 N-R2

Figure 1: Strain-release activation of unsaturated amides.

Indeed the products of these reactions belong to the general class of molecules called
donoracceptor cycl oprACpanensavEeDA®ausn)d wi despread
synthesis aquivalents of C&lectrophiles or altarbon 1,adipoles®® A number of useful
protocols employing DACs have been developed, including various nucleophilic ad®itjgns,
+2].%2[3 + 3]%%and [3 + 4] cycloaddition reactioi$Sy nt hesi s of pracdeGvie t y p i
catalytic cycloropanation of enol ethers with carbenoids generated from diazo&tetates

through reacting Fisher carbenes with electieficient olefins®® In contrast, our approach
22



enables the direct functionalization of cyclopropene withvagsiety of donor groups, or

nucleophiles

Direct f unct i-unsatarhtédzyalopropenyl carboxathidds involves several
unique challenges that had to be addressed in order to make this methodology Miabfest
and perhaps, biggest challenge, stems from the instability of thedg heglative molecules,
which readily decompose via polymerization and-exeetions’ To circumvent the inherent
lack of shelflife, monosubstituted carbongbnjugated cyclopropenes have to be generated and
usedin situ®® Precedence for this pattern ofactivity has been sporadically observed in the
literature, however elaboration of a general methodology has only recently seen development

within the past five years by this research grofiip.

2.2 In situ gereration and trapping of cyclopropenewith alkoxide nucleophiles

Rubin and coworkerBas demonstrated that while cycloprop@&3ecan be synthesized,
isolated and stored under nitrogen at low temperatures for several fffotaheven several
years;65 can be used as an electrophile in the addition of oxpgsed nucleophiles, forgoing
the isolation step® This was accomplished via bromocyclopropd@#e which can undergo
dehydrohalogenation in the presencd-8uOK and catalytic 1&rown-6 to form 65 followed
by subsequent trapping by base, or by a competing pronucleophile, to form cyclopropanol

derivatives66 (Scheme27).
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Scheme27

Me. _Ph  t-BuOK, THF |Me___Ph RO@ Ph"'SMe
KH 18-crown-6 K OR
Br  ROH, 80°C
64 ’ 65 66

Table 3: Addition of alkoxides to steic controlled system

Entry No. R Yield (%) dr
1 66a t-BuO 93 >25:1
2 66b i-PrO 96 18:1
3 66C n-PrO 99 16:1
4 66d PhCHO 75 >25:1
5 66e Me,NCH,CH,O 83 11:1

The diastereoselectivity for this particular system is governed by steric factors, allowing
nucleophiles to react at the least hindered face of the cycloproftewwas demonstrated that a
variety of functionally diverseT@able 3, entries 4, 5) and sterically demanding (entlieend 2)
cyclopropanciderivatives can be synthesized in this fashion, all giving good yields and a high

diastereoselectivity.

Similarly, bromocyclopropane$7 bearing a carboxamide or carboxylateoiety
underwent dehydrohalogenation, followed by nucleophilic addition to form cyclopropanol

derivativess9in good to excellent isolated yieldSgheme28).”®
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Scheme28

Table 4: Addition of alkoxides to cyclopropenes bearing directing groups

Me_ _COR'

A,

Br
67

t-BuOK, THF

_ >

18-crown-6
ROH, 80 °C

1 ©
Me_ _COR l R26

X

68

Ph,, ,COR'

<

69

OR?

Entry SM R! R? No. Yield (%)  dr
1 67a NEt, t-BuO 69 87 20:1
2 67d NHBu-t t-BuO 699 92 >25:1
3 67a NEt, n-PrO 6% 94 14:1
4 67b N(CH,CH,),  CH,=CH(CH,);:0 6% 92 20:1
5 67c OK t-BuQ? 6d 79 >25:1
6 67c OK t-BuQ’ 6% 81 >25:1
7 67c OK n-Pre? 69 83 >25:1

3Quenched with Mel prior to isolatior! Quenched with allyl bromide prior to isolation.

In this system, diastereoselectivity is controlled by the carbonyl group wbardinates

to a potassium ion, thereby directing the negatively charged nucleophile to the carbonyl face of

the cyclopropene It was demonstrated that secondafalfle 4, entry 2) and tertiary amides

(entries 1, 3, 5), as well as carboxylate moieties (entri@sabe effective directing groups

Having met success witin situ trapping of relatively stable cyclopropene intermediates

65 and68, we then set out to apply our methodology to the unstable conjugated cyclopropene
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intermediate71 (Scheme29).”*"*"? Lacking any reasonable shelf life situ generation and

trapping of intermediatél is not a synthetic shortquiut is in fact a necessit§°

Scheme29
18-crown-6 (cat _
NHBu-t (cat) %(NHBW o t_BuO\\\%‘/NHBu—t
Br t-BUOK/THF o
0 o}
70 71 72a g9o, 10:1
18-crown-6 (cat +
B ‘A‘/NHBU-t (cat) > \\\%(NHBU-I‘ \\\%‘/NHBUJ
r I t-BUOK/THF RO t-BuO
70 ROH 72b/no 72a°

72b: R = n-Pr; 72b:72a = 97:3
73n: R =j-Pr; 72n:72a = 93:7

Initial experiments demonstrate that bromocyclopropéhandergoes 1;8ehydrobromination

in the presence dfBuOK and catalytic 1&rown-6 to form 71, which is subsequently trapped

by base to forntert-butyl ether adduct2 in good yiet. Unlike cyclopropene intermediaté8

bearing an amide function and yielding diastereomeric ratios indicitave of directing control, the
adduct of cyclopropenél yields predominately &rans-diastereomer Given the fact thatl is

flat, achiral and haso possibility for a facially selective nucleophilic attatike selectivity is

thought to arise from a thermodynamicadlgiven epimerization of the €1 bond -in t he
position to the carbonyl group after the addition step has occurféis was an especially

exciting result for several reasonslot only did it provide a proof of concept that strain release

energy could be usem drive ne | eophi | i ¢ a-dndatutatecoamid& ot itaalso U, b
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opened up the possibility for exploiting a new mode of selectivity control in our evolving

methodology

However, the next step involving the implementation of competing pronutlesp
revealed yet another challengé was observed that cyclopropene intermedrdies so reactive,
that '‘BUOK can compete with isopropoxide, and even to some extgmbpoxide, for the
el ect r eagbon cheme29). To remedy this, we first had to take into account two
observations First, the fact that the carbonyl group on bromocycloprog@ree nd e rrGH t h e
bond relatively acidic suggests that a potentially weaker base could be utilized for
dehydobromination Secondly, during optimization of a preparative synthesis of cyclopropene
intermediates$8, it was found that KOH can affect ielimination and evemfter prolonged

b70,72

heating at 1168C, cyclopropen&8 generated from bromocyclopropagb in the presence

of KOH and 18crown6, did not show angraces of addition or decompositiceoheme30).

Scheme30

Me  CONEt, 18-crown-6 (cat) ~Me  CONEt;  18-crown-6(cat) g

A KOH/THF KOH/THF

50° C, 2h 110° C, 7days
67b °" 68b y

Fortunately, utilization of KOH was indeed a solution which allowed for combining the
1,2-elimination reaction with the addition of an alkoxide, generatesltu from an appropriate

alcohol pronuclephile, in a sequential chemoselective transformaifiable5, eq 2).
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Table 5: Addition of alkoxides to conjugated cyclopropenyl carboxamides

18-crown-6 (10 mol%)

Br KOH (2.5-3.5 equiv) Q
NRTR2 ROH (2.0 equiv) R X NRTR2 @)
dry THF (o) NR'R2
O 12 h, 50-110 °C o

70 7 72
no. RLF RO product  vyield, %’ dr° dr upgraded
1 tBu, H(708)  n-ProO 72b 71 9.1 39:1 (100)
2 tBu,H(70a)  MeOCHCH,0 72¢ 97 8:1 19:1 (97)
3 Et, Et (70b) MeOCH,CH,O 72d 87 16:1
4 tBu, H(08)  CH,=CH(CH,):0 72e 85 7:1 19:1 (95)
5 morplf (70c) CH,=CH(CH,);0 72f 84 12:1
6 tBu, H({0)  MNO,CeHLCHO 729 81 8:1 24:1 (98)
7 Et, Et (70b) M-NO,CeHCH,0 72h 93 7:1 22:1 (97)
8 Et, Et (70b) PhCHO 72i 87 6:1 >50:1 (100)
9 tBu, H(70a)  c-HexNH(CH)O 72] 78 14:1
10 pipef (70d) CH,=CHCH,O 72k 95" 15:1
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Table 5 (continued)

no. RLF RO product  vyield, %’ dar° dr upgraded
11 pipef (70d) PhCH=CHCHO 72 81 19:1
12 t-Bu, H (709 HC! C-CH,O 72m 78" 10:1
13 t-Bu, H (709 i-PrO 72n 71 8:1 16:1 (96)
14 t-Bu, H (709) HC! C-CMe,0 720 59 10:1
15 t-Bu, H (709) Ph,CO 72p 50 25:1
16 Me, MeO PhCHO 72q 44 >25:1

2 Reactions performed in 0®5 mmol scale unless specified otherwise® Isolated yields of diastereomeric
mixtures ¢ dr (transcis) determined by GC ofH NMR analysis of crude reaction mixtures pritar the
diastereoselectivity upgrade ¢ dr (transcis) determined by GC ofH NMR analysis of crude reaction mixtures
after the diastereoselectivity upgrade, material balance (%) is given in parenthése®rph = morpholine
derivative, RR? = (CH,CH,),0. ' Reaction performed in 8 mmol scalé piper = piperidine derivative, R =
(CH,)s. "Reaction carried out at 58. 'Reaction mixture was stirred for 3 hrs at®60 ! t-BuOK (2.5 equiv) was
employed as base, the reaction was performedtat r

Having a chemoselective method for the addition of pronucleophiles, the scope of this
transformation was inatigated with respect to tié-substituents on cyclopropamé0 as well
as the compatibility of functional groups and steric factors associated with the nucleophile
Thus, the reaction of bromocyclopropan@a with KOH in the presence af-proparl and
cdalytic amounts of 1&rown6 proceeded smoothly affordirigans-n-propoxide adduct2bin
good yield and high diastereoselectivityrunctional group compatibility was demonstrated
through addition of other primary alkoxides possessing functional grsugis,as a methyl ether
or an isolated C=C double bond which added very efficiently without subsequent olefin
isomerization or other chemoselectivity issues; providing cyclopropanol etBerg2d, 72e
and72fin high yields (entries-8). Formal substiition with alkoxides generated from allyl and

cinnamyl alcohol€ also proceeded smoothly, affording the corresponding eft#ksind 72!
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(entries 10 and 11)Similarly, a reaction carried out in the presenteropargyl alcohol readily
afforded propargyl ethef2m (entry 12) It should be mentioned that the latter reaction must be
performed at temperatures <60C and monitored closely to prevent a bassisted 1,3
prototropic rearrangement of allyl andopargyl ether moieties into enol and allenyl ether

functions, respectively

After demonstrating tham-nitrobenzyl and benzyprotected alcohols could be added
(entries 67 and 16) we set out to investigate scalabilitytilizing benzyl alcohol as a
nucleophile, we were able to isolate benpybtected cyclopropandi2i (entry 8) on 8 mmole
scale via vacuum distillation in 87% vyieldt is also noteworthy that cyclopropanes bearing both
secondary and tertiary amides readily undergo nucleophilic adlditio the case of secondary
amides, the relatively acidic-N bond can undergo deprotonation by KOH to form equilibrium
species/laii (Figure2). As a consequence of chargelocalizationthe electrophilicity of71aii
should be much less than electronically neufrdi. That being said, cyclopropanes bearing
secondary amides readily undergo nucleophilic additiable 5, entries 12, 4, 6, 9, 1215),
indicating that éher71aii is not present in significant quantities, or tiaaii is still sufficiently
reactive despite being highly deactivatdd the case of tertiary amides such7a$, potentially
negative steric interactions did not seem to effect reaction effi@able5, entries 3, 5,-B, 10
11), yielding cyclopropanol derivatives bearing a tertiary carboxamide in good to excellent

yields.
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H KOH
%(N - %//N
K "o K<
(0] O_
71ai 71aii
A
(0]
71b

Figure 2: Potential electronic and steric challenges to nucleophilic addition.

When bifunctional Zyclohexylaminopropanol pronucleophile bearing anddd O
terminus was reacted with bromocycloprop&ie, the reaction was chemoselective for the O
terminus yielding exclugely cyclopropyl ether72j in good yield (entry Q) Initially, it was
rationalized that chemoselectivity was a result of selective deprotonation of more at¢idic O
bond, however further investigations that will be discussed in following sections retieaied
nitrogen nucleophiles require an activating group in order to add to conjugated cyclopropene

intermediates

Finally the impact of the steric environment about the alkoxide nucleophile was
investigated While primary alkyl and benzyl as well as eadary alkoxide nucleophiles add
with good to excellent yield (71-97% yield; Table5, representative entries 1, 3, 7 and 13); it
was found that tertiary alcohols were viable, but suffered from diminished yiektsrasbulk
increased For example, tertiary propargyl alcohol added to form propargyl &®ein 59%
yield (entry 14) When extremely bulky trityl alcohol was used, only 50% of the corresponding

ether72pwas isolated
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Regardless of the nucleophilsource, all of these additions provideans
cyclopropylethers as major product$éiowever, in some cases, the relatively low basicity of
hydroxide led to incomplete epimerization and less than ideal diastereoselectivity was achieved
(Table5, entries 12, 4, 68, 13) Initial attempts at improving selectivity via increasing base
loading, reaction temperature or reaction time had no effidowever it was found that after
removing solvent, crude mixtures coulce lreated with fresh THF antBuOK, which

significantly improved diastereomeric ratios without notable decompositain&6).

Table 6: Epimerization protocol

\ A + f 18-crown-6 (cat.l A

R30" CONR'RZ R3O CONR'R2 t-BuOK/THF  R30™ CONR'R?2
trans-72 cis-72 trans-72
dr before dr after material
treatment treatment balance, %
72b 9:1 39:1 100
72¢c 8:1 19:1 97
72e 71 19:1 95
72i 6:1 >50:1 100
72n 81 16:1 96

We also questioned whether the thermodynamic control of the diastereoselectivity is
realized viaan epimerization of the tertiary carbon atom adjacent to the amide functionality, or
via a reversible addition of a nucleophilic speci@® clarify the mechanism, we performed a
crossover experiment employing a pair ealRoxycyclopropane carboxamid@2c and 72h,
bearing different alkoxide and amide group#& mixture of 72c and 72h was subjected to the

typical reaction conditions in the presence of either KOHRBu®K as a baseln both cases no
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formation of crossover product2g and72d was dete@d by GC analysis of the crude reaction
mixtures Scheme31). These results strongly support irreversibility of the nucleophilic addition
which, in turn, suggests that thermodynamic control of the diastereoggfantthis reaction is

realized solelyviaabases si st ed epi rOHrgiowpat i on of the U

Scheme31. Test on Reversibility of the Nucleophilic Addition of Alkoxide Species

CONHBuU! CONEt, CONHBU! CONEt,
jorii +
,O ro l,,o

o
H NO, NO,
72¢ 72h 729 72d H
OMe OMe

Conditionsi: 72c (50 emol), 72h (50 emol), 18crown-6 ((5emol), KOH (175¢mol), THF (500
el), 85 C, 48 h Conditionsii: Same as above, but usit@uOK (175emol) in place of KOH.
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2.3. Phenoxide addition

Whil e there ha sphehosyesubstiuted aneseas antitimor adgerts,
protein modulators?and Al z hei me f®these dorhpeunds pre actessedsvia addition
toepoxides ubsti tuted ami des o-lbrombrhethgemeggnoups rasimgsin i t ut i
a nonstereogenic center Reports of efficient, diastereoselective methods to add aryloxy
moi et i e scarlhoo of arhides abe naxistent in literature Conjugate addition to an
unsaturated amide would be an attractive method to achieved#i’ §Vith an established
protocol for the addition of alkoxides to unsaturated cyclopropenyl amides, we ventured to
extend this methodology to the addition of aryloxide spée€igs. our delight, reactions between
cyclopropyl bromide and phenol provided eplyl ether in good isolated yield and high

diastereoselectivitfTable7, eq 7).
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Table 7: Phenoxide addition

Br

%NR'] R2

18-crown-6 (10 mol%)

KOH (3.5 equiv)

ArOH (2.0 equiv)

OAr

dry THF

- %‘/NR1R2 (7)

0 12 h, 80-110 °C o
70 73

no. RLF ArO product vyield, %  dr° dr upgraded
1 tBu,H(/0a) PhO 73a 79 61  >50:1(96)
2 tBu,H(@08)  p-MeOGH.O 73b 75 71 >50:1(97)
3 tBu H(@0a)  p-BrCsH.0 73c 86 8:1  46:1(100)
4  tBuH(@0a)  plICeH.0 73d 80 10:1
5 tBu H(@0a) pPhHCOGHO  73e 90 10:1
6 tBu H@0a)  p-NCGH.O 73f 74 1011 42:1(96)
7 t-Bu, H (70a) o-FCH,O 739 89 12:1
8 t-Bu, H (70a) 0-CROCH,0O 73h 84 15:1
9 Et, Et(0b) 0-FGsH.0 73i 82 12:1
10 tBu,H(708)  3,5(CHy),CeH:O 73] 95 13:1
11  morpH (70c)  3,5(CHa):CeHsO 73k 87 20:1
12 tBu,H(708)  3,5(CF),CeH:O0 73 85 17:1
13 tBu,H (708)  2,4(t-Bu)CeH:O  73m 95 15:1
14  morpl (700)  2,6(CH3):CeHsO  73n 83 25:1
15  pipef (70d) quinolin-8-olate 730 97 single

2 Reactions performed in 0@®5 mmol sale unless specified otherwise ° Isolated yields of diasteeneric

mixtures

° dr (transcis) determined by GC ofH NMR analysis of crude reaction mixtures® dr (transcis)

determined by GC otH NMR analysis of crude reaction mixtures afterstiaeoselectivity upgrade, material
balance (%) is given in parenthese$ morph = morpholine derivative,’R?> = (CH,CH,),0. ' piper = piperidine

derivative, RR? = (CH,)s.
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Electronically diverse parsubstituted aryloxides also reacted smoothlydpcing the
correspnding aryl cyclopropyl ether33b, 73¢c 73d, 73e, 73f in high yields (entries -B).
Similarly, excellent reactivity was demonstrated in the addition of estistituted phenoxides
(entries 79). Both electroarich and electrospoor 35-disubstituted phenoxides reacted
smoothly to produce aryloxycyclopropané3j, 73k, and 73| (entries 1612). Remarkably,
highly sterically encumbered phenoxides derived from -d&#rtbutylphenol, 2,6
dimethylphenol, and-8ydroxyquinoline provided #hcorresponding adduct8m, 73n, and730

in high yields and excellent diastereoselectivities (entries5).3

It also deserves noting that formal substitution with phenoxides proceeded much slower
and required higher temperatures to achieve completeersian, as compared to analogous
reactions with alkoxides This difference can be explained in terms of increased acidity of
phenols, which readily produce phenoxides and water by a stoichiometric reaction with KOH
Although small amounts of moisture dot adversely affect this transformation, formation of the
hydroxidep henoxi de Abuffero | ower s . {Thisein tarh, fesultst i ve |
in significantinhibition of the dehydrobromination stedhe later process is a ratteterminiry
step in this reaction, which was confirmed by the fact that the overall kinetic rate of the
transformation did not depend on electronic properties of the phenoxide sp&besSwain
Lupton LFER parameters obtained from a series of competing paradiefiorss reveal a
profound negative Halue, indicating the diminution of the negative charge in the anionic

phenoxide reagent as a result of addition to an electrophilic double Bigude3).
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NH o RDS NH
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-1.00

-1.20
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
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Figure 3. SwainLupton LFER studies of the formal nucleophilic substitution of
bromocyclopropan&0a with aryloxides?

With a wellelaborated protocol for tarmolecular addition of oxygébased

nucleophiles in &nd, we began investigating intramolecular cyclization reactiohstial
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attempts involved -endeotrig cyclization of bromocyclopropané4 which did not yield any
observable quantity of6. It is thought that intermediafé5 is too strained for intrametular
addition and instead prefers intermolecular addition to another equivalét oésulting in
polymeric products 8-endotrig cyclization of alkoxytethered cyclopropan@7 on the other

hand, proceesismoothly yielding 8membered heterocyclic adats 79a-c in excellent yield

(Schemes2).
Scheme32
R
| 0O O
O N ~""0OH 18-crown-6 R R
KOH . N N
THF i ) X )
Br Ne) @)
74 75 76
7-endo-trig
R _ _
' O R O R
O N~ OH  48.crown-6 N N
KOH . : - .
THF X
Br O @]
77 = 78 - 79a-c
8-endo-trig
Ph °
o o (e .
{LN <ﬁ¥N {LN
Oo— OJ O)
88% 90% 95%
79a 79b 79c
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When attempting ®&ndectrig cyclization of phenoxidéethered cyclopropang0, it was found
that ingeasing steric bulk of the amide substituent has a positive effect on the efficacy of the

reaction Scheme33).

Experimentally, it was observed that cyclizationsNehexyl @0a) and N-cyclohexyl
(80b) derivatives proceeded sluggishly to give 40% conversion, and after a laborious
purification benzoxacinoneé&la and81b were isolated in ~30% yield onlyin contrastN-tert-
butyl amide80c reacted cleanly affording cyclization prod@&dt in high yield Scheme33). To
explzin this observation, we rationalized that upon forming cyclopropene intermé&fiatthe
phenoxide anion is coordinated with potassium, which in turn is also coordinated with the
carbonyl oxygen This coordination would cause the phenoxide anion to rotate away from the
el ect r ecarbon leaviog tle molecule ia nonreactive conformatian If the amide
substituent is sufficiently bulky, éeoordination is favored allowing the phenoxide anion to

rotate into reactive conformatid@oii for nucleophilic attaclonthe olefin

Scheme33
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