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Abstract

Part A of this Ph.D. thesis describes the construction and further transfornsadfodA-membered
unsaturatedring systems like cydboitenes,2-azetines and thiete dioxideRBart B presents new boren

mediated strategies in Zweifel olefinations agléctrocoupling reactions
Part A

Chapter |

In contrast to cyclobutanes, the unsaturatedriaat of this important class dbur-membered rimgs
havebeenstudiedmuch lessDue to the strained ring structure, cyclobutenes hawmique reactivity

and are therefore more difficult to accesgus, part of this Ph.D. thesis aims to address the synthetic
challenge of accessing cyclobutenes andaotydienecontaining building blockdJsing a literature
known first step metallated cydobutenes 0.02 could beeasilyaccessed andere either engaged in
palladiummediated crossouplingreactions(SuzukiMiyaura/Negishi crossoupling)or converted

to the corresponding iodayclobutene®.03 With these convenient strategigs hands, a ew library

of functionalized cyclobutenegx04waselaborated(>49 examples).

Rl

IZ
R? [ °
(0.03)

hetero-/aryl coupling

@ alkynyl coupling

= n-Buli
; /I\// > — PdL, | R&-M @ >49 examples
r

MeAl R? R ™

or )
Cl,zrCp, }\/[Zn] ® 38-98% yield
(0.01) (0.02)
R! ® high functional group
PdL tolerance
LT »
4
R*-X R2 Ré
(0.04)

Next a similar sequence towards virgyclobutene®.05 wasexamined After having gained access to
vinykcyclobutenes0.05, a library ofalkylidenecyclobutane§ACBs0.07) was created, relying on a
[4+2}cycloadditionwith activated dienophile§0.06). Up to fiveconsecutivestereocenters withgreat
control over diastereoselectivity wereonstructed Moreover, sveral ACBs e&re tested for their

cytotoxicity against the leukemia cell lik6Q resulting inGyo values between 1420 mwm.



XI

Rl
IZ
—
R2 I

@® new library of vinyl-cyclobutenes
(0.03)
@® > 20 examples
Rl
3
j;L [M1]:R ® 71.98% yield
PdL,
R? M R>" “R* ® new library of fused ACBs
(0.02) o X o ® 28 examples
R v
PdL, > [4+2] — @® new bioactive fused ACBs against
X R o | R® X=0, N (0.06) HL6O cells (IC5o = 14-30 pm)
RS\/ER“ R> “R*
(0.05)

Another part of this thesifocuseson anair promotedoxidativering contractionof conjugated dienes
such a®.08 towards cyclopropyl ketonglCPK.09). Supported bymechanistical experiments and a
computational analysis of theeaction between molecular oxygen andhylcyclobutened.08, a
comprehensiveoverview of the mechanism was sketched With this understanding, a universal
oxidative ring contraction of cyclobuten8slOwith m-CPBA as oxidamtas established and expanded

to the formation of several biologidglactive compounds, cdaining the keycyclopropyl ketone

moiety.
R: 1
R @ air / oxidant promoted ring contraction
at air 2
—_— R /,,,/

R? | /\Ar @ theoretical calculations

(o]

Ar
® >47 I
(0.08) (0.09) examples

@ 31-92% yield
1
R R} ® new access to cyclopropyl ketones
I om0y
RZ R3 /Rr3 @ synthesis of an inhibitor and herbicide
0]

@® bioactive CPK agianst HL60 cells (IC5y = 15 uM)
(0.10) (0.11)

Finally an unprecedented method for the formation of stable cyclobuterrganoborates as versatile

and storableunits for SuzukiMiyaura crosscouplingsvasdesigned

R? R!
. ® @ stable and storable over months
n-Buli Li
©
B(Oi-Pr -
R2 | ( )3 R2 B(Oi-Pr), @ building blocks

(0.03) (0.12)
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Chapter Il

In contrastto the important azetidinebasedb-lactans, 2-azetineshave beenscarcelyexplored,
probably due to theiintrinsidy higher reactivity. However, this reactivity, if used reasbly, can be
exploited for the accesdo novel functionalized &azetine scaffolds The first part of this chapte

describes the straightforward synthesis of functionalizeakz2tines by an organometallic strategy.

E-X

J:'\ﬁoc
—
1

R E
(0.16)

NBOC 3 steps i 179 2 s-Buti fBoc R2-BPin NBoc
[ . —_— = > —
o —_— 1 l,, NaOMe
1

0 R Li
\ ! R R2
(0.13) (0.14) (0.15) (0.17)
@ electrophilic trapping @ catalyst free Zweifel olefination
@ hetero-/aryl coupling @® >50examples
1. B(Oi-Pr), NBoc
; e e
@ azetinylazobenzenes 2. R3X, PdL, |—|
R? R3
(0.18)

Two steps were required tocaess.14 from the commercially availablé-Boc-3-azetidinone Q.13).
Key metallated).15were obtained by simple treatmerdf 0.14 with two equivalentsof s-BulLiand
trapped with different electrophiles, coupled via palladium mediatsdzukiMiyaura crosscoupling
with various aromatic halides or engaged in a catalyst free Zv@éBhation In summarythis led to
a new library of more than 50 disubstitutedazetineg0.16-0.18).

Next,a regiodivergent and stereoselective [4+«3jcbaddition of vinyazetine.19/0.22with suitable
dienophilesD.20towards unprecedented fused alkylideneéidines0.21/0.23was accomplishedn a
high yielding ongyot process26 examplesvere isolatedn great diastereoselectivifyexpanding the

class of known alkylideneazetidines.



X

NBoc NBoc
R? \ R4 RY / R?
2

RS R R Nge

(0.19) fused (0.22) fused
3-alkylideneazetidines 2-alkylideneazetidines
(0.21) (0.23)
® fused alkylideneazetidines @® 26 examples

@ regiodivergent and stereoselctive @ vinyl-azetidine building blocks

Following the success of thosgcloadditons, a straightforwardaccesdo isoxazoline azetidinesas
realized employing (2+3)cycloadditiors. Disubstituted azetines0.18 were converted to the
corresponding isoxazoline azetidings25 through stereoselective and regiocontrolled (2+3)

cycloadditon within-situ generatechitrile oxides0.24.

I:NBoc (2+3) NBoc @ fused isoxazoline azetidines
f— Rln nnR2
1 Ar—=N—0

R2 —@ o Ar \N/O @® upto91%

R

(0.18) (0.24) (0.25) @ diastereoselective and regioselective

In the last part of thissection more stabilized2-azdines weredesigned The high reactivity of -2
azetinyllithium species wasmperedby derivatizing it into the correspaimg organoboronate®.26.

Thesewere stored for several months under different conditions dmlly testedin SuzukiMiyaura
crosscoupling reactionslt wasproven that they are mosstable when kept in solution aR0°C or

neat at room temperature uder inert atmosphere.

@ stable for months

EN Boc  B(Oi-Pr), NBoc L'®
— B — — i
{ NS @ storable in solution or neat

R Li R! B(0i-Pr),
(0.15) (0.26) @ still high yielding after months

Chapter Il

In this chapter another class of4-membered strained heterocye$ was investigatednamely thiete
dioxides.By using a literature known procedure based on organometallic reagents, miostidsted
thiete dioxidesD.27 were synthesized andtilizedin the formation of fused, sophisticated isoxazoline
thietanes Via a (2+3)cycloaddition strategy with nitrile oxide8.24, a new library of elaborated

architectures0.28 with excellent regieand stereoselectivity vasassembledn up to 97% yield.

(2+3) @ fused isoxazoline thietanes

Rl"
. Ar :(g—g O\N/>\Ar @ high yielding up to 97%

(0.27) (0.24) (0.28) @ diastereoselective and regioselective



XV

With the objective of developing an access to thibtessed atropisomers,-8 activation strategieg
previously described in the groupwere used. To reach this dgothe manipulation of the strength of
p-donor-acceptor interactions between the residues of disubstituted thiete diox@2l8% seemed to
be inevitable Therefore, different suitable aromatic linkers wergroducedby GH activation The
corresponding Kkystal structuresof promising thiete dioxide8.32/0.33revealed the presence of axial

chirality in the solid state at room temperature.

Br @ donor-aceptor interactions
PdL,, R R
+ R2 _— @ high yielding
RY C-H activation
@ atropisomerism in the solid state
(0.29) (0.30) (0.31)
®a
---‘, —
MeQ MeO , b 7 ol
o R/ ST
L o L) [ 7N
¢ = g 2 F 7/ YA
y R2 R2=NO,
(0.32) (0.32-Xray) (0.33) (0.33-Xray)

Preliminary results oithe behaviourof solvatedfunctionalized thiete dioxide8.31 showed however,
that the interactions responsible for atropisomerism are not strong enougimamtain chirality at

ambient temperature oevenat -50 °C.

Finally a GH activation mediated macrocyclization of thiedexides is described. In this appobga

GH activation with similar congenersof mono-substituted thiete dioxides0.34 resulted in

PdL, R
C-H activation

unprecedented macrocyclds35 consisting of 3 thiete dioxide units.
—_—

R
@® unprecedented macrocycles
@ vyield up to 45%
X = Br, |
@ gram scale
X
R

(0.34) (0.35)
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Part B

Chapter |

While the Zweifel olefination isx well-developedand exploredreaction however, most of the
literature-known procedures involve the use of expensive boron pinacol estetsawe alack of
practical applicability.To overcome these issuesnexpensive boron alkoxides andifferent
organometdlic reagentswere used in a convergent sequenceA stoichiometrically controlled
generation of bisorganoborinatés38 through a consecutive reaction of two different organometallic
specieswith tri(n-butyl) borate led to a versatile and easily applicablenew method in Zweifel

olefinations.

X

. BN @ lithium or magnesium reagents
metalation :
= Br, . . . .

@ inexpensive starting materials
B(On-Bu),

[
. B(On-Bu), ———=
:\"/6 NaOMe ® > 35 examples
X ) .
metalation -

"\\"/ X =Br | (0.38) (0.39) @ good functional group tolerance
(0.37)

(0.36)

Chapter Il

In the last chapter of this Ph.D. theglse previously described Zweifel reaction@ifapter | (Part Bis
revisited through an electrochemical approach. For this purpasagew sequence towards mixed
tetraorganoborates was engineered Starting from commercially availablepotassium
alkenytrifluoroborates0.40 followed byatreatment with varioughetero)aryl Grignard reagent3.41,

air and water stable potassiuaikeny(hetero)triarylborates0.42 were obtained.

(0. 41)
N R2 GCE || GCE ;
\ R 1-2 F/moI R
M =i, Zn, ) MeCN
3
M
& 3

(0.40) (0.42) (0.43)

@ catalyst free
@® no additives

@ air and water stable tetraorganoborates

@ >35examples

After an electrochemical oxidation in acetonitril¢he coupled products0.43 were isolated in
moderate to good yields over two steps. It should be noted that no transition metalysa orany

other additive is required in this unprecedented electrochemazalpling reaction
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Part A- Chapter |

1 Introduction

Cyclobutenes areofi-membered carbocyclic architectures containingauble bond within the ring.
The inherent ring strain ia key characteristic feature of this compound claBsie to that peculiar
framework,the cyclobutenylmoiety isbarely found imatural compoundgompared to the naturdy
occurring cyclobutane@igure 1). Neverthelessseveral compoundsave been reported-orinstane,
the sesquiterpendaynudol (.01), wasisolatedfrom the essential oils of the liverworldylia taylorii
and 4,5-dehydro-5-deoxyarmillol (1.02) is a constituent of the inky cap ofhé fungusCoprinus

cinereust

O,

H

taynudol 4,5-dehydro-5-deoxyarmillol capillosanol neofavelanone
(1.01) (1.02) (1.03) (1.04)

Figure 1.The cyclobutene moietghighlighted in bluein different natural compounds.

Further examples containingcyclobutenepattern are capillosanoll(.03), which possesses a unique
bicyclo[7.2.0Jundecane moiety and was isolated from the soft cogafmilaria capillosaand finally,
neofavelanoneX.04), extracted and characterized frotime bark ofCnidoscolus phyllacanthushows

potential activity against the-B88 murineleukaemiacel line2

These rather complex cyclobutementaining representatives of natural compounds clearly shoav t

needfor dependable and versatile synthetic methadsvard ther synthesis.

1.1 Synthesis of Cyclobutenes

Inheriting a straindriven reactivity, cyclobienes have served as versatile synthetic intermediates,
wherewpon their synthesisemain difficult.® The most comman strategies for gaining accessthe

core ringare [2+2}cycloaddition reactionseither photochemicallyor through metatcatalysis' An

1S.H. ReuR; @.. Wu; H. Muhle; W. A. Konighytochemistri2004, 65, 2277; G. R. Pettit; Y. Meng; R. K. Pettit;
D. L. Heraldr. Hogan; Z. A. CichaBmorg. Med. Chen201Q 18, 4879.

2S:Y. Cheng; Kl. Huang; K. Wang; ZH. Wen; GH. Hsu; GF. Dai; GY. DuhQrg.Lett.2009 11, 4830; Y. Endo;

T. Ohta; S. Nozo@etrahedron Lett1992 33, 353.

3J. C. Namyslo; D. EaufmannChemRev.2003 103, 1485.

4Y. Xu; M. L. Connay]. K. BrownAngew.Chem. Int. EQ2015 54, 11918; T. Kang; S. Ge; L. Lin; X. Liu; X. Feng,
Angew.Chem. Int. EQR016 55, 5541; B. M. TrosM. Yanai; K. Hoogsteeh, AmChem. Sod.993 115, 5294.
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example of a metal catalyzed [2+2}cloaddition was published by the group of EchavafrBased
on an intermolecular goldl)-catalyzed [2+2tycloaddition of alkenes and terminal alkyndéke
enantioselective total synthesis of rumphellaon€1408) was demonstrated(Scheme L A bsiphos
digold () complex served aslequatecatalytic system to access cyclobuteh®7in high yield and
good enantioselectivityWith further 8 stepsthat have beenpreviouslydescribed by the group of

Echavarrentumphellaore A(1.08) is finally obtaned.®

% Josiphos SL-1404-2 R
AuCl K
Ph—— 0. 0 > ><\\\H et
0

— +
NaBAr,f o I
— 1,2-CgH,Cl,
-20°C, 72 h

(1.05) (1.06) (1.07)

rumphellaone A
(1.08)

Scheme lintermolecular gole(l)-catalyzed [2+2] cycloaddition towards rumphellaone A.

A more recent example @i intermolecular metatatalyzed [2+2fycloaddition was published by the
group of Yoshikai in 2019They described an original intermolecular [2«3icloaddition between an
alkynel.09and an allend..10using a cobalt(lgisphospine catalyst3cheme 2 In this workwith the

use of allens (1.10) as cycloaddition partner3-alkylidenecyclobutenavere accesseth good yields
and high regioselectities. Aregioselective oxidative cyclization with the less substituted double bond
of the allene 1.10 and the alkynel.09 with Cd was proposed as a reaction pathwayThe
alkylicenecdaltacycbpentene intermediatefurther undergoes a reductivelimination to afford the

alkylidenecyclobutene addudt11

[Co™ R
| | . :.l CoBr,, dppf, In _ | —[Col] .
J\Cy DCE, 60 °C, 24 h RZ RN ¢y

RZ

(1.09) (1.10) via (1.11)
Scheme 2Cobalt catalyzed [2+2}ycloaddition towards the synthesis of alkylidenecyclobutenes.

In 1964 Corey and Streith investigated the internal photoaddition reaction-pyne(1.12), pavng
the way for further studies in which theunstable and strained bigclic lactonel.13 was utilized

(Scheme 38 One of thecentral argumentsthat initiated further investigations was the almost

5C. GarciMorales; B. Ranieri; |. Escofet; L. L6Bearez; C. Obradors; A. |. Konovalov; A. M. Echavdrram.
Chem. So017, 139, 13628.

6 B. Ranieri; C. Obradors; M. Mato; A. M. Echavai@eg, Lett2016 18, 1614.

"W. Ding; N. Ydskai,Angev. Chem. Int. EQ2019 58, 2500.

8E. J. Corey; J. Streith Am. Chem. Soc. 1964, 86, 950.
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guantitative photochemical isomerization of readily availablel2 to the now storable
cyclobutenel.13°

—_—
X
0 o
(1.12) (1.13)

Scheme3: Internal photoaddition of Zoyrone(1.12) towards the bicyclic cyclobene 1.13.

Especiallyhe group of Maulide used thisensitiveintermediate 1.13 as a starting building blodk
their researchprogram?® Employingdifferent nucleophilesnew cyclobutenecontaining molecules
(1.149 were accessedand utilized in further transformatiors, as inthe total synthesisof (-)-
leodomycinD (L.22) (Scheme 31!

Nu
E:l Nucleophile IZ(
_—
0 CO,H
(1.13) (1.14)
R / o (0]
EWG 9 H = COOH o
CO,R z OH - A [0} 0 OH
I N—‘/< OTIPS
‘, = Ar
CO,Me ‘Br HOY O-(p-Tol)
(1.15) (1.16) (1.17) (1.18) (1.19)
1. H,SO, cat.,
MeOH, rt
4 steps 47 electrocyclic 2. LiOH, MeOH,
ring opening rt
3. THF, pW,
100 °C
Y Y
N OH O
S NN 4@0 "o /c?i/\w.]\
o S8 NH, \—\:/EO OH
inthomycin C (1.20) (1.21) (-)-leodomycin D (1.22)

Scheme 4Transformation of the bicyclic cyclobutetiel 3andfurther synthetic steps based on this

transformation

®F. Fébault; M. Luparia; M. T. Oliveira; R. Goddard; N. Maubagew. Chem. Int. EB010, 49, 5672.

A, Misale; S. Niyomchon; N. Maulidec. Cem. Res2016 49, 2444,

11 F. Fébault; M. Luparia; M. T. Oliveira; R. Goddard; N. Maufidgew. Chem. Int. EB01Q 49, 5672; C. Souris;

F. Fébault; A. Patel; D. Audisio; K.N. Houk; N. Maulldtg, Lett2013 15, 3242; C. Souris; M. Luparia; Edault;

D. Audisio; C.Feés; R. Goddard; N. Maulideéhem. Eur. 2013 19, 6566; C. Souris; A. Misale; Y. Chen; M. Luparia;
N. Maulide Org.Lett. 2015 17, 4486.
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Another elegantmethod for the preparation of cyclobutenes is the enlargement of existing cyclic
systemst? As described by the group of Firstner, a platinum mediated rearrangement of

methylenecyclopropanes can lead to memo disubstituted cyclobuwgnes Gchemes).:?

R
):l PtCl,(CO), D

R'(1.29) (1.23)

R R
2\ ol e
R 4 IPUo i ®

[Pé] Q[Pt]

(1.28) (1.24) (1.25)

o
H H O [Pt]©

[Pt]
(1.26) (1.27)

Schemeb: Platinum mediated ringnlargement of methylenecyclopropanes towards cyclobutenes.

In 1984 the group of Negishi employed a carbometallation strategy #ilatws not only the synthesis
of a variety of functionalized cyclobutes (.31/1.35), but also representshe cornerstone for the
synthesis of cyclobutene building blocks in this Ph.D. thétheme §* The intermediary
cyclobutenemetal speciesl.34 was therefore utilizedas a new starting pointfor cyclobutene

functiondization

T™MS—— MeAl
Br —_—
: Cl,ZrCp, ™S

(1.30) -78°Ctort (1.31)
_ H i e +
Z n-BulLi _ Li X ZnBr H;0
Br/w 78°C Br/\/ > Zngr > J
(1.32) (1.33) (1.34) (1.35)

Scheme 6Synthesis of substituted cyclobutenes by carbometalation.

12C:W. Li; K. Pati; &(. Lin; S. M. A. SohEl:H. Hung; RS. LiuAngew.Chem. Int. EQ201Q 49, 9891; R. Liu; M.
Zhang; G. WinsteMcPherson; W. Tang;hem. Commur2013 49, 4376; A. Masarwa; A. Firstner; |. Marek,
Chem.Commun2009, 38, 5760; H. Xu; W. Zhang; D. Shu; J. B. Werness; W.Angegy. Chem. Int. EQR0O08
47, 8933.

BB A. Furgner; C. Assa,J. AmChem. SoQ006 128, 6306.

L. D. Boardman; V. Bagheri; H. Sawada;NegishiJ). Am. Chem. Sd984 106, 6105.
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1.2 Synthesis of lodayclobutenes

As described in the previous chapter, many repdotsuson the formation of the cyclobutene core
rather than ugng it, as astarting baseof functionalizationlodo-cyclobutenesare a promising source
for new cyclobutendunctionalizationand arealready well knownAdditionally, beir synthesigan be
found in severabublished work!®> Nevertheless, most dhesereports lackof generality and simplicity
as many steps for their synthesis are necessary and/or too compmiesursors are essential
preventingaccess to versatile building blocksspirational is the work from Negisbetween 1983 to
1996 as it desgbes away of getting access to metallated cyclobuter®s using organometallic

chemistry!®

/\/// n-Bulli . L N zner I
Br —_— z > 7 ZnBr - J [
-78°C Br -30°Ctort -78°C

(1.32) (1.33) (1.34) (1.36)
M = Al, Zr
~ _mhuti Buli Me3AI );L );k
T /\/ e,
(1.32) (1.33) 78°Ctort (1.37) (1.38)

Scheme 7Synthesis of iodayclobutenes bywo different carbometalation pathways.

In both sequenceScheme Y, an initial lithation on the most acidic-8 position of the bromealkyne
1.320ccurs followed by ssyncarbometalatiorthat furnishesthe metallated cyclobutene$.34/1.37.

Thecorrespondingodo-cyclobutenesl.36/1.38were obtainedafter iodolysis

Goncerning the usef a mixture of trimethylaluminium1(40) and zirconocene dichloridé.39), more
details are given irScheme 8’ Starting with a transmetalation of one methyl group of the
trimethylaluminium (.40 to the zirconium, followed bgchloride abstractiorof the aluminium,the

intermediary zwitterionic specie$.44 is formed. The alkyne coordinats to the cationic zirconium,

SH, Oda; K. Oshima; H. Noz&liemLett 1985 53; K. Kasai; Y. Liu; R. Hara; T. Takal@istip. Commurl998
18, 1989; K. Villeneuve; N. Riddell; R. W. Jordan; G. C. Tsui; WOrGabstt. 2004 6, 4543; E. B. Averina; R. R.
Karimov; K. N. Sedenkova; Y. K. Grishin; T. S. Kuznetzova; N. S Tatfaloedror2006, 62, 8814;A. Flrstner
A. Schlecker; C. W.hmann,Chem.Commun.2007, 41, 4277; Y-P. Wang; R. L. Danheis@etrahedron Lett.
2011, 52, 2111; Y. Li; X. Liu; H. Jiang; B. Liu; Z. Chen; R Aftgmw.Chem. Int. E2011, 50, 6341; J. He; M. L.
Snapper,Tetrahedron2013 69, 7831; B. Alcaide; P.m¢ndros; C. &zaroMilla, Adv. Synth. CataR017, 359,
2630; D. Kossler; F. G. PerrinAASuleymanov; G. Kiefer; R. Scopelliti; K. Severin; N. Crangaw. Chem. Int.
Ed.2017, 56, 11490.

18 E-i. NegishiL. D. Boardman; J. M. Tour; H. Sawada; Rahd,J. Am. Chem. Sot983 105, 6344; L. D.
Boardman; V. Bagheri; H. Sawadai, BegishiJ. Am. Chem. Sdt984, 106, 6105; Ei. NegishiL. D. Boardman;
H. Sawada; V. Ragheri; A. T. Stoll; J. M. Tour; C. LJRAnmd,Chem. Sd988 110, 5383;E-i. NegishiF. Liu; D.
Choueiy; Mohamud; A. Silveira; M. ReeydsOrgChem.1996 61, 8325; F. Liu; &. NegishiTetrahedron Lett.
1997, 38, 1149.

17S. Xu; H. NegishiAcc. Chem. Re2016 49, 2158.
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uponwhicha migratory insertion of the methyl groypound to the zirconiumtakes place.At last a

reversible transmetiationto aluminium occurs forming the finakynaddition productl.46.

(1.43)
0 o Me Me ¢ R—
Cp,ZrCl, + 1/2(AMey), =<—== |CpZr\ AMe, | <= Cp,zr, ~AlMe, — >
Cl l
(1.39) (1.40) (1.41) (1.42)
R—% R R
/Clse >=\ >=\
Me—Zr’ép “AlMe /CI\ _— 12 + Cp,ZrCl,
® 2y 2 Me CpyZr 'AlMe, Me AlMe,
CI ™, o

Cl
(1.44) (1.45) (1.46) (1.39)

Scheme 8Proposed mechanism of the carboalumination with zirconocene dichléfide.

As proposed by Negishihe carbometaldion of metallated4-halobutl-ynes (.47) leadsto a gem
bismetallated specie$.48 which can then undergo two different pathway$or the ring closing step
(Scheme % The two possible ways are differentiated by-ar ™ -type cyclizatiorprocesswhichafter
iodolysis of the metallated cydboitene intermediate give rise totwo different regioisomers
(1.50/1.54).

R (Br L R R
L o-type );( 2 );(
Z — —
AlMe, AlMe, -78°C [
(1.48) (1.49) (1.50)

R L MesAl

= — =
BrM ClyzrCp, R
a) 12
(1.47) — T —
CBr 78°C !
R
Li Ra i AlMe,
‘\/ N (1.52) (1.50)
AlMe, L 3 AlMe,
-type b)
(1.48) (1.51) I
e P —
b) ®: % - -78°C [
AlMe,

Scheme 9Proposedpathwaysfor the carboaluminationof 4-halobut-1-ynesto iodo-cyclobutenes.

The’ -type pathway describes a&type mechanism, wére theelectrons of thesigmabondbetween
carbonand lithium attack the carbon connected to the leavihglogen towards structurel.49 In
contrasE  (-fiyp® atfack of the double bond leadstermediaryto the cationic cyclopropane species
1.51, whereipon two new routescan be describedn path a), the bond connected to the 8roup
undergoes a Wagnévleerwein rearrangemeniving intermediatel.52and ultimately providing the

same regioisomef..50 as for the  -type mechanism. Path) describes the otar possibility of a
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WagnerMeerwein rearrangement and thus, aftelimination of LiBrand iodolysisleadsto the
formation of regioisomerl.54. Negishi has showthat both pathways argossible However,the
application of such conditions in this thesislypled to oneregiadsomer1.54, additionallyconfirmed
by Xray crystallographic data. With this robust and simple method in hands, thedgpcobutene
building block as well as thenetallated cyclobutene moiethiave been extensively used and will be

described thereafter.

1.3 SuzukiMiyauraand NegishCrossCoupling Reactions

Over last decadeseveral crossoupling reactionbave been reportedt is emarkablehowever, that
the first cross coupling reactiomasalreadydemonstratedin 1869 by Glaser, vene the stoichiometic
use of copper for the homocoupling of metal acetylidress reported!® Sincethat early beginning,
many more transitiormetalmediated crossoupling have emerged, namely Stille, Heck,
Sonogashira, Hiyama, Kumada and the heoeinrelevantmethods, the Suzuiliyaura and Negishi

crosscouplingreaction?®

1.p2 1
R*-R LnPdO R*-X
(1.60) (1.55)
reductive elimination oxidative addition
II/Rl H/R1
and\Rz LnPd\X
(1.59) (1.56)

transmetalation

M-X R2-M
(1.58) (1.57)

Scheme 10General mechanism of palladium mediated crossipling.

In most cases glladium complexes are used pse-catalysts The robustness ahese systems in
combination with high functional group tolerance made these protocols one of the cornerstones in
creatingnew GC bonds andvastherefore rewarded with the Nobel Prize in 2030 The general

acceptedmechanism of a palladium mediated crassupling is depicted iScheme 10It consists of

18 C. GlasemBer. Dtsch. Chem. G4869, 2, 422.

9D. Milstein; J. K. S#| J. AmChem. S0d.978 100, 3636; R. F. Heck P. Nolley]. OrgChem.1972 37, 2320;
K. Sonogashira; Y. Tohda; N. Hagih@etrahedron Lett1975 16, 4467; Y. Hatanaka; T. HiyandaQOrgChem.
1988 53, 918; KTamao; K. Sumitani; M. Kumada,Am.Chem. Sac 972 94, 4374; N. Miyaura; A. Suzui,
Chem. Soc., Chem. CommL®i79 19, 866; N. Miyaura; K. Yamada; A. Suzli&trahedron Lett1979 20, 3437,
A. O. King; N. Okukado:iENegishi,J. ChemSoc., @em. Communl977, 19, 683.

20E . NegishiAngew. Chem. Int. EQ011, 50, 6738; A. Suzukbngew. Chem. Int. EA011, 50, 6722.
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three steps: oxidative addition, transmetalati@nd reductive elimination. For the SuzulWiyaura
coupling an organeboron compound1.61) and an organic halid@.55) are combined in the presence
of a lase(Schemell). As a transition metal in the catalytic cycp@lladiumand nickelare mainly
describedn the literature 2

L,Pd or L Ni

Base, H,0
(1.55) (1.61) (1.60)

R1-X + RZ-BY, R1-R2

Scheme 11General SuzukVliyaura cross coupling with palladiumr nicketcomplexes.

In the Ngjishi type coupling, organozinc compounds ased(Scheme 12 The reaction takes place
between organic halides or triflates and organozinc compounds irptesenceof palladiuninickel

catalysts®?

L,Pd or L Ni
RLX + RZ-ZnX' - = R1-R? + XZnX'

(1.55) (1.62) (1.60) (1.63)

Scheme 12General Neighi cross coupling with palladiurar nickelcomplexes.

As bdh crosscoupling show great advantages terms of versatility and functional group tolerance
they were utilized in thesophisticationof the cyclobutene ringwhich can be found ifChapterl

OoResults.

1.4 Alkylidenecyclobutanes

Alkylidenecyclobutaneshave historically been in discussion since 1896, when Gustavson first
debrominated erythrityl bromide with zinand identified spiropentane {.65 6 & @ M YW&ti KNIt Sy S ¢
called to that time)from the product mixture $cheme 13* Further studies revealedhat an
alkylidenecyclobutane was among the produatghis mixtureandmethylenecyclobutanel(66) could

be identified for the first time?*

B Zn, EtOH or
e A
e M + +
Br

-ZnBr,
Br
(1.64) (1.65) (1.66) (1.67)

Scheme 13Compound mixture of the debromination of erythrityl bromide with zinc.

2IF-S. HanChem. Soc. Re2013 42, 5270.

223, Baba; H. NegishiJ. Am. Chem. Soc.1976, 98, 6729.

2 G. Gustavson]. pakt. Chem1896 54 (2), 97; G. Gustavsod, prakt.Chem1896 54 (1), 104.

24 philipoy J. prakt. Chermi916 93 (2), 163; M. J. Murray, E. H. StevenshriAm. Chem. Sdt944 66, 812.
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Despite this long history, alkylidenecyclobutanes have attracted much Etssntion than their
homologous alkylidenecyclopropaneasainly due to the lowereactivity of the cyclobwne coreand
the difficulty for their synthesi® Neverthelessthe methylenecyclobutane moiety can be found in

severalnaturalcompounds Figure?2).

providencin maconelliol illudosin repraesentin A
(1.68) (1.69) (1.70) (1.71)

Figure 2\Natural occurring alkylidenecydiatanes.

For instance,the cytotoxin providencin (.68 which wasisolated fromthe Caribbean gorgonian
octocoralPseudopterogorgia kallognd the female sex pheromone of theink hibiscus mealylbug
namely maconelliol (.69 was isolated fromMaconellioccus hirsutug® The antibacteriallludosin
(1.70) was isolated fromthe fungusOmphalotusoleariusand belongs to thefomannosanetype
sesquiterpenefamily.?’” Another sesquitepene, the repraesentin A (.71 a protoilludang was
extracted from the fungusactarius repraesentanewsmnd was found tgromote plant growth.?® The
particularinterest in he protoilludane familjhas beerexpressedn several total synthess andis of

primary importancen this work?°

In general, alkylidenecyclobutanase mainlyformed by allenealkene [2+2Jcycloaddition reactions
and metalcatalyzed cyclizatior®. Starting from preformed foumembered ring compounds, the
Wittig olefination of cyabutanonesl.72is one of the most versatile and efficient mettsidr the

constructon of alkylidenecyclobutanes 74 (Scheme 142°

25 A. BrandiS. Cicchi; F. M. Cordero;@oti, Chem. Re\2014 114, 7317.

26 J. Marrero; A. D. Roifjuez; P. Baran; R. G. Rapsy. Lett.2003 5, 2551 A. Zhang; D. Amalin; S. Shirali; M.
S. Serrano; R. A. Franqui; J. E. Oliver; J. A. Klun; J. R. Aldrich; D. E. Meyerdirk; S. [Proapeitedcad. Sci.
U.S.A. 2004, 101, 9601.

2T A, Arnone; R. Cardillo; Glasini; O. V. de Pavd, Chem. SoPerkin. Trans. 1991, 1787;T. C. McMorris; R.
Lira; P. K. Gantzel; M. J. Kelner; R. Dawdat.Prod.200Q 63, 1557.

28 M. Hirota; Y. Shimizu; Kamo; H. Makabe; Hhi®ata, BiosciBiotechnol. Biochen2003 67, 1597.

22M. Kogl; L. Brecker; R. Warrass; J. Mulkegew. Chem. Int. EB007, 46, 9320; P. Siengalewicz; J. Mulzer; U.
Rinner,Eur. J. OrglChem2011, 35, 7041.
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® R R!
0 PhsP Ciz [/K\Rz
R —
0=PPh,
(1.72) (1.78)

Scheme 14Wittig olefination of cyclobutanones towarddkylidenecyclobutanes.

Building onthe previously described methodologySynthesis of lodecyclobuteneg) on iodo-
cyclobutenes, the group of Didiengineered a sequence for tlynthesis of alkylidenecyclobutanes
combininga boronthomologationandboron-allylation(Scheme 15§°
J;L 1. n-Buli, Et,0 -78 °C to -50 °C 3. R%CHO R
RY | 2. I/\Bpin ,-78°Ctort B CH,Cl,, rt B R?
OH
(1.75) (1.76)

Scheme 15Boronhomologation/boronallylation sequence towards alkylidenecyclobutanes.

The objective was however to make this sequence more versatidewill be described in the next

sectionof this thesis.

1.5 [4+2}Cycloadditios of Cyclobutenes

Kurt Alder andDtto Diels described a concerted pericyclic [4¢@2¢loadditiorfor the first timein 1928

later called the Diel#\lder reaction®! Formingsixmembered rings, the Dielalder cycloadditiorof a
conjugateddiene with asubstituted dienophileis particulaly useful for synthetic chemists as it
provides the cycloadduct regiand stereoselectivelyin this type of cycloaddition, no intermediates
are usuallyobserved, as the reaction ocawuia a single, cyclic transition state and therefore serves as
an excellenexamplefor a concerted pericyclic reactigi®cheme 1§ In that cyclic transition state,
the frontier p-orbitalsof the dienel.77(HOMO- highest occupied molecular orbijyand of the alkene
1.78 (LUMO- lowest unoccupied molecular orbitafjre overlgping and finally formingwo new
carboncarbon bondsHowever, the reaction shown Bcheme 1&an only be regarded as schematic
since theLUMOof the inactivatedethene(1.78) istoo high in energy for thelOMOof 1,3-butadiene

(1.77) to allow for reactvity. Only harsh reaction conditions would lead to the desired cycloaduct.

30M. Eisold; D. DidieAngew. Chem. Int. EB015 54, 15884.

310. Diels; K. Aldekjebigs Ann.li&m.1928 460, 98; O. Diels; K. Aldder. dtschChem. Ges. A/B929 62, 554.
32 M. J. S. Dewar; S. Olivella; J. J. P. Stewaim. Chem. Sd®86, 108, 5771.

33L. M. Joshel; L. W. Butiz, Am. Chem. Soc.1941, 63, 3350.
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(1.77) [4+2] _

p-orbitals sp3-orbitals

(1.78) (1.79)

Scheme 16f4+2}cycloaddition of a diene and a dienophillestrated with the involveg-orbitals (HOMOof
the diene and_UMOof the dienophik).

Although countless applicationsxistin literature, the [4+2fcycloaddition of cyclobutenes was not
given much atteribn, as only theuse of the cyclobutene ring as dienophile was reported by
Danyshefsky* In contrastto cyclobutenes as dienophileBackvall &  Irb@rekatithe use of
vinylcyclobutened.80in [4+2}cycloadditiorstrategiegScheme 1Y2° Anactivateddienophile, maleic

anhydride {.81), allowedaccess to fused alkylidenecyclobutarie82

(1.81)
0 Bpin
Bpin ovo Et0,C
BT —— N
Et0,C BHT, toluene, \I“"

reflux, 24 h 0\\\0‘

(o}

(1.80) (1.82)

Scheme 17f4+2}cycloadditionof a substituted vinylcyclobuteng.80with maleic anhydrid€1.82).

With thisexamplein mind, a synthesis towards unprecedented fused 5/8idg systems containing
an alkylidenecyclobutane moiety was reachalMéorthy of note is thesimilaritywith the 5/6/4-fused
ring system of protoilludanes, especiaiie 6-protoilludane (1.83), which wasatargetin our research

program(Figure 3.3

6-protoilludane
(1.83)

Figure 3:One representative of the protoilludane familypéotoilludane.

34 A. G. Ross; X. Li; S. J. Danishefskgym. Chem. So2012 134, 16080; A. G. Ross; S. D. Townsend; S. J.
DAnishefsky]. OrgChem2013 78, 204.

35Y. Qiu; B. Yang; C. ZhtEJBackvallAngew. Chem. Int. E®016 55, 6520

36 W. OppolzerA. Nakaq Tetrahedron Lett1986 27, 5471.
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1.6 Ring Contraction Reactions

Ring contraction reactions can be generallgssifiedin three different categoriesbased on their

mechanism: anionic, cationic and carbenditifeme 18’

0 (0} Nu (0]
X‘) @ Nu: Nu:/\
Path A - Anionic e —_—
(1.84) (1.85) (1.86)
M\
QO - R.__O
® Nu:
Path B - Cationic —_—>
(1.87) (1.88)
0 Nu.__O
‘\.. Nu:
Path C - Carbenoid —_—
(1.89) (1.86)

Scheme 18Three diferent types of ring contraction reactiorttassifiedby their inherentmechanism.

In the anionic reactiopathway (Path A, a negative charge on a cyclic ring systérB4) attacks a
suitable leaving groupesulting ina ring contraction.86). The catimictype (Path B consists of a ring
contraction triggered by an alkyl shift in ganction with a carbonyl formation1(83). The lastone

(Path @ containsan intermediate carbene 1o carbenoid1.89 that rearrangesand leads to aing
contraction The Faveskii rearrangement on cyclic systems is a typical example of an anionic ring
contraction andserved as successfulool in severahatural productsyntheses Scheme 19 In the

total synthesis of (+@poxydictymene 1.93), ()-iridomyrmecin {.94) and ¢)acoradiene 1.95), the

anionic ring contraction of dibrominated ¢pulegone 1.91) in the presence of a basethe key step.

37 Ring Contraction Reactions in the Total Synthesis of Biologically Active Natural PradugtsSilva in
Stereoselective Synthesis of Drugs and Natural Pro@idss: V. Andrushk®N. Andrusko), John Wiley & 3,

Inc, Hoboken, NJ, US2Q13 1-20; L. F. Silvdetrahedron2002 58, 9137.

38 A. E. Faworskil, Russ. Phys. Chet894, 26, 559; T. F. Jamison; S. Shambayati; W. E. Crowe; S. L. Schreiber,
Am. Chem. S0d.997 119, 4353; J. Wabsky; T. Gibson; DChan; H. WolfTetrahedron1965 21, 1247; S.
Kurosawa; M. Bando; K. MoEyr. J. Org. Cher2001, 23, 4395.
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(+)-epoxydictymene

(1.93)
(0] (0] Br
Br H
= Br,, Et,0 S NaOCH, 0
— X = 3
CH;OH X0
H
(+)-pulegone (-)-iridomyrmecin
(1.90) (1.91) (1.94)

(+)-acoradiene
(1.95)

Scheme 19The Favorskii rearrangemergppliedin total syntheesof natural produts.

In 1959 Criegee and Noll described the ring contraction of a cyclobutane epbX3@én the presence
of sulfuric acid $cheme 2P* Theyobtained a mixture of two different compound$rom whicha
cyclopropyl ketone1.98) was identified Part ofthis Ph.D.thesiswasdevotedto the selective ring
contraction of cyclobuteneby an oxidative ring contraction, as this rather unexploredctioncan

give access to the pharmacologically important cyclopropyl ketone sgatfol

o o)
H,S0, R
o &
0
0

(1.96) (1.97) (1.98) bioactive targets

Sheme 20Early example of an oxidative ring contraction of cyclobutapexides.

39R. Criegee; N. Nolliebigs AnnChem1959 627, 1; J. M. ConjaAngew. Cheni.968 80, 578.

40 For somebioactive compouds see: J. Xiao;S. RKing;K.He;P. CWong;A. RRendina;). M.Luettgen;B.
Xin;R. M.Knabb;R. RWexler;P. Y. S.am Bioorg. Med. Chem. Lef009, 19, 462 C. E.Wainwright;J. SElborn;
B. W.RamseyG. Marigowda;X. Huang M. Cipolli;C.Colombo;J. CDaviesK. DeBoeck;P. A.Flume;M. W.
KonstanS. AMcColleyK.McCoyE. FMcKoneA.Munck;F.Ratjen;S. M.Rowe;D.Waltz;M. P.Boyle N. Engl.
J. Med.2015 373 22Q U. J.Ries;H. W. M.Priepke;N. H.Hauel;S.HandschuhG. Mihm; J. M.StassenW.
Wienen;H. Nar, Bioorg. Med. Chem. Le2003 13, 2297
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2 Results

2.1 Unsaturated FouMembered Rings: Efficient Strategies for the Construction of

Cyclobutenes andlkylidenecyclobutanes

Reprinted with permission from A. N. Baumaih Eisold, G. M. Kiefl, S. T. Emmerling, D. Didier,
Chem. Eur. 2017, 23, 1634. Copyright© 200Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Unsaturated Four-Membered Rings: Efficient Strategies for the
Construction of Cyclobutenes and Alkylidenecyclobutanes

Michael Eisold*, Andreas N. Baumann*, Gabriel M. Kiefl, Sebastian T. Emmerling, and

Dorian Didier*?

Abstract: Our recent studies of the diastereo- and enantio-
selective formation of strained alkylidenecycloalkanes drove
us to more-thoroughly investigate the formation of four-
membered rings for which only few efficient methods are
described. We first developed a strategy to diversify the
saturated part of the four-membered ring and applied it to
a highly diastereoselective synthesis of more-elaborate alkyli-

denecyclobutanes, which completed our precedent studies.
In parallel, cyclobutene structures were built employing
simple organometallic methods and further functionalized
to give a diverse range of new substitution patterns, which
consequently enriched the pool of cyclobutene-based
building blocks.

Introduction

Cyclobutenes (CBs) and alkylidenecyclobutanes (ACBs) are
interesting structural motifs and drive continuous interest
among the organic chemistry community.

CBs are rarely observed in natural architectures,”’ whereas
ACBs are found in the cores of a number of natural products
(Figure 1).” Besides their natural occurrences, CBs and ACBs
have enticed curiosity for their ability to undergo transforma-

U]

6-protoilludene pasteurestin A (R'=H, R2=0H, R3=H, X=0)
pasteurestin B (R'=H, R2=H, R3=0H, X=0)

epi-illudol (R'=0H, R2=H, R3=H, X=H,H)

agrocybin H (R=H)

unnamed illudane agrocybin | (R=CHO)

Figure 1. Naturally occurring CB- and ACB-containing substances.
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tions such as ring expansions™ and rearrangements” However,
and despite growing interest, four membered-ring systems have
been scarcely studied, mainly due to the difficulty in accessing
their core structure. Generally obtained via [242] cycloaddition
reactions” or metal-catalyzed processes,” the synthesis of CBs
and ACBs remains a challenge in the area of organic chemistry.
The development of simple and straightforward strategies to
generate these strained building blocks”™ undoubtedly warrants
further exploration,

because the limitation of the scope is a consequence of the lack
of diverse and available methodologies.

Results and Discussion
Synthetic routes towards ACBs

We recently reported an efficient method for the diastereo-
and enantioselective preparation of alkylidenecyclopropanes™
and ACBs.” Our general approach is based on a one-pot
boron-homologation/allylboration sequences. A boron homo-
logation reaction, based on the useful and pioneering work of
Matteson,”"” installs the allylic boron moiety onto a preformed
cyclobutenyl metal species then simple aldehyde allylboration
forms the ACB (Scheme 1).

A representative example is shown in Scheme 2. Addition of
dihydrocinnamaldehyde to cyclobutenylmethylboronate 1

ACBs - Alkylidenecyclobutanes

R? RZ R2
R — ];k — ];k
P = OH R ; Bpin RT ™

altylboration bom}a-homo[ogaiian
Scheme 1. Retrosynthetic approach to ACBs.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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m-CPBA
ﬂ, T 4 NaHCO; I O
_ SIS | e —
Bpin  CH.Cl, o CH,Cl ot
i, 5 min Ph 0°C,30min Ph
1 2,85%
dr. =991
= t
Lt
| .
o~ via
(o}
Ph TS1

Scheme 2. ACB formation, and application of the method to the synthesis of
oxaspirohexane 3. Bpin=44,5,5-tetramethyl-1,3,2-dioxaborolane.

afforded methylenecyclobutane 2 in 85% yield with perfect
diasterocontrol control (diastereomeric ratio (d.r)=99:1) in a
remarkably short time at ambient temperature. Subsequent
oxidation furnished diastereomerically pure oxaspirohexane 3 in
83% yield. The high d.r. observed for the formation of 2 can be
explained by a Zimmermann-Traxler transition state, in which
the lateral chain of the aldehyde adopts the pseudo-equatorial
position, which was initially postulated by Hoffmann for allylbo-
ration reactions (TS 1).""" We also propose that, in the absence
of a protic solvent, epoxidation of the alkylidene moiety takes
place on the same face as the secondary alcohol by hydrogen
bonding with m-chloroperbenzoic acid (m-CPBA) (TS 2).

This new method to easily generate ACBs proved to be
quite general; a wide range of aromatic, heteroaromatic, and
aliphatic aldehydes were used to generate chiral adducts with
good diastereoselectivity.

Next, we developed an asymmetric version of the one-pot
sequence by using chiral diols as boron ligands, which allowed
enantiomerically enriched ACBs to be prepared (Scheme 3).*"

In this one-pot sequence, dichloromethylboronic ester 4
reacted with an organometallic nucleophile, which promoted
stereoselective formation of a a-chiral chloromethylboronic
ester 6 via a 1,2-metalate rearrangement. The rearrangement
was controlled by the chiral diol ligand, and the selectivity was
relayed through the intermediate boronate 5 by the presence
of zinc chloride."” A second stereospecific boron homologa-
tion occurred upon addition of cyclobutenyl metal species 7
and gave a-chiral cyclobutenylmethylboronic ester 8. Finally,
an allylation reaction occurred upon addition of an aldehyde.
A Zimmerman-Traxler transition state, in which both the R’
and R® groups adopted pseudo-equatorial positions (TS 4),
controlled the diastereoselectivity of the reaction.

A wide variety of novel ACBs 9a (R*=aromatic) and 9b
(R® =aliphatic) were generated by using this diastereo- and
enantioselective procedure. Figure 2 shows representative
examples of the ACBs obtained in 55-79% yield with excellent
diastereo- and enantiocontrol over the one-pot sequence.

Alternatively, we envisioned that the diastereoselectivity
could come from the cyclobutene ring itself. In this case,
propargyl bromides had to be adequately prepared to install
the lateral chain R* (Scheme 4). To avoid the use of expensive
propargylation reagents,* we employed readily available alde-
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cl 1
¢l Cl-zi
o 0Oy pon &E’ 2 & @
bt l = e kB-{O;L\ —»= Y—B(OR),
o '©7Ng, 2 ZnCl T R2
4 -100°Ctort RZ 5

6 5|
=

stereoselective M2
boron-homologation 7 _
stereospecific . RﬂRB(OR}*Z
boron-homologation :

8 R?
stereoselective

solvent | 4.R3CHO

boron-allylation

switch | CH,Cly, 0 °C

1 1

] R! RZ |

)
R'R R B. M
NRo | VORETO = R3-.;‘:‘r.ou” o
R 0 L“H" 5 )
9a-b TS4 1S3

Scheme 3. One-pot stereoselective synthesis of ACBs 9a and 9b (Cy = cyclo-
hexyl).

9a, 62% ent-9a, 55% 9b, 58% ent-9b, 79%
syn/anti =99:1  syn/anti = 99:1 syn/anti =991 syn/anti = 99:1
ee =99% () ee = 99% (+) ee = 99% (+) ee =99% (-)

Figure 2. Representative examples of enantiomerically enriched ACBs.

1. n-BuLi, TsCI
THF, -78 °C
o & DB gy oz Bro
_—
RzlLH THE RZJ\// 2 NaBr RZJ\//
-78°C, 1h 10 acetone 11

reflux, 16h

Scheme 4. Synthesis of homopropargylic bromides 11 (Ts =tosyl).

hydes and a pre-prepared storable propargylzinc reagent to
form the substituted homopropargylic alcohol precursors 10.
The temperature was maintained at —78°C, which allowed
selective formation of the expected alkyne that contained
only traces of the competitive allenylation compound. Subse-
quent tosylation of the secondary alcohols 10 followed
by nucleophilic substitution afforded the corresponding
homopropargylic bromides 11. Notably, only traces of the re-
quired substituted propargyl bromides were obtained if PBr;
or Appel’s conditions were employed for direct synthesis from
the corresponding alcohols; instead, the major product result-
ed from an elimination reaction.

The boron homologation and allylboration reactions were
merged in a one-pot sequence, and ACBs 12a-l were obtained
with excellent diastereoselectivity (in all cases d.r.>99:1:0:0).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Simple propargyl bromides 11 and aromatic, heteroaromatic,
and aliphatic aldehydes were employed, and the reaction
furnished the expected compounds 12 with three consecutive
stereocenters (one quaternary) in good yields up to 88%
(Scheme 5).

1. n-BuLi, -78°C 3. 1” " Bpin

Br hexane i
M 4. solvent switch
R2 2. MesAl (2 equiv) 5. R3CHO 3
1 CpzZiCly, CHzCl R™0H 12a
Me:,, Me: (0 Me
“OH “OH o “OH
12a, 60% b 12b, 56% NO2 q2¢, 80%
d.r. >99:1:0:0 dr. >99:1:0:0

d.r.>99:1:0:0

MeO OH
| F
Br 12d, 70% ci 120, 88% 12f, 58%
d.r. >99:1:0:0 d.r. > 99:1:0:0

“OH

NO,
12g, 59% 12h, 68% 12i, 62%
d.r. > 99:1:0:0 d.r.>99:1:0.0 d.r. > 99:1:0:0

MeO OH  oN OH O,N OH
12j, 83% 12k, 70% 121, 70%
d.r.>99:1:0:0 d.r.>99:1:0:0 dr. >99:1:0:0

Scheme 5. One-pot diastereoselective synthesis of ACBs containing a side
chain.

The reaction was initiated by alkyne deprotonation with n-
butyllithium, and the remainder of the sequence was realized
by a carboalumination reaction upon addition of a mixture of
dichlorozirconocene and trimethylaluminium in dichlorome-
thane (13). Following the mechanism proposed by Negishi"*
a m cyclization took place to furnish gem-bismetalated cyclo-
propyl methylium intermediate 14a. Subsequent C—C bond
cleavage and migration of the methylene group gave cyclo
butenylium 14b then lithium bromide elimination gave cyclo-
butenyl metal species 15. The regiochemistry of the overall
cyclization process was clarified by NMR spectroscopy.'
Finally, introduction of the appropriate electrophile gave either
the cyclobutenylmethylboronic ester 16 (Scheme 6), used for
the allylation sequence with an aldehyde, or the iodocyclobu-
tene 17, which is useful for CB functionalization.
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1. n-BuLi 7
hexane R? o~ R? g
Br e 78°C ‘)Br L\
p —— Li
RQJ\/ 2.2 Meghl -
1 Cp2ZrCly [M]
CHzCly
78°Ctont
' -
R2 R2 Rz O
£
- -~ @ Li
-LiBr -y,
Me E Me ™) S U]
16 (E = CH,Bpin) a3 14b

17 (E=1)
Scheme 6. Propased mechanism for the formation of cyclobutene deriva-

tives.

Synthetic routes towards CBs

We envisioned that CBs could be functionalized later in the
sequence by employing the previously generated cyclobutenyl
metal species with a preinstalled R* moiety by following the
aforementioned cyclization strategies (see above). Consequent-
ly, derivatization of the unsaturated CB was undertaken via
a cyclobutenyl metal intermediate (Scheme 7).

CBs - Cyclobutenes

j;L, —

cyclization

functronalfza{pon carbumeisfa tion propargylation

Scheme 7. Retrosynthetic approach to CBs.

With a range of propargyl bromides 11 in hand, cyclobutene
iodides 17 were simply synthesized by the addition of iodine
to cyclobutenyl metal species 15, which was generated in situ.

A first derivatization was undertaken by cross-coupling 17
with different zinc species in the presence of bis(dibenzylide-
neacetone)palladium (Pd(dba),) and tri-2-furylphosphane (TFP).
The results are depicted in Scheme 8. Aromatic and hetero

R?

R3 ZnX
J; e N

TFP (4 mol%) Me R?

THF, i, 1h 18
n-CgHyq n-Pr. n-CgHy7.
Me’ 7 ] Me ’ \

182 O 18b 18¢

76% 96% 62%

n-CaHir, ”‘CaHﬁ - Can

Me' Br

18d 18e 18f

54% 1% 56% ClI

Scheme 8. Derivatization of CBs via Negishi cross-coupling.
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aromatic substrates were easily introduced, and substituted
CBs 18 a-f were obtained in good-to-excellent yield.

On the strength of these successful initial results, we took
a step further and envisaged boronic acids as cross-coupling
partners. A wide range of commercially available boronic acids
were used in the Suzuki cross-coupling of cyclobutene iodides
17 in the presence of tetrakis(triphenylphosphine)palladium
(4 mol %) (Scheme 9)."® Halogen-, ether-, and nitro- substituted

i RE-B(OH); B
i B
j:k Pd(PPh), (4 mol%)
R! I dioxaneiH0(21) R R? qgai
17 65°C, 1h 20a-j
] v L] v
19a O 19b O 19¢ O
93% 9% ) 83%
b it i b CO,Me
|
\>
19f s
81%
18i
83%
ok,
Ph
Me F A
200 T
1% MeO 38% 80%
AN
@r poc
20d e N
4% 62%
7 ol
Ph Ph j:k/
MeT
.
20¢ 209 20h o
98% 70% 91% pr

\
200 U 20) o
76% = 81%

Scheme 9. Derivatization of CBs via Suzuki cross-coupling

aromatic groups were introduced very efficiently, as well as
tert-butoxycarbonyl (Boc) protected aromatic amines (19d and
20e) and the even more challenging m-formyl phenyl group
(191i). Functionalized four-membered rings were obtained in
very good vyields (up to 98%), and the system had high
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tolerance for a wide range of functional groups in the cross-
coupling reaction (19a-i and 20a-j). Unfortunately, only the
starting cyclobutene iodides 17 were recovered when Suzuki
cross-couplings with alkylboronic acids were attempted, and
no alkyl-substituted product was obtained.

Alternatively, cyclobutenyl metal species can be generated
and used in situ by employing allylzinc species. Simple
insertion of zinc into the carbon-halogen bond (Scheme 10)
proceeded when the condition described by Villiéras et al.
were used'"”,

in-sffu generated
Pd(dba}, (2 mol%)

R' TFP (4 mol%) R!
e —
[Zn] R2-X R2
16a THE; . 1h 19a, 21a-1
i N )\ O
19a i 21a 21b
63% 46% 67% CFs
)\ Y \
21c 5 21d = 21e
80% 64% 43%
L] on
21f 21j 21h O
70% 87% co Et  45%
oy
ey
D)
21j =
CO,Et 75% CO,Et
21k , 211
80% 70%

Scheme 10. Derivatization of cyclobutenylzinc species generated in situ.

Allylzinc reagents were added to 4-bromobutyne, which
initiated a carbometalation-cyclization sequence to form
a new cyclobutenylzinc species in situ. First, aromatic and het-
eroaromatic iodides added in the presence of Pd(dba), and
TFP underwent the cross-coupling reaction and furnished
substituted CBs 19a and 21a-k in good yields (up to 87%).
Second, furoyl chloride was used in the reaction to give the
conjugated cyclobutenylketone 211. Surprisingly, isomerization
of the allylic double bond was observed, and the more-stable
six-n-electron conjugated system was the sole product of the
reaction.

Taking into account the propensity of 1,3-enyne systems to
undergo further interesting transformations,’® we envisaged
that alkynylcyclobutenes could be highly valuable substrates

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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