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Abstract X

Abstract

This Ph.D. thesis describes the modification of simple cyclobutenes, azetines and thiete dioxides into

more elaborate structures through the application of organometallic methods.

Chapter |

Cyclobutenes have been relatively little studied compared to larger unsaturated ring systems and also
cyclopropenes. Substituents are usually already present in the precursors before the formation of the
4-membered carbocycle and later modifications are difficult. The first chapter of this Ph.D. thesis
describes the generation of metallated cyclobutenes and unprecedented methods for their
derivatisation into alkylidenecyclobutanes and use in cross-coupling reactions. The first step is based
on a literature known procedure for the formation of metallated cyclobutenes 0.01. Those species
then react with iodomethyl-boronic esters 0.02, generating an allyl-boron system through a
stereospecific boron-homologation sequence. The generated allylic boronates 0.03 easily undergo
addition reactions with aldehydes to furnish alkylidenecyclobutylcarbinols 0.04 or follow y-selective
Suzuki—Miyaura cross-coupling reactions to yield alkylidenecyclobutanes 0.05.

Key features:

R2
+ high functional group tolerance
R*CHO - S 9 group
3
R4 R + excellent ee, de and E/Z ratios

2
R2 I._B(©R), R OH
~ + one-pot protocol
R® 0.02 0.04
—R B(OR), —

R "M] &
0.01 0.03 [Pd], ligand R + excellent functional group
= tolerance
Ax R1RR3
Ar + excellent ee, de, E/Z and
M = Li, Al, Zn X =Cl,Br, | 0.05 v/o ratios

The transformation of allylic boronates to carbinols 0.04 occurred very rapidly (< 10 minutes) due to
the involved strain release, with the aldehydes being of aliphatic, vinylic and aromatic nature. Up to
three consecutive stereocenters could be obtained with virtually perfect diastereomeric ratios.
Screening of the boronic species revealed that the allylation reaction can also take place with high E/Z
ratios and very good diastereoselectivity. The reaction was also designed to be conducted in a one-pot
procedure, combining the formation of metallated cyclobutene, boron-homologation and boron-

allylation.

In a different method, the stable boronic esters 0.03 were subjected to Suzuki-Miyaura cross-coupling

conditions whereupon selective coupling in the y-position of the allylic boronate occurred, on account
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of strain release. The reaction mostly occurred fast (< 1h), depending on the aryl species, and also
showed excellent levels of diastereoselectivity and E/Z ratios. Furthermore, the first y-selective Suzuki-

Miyaura coupling furnishing a quarternary stereocenter with good enantioselectivity was performed.

Another part of this first chapter is focused on the use of metallated or halogenated cyclobutenes as
building blocks for cross-coupling reactions. The in-situ synthesized cyclobutenyl-metal species 0.01
can either be electrophilically trapped as halogenides or directly engaged in Negishi cross-coupling
reactions with arylic and vinylic halides. The storable halo-cyclobutenes 0.06 can also be directly
employed in Suzuki and Negishi cross-couplings or converted into air-stable organoboronates through

exchange-transmetalation strategies and then engaged in further transformations.
R2 R2
Q Halogenation EL
Metalation
R1

0.01 0.06

| Key features:

+ storable building blocks

[Pd], ligand ) [Pd], ligand + high functional group tolerance
R3X R R3-[M]
E + different cross-coupling protocols

R’ RS
S) 0.07
M = B(OR)3, ZnX X=Br, |

The building blocks showed good reactivity and allowed access to more sophisticated structures with

the typical high functional group tolerance for cross-coupling reactions.

Chapter Il

Among the 4-membered nitrogen-containing heterocycles, B-lactams have undoubtedly received the
most attention. The stable 2-azetines however have only been studied to a small extent. The second
chapter of this Ph.D. thesis is focused on the synthesis of disubstituted 2-azetines through simple
metalation strategies. Commercially available 3-azetinone 0.08 can be converted to 0.09 by simple
nucleophilic attack of a wide range of lithiated or magnesiated species and further methylation of the
resulting alcohol. Following a literature procedure, the treatment with a strong base induces lithiation
in a-position of the nitrogen and subsequent elimination of lithium methanolate. Another equivalent
of the base allows metalation of the 2-azetine to give 0.10, which can either be directly trapped with

electrophiles or converted to the stable boronate 0.11 for following cross-coupling reactions.
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NBoc NBoc
NBoc 2 steps s-Buli 7NBOC B(OPr); | = o
(0]

", MeO
4

R? Li R’ B(OiPr)3
0.08 0.09 0.10 0.11
Key features: [Pd], ligand
R2-X
+ storable building blocks
R2.X NBoc
+ high functional group tolerance - J;k
R! R?
+ one-pot protocol 0.12

Electrophilic trapping of the lithiated species 0.10 yielded the corresponding alkylated and silylated
compounds — or alcohols in the case of reaction with aldehydes — in good to excellent yields. The
conditions for the Suzuki—Miyaura cross-coupling showed characteristic functional group tolerance,
furnishing disubstituted 2-azetines 0.12 in generally good to very good yields in a one-pot procedure

starting from 0.09.

Chapter llI

The third chapter of this Ph.D. thesis aims at the derivatisation of the scarcely studied thiete dioxides.
Through a known procedure of three simple steps and without intermediate purification, 3-substituted
thiete dioxides 0.14 are accessible. Treatment with an organometallic base affords the metallated
derivative, which can directly be trapped with electrophiles or transmetallated for further reactions
such as Negishi cross-couplings. In addition, an alternative pathway has been developed, utilizing a

direct C-H functionalization to introduce aryl moieties.

1) metalation 7302
2) electrophilic trapping/

] R? R?2  Key features:
cross-coupling
s 3 steps 7802 0.15
_— R + good functional group tolerance
0.13 0.14 for both substituents
. o SO,
C-H functionalization J;K + parallel modification approaches
R’ Ar
0.16

While the metalation-trapping strategy allowed for the synthesis of diversely disubstituted thietes in
good to very good yields, the direct arylation method complemented the scope toward more base
labile targets. The direct functionalization is an example of the rather uncommon C-H activation of
alkenes and does not require the installation of an additional directing group to give products in overall

high yield.
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Cyclobutenes
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1 Introduction

While being scarcely observed in natural compounds due to their peculiar framework, some
cyclobutene and alkylidenecyclobutane containing structures have shown very interesting biological

activities.

Named after the wood-rotting fungus Fomes annosus, fomannosin (1.01) represents a rare case of a
sesquiterpene containing a cyclobutene moiety.! Fomanosin is toxic to Pinus taeda seedlings and some
bacteria and has therefore been objective of total synthesis.? Bershacolone (1.02), a constituent of the
root extract of Maprounea africana which has shown activity in anti-HIV screens and neofavelanone
(2.03), which was isolated from the bark of Cnidoscolus phyllacanthus and has shown cytotoxicity

against some leukemia cells, are other examples of natural products inheriting a cyclobutene ring.?

HO—
H
HO
o H
(+)-fomannosin (1.01) bershacolone (1.02) neofavelanone (1.03)

Figure 1: Examples of naturally occurring cyclobutenes.

1.1 Cyclobutene Syntheses

The most typical syntheses of cyclobutenes are through [2+2] cycloadditions, either photochemically
or through metal catalysis. A recent example for the utilization of a photochemical cyclobutene
synthesis was demonstrated by the group of Maulide.? Based on the photoisomerization of 2-pyrone
(1.04) observed by Corey, the power of a nucleophilic ring opening of bicyclic lactone 1.05 to ultimately
give the natural compound ieodomycin D (1.08) was illustrated.®> The nucleophilic attack of zinc species
1.06, accessed from commercial 5-iodo-pentan-2ol through silylation and zinc insertion, gives ring
opened acid 1.07 as a single diastereomer. Subsequent deprotection, saponification and thermal 4x-

electrocyclic ring opening afforded the product in 43% overall yield.

1 ). A. Kepler; M. E. Wall; J. E. Mason; C. Basset; A. T. McPhail; G. A. Sim, J. Am. Chem. Soc. 1967, 89, 1260.

2 M. F. Semmelhack; S. Tomoda; H. Nagaoka; S. D. Boettger; K. M. Hurst, J. Am. Chem. Soc. 1982, 104, 747; L. A.
Paquette; X. Peng; J. Yang, Angew. Chem. Int. Ed. 2007, 46, 7817.

3 M. W. Bernart; Y. Kashman; M. Tischler; J. H. Cardellina; M. R. Boyd, Tetrahedron Lett. 1993, 34, 4461; Y. Endo;
T. Ohta; S. Nozoe, Tetrahedron Lett. 1992, 33, 353.

4 C. Souris; A. Misale; Y. Chen; M. Luparia; N. Maulide, Org. Lett. 2015, 17, 4486.

5 E. ). Corey; J. Streith, J. Am. Chem. Soc. 1964, 86, 950.
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o}

1.06 OTIPS
2, e T, el
—_—
NNg Et,0 o CuCN-2L(CI . OTIPS
-78 °C, THF -
1.04 1.05 1.07
1) H;S0, MeOH
1.07 —2)LiOH, MeOH GH o
3) W, 100 °C, THF WOH

1.08

Scheme 1: Total synthesis of ieodomycin D (1.08).

In 2016 Bach presented an intramolecular photocycloaddition of oroates to cyclobutene annulated
pyrimidine-diones.® Following irradiation at 300 nm, a fused 6/4/6-ring system is created with a
lactone and the pyrimidine-dione annulated to a cyclobutane (1.10). Further irradiation at 254 nm
triggers a homolytic decomposition of the lactone in a Norrish type | fashion and, after intramolecular

hydrogen abstraction and radical recombination, cyclobutene 1.12 is obtained.’

(o] o fo)
N™ 300 nm Ly 254 > N o) N~
‘ - -£25 M. (o] H,’ - -
(o) i
N NAO NAO N/go H)LO NAO
le} ‘ 0" Yo ‘ | ‘
1.09 1.10 1.11 112

Scheme 2: Photochemical rearrangement of oroate 1.09 to cyclobutene-pyrimidine-dione 1.12.

An example for an intermolecular [2+2] synthesis of cyclobutenes can be found in a report by Loh.2
Employing an indium (1) catalyst with TMSBr to enhance the Lewis acidity, aryl alkynes and acrylates
could be cyclized with perfect regioselectivity. A possible mechanism includes a 1,4-addition of the
alkyne to the activated acrylate. The resulting benzylic cation 1.15 then gets attacked by the silyl enol

giving the cyclobutene in two steps.

N\ o
A In(ttacac); (55 Br-nttacac)s (otms N
H + TMSBr Ar | Ar @h/ oMe OMe
| OMe  CoCly | \/\(\ OMe \
R 0°Ctort. R 5
113 114 R 1.15 1.16

Scheme 3: Indium catalyzed [2+2] cycloaddition to cyclobutenes.

5 A. Hélzl; T. Bach, Journal of Photochemistry and Photobiology A: Chemistry 2016, 331, 60.

7 ). N. Pitts; R. Simonaitis; J. M. Vernon, Tetrahedron Lett. 1965, 6, 3209; L. K. Sydnes; D. Van Ha, Aust. J. Chem.
2009, 62, 101; R. G. W. Norrish; F. W. Kirkbride, J. Chem. Soc. 1932, 1518.

8 L. Shen; K. Zhao; K. Doitomi; R. Ganguly; Y.-X. Li; Z.-L. Shen; H. Hirao; T.-P. Loh, J. Am. Chem. Soc. 2017, 139,
13570.
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The synthesis of rumphellaone (1.21) by the group of Echavarren depicts a case where a cyclobutene
gets constructed through metal catalyzed cyclization of an alkyne and an alkene.® Utilizing a chiral
Josiphos digold(l) complex, cyclobutene 1.19 could be accessed in high yield and good
enantioselectivity. After reduction of the cyclobutene and oxidative cleavage, cyclobutane carboxylic

acid 1.20 was obtained. Six more steps were necessary to convert the latter into rumphellaone 1.21.1°

. 17P h—= Josiphos SL-J404-2
hy— AuCl
NaBAr,"
0 1,2-CoHyCly

0%1.18 -20 °C

Scheme 4: Enantioselective synthesis of rumphellaone (1.21).11

1.2 Alkylidenecyclobutanes

The alkylidenecyclobutane moiety can be found embedded in a number of protoilludene
sesquiterpenes, which consist of an annulated 5/6/4-ring system.?? lIsolated from Lactarius
repraesentaneus, Repraesentin A (1.22) is a mono-oxidized version of 6-protoilludene and has been
found to act as a plant growth promoter.'® Pasteurestin A (1.23), which was isolated from Agrocybe
aegeritta and exhibited strong activity against a pathogen for bovine respiratory disease, depicts a
further member of the protoilludene family.!* Another alkylidenecyclobutane incorporating natural
compound is the highly oxidized providencin (1.24) isolated from Pseudopterogorgia kallos.®> The
diterpene exhibited activity against several human cancer cell lines and has therefore been object of

some total syntheses.®

% C. Garcia-Morales; B. Ranieri; I. Escofet; L. Lépez-Suarez; C. Obradors; A. |. Konovalov; A. M. Echavarren, J. Am.
Chem. Soc. 2017, 139, 13628.

10 B, Ranieri; C. Obradors; M. Mato; A. M. Echavarren, Org. Lett. 2016, 18, 1614.

11 Josiphos SL-J404-2: (S)-1-{(Rp)-2-[Di(1-naphthyl)phosphinolferrocenyl}ethyldi(3,5-xylyl)phosphine.

12 p, Siengalewicz; J. Mulzer; U. Rinner, Eur. J. Org. Chem. 2011, 2011, 7041.

13 M. Hirota; Y. Shimizu; T. Kamo; H. Makabe; H. Shibata, Bioscience, Biotechnology, and Biochemistry 2003, 67,
1597.

14 M. Kégl; L. Brecker; R. Warrass; J. Mulzer, Angew. Chem. Int. Ed. 2007, 46, 9320.

15 J. Marrero; A. D. Rodriguez; P. Baran; R. G. Raptis, Org. Lett. 2003, 5, 2551.

16 Selected articles: E. Schweizer; T. Gaich; L. Brecker; J. Mulzer, Synthesis 2007, 2007, 3807; T. Gaich; H.
Weinstabl; J. Mulzer, Synlett 2009, 2009, 1357; J. D. White; S. Jana, Org. Lett. 2009, 11, 1433; S. J. Stevens; A.
Bérubé; J. L. Wood, Tetrahedron 2011, 67, 6479.
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repraesentin A (1.22) pasteurestine A (1.23) providencin (1.24)

Figure 2: Natural products containing an alkylidenecyclobutane moiety.

One account on its synthesis describes a Norrish type Il reaction to form the methylenecyclobutane
fragment, unfortunately a wrong diastereomer (1.27) is formed.” A successful attempt for the
formation of this moiety was found in the transformation of the corresponding cyclobutanone 1.28

through Wittig reaction.®

CO,tBu CO,tBu
OH
I\ o) hv
(6) hydrogen
H abstraction
MeO,C MeO,C
1.25 1.27

oTBS OTBS
7] 7]
o oTIPs __ PhsPCHgBr, _ o OTIPS
n-BuLi, THF
/\\‘\\ /\
PivO © PivO
1.28 1.29

Scheme 6: Synthesis of the methylenecyclobutane moiety through Wittig reaction.

The amount of reports about the synthesis of providencine that are focused on the construction of the

cyclobutyl entity is a clear indicator for the lack of methods for accessing this structural moiety.

1.3 Synthesis of lodo-cyclobutenes

To overcome this methodological gap, it was devised to functionalize simple cyclobutenes through
organometallic modifications. The easiest access to metallated cyclobutenes is through metalation of
iodo-cyclobutenes. While there are some reports on the synthesis of iodo-cyclobutenes, only very few
can be considered, as most give either non-innocent substrates that are prone to different reactions

under metallating conditions or consist of many steps, making the substrate synthesis rather

17 C. D. Bray; G. Pattenden, Tetrahedron Lett. 2006, 47, 3937.
18 J. D. White; S. Jana, J. Org. Chem. 2014, 79, 700.
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uncomely.’® To overcome these restrictions, further studies were based on a cyclization of 4-
halobut-1-ynes described by Negishi as early as 1983.2° The high yielding and short synthesis of iodo-
cyclobutenes devised from those findings was therefore the entry point toward the further

functionalization of cyclobutenes through organometallic methods.?

As proposed by Negishi, the cyclization of 4-halobut-1-ynes can follow two possible mechanisms, the
o- or the m-type cyclization, ultimately giving rise to two different regioisomers of cyclobutenes. The
first step consists of the alkyne deprotonation with n-Buli, which is followed by a carbometalation with
a mixture of trimethylaluminium and zirconocene dichloride to give the gem-bismetallated
intermediate 1.31. When following the o-type mechanism, the carbon-lithium c-bond attacks the
carbon atom bearing the halogen in a Sy2 reaction, releasing lithium bromide and giving metallated
cyclobutene 1.32. This can then be converted to the iodo-cyclobutene 1.33 by reacting it with
elemental iodine.

In the m-type mechanism, the electrons of the double bond perform the Sn2 reaction, leading to the
bismetallated cyclopropane 1.34. In order to obtain the cyclobutyl moiety, two possible Wagner—
Meerwein rearrangements can occur, giving intermediates 1.35 and 1.37 which after releasing the

lithium cation and trapping with iodine produce the possible regioisomers 1.33 and 1.39.

R
Br r
_ __1)n-BuLi-78°C _ _o-type
R)\// 2) MezAl L —78 C tort.
Cp,ZrCl, [M] [M] |
1.30 —78°Ctort 1.32 1.33
R
path a
O 8 Cto rt
R A R I M] M] I
‘)B:_' tvoe % Li 1.35 1.36 1.33
1 —L
L >v<b y i
M) e R R R
- !
B
1.31 134 — b ng\u - )Q —78°Ctort. )Q
L M] M] I
M =Al, Zr 1.37 1.38 1.39

Scheme 7: Possible mechanisms for the cyclization of 4-haloalk-1-ynes to iodo-cyclobutenes.

19 A. Firstner; A. Schlecker; C. W. Lehmann, Chem. Commun. 2007, 4277; A. Allen; K. Villeneuve; N. Cockburn;
E. Fatila; N. Riddell; W. Tam, Eur. J. Org. Chem. 2008, 2008, 4178; A. B. Koldobskii; N. P. Tsvetkov; P. V.
Verteletskii; I. A. Godovikov; V. N. Kalinin, Russ. Chem. Bull. 2009, 58, 1431; Y. Li; X. Liu; H. Jiang; B. Liu; Z. Chen;
P. Zhou, Angew. Chem. Int. Ed. 2011, 50, 6341; Y.-P. Wang; R. L. Danheiser, Tetrahedron Lett. 2011, 52,2111, J.
Ciesielski; D. Lebceuf; H. A. Stern; A. J. Frontier, Adv. Synth. Catal. 2013, 355, 2077; J. He; M. L. Snapper,
Tetrahedron 2013, 69, 7831; B. Alcaide; P. Almendros; C. Lazaro-Milla, Adv. Synth. Catal. 2017, 359, 2630; D.
Kossler; F. G. Perrin; A. A. Suleymanov; G. Kiefer; R. Scopelliti; K. Severin; N. Cramer, Angew. Chem. Int. Ed. 2017,
56, 11490.

20 E. Negishi; L. D. Boardman; J. M. Tour; H. Sawada; C. L. Rand, J. Am. Chem. Soc. 1983, 105, 6344.

21 L. D. Boardman; V. Bagheri; H. Sawada; E. Negishi, J. Am. Chem. Soc. 1984, 106, 6105; E.-i. Negishi; F. Liu; D.
Choueiry; Mohamud; A. Silveira; M. Reeves, J. Org. Chem. 1996, 61, 8325; F. Liu; E.-i. Negishi, Tetrahedron Lett.
1997, 38, 1149.



Introduction Chapter | 7

Negishi has shown in studies on 4-iodoalkynes that both mechanisms are active and the product
outcome could be manipulated by transmetallating from lithium to aluminium with
dimethylaluminium chloride before carbometalation. Changing the substituent R from position four to
position three of the alkyne also has a strong impact on the product ratio. However, when applying
the conditions to substituted 4-bromoalkynes 1.30, we only ever observed products of type 1.39,

indicating that path b of the n-type cyclization mechanism was strongly preferred.

1.4 Boron-Allylation

With a short and reliable iodo-cyclobutene synthesis in hand, the research focus shifted toward the
possibility of transforming the cyclobutene moiety into an alkylidenecyclobutane. Through the
installation of a methylenemetallic species (1.41), an allylic system would be generated, allowing for
an allylic substitution and therefore creation of an alkylidenecyclobutane (1.42) containing a desirable

quaternary stereocenter.

R R R
R — A, = A
| M] E

1.40 1.41 1.42

Scheme 8: Transformation of an iodo-cyclobutene to an alkylidenecyclobutane.

Allylation reactions with carbonyl or related compounds are mostly performed employing boron,
silicon or tin reagents.?? While boron and silicon are superior to tin due to ecological reasons, boron
also has the advantage of reacting through a chair-like transition state, as shown by Hoffmann, and
therefore providing diastereoselectivity in the reaction.”® In the shown Zimmerman-Traxler-like
transition state (1.43), the boron atom gets activated by the oxygen of an aldehyde. Furthermore, the
reaction can be facilitated by employing Lewis acids or changing the ligands of the boron center.
Allylations with silicon (Hosomi—Sakurai reaction) on the contrary proceed through an open transition
state and require activation with additional reagents. Lewis acids can coordinate to the electrophile,
thus activating it, whereas the use of hypervalent or strained silanes accomplishes activation through

the nucleophile.?*

225 E. Denmark; E. J. Weber, Helv. Chim. Acta 1983, 66, 1655.

23 R. W. Hoffmann; H.-J. Zeiss, Angew. Chem. Int. Ed. Engl. 1979, 18, 306; R. W. Hoffmann; H. J. Zeiss, J. Org.
Chem. 1981, 46, 1309.

24 For a short review see: J. W. J. Kennedy; D. G. Hall, Angew. Chem. Int. Ed. 2003, 42, 4732.
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BL, OH JLA

2 Y O
R ~T=0 — i N \%smn
R R H
R R'R2 R?
1.43 1.44 1.45

Scheme 9: Zimmerman—Traxler like transition state for boron-allylation and open transition state for silicon-allylation.

The use of boron for the transformation of cyclobutenes to alkylidenecyclobutanes holds another huge

advantage:

1.5 Boron-Homologation

By reacting an organometallic species with an a-haloboronic ester, a boron-homologation can be
triggered, creating the desired allylic system with a potentially huge variety of substituents in its
o-position. 2 When starting from dihaloboronic esters, one can consecutively introduce the desired
substituents through reaction with different organometallic species. The use of a chiral ligand on the
boron atom even allows for the erection of allylic boronic esters with virtually perfect control over the

newly formed stereocenter.

As shown in extensive studies by Matteson, a metallic carbon nucleophile attacks the boronic ester
1.46 at the boron atom, creating a boronate. The boronate undergoes a 1,2-metallate rearrangement,
substituting a chloride in a Sy2-type fashion. In the presence of zinc chloride, the substitution occurs
stereoselectively, due to coordination of the less hindered oxygen of the diol-ligand to the zinc and
hydrogen-halogen bonding of the a-hydrogen to a chloride ion. Additionally, the zinc chloride locks
the conformation of the carbon-boron bond due to steric repulsion of an a-chloride and the zinc salt
(see 1.47). In the following stereospecific homologation the same effects take place, leading to the a-

chiral boronic ester 1.50.%°

Cl Cl

Clyt Clyd
S S A o /A ¢l c 2 a4 R c
nRrRim Gy cy ofY _R:M_ (T Cy , oY
C,> B\ol 2)2nCl, o g6 - pt =02k N g0y
cy L ey Cy LB ey Cy
R R
1.46 1.47 1.48 1.49 1.50

M = Li, Mg, Zn, Al

Scheme 10: Double boron-homologation.

25 D. S. Matteson; R. W. H. Mah, J. Am. Chem. Soc. 1963, 85, 2599; D.S. Matteson; D. Majumdar, J. Organomet.
Chem. 1980, 184, C41; D.S. Matteson; D. Majumdar, J. Am. Chem. Soc. 1980, 102, 7588; D.S. Matteson; R. Ray,
J. Am. Chem. Soc. 1980, 102, 7590.

%6 D, S. Matteson; K. M. Sadhu, J. Am. Chem. Soc. 1983, 105, 2077; E. J. Corey; D. Barnes-Seeman; T. W. Lee,
Tetrahedron: Asymmetry 1997, 8, 3711; S. P. Thomas; R. M. French; V. Jheengut; V. K. Aggarwal, Chem. Rec.
2009, 9, 24; D.S. Matteson, J. Org. Chem. 2013, 78, 10009.
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By introducing a metallic species, which contains a leaving group in its a-position, to a boronic ester of
type 1.50, one can enter a repetitive cycle of homologation reactions. The group of Aggarwal has

proven this idea with the synthesis of natural products containing several consecutive stereocenters.?’

Apart from allylations, we have employed this concept for the synthesis of various allylic boronic esters
in the construction of alkylidenecyclobutanes through y-selective Suzuki—Miyaura cross-coupling

reactions.

1.6  y-Selective Suzuki—-Miyaura Cross-Coupling Reactions

Combining an organic halide with an organo-boron compound under transition metal catalysis, the
Suzuki—Miyaura cross-coupling is a well-established and extensively used method for forming a new
carbon-carbon bond.?® When the boron moiety of the substrate is embedded in an allylic system
however, an interesting feature presents itself.?° The cross-coupling can either occur o to the boron or
in the equally nucleophilic y-position, depending on the catalytic system used.* The group of Buchwald

used this concept to install prenyl residues in a regioselective fashion.

[Pd(allyl)CI], [Pd(allyl)Cll, P
- t-BuXPhos (j@/ CooH3sOP _ J v
TTKPO, Bpln K3PO, N
THF, 40 °C

MeCN, 70 °C BOC Boc
Boc 53 1.54

Scheme 11: Prenylation of protected indole 1.52 through a- and y-selective Suzuki-Miyaura cross-coupling reaction.3!

275, Balieu; G. E. Hallett; M. Burns; T. Bootwicha; J. Studley; V. K. Aggarwal, J. Am. Chem. Soc. 2015, 137, 4398;
A. Noble; S. Roesner; V. K. Aggarwal, Angew. Chem. Int. Ed. 2016, 55, 15920; T. Bootwicha; J. M. Feilner; E. L.
Myers; V. K. Aggarwal, Nature Chem. 2017, 9, 896.

28 Metal-Catalyzed Cross-Coupling Reactions, 2nd ed.; A. de Meijere; F. Diederich; Wiley-VCH: Weinheim,
Germany, 2004; Boronic Acids: Preparation and Applications in Organic Synthesis, Medicine and Materials, 2nd
ed.; D. G. Hall; Wiley-VCH: Weinheim, Germany, 2011.

29 S. Sebelius; V. J. Olsson; O. A. Wallner; K. J. Szabd, J. Am. Chem. Soc. 2006, 128, 8150.

30 Y. Yang; S. L. Buchwald, J. Am. Chem. Soc. 2013, 135, 10642.

31 Ca9H350P: 2'-Dicyclohexylphosphino-2-methoxy-1-phenylnaphthalene.
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2 Results

2.1 Highly Diastereoselective Synthesis of Methylenecyclobutanes by Merging Boron-

Homologation and Boron-Allylation Strategies

Reprinted with permission from M. Eisold, D. Didier, Angew. Chem. Int. Ed. 2015, 54, 15884.
Copyright© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Highly Diastereoselective Synthesis of Methylenecyclobutanes by
Merging Boron-Homologation and Boron-Allylation Strategies
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Abstract: A highly diastereoselective synthesis of methylene-
cyclobutanes possessing a quaternary stereocenter is reported,
in which boron homologation of an easily-generated cyclo-
butenylmetal species is performed, followed by an allylation
reaction. Combining three steps in a one-pot process further
optimized the method, which afforded the expected adducts in
excellent yields and stereoselectivity, starting from commer-
cially available 4-bromobutyne.

P ossessing a unique geometry, alkylidenecyclobutanes
(ACBs) are fascinating motifs that are encountered in natural
compounds'”! and found as key intermediates in their
syntheses.”’ Moreover, ACBs can undergo valuable ring-
expansion reactions towards the synthesis of substituted
cyclopentanones, cyclopentenes, or eight-membered-ring
derivatives.”! Despite several reports reviewing stereoselec-
tive access to substituted cyclobutanes,” the chemistry of
alkylidenecyclobutanes remains a relatively unexplored and
challenging domain among strained systems.”’ Commonly
generated through gold(I)-catalyzed [2+2] cycloadditions
between an allene and an unsaturated system,”’ ACBs have
recently been accessed by other transition-metal-mediated
processes.” On the other hand, if one could access a cyclo-
butenylmetal species, boron homologation could lead to
insitu formation of the desired methylenecyclobutane
(MCB) through a simple allylation reaction (Scheme 1).
Following pioneering work by Matteson et al.,*) Aggarwal
et al. showed the high synthetic potential of such a method for

|
R? ( R

2 RZ'
B(OR), R3CHO 1
M) RY B(OR), R¥N

1
R H

Scheme 1. Unprecedented approach to MCBs containing quaternary
stereocenters.
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available on the WWW under http://dx.doi.org/10.1002/anie.
201507444,
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the construction of elaborated structures'”’ by applying
a reagent-controlled asymmetric homologation using
Hoppe’s carbamates.!"!

We report herein the results of our successful investiga-
tion of unprecedented boron allylation reactions based on
cyclobutenylmethylboronic esters for the sequential one-pot
diastereoselective synthesis of MCBs possessing a quaternary
stereocenter.

Cyclobutenylmethylboron derivatives (3a and 3b;
Scheme 2) were identified as key units of this study. Since
they would directly undergo an allylation reaction in the
presence of an electrophile, their synthesis was undertaken
first. Performing an iodine-lithium exchange on 1a'"l or
1b""*! at —50°C, followed by introduction of the boronic ester
2 led to formation of the desired cyclobutenylmethylboronic
esters 3a and 3b (65% and 71 % respectively).

1. nBuLi, Et,0
~78°Clo —560 °C J;k’B _
in
R 5 17 Bpin (2) R 3
3a R=Me (65%)

1a R=Me 78 RT
1b R = allyl 1: el 3b R=allyl (71%)

Scheme 2. Synthesis of cyclobutenylmethylboronic esters 3a and 3b.

Next, we investigated the allylation reaction of benzalde-
hyde in the presence of 3a. The reaction was carried out at
room temperature in dichloromethane and completion was
reached in less than five minutes. Surprisingly, low-temper-
ature conditions were not required to achieve high levels of
diastereoselectivity, and the alkylidenecyclobutane 4a was
isolated in good yield and stereoselectivity (84 %, d.r. > 97:3,
Table 1). Aromatic aldehydes possessing an electron-donat-
ing group (0-OMe, m-OMe, p-NMe,) or an electron-with-
drawing group (p-NO,) also led to the desired products (4¢—
4f) with comparable levels of stereoselectivity. Halogenated
aromatic aldehydes also underwent boron allylation to form
MCBs 4g and 4h in moderate to good yields (58-73%).
Interestingly, heteroaromatic aldehydes also reacted quickly
with 3a, leading to the synthesis of MCBs with greater
functionalization. Oxygen-, nitrogen-, and sulfur-containing
heterocycles were introduced in the same way, furnishing
MCBs 5a-5 fin good yields and excellent diastereoselectivity
(d.r.>97:3). To further extend the reaction scope, we
employed aliphatic aldehydes: dihydrocinnamal, isovaleral-
dehyde, and 11-hexadecenal gave products 6a-6¢ to good
yields and excellent diastereoselectivity. However, even using
reported methods for the enhancement of allylation reactions,
ketones and imines did not lead to the expected products."”!

Angew. Chem. Int. Ed. 2015, 54, 15884-15887
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Table 1: Diastereoselective synthesis of MCBs from 3a.

R RCHO
Bpin CH,Cl, R
5-10 min, RT O Aa=8e
51%
o)y ra o)y Yo @) yr.>97:3
M'EzN’QfK ch’} ON OH
70% 82%
(“’)dr>973 o)y Sara @) 4r>97:3
58% "%
,UA,_AuU‘A‘ﬁ’fﬂ.rfﬁ!?aA“M,,w_‘_‘f“’qrﬁz,3 AAAAAAAAA
N N
A N
\ 'OH [ OH ! _/ OH
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Br = oH S / ©OH | OH
(sd) (S)y, %
o s o7: 3 ar>er3 D g
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(63) 4> 97:3

(6b) 41 > 97:3

Bpin CH,Cl,
7" 5 min, RT

&k
%
24> 973

80%
LAY

(7°)dr =83:17

Promising results obtained with 3a encouraged us to
explore the potential and versatility of 3b in allylation
reactions towards the synthesis of more diverse MCBs.
Gratifyingly, the reaction with benzaldehyde was complete
within five minutes and 7a was isolated in 77% yield with
a high diastereoisomeric ratio (d.r.>97:3). 4-Biphenylcar-
boxaldehyde led to similar results (7b, 71 % yield, d.r. > 97:3).
3-Pyridine-carboxaldehyde afforded the MCB 7¢ with
a lower diastereoisomeric ratio (d.r. =83:17).

The relative configuration of MCBs was assigned by
analogy with 4f, which could be crystallized as a single
diastereoisomer (d.r.>99:1 by GC) and analyzed by X-ray
diffraction (see the Supporting Information).!"’!

Angew. Chem. Int. Ed. 2015, 54, 1588415887

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinhei
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We additionally investigated the possibility of merging the
different steps of the sequence into a one-pot process to
facilitate the production of MCBs from commercially avail-
able materials. Cyclobutene iodides 1a and 1b were evaluated
first. After carrying out lithium-iodine exchange, iodome-
thylboronic ester 2 was subsequently introduced to perform
the boron homologation. Dichloromethane was added to the
reaction mixture along with the electrophile (Table2) to

Table 2: One-pot synthesis of MCBs starting from 1a and 1b.

1. nBuLi, -78 °C
J;k 1o —50 °C, 30 min_3. RCHO Rf&
R I 217 Bpin (2) RT.1h R
-78°CtoRT, 1h  CH:Ch oh
ELO
Entry Substrate Product Yield® d.r®
1 1a 4a 68 % >97:3
Z 1a 5b 55% >97:3
3 1b 7a 56% >97:3

[a] Yield of isolated product. [b] Determined by "*C NMR.

allow the allylation reaction to proceed directly on the in situ
generated allylboron intermediate. In these cases, completion
of the reaction was only observed after one hour, thus
indicating a possible competitive interaction of the coordina-
tive solvent (diethyl ether) with the substrate. Similar results
were obtained in terms of diastereoselectivity (d.r. >97:3),
but the yields of isolated product were lower compared to the
two-step procedure (Table 1). Addition of benzaldehyde led
to 4a and 7a (61% and 56 %, respectively), and 3-pyridine-
carboxaldehyde furnished 5b in 55 % yield.

Having successfully performed the two-step, one-pot
procedure, we took on the challenge of forming the metalated
cyclobutene insitu, starting the sequence directly from
commercially available 4-bromobutyne (Table 3).

Deprotonation of the alkyne with n-butyllithium is
followed by a carbometallation reaction (Me;Al/Cp,ZrCl,
or allylzinc bromide), which leads to the formation of gem-
bimetallic intermediate B."/ Nucleophilic substitution of the
bromide takes place at 20°C, giving the desired metalated
cyclobutene species of Al or Zn (C). The homologation is
performed by adding 2 to the reaction mixture to furnish the
intermediate 3. After diluting the solution with dichloro-
methane, the allylation reaction proceeds after the addition of
aldehydes to give the product with high diastereoselectivity
(dr.> 97:3) and in good yields (78 to 85%), which
demonstrates the efficiency of this four-step, one-pot
sequence. Different allylzinc species were also used to
promote the formation of a wider range of compounds (7a,
7d and 7e) with the same stereoselectivity and in good yields
(52 to 72%).

More elaborate chiral substrate were further studied.
Iodocyclobutene 8 was synthesized according to Negishi’s
procedure,"! from which the chiral cyclobutenylmethylbor-
onic ester 9 (Table4) was generated insitu through the
procedure described above (Table 2).

The addition of aldehydes to achieve the formation of
MCBs possessing three consecutive stereocenters, with one
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Table 3: One-pot synthesis of MCBs starting from 4-bromo-1-butyne.

1. nBuLi, =78 °C, 15 min
2. Me;Al/Cp,ZrCly, ~78 °CtoRT, 3 h
R"

/\/// or_A._ZnBr.-30°CloRT, 1h Rfk
R 3.1 Bpin 2), -78°CoRT,1h RNy
4.R'CHO, CH,Cl,, RT, 1h
l Br) T
Li J;k,
[ /J {—< [M] I Bpin
(A)

Entry R-[M]* Product Yield®! d.rld
1 Me,Al/[Zr] 4a 85% >97:3
2 Me,Al/[Z1] sb 78% >97:3
3 Me;Al/[Zr] 6a 84% >97:3
4 Allyl-ZnBr 7a 52% >97:3

2% >97:3

66% >97:3

)\/ b
ZnBr

[a] See the Supporting Information. [b] Yield of isolated product.
[c] Determined by *C NMR.

Table 4: One-pot synthesis of MCBs starting from 8.

1.0Buli, -78°C
to —50 °C, 30 min 3. RCHO
o P Y
| 2.1 Bpin (2) Bpin RT.1h R OH
~78°CtoRT, 1h 9 CHoCl
Et,0 10

@3%02‘@@*

(0n) 4, Soveo0 (1°b)dr>97300 (100) 4. > 97:3:0:0

Qi& o
7 r

(1084 G700 (1°°’ar>97300

being quaternary, was then pursued with the crude mixture

after changing the solvent system to dichloromethane. A
selection of aldehydes was used, leading to the formation of

10a-10e with high diastereoselectivity and 55-67 % yield.

Since allylation reactions could be performed within short

periods of time, the specific cyclobutane geometry plays an
incontestable role. In fact, only a few boron allylation

processes have been described in which tetrasubstituted
olefins were used. Up to 24 h and/or the presence of a catalyst
were needed to achieve good yields." The particularly good

reactivity of our cyclobutenylmethyl boron system could be
attributed to strain release when going from cyclobutene to an
ACB/"

15886
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To highlight the synthetic utility of the method, we
considered the transformation of 6a into a substituted 1-
oxaspiro[2.3]hexane. The epoxidation of 6a was performed in
the presence of m-CPBA to furnish 11, which possesses three
stereocenters, two of which are quaternary, in high yield and
diastereoisomeric ratio (Scheme 3).

m-CPBA =X H
NaHCO; Q‘oﬁ
& T, 0 [¢] —s P o]
CH,Cl, b A OH
OH  g°C, 30 min 0T A

6a PH 1

83%
d.r. > 97:3:0:0
Scheme 3. Further transformation of MCB into chiral 1-oxaspiro-
[2.3]hexane.

A Zimmermann-Traxler transition state is proposed to
explain the stereochemical outcome of the allylation reaction
(Scheme 4)."7) The chain of the aldehyde preferentially
adopts the pseudo-equatorial position, thereby minimizing
the energy of the system. In the cases of achiral substrates 3a

“OH
syn (4a-6c)
T -
Me H_Bpin 0 g
~§- Y RrcHo Me P C R
& T
R .
N R™"on

9 Less hindered
diastereotopic
face

all-syn (10a—10e)

Scheme 4. Zimmerman-Traxler models explain the syn-diastereoselec-
tivity in MCBs.

and 3b, the proposed model furnishes a syn relative config-
uration, which correlates with the configuration observed by
X-ray diffraction. Concerning the chiral substrate 9, the
attack from one or the other diastereotopic faces has to be
considered. We assume that the methyl group shields one of
the two faces, thereby orienting the approach of the aldehyde
from the opposite face, which leads to formation of the “all-
syn” MCB based on a Zimmermann-Traxler transition state.

In conclusion, we have reported an unprecedented and
straightforward way of approaching methylenecyclobutanes
possessing up to three adjacent stereocenters through multi-
step one-pot sequences, starting from either easily synthe-
sized or commercially available starting materials. Perfect
diastereocontrol of the allylation process is achieved under
mild conditions, in short periods of time, and without the
addition of a catalyst.
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ABSTRACT: Enantioenriched alkylidenecyclobutanes pos-
sessing a quaternary stereogenic center, usually difficult to
access, have been synthesized by combining a double boron-
homologation and an allylboration through a highly efficient
and diastereoselective one-pot process. Starting from com-
mercially available substrates, this protocol represents a simple
way of accessing chiral unsaturated four-membered ring
systems with excellent stereoisomeric ratios.

mall, unsaturated ring systems have received great interest

in organic chemistry due to their fascinating and
blossoming panel of reactivity.' " Among them, alkylidenecy-
clobutanes (ACBs) are important synthons and core patterns
that can be found in various natural architectures.” Only a few
reports relate their accessibility via cyclt:vadditions,J rearrange-
ments," or other transition-metal-assisted pmcesses.5 However,
their synthesis is often limited by the lack of efficient and
selective methodologies. Possessing a relatively higher ring
strain than alkylidenes of larger cycloalkanes, ACBs have been
studied for their exceptional reactivity toward the synthesis of
substituted cyclopentenes, cyclopentanones, or eight-mem-
bered-ring derivatives.

We recently reported a highly diastereoselective sequence to
allow for accessing methylenecyclopropanes’ and -butanes in
their racemic forms (Scheme 1), starting from simple substrates
or commercially available materials. We wish to report herein
efficient one-pot diastereo- and enantioselective sequences for
the construction of unsaturated four-membered ring systems
containing a quaternary stereocenter (Scheme 1, eq 1).

We based our study on the interesting work of Matteson
about boron-homologation and establishments he made on the

Scheme 1. Access to ACBs via One-Pot Sequences

¥ P \

stereochemical input R2

8
scontrol)

R2 ™)
HJ_:HQ L R1R (ea1)
R Bpin Ry

This work (enantiocontrol)

B R3CHO R1RR2
R (OR)y —— ), (e92)

3
2 R on
stereochemical input

4 ACS Publications  © 2016 American Chemical Society 3022

double boron-homologation

J;L allylboration
3,
Ry RCHO one-pot R""R,RZ
cl sequence R,
R2—[M'] CI)—B(OR)z OH

(E/Z =99:1)
(de = 99%, ee = 99%)

up to 91%

asymmetric formation of a-chiral boronic esters.” While
enantiomerically pure diols as ligands for allylboron species
usually lead to an incomplete transfer of chirality for
allylboration reactions,'’ boron-homologations have proven to
furnish a-chiral boronic esters with a perfect control of the new
stereocenter.'’ We envisioned combining asymmetric homo-
logations with allylborations to synthesize chiral alkylidenecy-
clobutanes.

The stereochemical information would then be relayed by
the newly generated stereocenter (Schemes 1, eq 2), a to the
boronic ester moiety, to the allylic position when preforming
the final allylation reaction, controlled by the transition state.

First, we optimized the conditions for the synthesis of
racemic alkylidenecyclobutanes, starting from @,a-dichlorome-
thylboronic esters (Scheme 2). One equivalent of nucleophile
(MeMgCl) was added to perform the first boron-homologa-
tion, in the presence of zinc chloride, followed by the addition
of a preformed cyclobutenyl metal species, to allow for the
formation of 3, through a second, in situ, boron homologation.
After the solvent was switched to dichloromethane, benzalde-
hyde was added to allow the allylboration to proceed.

Scheme 2. Optimization of the One-Pot Sequence
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When pinacol was used as a ligand, a mixture of ACBs syn-E-
4a and syn-Z-4a (33:67, respectively) was obtained. This ratio
was further improved to 89:11 (with syn-E-4a as the major
isomer) by employing neopentyl glycol as a ligand. As a matter
of fact, it has been previously shown that the E/Z ratio can
easily be changed by modifying the composition of the
allylboronate.'* Lowering the temperature to 0 °C gave the
best results in terms of E/Z ratio (>97:3).

Such a difference in the stereoselectivity can be explained by
steric effects of methyl groups in the case of pinacol ligands,
hindering the pseudoequatorial position and forcing the R
chain to adopt the pseudoaxial position. Less hindered diols
(1b) (Scheme 3) do not shield the pseudoequatorial position,

Scheme 3. Diastereoselective Approach to ACBs

Cl 1. RZM! [o]] rRT M2
>—Bneo M1 )—Bneo —»l ! R’ Bneo
2.ZnCl, 2 -78°Ctort
¢ 1b 2

a8Ctont | ° 3 R
3
one-pot solvent cho
sequence switch C'jz 12
0°C
3

R! R? |

[ax-1)

balancing the equilibrium toward eq-I, leading to the exclusive
formation of (E)-4 derivatives. This same transition state also
allows us to explain the diastereoselectivity observed in the
allylation reaction for the relative syn configuration of the two
new stereocenters following the model proposed by Hoff-
mann," giving syn-(E)-4 as the major product.

On the strength of this successful experiment, different
racemic a-chiral cyclobutenylmethylboronic esters made of
neopentyl glycol were generated in situ to explore the synthetic
scope of such a methodology for the formation of
alkylidenecyclobutanes containing a quaternary stereocenter.
The scope of the double-homologation/allylation sequence is
depicted in Scheme 4.

Employing various organometallic nucleophiles (R*[M'])
for the first homologation could furnish a-chloro boronic esters
2, to which was subsequently added the ex situ generated
cyclobutenylmetal species, leading to the formation of 3.

The first boron-homologation was performed by introduc-
tion of MeMgCl (4a,u,w), EtMgCl (4b—f), i-PrMgCl (4g—k
and 4p—q), n-BuLi (4l—o,rv), PhCH,CH,MgBr (4s) or c-
PrMgBr (4t), affording the respective a-chloroboronic ester. In
parallel, cyclobutenylmetal species were generated ex situ by
addition of allylzinc bromide (4a—o), (2-methylallyl)zinc
bromide (4p—u), or Me;Al/Cp,ZrCl, (4v) to the commercially
available 4-bromobutyne after deprotonation and were
subsequently added to 2, leading to a large panel of chiral
cyclobutenylmethylboronic esters 3. Allylation reactions were
then performed, furnishing alkylidene cyclobutanes 4a—v in
exceptionally high levels of diastereoselectivity (dr up to 99:1,
E/Z ratio up to 99:1) (Table 1) and in good to high yields (up
to 90%).

In the case of 4u (90%), the solvent was not switched to
dichloromethane and allylation was performed in THF, leading

3023

Scheme 4. Scope of the Method”
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o 2.ZnCh, THF 78°Clort  RCHO R
78°Ctort CH,Cl, 0°C ol

Me Et
“OH “OH
4a (53%) 4b (65%) cl 4c (61%)
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“dr (syn/anti) and E/Z ratios were determined by GC and *C NMR.

to similar results in terms of diastereoselectivity and 83% yield.
However, the reaction reached its completion only after 18 h at
room temperature, when 30 min was usually necessary for
allylation in dichloromethane at 0 °C. We attributed this
difference of reactivity to a possible competition of the solvent
with the aldehyde in the coordination to the boron atom.

DOI: 10.1021/acs.orglett.6b01432
Org. Lett. 2016, 18, 3022-3025
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Table 1. Access to ACBs in Their Enantiopure Form

-B(OR), preduct (y..'};'ﬂ] de (%" E2 (;Slnl
X4l g 99 991 99
_a’oj;cy tHr 6 99 991 99
:?:R) Cy  (4a 4 99 99:1 99
Crép g 99 99:1 o7
4 g 99 99:1 99
- e g 99 991 99
07y (a4 99 99:1 99
2 (tr4p g 99 991 o7

“Isolated yields. “Determined by GC. “Determined by HPLC utilizing
a chiral stationary phase.

To push the method further, we envisioned that a chiral
ligand for the formation of the organoboronic ester would
ultimately lead to the formation of enantiomerically enriched
ACBs. Pioneered by Matteson, the introduction of 1,2-
dicyclohexylethanediols (Cy = cyclohexyl) has proven to
efficiently promote a transfer of chirality to the a-position
when performing a boron-homologation of an organoboron
derivative § by addition of a nucleophile R-[M] (Scheme $)."!
(R,R)-5 was then submitted to homologation, furnishing the
boronate species II.

Scheme S. Substrate-Controlled Synthesis of Enantiopure
ACBs

CI

1 RZ [M] I Zn Cy
O-f, —» *
{ B(OR)*2
>_ ]\ 2. ZnCl; C' B OJ \ >_
(R R)}5 -100 °Cto it R‘ m Cy 6

one-pot
o

R, Sonvent J;L Ce .
RJ;&»# s:""c” R7  \—B(OR), ~— R?(E(OR)Z
i R3CHO 4 D

CH,Cl,,0°C 7

m R

According to the literature, the presence of ZnCl, is
necessary for the stereoselectivity to be maximal. In the
proposed model, coordination of ZnCl, by an oxygen atom of
the diol helps the positioning of the dichloromethyl side chain,
with one of the diastereotopic chlorides being antiperiplanar to
R' and the other one away from the salt IL. Moreover, a H-
bonding between a chloride atom (ZnCl,) and the residual H
of the dicholoromethyl chain reinforces the diastereoselectivity
of the 1,2-metalate rearrangement. A diastereoselective intra-
molecular substitution takes place, leading to the formation of
6. A cyclobutenylmetal species was subsequently added, giving
stereospecifically the a-chiral allylboronic ester 7, through the
intermediate III, in which the substitution occurs antiperipla-
nary. Finally, allylborations were performed after the solvent
was switched to dichloromethane and the appropriate electro-
phile was added.

3024

As previously proposed, a Zimmermann—Traxler model
could explain the diastereoselective formation of ACBs 4,
obtained as their pure enantiomeric forms (ee up to 99%)."*
The results are described in Table 1. Through this highly
diastereoselective one-pot process, organoboron derivatives,
cyclobutenylmetal species, and aldehydes of different natures
could furnish ACBs with excellent diastereo- and enantiomeric
ratios (up to >99:1) and good to excellent yields. Ultimately,
both enantiomers (R,R)-5 and (S,5)-5 were used to obtain
isomers of 4l, 4p, 4q, and 4r of opposite absolute
configurations.

Importantly, we finally show that starting from either (R,R)-
S, possessing the dichloromethyl moiety, or from (R,R)-8,
having the n-butyl chain preinstalled, followed by addition of
dichloromethyllithium led to obtaining (S,R)-4r (after sub-
sequent introduction of the appropriate aldehyde) in
comparably high levels of enantio- and diastereoselectivities
(ee = 99%, de = 99%). This observation supports the
involvement of the intermediate boron—ate complex II
(Scheme 6) in the diastereoselective 1,2-metalate rearrange-
ment.

Scheme 6. Comparison between (R,R)-S and (R,R)-8 as
Substrates for the Sequence Leading to (S,R)-4r

cond. 1 A cond. 2
Cl- CICl
C o™ 4 nauli j\' o 2 oy 0 0CY
B, ] ) kB{OO‘ 1 n-Bu—B, l
o 07N 2.2nCl, i v 2.2nCl, 0>
(RR)S f:8u: 0N (RR)8
1 2.RCHO
Vi r4))]
cond. 1 cond. 2
(SR)y-4r (S.Ry-ar
ee =99% ee =99%
de = 99% de = 99%
E/Z=99:1 E/Z=99:1

In conclusion, we have assembled an efficient route for the
preparation of ACBs through highly diastereoselective one-pot
sequences involving boron-homologation and allylboration
strategies. Moreover, a powerful tool involving chiral auxiliaries
for rapidly accessing enantiomerically pure ACBs was
developed using commercially available starting material.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b01432,

Experimental procedures and spectroscopic character-
ization (IR, HRMS, and 'H and *C NMR data) of all
new compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: dorian.didier@cup.uni-muenchen.de.
Author Contributions

*M.E. and G.M.K. contributed equally.
Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.orglett.6b01432
Org. Lett. 2016, 18, 3022-3025



Results

Chapter |

19

Organic Letters

B ACKNOWLEDGMENTS

M.E. and D.D. are grateful to the Chemical Industry Fund (FCI
Liebig-fellowship) for financial support through Liebig-
Stipendium. Prof. Dr. Paul Knochel (Ludwig-Maximillians
University, Munich) is kindly acknowledged for his generous
support.

B REFERENCES

(1) For recent reviews on syntheses and uses of cyclopropenes and
alkylidenecyclopropanes, see: (a) Pellissier, H. Tetrahedron 2010, 66,
8341-8375. (b) Masarwa, A; Marek, I. Chem. - Eur. J. 2010, 16,
9712-9721. () Zhu, Z.-B.; Wei, Y.; Shi, M. Chem. Soc. Rev. 2011, 40,
5534—5563. (d) Brandi, A.; Cicchi, S.; Cordero, F. M.; Goti, A. Chem.
Rev. 2014, 114, 7317—7420. (e) Pellissier, H. Tetrahedron 2014, 70,
4991-5031. (f) Zhang, D.-H.; Tang, X.-Y.; Shi, M. Acc. Chem. Res.
2014, 47, 913-924. (g) Shi, M.; Lu, J.-M,; Wei, Y.; Shao, L-X. Acc.
Chem. Res. 2012, 45, 641—652. (h) Masarwa, A.; Didier, D.; Zabrodski,
T.; Schinkel, M.; Ackermann, L.; Marek, L. Nature 2013, 505, 199—
203.

(2) (a) White, J. D;; Jana, S. Org Lett. 2009, 11, 1433—1436.
(b) Mulzer, J; Gaich, T.; Arion, V. Heterocycles 2007, 74, 855—862.
(c) Gaich, T.; Weinstabl, H,; Mulzer, . Synlett 2009, 2009, 1357—
1366. (d) Himmelbauer, M.; Farcet, J.-B.; Gagnepain, J.; Mulzer, J.
Eur. ]. Org. Chem. 2013, 2013, 8214—8244. (e) Ruider, S. A;
Sandmeier, T.; Carreira, E. M. Angew. Chem,, Int. Ed. 2015, 54, 2378—
2382. (f) Kogl, M.; Brecker, L.; Warrass, R.; Mulzer, J. Angew. Chem.,
Int. Ed. 2007, 46, 9320-9322. (g) Yang, Y.; Fu, X;; Chen, J,; Zhai, H.
Angew. Chem,, Int. Ed. 2012, 51, 9825-9828. (h) Farcet, J.-B;
Himmelbauer, M.; Mulzer, J. Org. Lett. 2012, 14, 2195-2197.

(3) (a) Kim, S. M,; Park, J. H,; Kang, Y. K; Chung, Y. K. Angew.
Chem,, Int. Ed. 2009, 48, 4532—4535. (b) Zhao, J.-F; Loh, T.-P.
Angew. Chem, Int. Ed. 2009, 48, 7232—7235. (c) Sudrez-Pantiga, S.;
Hernandez-Diaz, C.; Rubio, E.; Gonzélez, J. M. Angew. Chem., Int. Ed.
2012, 51, 11552—11585. (d) Faustino, H.; Alonso, L; Mascareiias, J.
L.; Lopez, F. Angew. Chem,, Int. Ed. 2013, 52, 6526—6530.

(4) (a) Markham, J. P.; Staben, S. T.; Toste, D. F. . Am. Chem. Soc.
2005, 127, 9708—9709. (b) Kurahashi, T.; de Meijere, A. Angew.
Chem,, Int. Ed. 2005, 44, 7881—7884.

(5) (a) Chen, L; Shi, M; Li, C. Org. Lett. 2008, 10, S285—5288.
(b) Twasaki, M.; Yorimitsu, H.; Oshima, K. Synlett 2009, 2009, 2177~
2179. (c) Charpenay, M.; Boudhar, A; Blond, G.; Suffert, J. Angew.
Chem,, Int. Ed. 2012, S1, 4379—4382. (d) Innitzer, A.; Brecker, L;
Mulzer, J. Org. Lett. 2007, 9, 4431—4434. (e) Fujiwara, T.; Iwasaki, N.;
Takeda, T. Chem. Lett. 1998, 741—742. (f) Bernal-Albert, P.; Faustino,
H,; Gimeno, A,; Asensio, G.; Mascarefias, J. L.; Lopez, F. Org. Lett.
2014, 16, 6196-6199. (g) Li, X. X; Zhu, L-L; Zhou, W.; Chen, Z.
Org. Lett. 2012, 14, 436—439. (h) Suarez-Pantiga, S.; Hernandez-Diaz,
C.; Piedrafita, M.; Rubio, E.,; Gonzilez, J. M. Adv. Synth. Catal. 2012,
354, 1651-1657. (i) Faustino, H.; Bernal, P.; Castedo, L.; Lopez, E.;
Mascarefias, J. L. Adv. Synth. Catal. 2012, 354, 1658—1664.

(6) (a) Boontanonda, P.; Grigg, R. J. J. Chem. Soc,, Chem. Commun.
1977, 583—584. (b) Tobe, Y.; Kishida, T.; Yamashita, T.; Kakiuchi, K;
Odaira, Y. Chem. Lett. 1985, 1437—1440. (c) Samuel, S. P; Niu, T.-q;
Erickson, K. L. J. Am. Chem. Soc. 1989, 111, 1429—1436. (d) Jiang, M.;
Shi, M. Org. Lett. 2008, 10, 2239—-2242. (e) Crépin, D.; Dawick, J;
Aissa, C. Angew. Chem.,, Int. Ed. 2010, 49, 620—623.

(7) Baumann, A. N.; Music, A.; Didier, D. Chem. Commun. 2016, 52,
2529-2532.

(8) Eisold, M.; Didier, D. Angew. Chem,, Int. Ed. 2015, 54, 15884—
15887.

(9) (a) Matteson, D. S.; Mah, R. H. W. J. Am. Chem. Soc. 1963, 85,
2599-2603. (b) Matteson, D. S.; Ray, R. J. Am. Chem. Soc. 1980, 102,
7590—7591.

(10) (a) Hoffmann, R. W.; Ladner, W. Tetrahedron Lett. 1979, 20,
4653—-4656. (b) Roush, W. R.; Walts, A. E.; Hoong, L. K. J. Am. Chem.
Soc. 1985, 107, 8186—8190. (c) Wu, T. R;; Shen, L.; Chong, J. M. Org.
Lett. 2004, 6, 2701-2704.

3025

(11) (a) Matteson, D. S.; Sadhu, K. M. J. Am. Chem. Soc. 1983, 105,
2077-2078. (b) Matteson, D. S.; Hurst, G. D. Organometallics 1986, 5,
1465—1467. (c) Corey, E. J; Barnes-Seeman, D Lee, T. W.
Tetrahedron: Asymmetry 1997, 8, 3711-3713. (d) Thomas, S. P;
French, R. M,; Jheengut, V.; Aggarwal, V. K. Chem. Rec. 2009, 9, 24—
39. (e) Matteson, D. S. J. Org. Chem. 2013, 78, 10009—10023.

(12) (a) Lachance, H.; Lu, X.; Gravel, M.; Hall, D. G. J. Am. Chem.
Soc. 2003, 125, 10160—10161. (b) Kennedy, J. W. J.; Hall, D. G. J. Org.
Chem. 2004, 69, 4412—4428. (c) Possémé, F.; Deligny, M.; Carreaux,
E.; Carboni, B. J. Org. Chem. 2007, 72, 984—989. (d) Althaus, M.;
Mahmood, A,; Suirez, J. R; Thomas, S. P.; Aggarwal, V. K. J. Am.
Chem. Soc. 2010, 132, 4025—4028. (e) Raducan, M.; Alam, R;; Szabo,
K. J. Angew. Chem. 2012, 124, 13227—13230. (f) Chen, J. L.-Y.; Scott,
H. K; Hesse, M. J.; Willis, C. L; Aggarwal, V. K. J. Am. Chem. Soc.
2013, 135, 5316—5319. (g) Chen, J. L-Y,; Aggarwal, V. K. Angew.
Chem., Int. Ed. 2014, 53, 10992—10996. (h) Pietruszka, J.; Schone, N.
Angew. Chem,, Int. Ed. 2003, 42, 5638. (i) Pietruszka, J.; Schone, N.
Eur. ]. Org. Chem. 2004, 2004, 5011. (j) Pietruszka, J; Schone, N.;
Frey, W.,; Grundl, L. Chem. - Eur. . 2008, 14, 5178. (k) Fernandez, E.;
Pietruszka, J. Synlett 2009, 2009, 1474. (1) Pelz, N. F.; Woodward, A.
R; Burks, H. E,; Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2004,
126, 16328. (m) Sieber, ]. D.; Morken, J. P. J. Am. Chem. Soc. 2006,
128, 74. (n) Pelz, N. F; Morken, J. P. Org. Lett. 2006, 8, 4557.
(o) Burks, H. E; Liu, S.; Morken, J. P. . Am. Chem. Soc. 2007, 129,
8766. (p) Burks, H. E.; Kliman, L. T.; Morken, ]. P. J. Am. Chem. Soc.
2009, 131, 9134. (q) Ito, H; Kawakami, C.; Sawamura, M. J. Am.
Chem. Soc. 2005, 127, 16034. (r) Ito, H,; Ito, S.; Sasaki, Y.; Matsuura,
K.; Sawamura, M. J. Am. Chem. Soc. 2007, 129, 14856. (s) Flamme, E.
M.; Roush, W. R. J. Am. Chem. Soc. 2002, 124, 13644—13645.

(13) (a) Hoffmann, R. W.; Zeiss, H.-J. Angew. Chem,, Int. Ed. Engl.
1979, 18, 306—307. (b) Hoffmann, R. W.; Zeiss, H.-J. ]. Org. Chem.
1981, 46, 1309—1314. (c) Hoffmann, R. W. Pure Appl. Chem. 1988,
60, 123—130. (d) Hoffmann, R. W,; Niel, G.; Schlapbach, A. Pure Appl.
Chem. 1990, 62, 1993—1998.

(14) Using enantiomerically pure pinene diols as ligands for the
boron homologation did not allow for a complete transfer of chirality
(er = 80:20). For reports on the use of pinenediols as boron ligands in
homologation reactions, see: (a) Ray, R; Matteson, D. S. Tetrahedron
Lett. 1980, 21, 449—450. (b) Herold, T.; Schrott, U.; Hoffmann, R. W.
Chem. Ber. 1981, 114, 359-374.

DOI: 10.1021/acs.orglett.6b01432
Org. Lett. 2016, 18, 30223025



Results Chapter | 20

2.3 Unsaturated Four-Membered Rings: Efficient Strategies for the Construction of

Cyclobutenes and Alkylidenecyclobutanes

Reprinted with permission from M. Eisold, A. N. Baumann, G. M. Kiefl, S. T. Emmerling, D. Didier, Chem.
Eur. J. 2017, 23, 1634. Copyright© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.



Results Chapter | 21
. CHEMISTRY
® xChemPubSoc A European Journal
\f* Europe DOI: 10.1002/chem.201604585 Full Paper
i Cyclobutenes

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-

pasteurestin A (R'=H, R2=0OH, R3=H, X=0)
pasteurestin B (R'=H, R?=H, R3=0H, X=0)
epi-illudol (R'=0H, R?=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

R2 R? R2
R%K — j;k\/ —— -
R® b OH RY ! Bpin RY ™)

allylboration bom‘n-homologation
Scheme 1. Retrosynthetic approach to ACBs.
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Scheme 2. ACB formation, and application of the method to the synthesis of
oxaspirohexane 3. Bpin =4,4,5,5-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. Figure2 shows representative
examples of the ACBs obtained in 55-79% vyield 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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Scheme 3. One-pot stereoselective synthesis of ACBs 9a and 9b (Cy = cyclo-
hexyl).

.

“OH

MeO
| Ph
Br
9a, 62% ent-9a, 55% 9b, 58% ent-9b, 79%
syn/anti=99:1  syn/anti = 99:1 syn/anti = 99:1  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 Z B oy tort 2h B
—_— — = =
RESH  THF  R? 2. NaBr A
-78 °C, 1h 10 acetone 1
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. 17 Bpin RZ
hexane 4. solvent switch

Br
>
RZJ\// 2. MesAl (2equiv) 5. R’CHO
CpZrCly, CH,Cly

Me:w.,
“OH “oH
12a, 60% N 2, 56% NO; 12¢, 80%
d.r. >99:1:0:0 d.r. >99:1:0:0 d.r. > 99:1:0:0

Meo_ Me:
MeO OH
|
Br 12d, 70% cl 12e, 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  onN OH N OH
i 12i.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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Scheme 6. Proposed 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
cyclizarion

E*QQV

propargylation

functio d carb (

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

2 2
R R3-ZnX R
——
e
Me 1 TFP (4 mol%)  Me R?
17 THF, t, 1h 18
n-CsHyq n-Pr. -CBH"
Me i S (o}
18a Q 18b Q 18¢
76% 96% 62%
n-CeHyz n-CgHyr n-CaH‘-,
Me 7 Br
N
18d 18e 18f
54%  Br 71% 56% Cl

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

R RE-B(OH), R
— " .
j;k Pd(PPh;)s (4 mol%)
R | dioxane/H,0 (2:11) R’ R® 49a-i
17 65°C, th 202
] [ ]

19a O

93% CO,Me

%
62% 56%
HN

NMe, 81%
Boc
[ ] ]
19g O 19h O 19i O
83% i 58% 63%
2 0Ny
n-CsHyy n-CsHyq
] ] pno [
MEOERIRO IR,
20a 20b F 20c F
91% MeO 98% 80%
ph ] ph ]
Me' Me n
SRS
20d 20e
62%
Ph
- O
20f 20g 20h o)
98% 70% O2N 91% Ph
r:ri—%@ //h
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
(19i). Functionalized four-membered rings were obtained in
very good yields (up to 98%), and the system had high

Chem. Eur. J. 2017, 23, 1634~ 1644 www.chemeurj.org
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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 etal.
were used"”.

in-situ generated

Pd(dba); (2 mol%)
R! TFP (4 mol%) R!
ey ———
1zn] RZ-X R?
16a THF, 11, 1h 19a, 21a-1
] [_] ]
19a O 21a O 21b O
63% 46% 67% CF,
21d
80% 64%
co Et  45%
&AQ ! y Sl
CO,Et 75% CO,Et
o
- 9
21k 21 ©

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-r-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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Scheme 11. Cross-coupling reactions of allylcyclobutene iodides.

for further studies. Alkynylzinc reagents—prepared by deproto-
nation of the corresponding terminal alkyne and subsequent
transmetalation with ZnCl,—underwent rapid cross-coupling
reactions with a variety of allylcyclobutene iodides 17 to
obtain conjugated cyclobutenyl acetylenes 22a-f and 23a-d
in good yields (50-96 %; Scheme 11), which showed the poten-
tial of this methodology to diversify the pool of previously
described CBs. The Sonogashira-type cross-coupling of a cyclo-
butene iodide was previously described by Okamura et al."
The resulting cyclobutenyl acetylene was applied to a concise
synthesis of (+)-sterpurene.

Finally, we applied this straightforward methodology to the
synthesis of bicyclobutene 24. A similar one-pot sequence was
employed to generate the allylcyclobutenyl metal species,
followed by a cross-coupling reaction that involved a cyclobu-
tene iodide. Compound 24 was obtained in 60% yield
(Scheme 12).

Pd(dba),
1. n-BulLi (2 mol%) Me Me
B _THR.-78°C TFP (4 mol%)

2. Me
Az );(\Ph 24

-20°Ctort | Me 60%  Ph

Scheme 12. Synthetic approach to bicyclobutene 24.
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Conclusion

We used simple organometallic chemistry to thoroughly
assemble efficient routes to access substituted four-membered
rings. On one hand, an unprecedented highly diastereo
selective one-pot sequence produced ACBs that possessed
three consecutive stereocenters, including one quaternary
center. On the other hand, an efficient preparation of cyclobu-
tenyl derivatives merged with a cross-coupling reaction gener-
ated valuable aryl-, alkynyl-, and acyl-CBs. The easily accessible
routes to unsaturated four-membered-ring architectures
described warrants further investigations because these
structures are usually difficult to access.

Experimental Section
General procedure A: Preparation of propargyl alcohols 10

A few drops of 1,2-dibromoethane were added to a suspension of
zinc dust (3.8 equiv) and lithium chloride (2.0 equiv) to activate the
zinc. The reaction was kept slightly above rt (about 30-40°C), and
a solution of propargyl bromide (1.0 equiv) in THF (2.0 m) was
slowly added. Upon complete addition, the mixture was stirred for
90 min at rt. The suspension was cooled to —78°C and the
appropriate aldehyde was slowly added. The mixture was allowed
to react for 30 min at —78°C then quenched by adding conc. hy-
drochloric acid (2.0 equiv). The mixture was allowed to reach rt
overnight, and then was extracted with diethyl ether (3x50 mL).
The combined organic phases were washed with a saturated aque-
ous solution of sodium hydrogen carbonate (50 mL) and brine
(50 mL) then dried over anhydrous magnesium sulfate, filtered,
and concentrated under reduced pressure (Caution! some prod-
ucts 10 are quite volatile). The crude alcohol was purified by flash
column chromatography on silica gel (eluent: ethyl acetate/hex-
anes). See the Supporting Information for the characterization data
for alcohols 10a-d.

General procedure B: Synthesis of propargyl bromides 11
via tosylates 25

A solution of nBuLi (1.0 equiv) in hexanes (2.86 m) was added drop-
wise to a solution of alcohol 10 (1.0 equiv) in THF (0.5m) at —78°C.
The solution was stirred for 30 mins at —78°C then warmed to rt. A
solution of 4-methylbenzene-1-sulfonyl chloride (1.1 equiv) in THF
(1.0 M) was added. The reaction mixture was stirred at rt for 30 min.
The mixture was poured into water (50 mL) and extracted with di-
ethyl ether (3x50 mL). The combined organic phases were washed
with brine (50 mL), dried over anhydrous magnesium sulfate, fil-
tered, and concentrated under reduced pressure. The crude tosylate
25 was used without further purification. For data analysis, a sample
of crude 25 was purified by flash column chromatography on silica
gel (eluent: ethyl acetate/hexanes).

The crude tosylate 25 was dissolved in acetone (0.3 m) and lithium
bromide (5.0 equiv) was added. The reaction mixture was stirred at
reflux temperature for 10 h, after which time full consumption of
25 was observed (alternatively, the reaction can be performed in
a pressure vessel at 65°C for 10 h). The reaction mixture was
cooled to rt then poured into water (50 mL) and extracted with
hexanes (3x50 mL). The combined organic phases were washed
with brine (50 mL), dried over anhydrous magnesium sulfate, fil-
tered, and concentrated under reduced pressure (Caution! some
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products 11 are quite volatile). The crude bromide was purified by
flash column chromatography on silica gel (eluent: hexanes).
Compound 25a: Compound 25a (4.21 g, quantitative) was ob-
tained from alcohol 10a as a colorless oil by following general pro-
cedure B. R=0.35 (9:1 hexanes/EtOAc, UV, KMnO,); 'HNMR
(400 MHz, CDCly): 6=7.81 (d, J=83Hz, 2H), 734 (d, J=7.7 Hz,
2H), 4.63-4.50 (m, 1H), 2.55-2.50 (m, 2H), 2.45 (s, 3H), 1.96 (t, /=
27Hz, 1H), 1.70 (td, J=8.1, 64Hz, 2H), 1.39-1.13 (m, 2H),
0.83 ppm (t, J=7.4Hz, 3H); "CNMR (101 MHz, CDCl,): 6=144.9,
134.1, 129.9, 128.0, 80.2, 78.6, 71.3, 35.5, 24.8, 21.8, 18.0, 13.7 ppm;
IR: 7=3289 (w), 2962 (w), 2936 (w), 2876 (vw), 1599 (w), 1496 (vw),
1460 (w), 1356 (m), 1308 (w), 1292 (w), 1188 (m), 1174 (vs),
1097 cm™' (m); HRMS (El):: m/z caled for C,,H,s0,S": 266.0977;
found: 266.0980.

Compounds 25b-d: See the Supporting Information.

Compound 11a: Compound 11a (1.10 g, 40%) was obtained from
tosylate 25a as a colorless oil by following general procedure B.
Ri=0.41 (hexanes, KMnO,); 'H NMR (400 MHz, CDCl,): 6 =4.07 (dtd,
J=88, 6.3, 45Hz, 1H), 2.87-2.72 (m, 2H), 2.12 (t, J=2.6 Hz, 1H),
2.01-1.78 (m, 2H), 1.69-1.50 (m, 1H), 1.44 (dddd, J=13.4, 9.6, 7.4,
6.3 Hz, 1H), 0.95 ppm (t, J=7.4 Hz, 3H); *C NMR (101 MHz, CDCl,):
0=80.7, 71.1, 52.3, 39.9, 29.4, 20.8, 13.5 ppm; HRMS (El): m/z calcd
for C,H,,°Br": 174.0044; found: 174.0101.

Compounds 11b-d: See the Supporting Information.

General procedure C: Synthesis of cyclobutyl iodides 17 a-d

A solution of nBuLi (1.0 equiv) in hexanes (2.86 m) was added
dropwise to a solution of 4-bromobutyne 11 (1.0 equiv) in hexanes
(0.5m) at —78°C, and the mixture was stirred for 30 min. A second
flask was charged with Cp,ZrCl, (1.0 equiv) in CH,Cl, (0.5m) and
a solution of trimethylaluminium (2.0 equiv) in hexanes (2.00 m)
was added at rt. The mixture was stirred for 30 min. The second so-
lution was transferred to the first at —78°C via cannula. The result-
ing mixture was the allowed to stir at RT for 2 h, to form the meta-
lated cyclobutenyl derivative 16. The suspension was cooled to
0°C, and a solution of iodine in THF (1.5 equiv) was added slowly
via cannula. The mixture was stirred for 30 min at 0°C then slowly
poured into ice-cold hydrochloric acid (10 equiv, 0.5 m) with con-
tinued vigorous stirring. The aqueous phase was extracted with
hexanes (3x50 mL). The combined organic phases were washed
with a saturated aqueous solution of sodium hydrogen carbonate
(50 mL) and brine (50 mL). The organic phase was dried over anhy-
drous magnesium sulfate, filtered, and concentrated under re-
duced pressure (Caution! some products 17 are quite volatile). The
crude cyclobutyl iodide 17 was purified by flash column chroma-
tography on silica gel (eluent: hexanes).

Compound 17a: Compound 17a (260 mg, 59%) was obtained as
a colorless oil from 11a by following general procedure C. R;=0.87
(hexanes, UV, KMnO,); 'H NMR (400 MHz, CDCl): 6=2.97-2.81 (m,
2H), 2.38-2.29 (m, 1H), 1.58 (td, /=23, 1.1 Hz, 4H), 1.41-1.22 (m,
3H), 0.90 ppm (t, J=7.2Hz, 3H); CNMR (101 MHz, CDCl): o=
1583, 83.0, 48.6, 43.4, 35.0, 20.7, 14.9, 143 ppm; IR: ¥=2958 (vs),
2931 (s), 2872 (s), 1710 (vs), 1462 (s), 1379 (s), 1211 (s), 1166 (s),
1088 cm™' (s); HRMS (El): m/z caled for CgH,5l "t 236.0062; found:
236.0059.

Compounds 17b-d: See the Supporting Information.

Compound 17 e

A solution of nBulLi (1 equiv) in hexanes (2.86 M) was added drop-
wise to a stirred solution of 4-bromobut-1-yne (1 equiv) in THF
(0.2 m) at —78°C. After 15 min the cooling bath was exchanged for
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a —30°C bath. The temperature was held —30°C for 5 min then (2-
methylallyl)zinc bromide (1 equiv) was added dropwise. After
10 min the cooling bath was removed and the colorless solution
was slowly warmed to rt over 1h, during which time the color
changed to pale yellow. The reaction mixture was treated with
iodine (1 equiv) followed by a small amount (2 mL/mmol) of water.
The crude mixture was extracted with diethyl ether (3x5.0 mL/
mmol), and the combined organic phases were dried over anhy-
drous magnesium sulfate. The solvent was removed under reduced
pressure at 0°C. The crude product was purified by column chro-
matography on silica gel (eluent: hexanes) in the dark to obtain
17 e (945 mg, 40%) as a colorless oil. R;=0.9 (hexanes, UV, KMnO,,
p-anisaldehyde (PAA)); '"H NMR (400 MHz, CDCl,): 6 =4.80-4.77 (m,
1H), 4.75-4.72 (m, 1H), 2.78-2.74 (m, 2H), 2.73-2.70 (m, 2H), 2.69-
2.66 (m, 2H), 1.72 ppm (s, 3H); *CNMR (101 MHz, CDCl,): 8=
155.5, 141.5, 112.3, 84.5, 39.5, 36.4, 34.7, 22.7 ppm; HRMS (El): m/z
caled for CgH41 "2 233.9905; found: 233.9906.

Compound 17 f

Following the procedure described above for the preparation of
17 e, N-bromosuccinimide (1 equiv) was employed as the electro-
phile and 17 f (299 mg, 32%) was obtained as a colorless oil. R;=
0.79 (hexanes, UV, KMnO,, PAA); 'HNMR (400 MHz, CDCl): 6=
4.80-4.77 (m, 1H), 4.75-4.73 (m, 1H), 2.77-2.74 (m, 2H), 2.74-2.71
(m, 2H), 2.49 (ddd, J=4.1, 2.2, 1.0 Hz, 2H), 1.73 ppm (t, J=1.1 Hz,
3H); *CNMR (101 MHz, CDCl,): 6=146.5, 141.6, 112.2, 109.8, 37.5,
35.2, 31.0, 22.7 ppm; IR: 7=2963 (s), 2948 (s), 2930 (vs), 2854 (m),
2362 (m), 2334 (m), 1735 (m), 1700 (m), 1653 (s), 1456 (m), 1438
(m), 1375 (m), 1261 (m), 1094 (s), 1031 (s), 1021 cm™' (s); MS (El):
m/z (%): 188.0 (11) [M]*, 186.0 (11) [M]*, 171.0 (6), 107.1 (35), 91.1
(100), 79.1 (61), 65.1 (34), 51.0 (22); HRMS (El): m/z calcd for
CgH,,"Br': 186.0044; found: 188.0034.

General procedure D: Synthesis of alkylidenecyclobutylcar-
binols 12

A solution of nBuli (1.0 equiv) in hexanes (2.86 M) was added
dropwise to a solution of 4-bromobutyne 11 (1.0 equiv) in hexanes
(0.5m) at —78°C, and the mixture was stirred for 30 min. A second
flask was charged with Cp,ZrCl, (1.0 equiv) in CH,Cl, (0.5m) and
a solution of trimethylaluminium (2.0 equiv) in hexanes (2.00 mL)
was added at rt. The mixture was stirred for 30 min then trans-
ferred to the first flask at —78°C via cannula. The resulting mixture
was stirred at rt for 2 h, during which time the metalated cyclobu-
tenyl derivative 15 formed. The reaction mixture was cooled to
—78°C and 2-(iodomethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(1.0 equiv) in THF (0.5m) was added. The solution was warmed to
rt over 2 h. Excess organometallic species were quenched by the
careful addition of water. The boronic ester 16 was extracted with
diethyl ether (3x20mL). The combined organic phases were
washed with brine (20 mL), dried over anhydrous magnesium sul-
fate, filtered, and concentrated under reduced pressure. The resi-
due was dissolved in CH,Cl, (0.5m), and the solution was cooled to
0°C. The required aldehyde (0.5 equiv) was added neat (liquid) or
as a solution in CH,Cl, (solid). Upon complete consumption of the
boronate intermediate 16 a saturated aqueous solution of ammo-
nium chloride (4.0 mL/mmol) and diethyl ether (4.0 mL/mmol)
were added, and the mixture was stirred vigorously. The aqueous
phase was extracted with diethyl ether (3x20 mL), and the com-
bined organic phases were washed with an aqueous solution of
sodium metabisulfite (20 mL). The organic phase was dried over
anhydrous magnesium sulfate, filtered, and concentrated under re-
duced pressure. The crude alcohol was purified by flash column
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chromatography on silica gel (eluent: ethyl acetate/hexanes or di-
ethyl ether/hexanes) to afford the pure alkylidenecyclobutylcarbi-
nol 12.

Compound 12a

Following general procedure D, 12a (88 mg, 60%, d.r.=99:1:0:0)
was obtained as a colorless oil from bromide 11d and benzalde-
hyde. Ri=0.24 (95:5 hexanes/EtOAc, UV, KMnO,, PAA); 'H NMR
(400 MHz, CDCly): 6=7.29-7.21 (m, 7H), 7.19-7.11 (m, 1H), 7.08-
7.03 (m, 2H), 5.02 (t, J=2.6 Hz, 1H), 4.84 (t, J=2.1 Hz, 1H), 4.67 (d,
J=29Hz, 1H), 2.79-2.69 (m, 1H), 248 (ddd, /=143, 94, 53 Hz,
1H), 2.35-2.18 (m, 3H), 2.11 (d, /=29 Hz, 1H, OH), 1.54-1.31 (m,
2H), 1.00 ppm (s, 3H); >CNMR (101 MHz, CDCl,): 6 =155.6, 1424,
141.0, 128.5, 1284, 127.9, 127.5, 127.2, 125.8, 106.0, 79.2, 54.1, 36.3,
33.8, 33.8, 32.3, 14.3 ppm; IR: 7=3568 (vw), 3454 (vw), 3084 (vw),
3062 (vw), 3027 (w), 2963 (w), 2932 (w), 2856 (w), 1668 (w), 1603
(w), 1494 (w), 1452 (m), 1371 (w), 1296 (w), 1188 (w), 1155 (w),
1081 (w), 1034 (m), 1022 cm ™' (m); HRMS (El): m/z calcd for CyH "
: 186.1403 [M—C,H,0]"; found: 186.1397.

Compound 12b

Following general procedure D, 12b (120 mg, 56%, d.r.=99:1:0:0)
was obtained as a colorless oil from bromide 11d and (2)-hexadec-
11-enal. R;=0.16 (98:2 hexanes/EtOAc, UV, KMnO,, PAA); 'H NMR
(400 MHz, CDCly): 6=7.30-7.26 (m, 2H), 7.20-7.16 (m, 3H), 5.41-
530 (m, 2H), 4.89 (t, J=2.7 Hz, 1H), 4.81 (t, J=2.1 Hz, 1H), 3.49-
342 (m, 1H), 2.80 (ddt, J=16.0, 9.0, 2.5 Hz, 1H), 2.55 (dddd, J=
40.8, 13.7, 10.1, 58 Hz, 2H), 2.22 (ddt, J=15.9, 5.0, 24 Hz, 1H),
2.07-1.96 (m, 5H), 1.85-1.75 (m, 1H), 1.72-1.69 (m, 1H), 1.68-1.59
(m, TH), 1.59-1.52 (m, 1H), 1.32-1.26 (m, 19H), 1.01 (s, 3H), 0.91-
088 ppm (m, 3H); "CNMR (101 MHz, CDCL,):: 0=156.1, 1425,
130.0, 130.0, 125.9, 105.7, 77.0, 54.1, 36.8, 34.2, 33.8, 33.0, 32.1,
31.3, 29.9, 29.9, 29.8, 29.8, 29.7, 29.5, 274, 27.3, 27.1, 225, 14.2,
13.4 ppm; IR: 7=2924 (vs), 2854 (s), 1774 (w), 1668 (w), 1604 (w),
1496 (w), 1454 (m), 1375 (w), 1058 (w), 1030 cm ' (w); HRMS (El):
m/z calcd for CyH,0 ": 424.3705; found: 424.3690.

Compounds 12¢-I: See the Supporting Information.

Compound 18a

A freshly titrated solution of 2,2,6,6-tetramethyl piperidine lithium
chloride (TMPMgCI-LiCl; 1.1 equiv) in THF (1.1 M) was added drop-
wise to a solution of benzo[b]thiophene (1.0 equiv) in THF (0.25 m)
at rt. The mixture was stirred at rt for 2 h until iodolysis of an ali-
quot of the reaction mixture indicated that completed metalation
had occurred. A solution of zinc chloride (1.1 equiv) in THF (1.0m)
was added dropwise to the reaction mixture, which was then
stirred for 30 min at rt to allow full transmetalation. In a second re-
action vessel, Pd(dba), (2 mol%) and TFP (4 mol %) were dissolved
in THF, and the mixture was stirred for 5 min to allow ligand ex-
change. lodide 17b (1.0 equiv) in THF (0.3 M) was added and the
reaction mixture was stirred for 5 min. The zinc species (1.5 equiv)
in the first flask was added immediately. The reaction mixture was
stirred at rt for 2 h, and then quenched by addition of a saturated
aqueous solution of ammonium chloride. The aqueous phase was
extracted with diethyl ether (3x20 mL). The combined organic
phases were washed with brine and dried over anhydrous magne-
sium sulfate. The organic phase was filtered and concentrated
under reduced pressure then flash column chromatography on
silica gel (eluent: hexanes) gave 18a as a colorless oil (61 mg,
76%). R=0.67 (hexanes, UV, KMnO,); 'H NMR (400 MHz, CDCl,):
0=7.77 (d, J=79Hz, 1H), 7.70 (d, J=7.5Hz, 1H), 7.30 (7.33-7.24,
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m, 2H), 7.04 (s, 1H), 2.84 (ddt, J=11.4, 43, 2.2 Hz, 1H), 2.77-2.65
(m, 1H), 2.28 (dquin, J=11.9, 2.1 Hz, 1H), 1.98 (q, /=2.0 Hz, 3H),
1.79-1.62 (m, 1H), 1.46-1.24 (m, 7H), 0.92 ppm (t, J=6.8 Hz, 3H);
“CNMR (101 MHz, CDCly): 6=144.8, 139.8, 139.6, 139.2, 130.9,
124.4, 124.0, 123.3, 122.3, 119.0, 42.8, 33.8, 33.0, 32.3, 27.4, 22.8,
14.3, 143 ppm; IR: #=3057 (vw), 2955 (m), 2920 (m), 2853 (m),
1713 (w), 1695 (w), 1667 (w), 1593 (vw), 1562 (vw), 1516 (w), 1456
(m), 1435 (m), 1372 (m), 1354 (w), 1330 (w), 1302 (m), 1250 (w),
1227 (w), 1182 (w), 1155 (m), 1130 (w), 1066 (w), 1016 cm™' (w);
HRMS (El): m/z caled for CigH,,S *: 270.1442; found: 270.1446.

Compound 18b

Compound 18b was obtained as a colorless oil (48 mg, 96%) from
iodide 17a by using the procedure described above for 18a. The
metalation of benzofuran with TMPMgCI-LiCl was incomplete after
3 h at rt, therefore the concentration of the metalated benzofuran
was determined by iodolysis followed by GC analysis. Excess zinc
chloride in THF was used to promote complete transmetalation of
the metalated benzofuran. R;=0.71 (hexanes, UV, KMnO,); 'H NMR
(400 MHz, CDCly): 0=7.50 (dd, /=7.5, 1.7 Hz, 1H), 7.45-7.40 (m,
1H), 7.28-7.14 (m, 2H), 6.46 (s, 1H), 2.83-2.70 (m, 2H), 2.23 (dq, J=
11.7, 20 Hz, 1H), 2.05 (q, J=2.0 Hz, 3H), 1.76-1.65 (m, 1H), 1.48-
1.30 (m, 3H), 0.99-0.91 ppm (m, 3H); "CNMR (101 MHz, CDCl,):
0=154.7, 153.6, 146.5, 1289, 126.7, 123.9, 1227, 120.7, 111.0,
101.6, 43.2, 35.2, 32.2, 20.9, 14.7, 14.5 ppm; IR: 7=2957 (w), 2920
(m), 2871 (w), 2844 (w), 2359 (vw), 2337 (vw), 1713 (w), 1708 (w),
1699 (w), 1683 (m), 1614 (w), 1559 (w), 1464 (w), 1451 (s), 1374 (w),
1356 (w), 1301 (m), 1256 (m), 1184 (m), 1156 (m), 1140 (m), 1108
(w), 1086 (w), 1025 (w), 1005 cm™' (m).

Compound 18c¢

A solution of nBulLi (1.0 equiv) in hexanes (2.86 M) was added drop-
wise to a solution of 1-fluoro-4-iodobenzene (1.0 equiv) in THF
(0.5m) at —78°C. The solution was stirred for 30 min at rt to allow
complete halogen-metal exchange. A solution of zinc chloride
(1.1 equiv) in THF (1.0m) was added dropwise, and the solution
was warmed to rt then stirred for 30 min. The amount of metalat-
ed species was determined by iodolysis and GC analysis. In
a second reaction vessel, Pd(dba), (2 mol%) and TFP (4 mol%)
were dissolved in THF and the mixture was stirred for 5 min to
allow ligand exchange. lodide 17¢ (1.0 equiv) in THF (0.3 M) was
added. The reaction mixture was stirred for 5 min then the previ-
ously prepared zinc species (1.5 equiv) was added immediately.
The reaction mixture was stirred at rt for 2 h then quenched by ad-
dition of a saturated aqueous solution of ammonium chloride. The
aqueous phase was extracted with diethyl ether (3x20 mL). The
combined organic phases were washed with brine and dried over
anhydrous magnesium sulfate. The organic phase was filtered and
concentrated under reduced pressure. Flash column chromatogra-
phy on silica gel (eluent: hexanes) gave 18c as a colorless oil
(51 mg, 62%). R;=0.85 (hexanes, UV, KMnO,); 'H NMR (400 MHz,
CDCly): 0=7.34-7.26 (m, 2H), 7.06-6.99 (m, 2H), 2.75 (ddq, J=12.0,
4.3, 2.1 Hz, 1H), 2.62 (dd, /=87, 48 Hz, 1H), 2.17 (dquin, J=12.1,
2.2Hz, 1H), 1.96 (q, J=2.0Hz, 3H), 1.73-1.65 (m, 1H), 1.44-1.22
(m, 13H), 0.94-0.86 ppm (m, 3H); "CNMR (101 MHz, CDCl,): 6=
161.5 (d, J=245.6 Hz), 1423 (d, /=2.2Hz), 1348, 1328 (d, J=
3.2Hz), 127.1 (d, J=7.8 Hz), 115.3 (d, J=21.4 Hz), 419, 33.1, 329,
32.1, 30.1, 29.8, 29.5, 27.7, 22.9, 14.3, 14.2 ppm; IR: #=2956 (m),
2923 (s), 2853 (m), 1716 (vw), 1690 (w), 1655 (vw), 1601 (w), 1508
(vs), 1466 (w), 1410 (w), 1376 (w), 1354 (w), 1324 (w), 1294 (w),
1230 (s), 1155 (m), 1104 (w), 1070 (vw), 1013 cm ™" (vw).

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



Chapter |

28

@'* ChemPubSoc
X Europe

Compound 18d

Compound 18d (67 mg, 54%) was obtained as a slightly yellow oil
from iodide 17 ¢ by using the procedure described above for 18a.
Complete metalation of 24-dibromopyridine was achieved at
—25°C after 3 h. R,=0.33 (hexanes, UV, KMnO,); 'H NMR (400 MHz,
CDCly): 6=7.42-7.40 (m, 1H), 7.17 (d, J=1.4Hz, 1H), 2.83-2.70 (m,
1H), 2.70-259 (m, 1H), 2.24-2.14 (m, 1H), 2.11 (q, /=19 Hz, 3H),
1.74-1.61 (m, 1H), 1.44-1.16 (m, 13H), 0.88 ppm (t, J=6.7 Hz, 3H);
BCNMR (101 MHz, CDCL): 6=156.2, 154.1, 1419, 1336, 1336,
127.1, 121.8, 42,6, 32.5, 324, 31.9, 29.9, 29.6, 29.3, 27.5, 22.7, 14.6,
14.2 ppm; IR: #=3098 (vw), 2954 (W), 2921 (m), 2852 (m), 1654 (m),
1554 (vs), 1520 (s), 1465 (w), 1430 (w), 1380 (w), 1368 (m), 1352 (m),
1300 (w), 1240 (vw), 1184 (w), 1151 (s), 1122 (w), 1081 cm™' (m);
HRMS (El): m/z calcd for CigH,s" BN : 413.0345; found: 413.0345.

Compound 18e

A solution of zinc chloride (1.0 equiv) in THF (1.0m) was added to
a freshly titrated solution of (4-methoxyphenyl)magnesium bro-
mide (1.0 equiv) in THF (0.55m), and the mixture was stirred for
30 min at rt. In a second reaction vessel, Pd(dba), (2 mol%) and
TFP (4 mol %) were dissolved in THF (1.0 mL), and the mixture was
stirred for 5 min to allow ligand exchange. lodide 17 ¢ (1.0 equiv)
in THF (0.3 m) was added, and the reaction mixture was stirred for
5min then the previously prepared zinc species (1.5 equiv) was
added immediately. The reaction mixture was stirred at rt for 2 h
then quenched by addition of a saturated aqueous solution of am-
monium chloride. The aqueous phase was extracted with diethyl
ether (320 mL). The combined organic phases were washed with
brine and dried over anhydrous magnesium sulfate. The organic
phase was filtered and concentrated under reduced pressure. Flash
column chromatography on silica gel (eluent: hexanes) gave 18e
(61 mg, 71%) was obtained as a colorless oil. R;=0.1 (hexanes, UV,
KMnO,); 'H NMR (400 MHz, CDCl): 6 =7.30-7.24 (m, 2H), 6.90-6.85
(m, 2 h), 3.81 (s, 3H), 2.73 (m, 1H), 2.62-2.55 (m, TH), 2.15 (dt, J=
12.1, 2.1 Hz, 1H), 1.95-1.92 (m, 3H), 1.74-1.62 (m, 1H), 1.44-1.22
(m, 13H), 0.90 ppm (t, J=6.8 Hz, 3H); *CNMR (101 MHz, CDCl,):
0=1583, 140.4, 135.2, 129.7, 126.8, 113.9, 55.4, 41.8, 33.2, 329,
32.1, 30.2, 298, 29.5, 27.8, 22.9, 14.3, 14.2 ppm; IR: 7=2955 (w),
2922 (s), 2852 (m), 1606 (m), 1673 (w), 1510 (s), 1464 (m), 1442 (w),
1418 (w) 1375 (w), 1330 (w), 1301 (w), 1391 (m), 1344 (vs), 1172
(m), 1114 (w), 1072 (w), 1038 cm™" (m); HRMS (El): m/z calcd for
CyoHs0: 286.2297; found: 286.2304.

Compound 18 f

Compound 18f (56 mg, 56%) was obtained as a colorless oil from
1-chloro-3-iodobenzene by using the procedure described above
for 18¢. R;=0.95 (hexanes, UV, KMnO,); 'H NMR (400 MHz, CDCl,):
0=7.32-7.14 (m, 4H), 2.75 (ddq, J=12.1, 4.4, 2.2 Hz, 1H), 2.67-2.58
(m, 1H), 218 (dq, J=12.1, 22 Hz, 1H), 198 (q, /=2.0Hz, 3H),
1.74-164 (m, 1H), 1.44-1.21 (m, 13H), 0.94-0.86 ppm (m, 3H);
CNMR (101 MHz, CDCl)):: 6=145.0, 138.2, 134.7, 1344, 129.7,
126.4, 125.6, 123.7, 42.0, 32.9, 32.8, 32.1, 30.1, 29.8, 29.5, 27.7, 22.9,
14.4, 143 ppm; IR: 7=2956 (m), 2924 (vs), 2853 (m), 2361 (vw),
2339 (vw), 1716 (vw), 1693 (w), 1652 (w), 1593 (m), 1562 (w), 1468
(w), 1425 (w), 1374 (w), 1325 (w), 1260 (vw), 1233 (vw), 1182 (vw),
1110 (vw), 1080 cm™' (w).
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General procedure E: Synthesis of aryl-CB derivatives by
Suzuki cross-coupling (19/20)

Arylboronic acid (1.33 equiv) and K,CO; (2.7 equiv) were added to
a stirred solution of cyclobutene iodide 17 (1 equiv) in 2:1 diox-
ane/H,0 (0.05m) at rt. The reaction mixture was stirred for 10 min
then Pd(PPh,), (4 mol%) was added. The reaction mixture was
stirred at 50°C for 1 h, during which time a color change to red or
black indicated a complete reaction. Water (5.0 mL) was added and
the aqueous solution was extracted with diethyl ether (3x20 mL).
The combined organic phases were dried over anhydrous magnesi-
um sulfate, the solvent was removed under reduced pressure, and
the crude product was purified by column chromatography on
silica gel or preparative TLC to afford the aryl-CB derivative 19/20.

Compound 19a: Compound 19a (43 mg, 93%) was obtained as
pale-yellow oil from 17 e and phenylboronic acid by following gen-
eral procedure E. R=0.8 (hexanes, UV, KMnO, PAA); 'HNMR
(400 MHz, CDCl,): 6=7.36-7.29 (m, 4H), 7.24-7.18 (m, 1H), 4.83-
4.79 (m, 2H), 3.11-3.07 (m, 2H), 2.69-2.63 (m, 2H), 2.47-2.43 (m,
2H), 1.79 ppm (s, 3H); *C NMR (101 MHz, CDCl,): 6=142.7, 1404,
139.3, 136.1, 1285, 126.8, 125.7, 111.6, 39.1, 284, 26.1, 23.1 ppm;
IR: 7=3079 (w), 3061 (w), 3027 (w), 2914 (m), 2836 (w), 1720 (w),
1714 (w), 1688 (s), 1656 (w), 1650 (m), 1644 (w), 1598 (m), 1493
(m), 1448 (m), 1426 (w), 1414 (w), 1374 (m), 1358 (w), 1335 (w),
1323 (m), 1301 (w), 1263 (m), 1245 (m), 1221 (w), 1212 (m), 1179
(w), 1107 (w), 1082 (w), 1066 (m), 1052 (w), 1020 (m), 1002 cm™'
(w); HRMS (El): m/z caled for C,H,s*: 184.1252; found: 184.1247.

Compound 19b: Compound 19b (50 mg, 93%) was obtained as
a colorless oil from 17 e and (3-methoxyphenyl)boronic acid by fol-
lowing general procedure E. Ri=04 (9:1 hexanes/EtOAc, UV,
KMnO,, PAA); 'H NMR (400 MHz, CDCl,): 6=7.22 (t, J=7.9 Hz, 1H),
6.92 (d, J=7.6 Hz, 1H), 6.86-6.84 (m, 1H), 6.75 (dd, /=82, 1.8 Hz,
1H), 4.82-4.77 (m, 2H), 3.79 (s, 3H), 3.08-3.05 (m, 2H), 2.65-2.61
(m, 2H), 2.44-2.40 (m, 2H), 1.76 ppm (s, 3H); *CNMR (101 MHz,
CDCly): 6=159.7, 142.7, 140.8, 139.2, 1374, 1294, 1184, 1124,
111.7, 111.2, 55.3, 39.1, 28.4, 26.2, 23.0 ppm; IR: #=3075 (w), 2939
(m), 2913 (m), 2833 (w), 1689 (w), 1650 (w), 1598 (m), 1576 (s),
1486 (m), 1482 (m), 1464 (m), 1452 (m), 1428 (m), 1374 (w), 1334
(m), 1285 (m), 1262 (s), 1220 (s), 1195 (m), 1175 (m), 1166 (s), 1092
(w), 1043 cm™' (s); HRMS (El): m/z caled for CysH,07: 214.1358;
found: 214.1350.

Compound 19 c-i: See the Supporting Information.

Compound 20a: Compound 20a (49 mg, 91%) was obtained as
a colorless oil from 17 b and (3-methoxyphenyl)boronic acid by fol-
lowing general procedure E. R=0.62 (hexanes, UV, KMnO,);
'H NMR (400 MHz, CDCl,): 6=7.23 (d, J=7.9 Hz, 1H), 6.94 (ddd, J=
7.5, 1.2, 1.2 Hz, 1H), 6.85 (dd, J=2.6, 1.5 Hz, 1H), 6.75 (ddd, J=8.3,
2.6, 09 Hz, 1H), 3.82 (s, 3H), 2.74 (ddt, /=120, 43, 2.1 Hz, 1H),
2.65-2.56 (m, 1H), 2.17 (dt, J=12.1, 2.1 Hz, 1H), 1.96 (q, J=2.0 Hz,
3H), 1.73-1.62 (m, 1H), 1.44-1.23 (m, 7H), 0.95-0.86 ppm (m, 3H);
BCNMR (101 MHz, CDCly): 6=159.7, 143.6, 137.9, 135.7, 1294,
1183, 1120, 111.1, 55.3, 41.9, 33.0, 329, 323, 274, 229, 143,
14.3 ppm; IR: ¥ =2955 (m), 2922 (vs), 2870 (m), 2854 (m), 1653 (w),
1604 (s), 1599 (s), 1577 (s), 1487 (m), 1465 (m), 1454 (m), 1432 (m),
1376 (w), 1372 (w), 1332 (m), 1323 (m), 1285 (s), 1250 (s), 1230 (w),
1212 (m), 1176 (m), 1167 (m), 1047 cm~' (s); HRMS (El): m/z calcd
for C,,H,,0": 244.1827; found: 244.1816.

Compound 20b: Compound 20b (51 mg, 98%) was obtained as
a colorless oil from 17b and (4-fluorophenyl)boronic acid by fol-
lowing general procedure E. R;=0.88 (hexanes, UV, KMnO,);
'H NMR (400 MHz, CDCl,): 6 =7.33-7.26 (m, 2H), 7.07-6.98 (m, 2H),
2.75 (ddq, J=12.0, 44, 2.1 Hz, 1H), 2.65-2.57 (m, 1H), 2.17 (dquin,
J=12.1, 22 Hz, 1H), 1.96 (q, J=2.0Hz, 3H), 1.75-1.65 (m, TH),
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1.45-1.27 (m, 7H), 0.92 ppm (m, 3H); *CNMR (101 MHz, CDCl,):
0=161.5 (d, J=245.5 Hz), 142.3 (d, /=23 Hz), 134.8, 132.8 (d, J=
3.2Hz), 127.1 (d, J=7.8 Hz), 115.3 (d, J=21.4 Hz), 419, 33.0, 329,
323, 274, 229, 143, 14.2. ppm; IR: 7=2957 (m), 2923 (m), 2855
(m), 1655 (vw), 1601 (w), 1507 (vs), 1467 (w), 1408 (vw), 1376 (w),
1324 (w), 1294 (w), 1230 (s), 1182 (vw), 1155 (m), 1104 (w), 1069
(vw), 1012 cm™" (vw); HRMS (El): m/z calcd for CygH,,F*: 232.1627;
found: 232.1624.

Compounds 20 c-j: See the Supporting Information.

General procedure F: Synthesis of CB derivatives 21 and 24
by in-situ Negishi cross-coupling

nBuLi (1 equiv) in hexanes (2.86 M) was added dropwise to a stirred
solution of 4-bromobut-1-yne (1 equiv) in THF (0.2m) at —78°C.
After 15 min the cooling bath was exchanged for a —30°C bath.
The temperature was held at —30°C for 5 min then the allylzinc
species (1 equiv) was added dropwise. After 10 min the cooling
bath was removed and the colorless solution was warmed to rt
over 1 h (a color change to pale yellow was observed). During this
time, in a second vessel, Pd(dba), (4 mol %) and TFP (8 mol %) were
dissolved in THF. After stirring for 10-20 min the red solution
turned yellow. Aryl iodide (0.95 equiv) in THF (0.15m) was added
to the yellow catalyst solution, and the mixture was stirred for
10 min. Finally, the cyclobutenylzinc species 15 was quickly added
to the flask that contained the aryl iodide, and the mixture was
stirred for 1 h then quenched with water. The crude mixture was
extracted diethyl ether (3xmL) and dried over anhydrous magnesi-
um sulfate. The solvent was removed under reduced pressure, and
the crude product was purified by column chromatography on
silica gel or preparative TLC to obtain the CB derivative 21/24.
Compound 21a: Compound 21a (56 mg, 46%) was obtained as
pale-yellow oil from (2-methylallyl)zinc bromide and 1-iodo-4-
methylbenzene by following general procedure F. R;=0.8 (hexanes,
UV, KMnO,, PAA); 'H NMR (400 MHz, CDCl,): 6=7.28-7.23 (m, 2H),
7.17-7.12 (m, 2H), 4.83-4.79 (m, 2H), 3.10-3.07 (m, 2H), 2.68-2.63
(m, 2H), 2.47-2.42 (m, 2H), 2.35 (s, 3H), 1.79 ppm (s, 3H); *C NMR
(101 MHz, CDCly): 6=142.8, 139.2, 139.1, 136.5, 133.4, 129.1, 125.7,
111.5, 39.1, 283, 26.2, 23.1, 21.4 ppm; IR: ?=3077 (w), 3024 (w),
2969 (m), 2939 (s), 2914 (vs), 2872 (m), 2836 (m), 2361 (w), 2331
(vw), 1652 (m), 1511 (s), 1443 (m), 1374 (m), 1328 (w), 1112cm™'
(w); HRMS (El): m/z calcd for C,sH,5 " : 198.1409; found: 198.1410.

Compound 21b: Compound 21b (100 mg, 67%) was obtained as
a yellowish oil from (2-methylallyl)zinc bromide and 1-iodo-4-(tri-
fluoromethyl)benzene by following general procedureF. R=0.8
(9:1 hexanes/EtOAc, UV, KMnO,, PAA); 'H NMR (400 MHz, CDCl,):
0=757 (d, J=81Hz 2H), 741 (d, J=8.1 Hz, 2H), 4.86-4.78 (m,
2H), 3.12-3.08 (m, 2H), 2.70-2.67 (m, 2H), 2.51-248 (m, 2H),
1.79 ppm (s, 3H); *C NMR (101 MHz, CDCl,): 6=143.7, 142.1, 139.2
(g, J=2.0Hz), 138.2, 128.44 (q, /=323 Hz), 125.8, 12543 (q, /=
39 Hz), 1244 (q, J=272.7 Hz), 112.0, 39.1, 28.7, 26.1, 23.1 ppm; IR:
7=3079 (vw), 2918 (w), 2840 (vw), 1650 (vw), 1616 (w), 1411 (w),
1325 (vs), 1165 (m), 1124 (m), 1112 (m), 1070 (m), 1015cm™' (w);
HRMS (El): m/z calcd for CisH,sF;": 252.1126; found: 252.1112.
Compounds 21c-k: See the Supporting Information.

Compound 211: Compound 211 (40 mg, 68%) was obtained as
colorless oil from (2-methylallyl)zinc bromide and furan-2-carbonyl
chloride by following general procedure F. R;=0.3 (9:1 hexanes/
EtOAc, UV, KMnO,, PAA); '"H NMR (400 MHz, CDCl,): 6=7.59 (dd,
J=1.7, 0.8 Hz, TH), 7.15 (dd, /=3.5, 0.8 Hz, 1H), 6.90 (d, J=1.4 Hz,
1H), 6.52 (dd, /=36, 1.7 Hz, 1H), 3.01-2.98 (m, 2H), 2.93-2.89 (m,
2H), 1.93 (s, 3H), 1.91 ppm (s, 3H); *C NMR (101 MHz, CDC,): 6 =
176.0, 157.9, 153.8, 147.8, 146.2, 133.1, 1209, 117.1, 112.1, 31.6,
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29.3, 27.7, 20.1 ppm; IR: ¥=3145 (w), 3100 (w), 2966 (m), 2917 (m),
2853 (w), 1654 (m), 1635 (s), 1610 (s), 1569 (vs), 1560 (s), 1541 (m),
1507 (m), 1463 (vs), 1448 (m), 1437 (m), 1394 (m), 1377 (m), 1370
(m), 1343 (m), 1288 (m), 1276 (m), 1188 (m), 1151 (m), 1040 (m),
1014 cm™" (m); HRMS (El): m/z caled for Cy3H,,0,": 202.0994;
found: 202.0986.

Compound 24: Compound 24 (45 mg, 60%) was obtained as a col-
orless oil from (2-methylallyl)zinc bromide and (2-(3-iodo-2-methylcy-
clobut-2-en-1-yl)ethyl)-benzene (instead of an aryl iodide) by follow-
ing general procedure F. R;=051 (hexanes, UV, KMnO,); 'H NMR
(400 MHz, CDCl,): 6=7.34 (tt, J=7.1, 2.4 Hz, 2H), 7.28-7.20 (m, 3H),
4.82-4.79 (m, 1H), 478 (q, J=1.5Hz, 1H), 2.89 (s, 1H), 2.75-2.66 (m,
4H), 2.60-2.56 (m, 2H), 2.47-2.43 (m, 2H), 2.19-2.13 (m, 1H), 2.04-
1.96 (m, 1H), 1.81-1.77 (m, 6H), 1.72-1.61 ppm (m, 2H); *C NMR
(101 MHz, CDCl,): 6 =143.5, 142.9, 142.6, 139.6, 136.0, 132.8, 128.5,
1284, 1257, 111.3, 432, 388, 352, 34.1, 338, 298, 27.2, 2238,
13.7 ppm; IR: 7=3026 (W), 2912 (m), 2855 (w), 1712 (w), 1694 (w),
1651 (w), 1604 (w), 1496 (w), 1453 (m), 1440 (m), 1374 (m), 1355 (w),
1261 (w), 1198 (w), 1177 (w), 1065 (w), 1030 cm™" (w); HRMS (EI): m/
z caled for Gy H,6 "1 278.2035; found: 278.2042.

General procedure G: Synthesis of alkynyl-CB derivatives 22
and 23 by Negishi cross-coupling

nBuLi (1 equiv) in hexanes (2.86 M) was added dropwise to a stirred
solution of alkyne (1 equiv) in THF (0.15m) at —78°C. After 30 min
zinc chloride (1.33 equiv) in THF (1 M) was added dropwise to the
reaction mixture at —78°C. The reaction mixture was stirred for
30 min at —78°C. The cooling bath was removed and the system
was allowed to reach rt. During this time, Pd(dba), (4 mol %) and
TFP (8 mol%) was dissolved in THF (1.0 mL) in a second flask. After
10-20 min the red solution turned yellow. lodide 17 (0.95 equiv) in
THF (0.15m) was added to the yellow catalytic solution, which was
then stirred for 10 min. Finally, the alkenylzinc species was quickly
added to the second flask that contained 17. The reaction mixture
was stirred for 1 h then quenched with water. The crude mixture
was extracted with diethyl ether (3x20 mL) and the combined or-
ganic phases were dried over anhydrous magnesium sulfate. The
solvent was removed under reduced pressure and the crude prod-
uct was purified by column chromatography on silica gel or prepa-
rative TLC to obtain the alkynyl-CB derivative 22/23.

Compound 22a: Compound 22a (45 mg, 74%) was obtained as
pale-yellow oil from 17 e and ethynylbenzene by following general
procedure G. Ri=0.7 (hexanes, UV, KMnO,, PAA); 'H NMR (400 MHz,
CDCLy): 0 =7.45-7.42 (m, 2H), 7.34-7.27 (m, 3H), 4.82-4.76 (m, 2H),
2.96-2.91 (m, 2H), 2.63-2.59 (m, 2H), 2.43-2.39 (m, 2H), 1.78 ppm
(s, 3H); "CNMR (101 MHz, CDCl;): 6 =153.6, 142.5, 131.6, 1284,
128.1, 123.6, 121.3, 112.2, 91.1, 84.5, 39.8, 30.1, 29.8, 22.9 ppm; IR:
7=3078 (w), 2959 (w), 2916 (w), 2870 (w), 2842 (w), 1650 (w), 1594
(w), 1488 (m), 1443 (m), 1374 (w), 1322 (w), 1260 (w), 1224 (w),
1202 (w), 1178 (w), 1069 (w), 1027 cm™" (w); HRMS (El): m/z calcd
for CyeHys '+ 208.1252; found: 208.1253.

Compound 22b: Compound 22b (41 mg, 69%) was obtained as
a pale-yellow oil from 17 e and ethynyltrimethylsilane by following
general procedure G. R,=0.6 (hexanes, UV, KMnO,, PAA); 'H NMR
(400 MHz, CDCly): 6=4.79-4.72 (m, 2H), 2.90-2.85 (m, 2H), 2.55-
249 (m, 2H), 2.37-2.31 (m, 2H), 1.74 (s, 3H), 0.19 ppm (s, 9H);
*C NMR (101 MHz, CDCl,): 6=154.9, 142.3, 121.4, 112.2, 99.8, 96.4,
39.8, 30.0, 29.6, 22.8, 0.2 ppm; IR: 7=2962 (w), 2929 (w), 2254 (vw),
2140 (vw), 1722 (w), 1713 (w), 1698 (w), 1679 (w), 1631 (w), 1620
(w), 1613 (w), 1422 (w), 1410 (w), 1392 (w), 1378 (w), 1366 (W),
1360 (w), 1252 (m), 1174 (w), 1112cm ™" (w); HRMS (El): m/z calcd
for C,;Hy0Si*: 204.1334; found: 204.1330.
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Compounds 22 c-f: See the Supporting Information.

Compound 23a: Compound 23a (83 mg, 88%) was obtained as
a colorless oil from 17d and ethynylbenzene by following general
procedure G. R,=0.33 (hexanes, UV, KMnO,); 'H NMR (400 MHz,
CDCly): 0=7.47-7.41 (m, 2H), 7.33-7.26 (m, 5H), 7.22-7.15 (m, 3H),
2.77-2.70 (m, 1H), 2.70-2.63 (m, 3H), 2.25-2.18 (m, 1H), 2.02-1.91
(m, 1H), 1.83 (q, J=2.0 Hz, 3H), 1.72-1.60 ppm (m, 1H); “C NMR
(101 MHz, CDCl,): 6=156.3, 142.5, 133.2, 131.6, 128.5, 128.5, 128.1,
125.9, 1236, 119.0, 91.4, 844, 43.1, 36.5, 34.6, 340, 14.7 ppm; IR:
7=3413 (w), 3062 (w), 3028 (w), 2936 (w), 2863 (w), 2366 (w), 2335
(vw), 2201 (m), 1754 (m), 1710 (s), 1703 (vs), 1672 (s), 1644 (m),
1620 (w), 1599 (m), 1582 (w), 1493 (m), 1452 (m), 1436 (w), 1434
(m), 1416 (m), 1358 (m), 1315 (m), 1266 (s), 1175 (m), 1160 (m),
1142 (m), 1100 (m), 1071 (m), 1029 (m), 1000 cm™" (m); HRMS (El):
m/z calcd for C;H,, "1 272.1565; found: 272.1598.

Compound 23b: Compound 23b (107 mg, 91%) was obtained as
a colorless oil from 17d and 2-ethynyl-6-methoxynaphthalene by
following general procedure G. R;=0.20 (hexanes, UV, KMnO,);
"HNMR (400 MHz, CDCl;): 6=7.88 (t, J=1.1Hz, 1H), 7.67 (t, J=
8.7 Hz, 2H), 7.46 (dd, J=8.4, 1.7 Hz, 1H), 7.30 (ddd, /=76, 64,
1.9 Hz, 2H), 7.22-7.18 (m, 3H), 7.14 (dd, J=8.9, 2.5 Hz, 1H), 7.10 (d,
J=2.5Hz, 1H), 392 (s, 3H), 2.76 (ddd, /=120, 4.5, 2.2 Hz, 1H),
2.72-2.64 (m, 3H), 2.23 (dt, J=11.9, 2.1 Hz, 1H), 2.06-1.93 (m, 1H),
1.86 (d, J=2.0 Hz, 3H), 1.74-1.61 ppm (m, TH); *C NMR (101 MHz,
CDCly): 0=158.3, 156.0, 142.6, 134.1, 131.2, 129.4, 129.2, 1286,
128.6, 128.5, 126.9, 125.9, 119.5, 119.1, 118.5, 105.9, 92.0, 84.1, 55.5,
43.2, 36.5, 34.6, 34.1, 148 ppm; IR: 7=3060 (w), 3026 (w), 2920
(m), 2843 (w), 2363 (w), 2340 (vw), 1717 (m), 1706 (w), 1700 (m),
1684 (w), 1653 (m), 1646 (m), 1625 (s), 1600 (vs), 1559 (m), 1540
(w), 1506 (m), 1498 (s), 1482 (s), 1456 (s), 1438 (m), 1419 (w), 1411
(m), 1391 (s), 1368 (w), 1364 (w), 1336 (w), 1266 (vs), 1250 (s), 1226
(m), 1207 (vs), 1164 (s), 1135 (m), 1069 (w), 1031 cm™' (s); HRMS
(EN): m/z caled for CH,,0 " : 352.1827; found: 352.1822.

Compounds 23 c-d: See the Supporting Information.
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ABSTRACT: Alkylidenecyclobutanes (ACBs) containing all-
carbon quaternary stereocenters were simply and efficiently
synthesized by combining boron-homologation and y-selective
cross-coupling strategies. This unique sequence led to
excellent regio- and diastereoselectivities in the generation of
targeted four-membered rings with up to 99% enantiomeric
excess using chiral substrates. In addition to the original

X
(aryl, R?
R? heteroaryl) J:K
R! S

(/e = 99:1)
[Pdlear 3 (E/Z=97:3)

soR (de = 99%)

R! —B(OR), up to 97% (ee = 99%)

R® y-selective
cross-coupling

synthesis of ACBs, the first asymmetric catalytic formation of quaternary stereocenters based on y-selective cross-coupling

reactions is finally shown.

hile the Suzuki—Miyaura cross-coupling is already a

well-established method in pharmaceutical sciences,' the
use of allylic boronic esters therein still remains scarcely
described. Pioneering studies by Szabé and Miyaura®
demonstrated that the reaction of allylboronic ester at the y-
position can be triggered by employing an appropriate
palladium precatalyst. Since then, however, this interesting
transformation was only examined by a few groups.

Recently, the groups of Morken, Buchwald, and Organ
independently illustrated highly regioselective y-cross-coupling
reactions,” while Aggarwal and Crudden described very good
stereoselectivities of these transformations when employing
substituted allyl- and propargylboronic esters."

We envisioned that combining such a powerful tool with an
in situ generation of cyclobutenylmethylboronic esters (CMBs)
would result in a straightforward formation of alkylidenecyclo-
butanes (ACBs). These small architectures have a rather limited
accessibility but are encountered in many natural products and
biologically active substances.” Moreover, the relatively strained
nature of ACBs allows for a variety of further transformations.’
Recently, merging boron homologation of cyclobutenyl metal
species and allylboration strategies in a one-pot sequence, we
have described a very efficient approach toward stereodefined
ACBs.

In this communication, we present a unique combination of
boron homologation with a highly y-selective Suzuki—Miyaura
cross-coupling for the diastereo- and enantioselective con-
struction of ACBs containing a quaternary stereocenter
(Scheme 1) starting from achiral CMBs (1ab) and chiral a-
or §-substituted CMBs (1c—g).

Negishi 7-cyclization” of readily available 4-bromobutynes
followed by a Matteson homologation led to CMBs 1.
Morken’s conditions were initially employed for optimizing
our reaction conditions when 4-iodotoluene was used as the
cross-coupling partner.’® After a short screening, reactions
performed in THF with KOH introduced from a stock solution
proved to give the best results (Table 1, entry 3) in only 1 h.

A\ 4 ACS Publications  © 2017 American Chemical Society 4046

Scheme 1. Approach to ACBs Containing a Quaternary
Stereocenter through y-Selective Cross-Coupling

revious work R?
P R‘CHO {E = 00%)
R? R (de =99 %)
/ upto91% \_R? (ee =99 %)
j;k/ [allylation] ~ R* -
R' Bpin

= 2

R [Pd), ligand R —

1 N\ Bk 1 (E =97%)
single-pot R \_R? (de =99 %)

access up to 97% (ee =99 %)
present [ reelective @ 24
contribution cross-coupling
R?
J;k/ ﬁk/ R‘J;%' Bpin
R' Bpin R' Bpin R
1a,b 1c,d 1e.
achiral CMB chiral &substituted  chiral a-substituted
enantiotopic diasterotopic
faces faces

Similar conversions were observed when replacing THF by
MTBE or ethyl acetate (Table 1, entries 8 and 9), nonetheless
requiring 14 h to reach completion. Attempts to replace
potassium hydroxide as the base only resulted in decreasing
either conversion or regioselectivity levels (Table 1, entries 4
and §).

With optimal conditions in hand, a set of various aryl halides
were engaged in the presence of 1a,b (Scheme 2). With an
exception for aldehydes (that would lead to a fast allylboration)
and alcohols, a wide range of functional groups were tolerated.

Not only aryl iodides or bromides but also aryl chlorides
were successfully engaged, although with lower yield (2f: $7%
compared to 91% for the corresponding aryl bromide). The
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Table 1. Survey of Base and Solvent in y-Cross-Coupling
Reactions

);k/Bpin

p-Tol- (1.0 equiv)
Pd(OAc); (2 mol %)
RuPhos (4 mol %)
—_— -

7

base (4.5 equiv) p-Tol
1a solvent, 60 °C, 14 h

entry solvent base conv (%)* yla®
1 THF KOH 72 >99:1
2 THF/H,0 (1:1) KOH 80 >99:1
3 THF KOH,,)" >99° >99:1
4 THEF TBAF 74 86:14
5 THF CsF 65 >99:1
6 dioxane KOH,,,)" 91 >99:1
7 acetonitrile KOH 94 72:28
8 MTBE KOH >99 >99:1
9 ethyl acetate KOH >99 >99:1

“Determined by GC. ”8.0 M solution. “After 1 h.

Scheme 2. Electrophilic Scope of y-Selective Cross-Coupling

Ar-X (1.2 equiv)
s A
R Bpin

Pd(OACc), (2 mol %)
RuPhos (4 mol %)
R ol

KOH (4.5 equiv)

Ar
1a,b THF, 60 °C, 1-14 h 2a-i
o HN
2a, X =1 (68%) 2b, X = Br (79%) 2¢, X = Br (76%)
(Yl > 99:1) (y/a > 99:1) (vl > 99:1)
N NC
OMe 2f, X =Br (91%)
2d, X = Br (83%) 2e, X =1(59%) X =Cl(57%)
(/o > 99:1) (y/a > 99:1) (v/e > 99:1)

MeODN CIDN

op MeO cl

2h, X = Br (71%)
(v/a > 99:1)

2g, X = Br (67%)
(y/a > 99:1)

2i, X = Br (55%)
(y/e > 99:1)

lower reaction rate of aryl chloride was exploited in the
chemoselective synthesis of 2i, accounting for only negligible
side reactions. Electron-donating (2a,b and 2h) as well as
electron-withdrawing groups (2f,g) led to good yields up to
91%, while heterocyclic products were isolated in up to 83%
yield (2d and 2e). Interestingly, free amines led to a complete
conversion of the starting material, giving the expected cross-
coupled compound in 76% yield. In all cases the y-selective
cross-coupling products were exclusively detected, probably
enhanced by a strain release when shifting the 7-system outside
of the ring structure.”

Having established an efficient route toward alkylidenecy-
clobutanes, we took a step further by employing chiral
cyclobutenylmethylboronic esters (1c,d) (Scheme 3) possess-
ing a lateral chain R. Performing reactions in dioxane showed
slightly better diastereoselectivities in this case, and aromatic- as

Scheme 3. y-Selective Cross-Coupling of Chiral Substrates
1c and 1d

Ar-X (1.2 equiv)

R Pd(OAC); (2 mol %) R
);k/ RuPhos (4 mol %) R
—_—m, -
Bpin KOH (4.5 equiv) Af:
1c,d dioxane, 60 °C, 14 h 2j-0

3% O

2k, X = Br (50%) 2| X = Br (74%)
(dr>99:1) (dr>99:1)
(y/a > 99:1) (Yo > 99:1)

s

20, X = Br (95%)
(dr > 99:1)
(Yo >99:1)

R

2j, X = Br (76%)
(dr>99:1)
(Yo > 99:1)

Ph Ph :
NC : :
2m, X =Br (51%) Zn X =Br (51%)

(dr>99:1) (dr>99:1)
(Yo > 99:1) (y/a > 99:1)

well as heteroaromatic-substituted methylenecyclobutanes 2j—
o were obtained with high yields up to 95% and with a full
control over the diastereochemical outcome of the trans-
formation (dr >99:1).

As postulated by Buchwald et al. (Scheme 4), we propose to
explain the high diastereoselectivity by a ZT transition state in
which the transmetalation step would follow a chair model."”

Scheme 4. (a) Proposed ZT Model and (b) Observed NOEs
Supporting the Proposed Configuration

a)

‘SE T g R ol
L, “"T"Lx‘:
\ Ar—Br Ae

M
e Less hindered Me
diastereotopic
face

In this case, the palladium complex preferably approaches
from the less hindered diastereotopic face of the double
bond—opposite side of the R chain—leading selectively to the
described isomer. The 2D-NMR assignments of 2k supported
the above-mentioned hypothesis, placing the aromatic moiety
anti to the preinstalled R chain (Scheme 4).

To further expand the scope toward more elaborated
structures and to open the possibility of synthesizing
enantioenriched ACBs, we chose to study the reactivity of a-
chiral boronic esters in y-selective cross-coupling reactions.
First experiments using previously described catalytic systems
led to expected compounds but without control over E/Z ratios
(50:50). Screening of diverse conditions showed the best
results when PCy; or dppb (1,4-bis(diphenylphosphino)-
butane) was employed as ligands in the presence of Pd(OAc),
or Pd(PPh,),Cl,, respectively (Table 2, entries 1 and 12).
However, when full conversion was to be observed, other
conditions only led to worse E/Z ratios. In most cases bidentate
ligands gave better E/Z ratios, a trend that could be attributed
to a favorable shielding of the pseudoaxial position toward the
formation of the E-product. Presenting similar stereoselectiv-

DOI: 10.1021/acs.orglett.7b01803
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Table 2. Survey of Conditions for Synthesis of
Alkylidenecyclobutanes

p-Tol-l (1.0 equiv)

[Pd] (5 mol %)
. ligand (5-10 mol %)

)\)%/ Bpin KOHyq (4.5 equiv) J\/Rdu
1¢ BY dioxane, 60 °C, 14 h p-Tol 2a
entry Pd species ligand* E/Z"
1 Pd(OAc), PCy, 95:5
2 Pd(OAc), XPhos 87:13
3 Pd(OAc), DavePhos 66:34
4 Pd(OAc), RuPhos 49:51
5 Pd(OAc), Tetraphos-Li 89:11
6 Pd(OAc), dppBz 88:12
7 Pd(OAc), dppb 92:8
8 Pd(OAc), dppp 92:8
9 Pd(OAc), PPh, 50:50
10 Pd(PPh,),Cl, PCy, 919
11 Pd(PPh;),Cl, dppp 92:8
12 Pd(PPh,),Cl, dppb 94:6
13 Pd(PPh,), PCy, 91:9
14 [Allyl-PdCl], PCy, 937

“10 mol % of monodentate, S mol % of bidentate ligands.
"Determined by GC.

ities, the Pd(OAc),/PCy; (Table 2, entry 1) system was
preferentially employed for economic reasons.

Pd(OAc), was thus chosen as precatalyst, and the trans-
formation was exemplified with a range of coupling partners
(Scheme 5). Boronic esters le,f were readily prepared by a
double boron homologation in order to introduce a-

Scheme 5. Synthesis of Alkylidenecyclobutanes from le and
Ig

)\R/Bpin
R

Ar-X (1.0 equiv)
Pd(OAc); (2 mol %)
PCy3 (4 mol %)
KOH,q (4.5 equiv)
dioxane, 60 °C, 2-14 h

HoN :

nBu nBu

3a, X =1(81%) 3b, X = Br (61%) 3c, X = Br (66%)
(E1Z>97:3) (EI1Z>97:3) (E1Z>97:3)
(y/a > 99:1) (v > 99:1) (/e > 99:1)

OMe OMe
3d, X = Br (97%) 3e, X =1(57%) 3f, X =1(56%,)
(EIZ > 97:3) (EIZ > 97:3) (EIZ>97:3)
(/o > 99:1) (v/a > 99:1) (y/a > 99:1)

HoN Et ”
3g, X = Br (57%) 3h, X = Br (56%) 4, X = Br (45%)
(E1Z>97:3) (EIZ>97:3) (E1Z>97:3)
(y/a > 99:1) (/e > 99:1) (/o > 99:1)

substituents and subsequently cross-coupled with different
halides, achieving overall good to excellent yields (up to 97%).
None of the reactions showed a-cross-coupling, and E-3a—h
were obtained in more than 97% of stereochemical purity. In
the case of 4, a 2-cyanoethyl substituent was introduced
through the double-homologation sequence, pointing out the
functional group tolerance of the transformation. Worthy of
note, the starting cyclobutenylmethylboronic ester bearing the
2-cyanoethyl chain was engaged in the y-cross-coupling after
simple filtration of residual salts, avoiding fastidious purification
steps and furnishing 4 in 45% yield. 2D NMR experiments on
3f supported the favored formation of E-isomers.

Taking advantage of a substituent present at the a-position—
that can easily be introduced in a stereoselective way—we took
on the challenge of relaying the chiral information from the
boronic ester moiety to the quaternary stereocenter.

A preinstalled enantiomerically pure ligand on the boron
atom led to enantiomerically enriched cyclobutene derivatives
((R)-1e and (R)-1f) via successively diastereoselective and
diastereospecific boron-homologation sequences. S-Bromoin-
dole and 4-bromoaniline were chosen for the y-selective cross-
coupling, and corresponding ACBs were obtained in very good
yields up to 94% and with a perfect control of the
stereochemistry (99% E and 99% ee) (Scheme 6). High
stereoselectivities observed in this reaction can be attributed to
a sterically favored pseudo-equatorial positioning of the a-
substituent R in the ZT transition state.

Scheme 6. Diastereoselective Access to Enantioenriched
ACBs 3d and 3g

)\A/B(OR')Z

(Ri1ef R

m
N
H

Ar-Br (0.9 equiv)
Pd(OAc), (2 mol %)
PCyj (4 mol %)
KOHyq (4.5 equiv)
dioxane, 60 °C, 3-14 h

Et
(+)-3g (91%)
(E/IZ=99:1)
(/o > 99:1, ee = 99%)

A1,

Ar 3dg

nBu H2N
(+)-3d (94%)
(E/IZ=199:1)

(y/o > 99:1, ee = 99%)

The next step toward enantioenriched ACBs was designed
through asymmetric catalysis, employing chiral palladium
ligands in the presence of achiral substrates 1b.

To the best of our knowledge, intermolecular enantiose-
lective formation of a quaternary stereocenter through y-
selective cross-coupling remains unexplored. While TADDOL-
PNMe,"" failed our expectations, the first positive results were
observed when employing (R)-BINAP as the chiral ligand (er =
64:36) (Table 3, entry 2). Changing the ligand to the JosiPhos
series (entries 3—8) could improve the enantiomeric ratio to
81:19 with L1 at 60 °C. Performing the reaction at room
temperature gave the best enantioselectivities (er = 85:15).
Adjustments on the ligand structure (L2—5) did not lead to
any amelioration on the stereoselectivity of the reaction.
Finally, methylenecyclobutanes (—)-2c and (—)-2g were—for
the first time—generated from corresponding allylboron
species through stereoselective y-cross-coupling in up to 77%
yield and moderate enantiomeric ratios (up to 85:15 er).

DOI: 10.1021/acs.orglett.7b01803
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Table 3. Survey of Conditions for Enantioselective Synthesis
of MCBs

4-bromoaniline
Pd(OAc); (2 mol %)
ligand (2.5 mol %)

base (4.5 equiv), solvent,
temperature, 1-14 h

1b HoN 2c
entry ligand base solvent  temp (°C) er

1 TADDOL-PNMe,”  CsF* THF 60 L
2 (R)-BINAP KOH,, dioxane 60 64:36
3 L1 KOH,, dioxane 60 81:19
4 L1 KOH,,  dioxane rt 85:15
5 L2 KOH,, dioxane 60 50:50
6 L3 KOH,,  dioxane 60 4
7 L4 KOH,, dioxane 60 74:26
8 LS KOH dioxane 60 =

“Determined by HPLC utilizing a chiral stationary phase. "7 mol %.
3.0 equiv. “No conversion.

\[/ Y : Me
Z :Q/( L1,R=PhR=Cy |

! PR2 L2, R=Cy,R'=Cy !

HN Ac | Fo PRy L3, R=Cy R =tBu !

(29 (17%) |
(/o> 99:1)
(er=71:29)

(-)-2¢ (75%)
(y/a > 99:1)
(er = 85:15)

In conclusion, we have reported a new strategy to easily
synthesize alkylidenecyclobutanes containing a quaternary
stereocenter in very good yields by combining boron-
homologation sequences with y-selective Suzuki—Miyaura
cross-coupling reactions. Excellent regio- and diastereocontrol
was established in this unique transformation, and the first—yet
moderate—enantioselective intermolecular couplings of allyl-
boronic esters were undertaken for the generation of
quaternary stereocenter-containing ACBs.
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3  Outlook

The Negishi and Suzuki—-Miyaura cross-coupling reactions demonstrated in 2.3 were later expanded
toward the creation of conjugated dienes 1.56. Diels—Alder reaction with maleic anhydride and
maleimides yielded annulated alkylidenecyclobutanes 1.57 with the 5/6/4-ring system observed in
protoilludenes. First attempts toward a total synthesis of 6-protoilludene (1.58) unfortunately always
gave rearrangement products, destroying the desirable ring system. Some of the maleimide derivatives
were tested against the leukemia cell line HL60 and showed reasonable cytotoxicity, encouraging us

to further investigate toward potential pharmacological applications.3?

R
[¢]
N _ toluene _
Q + R? RS 90 °C
% /
R4

6-protoilludene (1.58)

Scheme 12: Diels—Alder reaction of conjugated dienes and 6-protoilludene 1.58.

During our studies of conjugated dienes 1.59, we observed in some cases the formation of oxidized
products when substrates were left at air.3® Computational analysis allowed us to understand the
effect of O, on our products and prompted us to develop a methodology for the selective synthesis of
cyclopropyl ketones. Several bioactive compounds containing said moiety could therefore be

synthesized in a straightforward fashion.?*

+ R EL _mcPBA, R y )
RRAA at alr % Ar T]/\)K/\ R R2 CH2C|2 R
1.59

rt. 10 mins
1.62 1 63

Scheme 13: Observed side reactions and optimized reaction conditions.

32 A.N. Baumann; M. Eisold; D. Didier, Org. Lett. 2017, 19, 2114.

33 L. Shen; K. Zhao; K. Doitomi; R. Ganguly; Y.-X. Li; Z.-L. Shen; H. Hirao; T.-P. Loh, J. Am. Chem. Soc. 2017, 139,
13570.

34 A. N. Baumann; F. Schiippel; M. Eisold; A. Kreppel; R. de Vivie-Riedle; D. Didier, J. Org. Chem. 2018, 83, 4905.
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4 |Introduction

Unlike the well-known B-lactams and azetidines, the unsaturated 2-azetines have received much less
attention by the scientific society. While 3-lactams are most renowned for being part of the antibiotic
penicillins (2.01), there are many other bioactive compounds possessing this structural moiety.
Aztreonam (2.02) and nocardicin A (2.03) are two examples which have shown antimicrobial activity
against Gram-negative organisms like Pseudomonas aeruginosa and have been used in the treatment

of infections caused by the latter.?®

$O3H o) NH,
N HO

R H H 4\_<
TN s O# CO,H
¢ < : :

N HN.__O
°© > N NH N
//—OH HO,C.__O. = N /
o 2 7< N7, Y—NH; HO,C HO
s

penicillin core (2.01) aztreonam (2.02) nocardicin A (2.03)

Figure 3: B-Lactam based bioactive compounds.

Azetidines are also often found in biologically active substances, owing to their interesting properties.
Noteworthy examples are 2.05 and 2.06, which were found to exhibit improved antibacterial activity

against Staphylococcus aureus compared to some used fluoroquinolones, such as levofloxacin (2.04).3¢

(e}

B %ﬁcoz (X //:/ijf/coz @ LN@COZH

levofloxacin (2.04) .06

Figure 4: Levofloxacin (2.04) and derived azetidine containing bioactive compounds.

Only very few reports exist on the synthesis of 2-azetines. This is mostly due to the fact, that this moiety
is rather unstable and is prone to an electrocyclic ring-opening reaction, affording azadienes. Ways to
stabilize 2-azetines toward isolation are through the installation of an electron-withdrawing group at

the nitrogen atom or a metal-carbene functionality at position 3.%’

% G. . Georg, The Organic Chemistry of B-lactams, G. |. Georg; VCH Publishers: New York, 1993; F. Li; C. Zhao; J.
Wang, Org. Chem. Front. 2016, 3, 335.

36 Y. Ikee; K. Hashimoto; M. Nakashima; K. Hayashi; S. Sano; M. Shiro; Y. Nagao, Bioorg. Med. Chem. Lett. 2007,
17,942.

37 ). Barluenga; A. Gdmez; J. Santamaria; M. Tomds, Angew. Chem. Int. Ed. 2010, 49, 1306; J. Barluenga; L. Riesgo;
G. Lonzi; M. Tomas; L. A. Lépez, Chem. Eur. J. 2012, 18, 9221.
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Figure 5: Examples of isolated 2-azetines.

Most syntheses for 2-azetines rely on B-elimination on the easily accessible azetidines. Through
intermediary formation of azetidine 2.13 by [2+2] cycloaddition, sulfonyl-protected azetine 2.08 is

formed after a thermally caused elimination reaction.®®

2.1
Ph
\=NSO,Ph Ph ,SO2Ph Ph ,SO,Ph
A, N -, N
N(CHy)s N(CHy)s -
N(CHy)s N(CHy)s
2.12 N(CHz)s 2.13 2.08

Scheme 14: [2+2] Cycloaddition and subsequent elimination to 2-azetine 2.08.

Other procedures rely on nucleophilic substitution to first form an azetidinium 2.10 and bicyclic
azetidine 2.14, respectively. After further modifications to introduce a leaving group and protect the

ring-nitrogen, elimination is induced through heating with potassium tert-butanolate.®

0
H 0
ST
0 1) PhCH,NH, NG " _1)H, Pd N»\t—Bu KOt-Bu Mg
LA _Cl 2)MsCl 2) tBuCOCI N
3) HCl MsO =
2.00 2.10 MsO 211 212

Scheme 15: Double nucleophilic substitution starting from chloro oxirane 2.09 to give 2-azetine 2.12 after elimination.

Ms

Br 2 MsO
215 2.16

Ms
g\/Br KOH, A \)ZN Ms,0 \/)j“ KOt-B N
NH
2.14

213

Scheme 16: Formation of azabicyclobutane 2.14 and subsequent elimination to afford 2-azetine 2.16.

38 F, Effenberger; R. Maier, Angew. Chem. Int. Ed. Engl. 1966, 5, 416.
3% M. E. Jung; Y. M. Choi, J. Org. Chem. 1991, 56, 6729; A.P. Marchand; D. Rajagopal; S. G. Bott; T. G. Archibald,
J. Org. Chem. 1994, 59, 1608.
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During their studies on the a-lithiation of azetidines, promoted by a protecting group at the nitrogen
that double acts as an activator, the group of Hodgson discovered that free alcohols at position 3 (2.17)
could be tolerated.”® Protected alcohols 2.20 however underwent an elimination of the lithiated

intermediates 2.21 to ultimately furnish 2-azetines 2.22.4

i s-BuLi (3 eq) A/Q . i
s _TMEDA (6 eq) s E s

[N THF, -78 °C [N -78°Ctorit. [N

HO LiO Li HO E
217 218 219

Scheme 17: o-Lithiation of azetidine-3-ols and electrophile trapping.

i s-Buli i
s TMEDA s s
)

N THF, -78 °C N
TBSO T8SO, ML
2.20 ~/2.21 2.22

Scheme 18: a-Lithiation of protected azetidin-3-ols and subsequent elimination to 2-azetines.

Another equivalent of lithium base produces a-lithiated 2-azetines, which were reacted with different
electrophiles to access 2-substituted azetines.*? Based on these findings we went on to develop a
strategy for the synthesis of higher substituted 2-azetines. By using borates as electrophiles we were

ultimately able to create storable azetine building blocks for further reactions.

40 D, M. Hodgson; J. Kloesges, Angew. Chem. Int. Ed. 2010, 49, 2900; D. M. Hodgson; C. L. Mortimer; J. M.
McKenna, Org. Lett. 2015, 17, 330; K. E. Jackson; C. L. Mortimer; B. Odell; J. M. McKenna; T. D. W. Claridge; R. S.
Paton; D. M. Hodgson, J. Org. Chem. 2015, 80, 9838.

41 D. M. Hodgson; C. I. Pearson; A. L. Thompson, J. Org. Chem. 2013, 78, 1098.

42 D. M. Hodgson; C. I. Pearson; M. Kazmi, Org. Lett. 2014, 16, 856.
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5 Results

5.1 Methods for the Synthesis of Substituted Azetines

Reprinted with permission from M. Eisold, A. N. Baumann, A. Music, G. Haas, Y. M. Kiw, D. Didier, Org.
Lett. 2017, 19, 5681. Copyright© 2017 American Chemical Society.
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ABSTRACT: Spurred on by the recent emerging interest from
the chemical community for unsaturated four-membered hetero-
cycles, an unprecedented approach to nitrogen-containing four-
membered rings has been designed. 3,4-Disubstituted 2-azetines
were synthesized from commercially available substrates, allowing
for a straightforward access to a new library of chiral
functionalized azetidines and amino alcohols. This original
approach was applied to efficiently prepare functionalized

! - Alkylations E
| - Pd-catalyzed arylations NBoc
NBoc | -2Zweielolenations | [ ]
A ¥
oM x@
3 4-disubstituted a;% s > gﬁ’;’,"
2-azeling alkynyl o o carbonyl

azobenzenes, an emerging class of molecules with a large potential in photopharmacology.

mall, strained ring systems have recently received increased

attention due to their large applicability in drug discovery
and development. However, generating these systems is often
limited by the availability of efficient and straightforward
methods. Among them, azetidines and their unsaturated
analogues 2-azetines' " are particularly interesting as they
represent a promising pattern for further pharmacological
studies.

Apart from the well-known pf-lactams penicillin and
cephalosporin derivatives, several fused azetidine-containing
substances have shown interesting antitumor activities® and
antinociceptive effects® (Figure 1).

Fused f-lactams have also proven to be adequate precursors of
azabicyclo[3.2.1]octanes.” In the polyoxin family, antibiotic
properties were observed on 3-alkylideneazetidine-modified
structures.”

‘NHBZO M | (o}
Ph Me.
NH
= 1
HO N So
NH,
o]
azetidine palcitaxel analogue
[antitumor activity] OH OH
polyoxin O
HO, [antibiotic properties]
H R
N
OH ©
N‘Me OH
unnamed fused azetidine fused p-lactam
i effects] i 3.2.1Joctane precursor

Figure 1. Examples of biologically active azetidine-containing structures
or precursors.

4 ACS Publications  ©2017 American Chemical Society
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Recently, the group of Baran et al. developed a new route for
introducing 3-substituted azetidines by using the ring strain of
azabicyclo[ 1.1.0]butane to efficiently modify lead compounds of
pharmacological interests.” Concurrently, Carreira demonstra-
ted the propensity of spiro-azetidines to modulate biological
properties of different targets in drug discovery.'’ While smaller
and larger N-containing heterocycles have been extensively
studied,’ only a few reports relate the general formation of
azetines.”"!

With the ambitious objective of generalizing access to
polysubstituted azetine architectures—that represent versatile
building blocks en route to sophisticated azetidines—we first
took on the challenge of identifying a sequence allowing for the
regioselective introduction of diverse substituents at positions 3
and 4 (Scheme 1), involving a lithiated species as the key
intermediate. While direct functionalization of 4-azetinyllithium
could be easily performed in the presence of alkyl, silyl or
carbonyl derivatives (conditions A), a more challenging arylation
was designed through cross-coupling of the corresponding
organoboronate derivatives, obtained through a simple trans-
metalation. As a matter of fact, transmetalation with ZnCl, only
furnished the cross-coupled compound in low yield (27%,
Hodgson et al.). Alternatively, a boron-relayed catalyst-free
arylation of azetinyllithium was developed.

Starting from commercial sources of N-Boc-3-azetidinone 12
the introduction of the substituent at position 3 (R') was simply
performed by employing an adequate organometallic reagent,
such as organolithium, organomagnesium, or PhMe,SiLi.
Methylation of the resulting crude tertiary alcohol afforded
2a—f in good to excellent yields over two steps (up to 98%,
Scheme 2)." a-Lithiation of 2 assisted by coordination of the

Received: September 12, 2017
Published: October 4, 2017

DOI: 10.1021/acs.orglett.7b02847
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Scheme 1. Our Contribution to the Efficient Synthesis of
Disubstituted Azetines
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Scheme 2. Our Contribution to the Efficient Synthesis of

Disubstituted Azetines
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directing group (Boc) on the amine using s-BuLi in the presence
of TMEDA triggers a f-elimination (A, Scheme 2) and
intermediary forms a 2-azetine (B). With an excess of s-BuLi, a

5682

second a-metalation of the C(spz) can take place to obtain the
key 4-azetinyllithium intermediate C. Addition of H,0, D,0,
Mel, or TMSCI allowed the formation of 3-substituted azetines
3a—g in up to 97% yield (Scheme 2). Aromatic and
heteroaromatic aldehydes were also engaged as electrophiles in
the reaction, furnishing azetinecarbinols 3h—p with up to 97%
yield.

Second, a similar sequence was designed to in situ generate a
boronate derivative D (Scheme 3) by trapping the corresponding
4-azetinyllithium C with boron isopropoxide. Being a stable
species at room temperature, this organoboronate is an excellent
candidate to subsequently undergo a Suzuki cross-coupling in a
one-pot process. Thus, following the double-lithiation/boryla-
tion sequence, a range of aromatic halides were engaged in the

Scheme 3. In Situ Generated 4-Azetinylboronates for Direct
Suzuki Coupling
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presence of Pd(dppf)Cl,-CH,Cl, (4 mol %) in THF, and
products 4—8 were isolated after 48 h at room temperature. Aryl
iodides reacted usually faster than the corresponding bromides,
leading to the expected compounds in better yields. A wide range
of aromatic halides were introduced in this strategy, using 3-
arylated (4a—o and Sa—c), 3-alkynyl (6a—f), and 3-alkyl
substrates (7a—f and 8a,b), resulting in 4-arylated structures in
good to excellent yields (up to 96%). Additionally, the great
functional group tolerance of organoboronates allowed us to
introduce aromatic aldehydes 4i and 7d as well as heteroaromatic
moieties (4m—o, Sc, 6e,f, and 7f) in good yields up to 92%,
independently from the nature of the substituent at position 3.
Structures of these unsaturated N-heterocycles were supported
by X-ray analysis (6d and 8a)."* Although full conversion was
monitored for the formation of 4k bearing a free amine,
decomposition of the product on silica was noticed and the final
azetine could only be isolated in 33% yield. In a more general
manner, electron-enriched aromatics led to moderate yields due
to fast decomposition (mainly ring opening products) in slightly
acidic conditions during purification.

We then pushed the methodology further by developing an
unprecedented catalyst-free cross-coupling of the 4-azetinyl-
lithium species, successfully adapting the Zweifel-type olefination
strategy. Boronic ester was then added to the in situ generated
intermediate C (Scheme 4), giving the bis-organoboronate E.

Scheme 4. Catalyst-Free Zweifel Arylation of 4-
Azetinyllithium Species
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NBoc
=] 4 R
42, R=H  (59%)
O O o 4b, R=4Me (72%)
4ab

Subsequent addition of iodine furnishes an iodonium F that
undergoes 1,2-metalate rearrangement, giving the a,f-iodobor-
onic ester G. The addition of a base finally triggers a cis-
elimination, resulting in 3,4-disubstituted azetines 4—9. 3-Alkyl-,
alkynyl-, and arylazetinyllithium were used with aromatic boronic
esters and compounds 4a,b, 6a—c, and 7a, were obtained with
reasonable yields (up to 72%), given the absence of a palladium
catalyst. Interestingly, heteroaromatic substrates led to similar
results and 9b was isolated in 38% yield.

Considering the versatility of both arylation sequences and the
recent interest brought by the community on diazobenzenes as
promising photoswitchable systems for pharmacologic applica-
tions, * functionalization of azetines at position 4 was explored as
a proof of concept.

5683

A one-pot sequence terminated by a palladium-catalyzed
Suzuki coupling with 4-bromodiazobenzenes led to conjugated
systems 10a—c in good yields (Scheme $). In the dark, 10a—c are

Scheme 5. Application to the Synthesis of 4-
Azetinylazobenzenes
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present in their thermally stable trans-configuration. Irradiation
with UV light (4 = 305—365 nm) triggers isomerization to the cis-
configuration, while irradiation at 385—435 nm allows instant
switching to the trans-configuration. Performing iteratively on
and off photoswitching on these azetinyl-derived azobenzenes
did not show any fatigue of the four-membered ring over time,
proving the structural stability of the system. Finally, we showed
the applicability of 3,4-substituted azetines to the formation of
syn-2,3-disubstituted azetidines through simple hydrogenation
(Scheme 6). Compounds 3e, 3¢, and 4n were engaged in the

Scheme 6. Straightforward Access to Stereodefined Azetidines
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presence of palladium and hydrogen to give 1la—c under
smooth conditions in good yields and with an excellent
diastereoisomeric ratio (dr >99:1).'> Subsequent amine
deprotection ultimately led to free azetidines 12ab in
quantitative yields. It is worth noting that this represents a
powerful approach to syn-azetidines, as most reports relate the
formation of anti-azetidines.'®

Pf-Amino alcohols are important functionalities in organic
chemistry as they can serve as ligands in catalysis and are present
in a large number of natural and bioactive substances.'” In an
attempt to synthesize stereodefined f-amino alcohols embedded
in an azetidine core, we representatively demonstrated (Scheme

DOI: 10.1021/acs.orglett.7b02847
Org. Lett. 2017, 19, 56815684
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6) that the reduction of chiral 4-azetinylcarbinol rac-3i could take
place with high diastereoselectivities, furnishing rac-13 as a single
isomer (dr >99:1:0:0, the relative configuration was determined
by X-ray crystallography).'* The high degree of stereoselectivity
observed in this reaction can be attributed to the coordination of
the hydroxyl moiety to the palladium in the reduction process.
For steric reasons, the aromatic group on the carbinol prefers to
be oriented out of the plane, avoiding unfavorable interactions
with the large Boc protecting group (H) (Scheme 6). This
procedure certainly paves the way to new subclasses of chiral
strained f-aminoalcohols.

In conclusion, we have demonstrated a very simple and
efficient synthetic approach to novel 3,4-disubstituted azetine
architectures, paving a new way toward stereodefined 2,3-
azetidines. Two parallel approaches have been developed for the
facile introduction of aryl and heteroaryl substituents at the
position & to the nitrogen, either through a one-pot Suzuki cross-
coupling or via catalyst-free arylation. Additionally, we showed
the potential applicability of our system to unprecedented
photoswitchable molecules, demonstrating their long-term
stability. We finally illustrated an unprecedented access to
stereodefined f-aminoalcohols that represent important struc-
tures in organic, organometallic and bioorganic chemistry. Paths
allowing for the formation of these interesting patterns represent
important advances in the chemistry of nitrogen-containing four-
membered rings and their potential implications in drug-
discovery processes.
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Abstract Combining a facile preparation of organoboronates with
their remarkable stability and functional group tolerance allows for the
straightforward synthesis of four- and five-membered carbo- and hetero-
cycles. While most strategies rely on the ex situ preparation of boronic
acids as isolated intermediates, we demonstrate that in situ transmeta-
lation of sensitive organometallics with boron alkoxides can lead to
great stabilization of such species at room temperature. A considerable
extension of the library of unsaturated strained structures is achieved
through these sequences, expanding the potential applicability of such
unusual building blocks.

Key words cyclobutenes, cyclopentenes, azetines, organoboronates,
one-pot sequences

The transition-metal-catalyzed cross-couplings of organo-
boronic acids with organic halides, a process developed by
Suzuki et al.," has become one of the most powerful tools
for the creation of C-C bonds.? Both simplicity and func-
tional group tolerance have made it a privileged method?
for assembling complex structures in many fields of chem-
istry such as drug discovery,* materials science,® chemosen-
sors® and total synthesis.” Spurred on by the particular sta-
bility of organoboron species, we took on the challenge of
generalizing the access to classes of molecules that have
been scarcely reported: strained cyclobutenes, cyclo-
pentenes and 2-azetines. Due to their commercial availabil-
ity, organoboronic acids are employed as stable substrates
for numerous cross-coupling reactions. For more elaborated
scaffolds however, tailor-made boronic acids must be pre-
pared ex situ in order to be engaged in a subsequent reac-
tion through a two-step process. For the sake of step-econ-
omy, we needed to develop a more straightforward access

.
A

cross-coupling

O rt stable intermediates
Q O versatile
O high yielding
R O high functional group tolerance
O sophisticated strained systems
B

to the targeted compounds, avoiding an extra purification
of intermediate boronic acids. Taking into account the re-
cent work of Buchwald and co-workers on direct cross-cou-
pling of lithium organoboronates,® Miyaura et al. on base-
free coupling of triolborates,® Cammidge on coupling of ex
situ generated trihydroxyborates,'® and Knochel's group on
the in situ generation of magnesium bis-organoborinates,!
we designed different strategies in which the cross-cou-
pling reaction would be relayed by the in situ formation of a
stable intermediate boron species. Our first objective was to
demonstrate the long-term stability of such strained organo-
boron derivatives over time, opening the strategy to reagent
storage; secondly, we aimed to explore the scope and lim-
itations of the method to complete a large library of new
building blocks, being hitherto difficult to access.

Cyclobutene and cyclopentene iodides 1a,b were readily
prepared from procedures originally described by Negishi
et al. involving m-cyclization of gem-bismetalated alkenes,'?
which we recently applied to the synthesis of alkylidene-
cyclobutanes and fused four-membered rings.'* Halogen-
lithium exchanges on 1a and 1b were performed employing
n-Buli in diethyl ether at -78 °C (as THF led to further al-
kylation of the newly formed cycloalkenyllithium) and the
corresponding cycloalkenyl-boronates A and B were gener-
ated by addition of B(Oi-Pr); in THF (Scheme 1).

Azetinyllithium reagents were generated by o-lithiation
of in situ formed azetines 2 using s-BulLi in the presence of
TMEDA in THF at -78 °C,'* and subsequently trapped with
boron isopropoxide to give C.'>

Organoboronates A, B and C were then stored either in
solution or neat at -20 °C or room temperature before being
engaged in Suzuki cross-couplings (Scheme 2).

in situ transmetalation ‘\
R

©
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n-Buli s-BuLi, TMEDA
Et,0,-78 °C THF, 78 °C
30 min 30 min
) ) NBoc NBoc
Ju Mo | B e
Mé 1 Me B(OiPr)s | RY R B(OK-Pr)s
B(OiPr)3 B(OF-Pr);
1ab THF, -78 °C A(n=1) 2 -78°Ctort c
to rt, 30 min B(n=2) 30 min

stability tests - organoboronate reagents

e

Me’ B(Oi-Pr)s

2 i

Me B(Oi-Pr)3 R!

B(OIPr)s

stored at room temperature or -20 °C in THF or neat

Scheme 1 Organoboronate synthesis through Li/l exchange-transmetalation or a-lithiation-transmetalation

Cyclobutenyl- and cyclopentenylboronates A and B
were coupled with 1-iodo-3-nitrobenzene as a test partner.
From freshly prepared solutions, both products 3a'® and 4a
were obtained in excellent yields (96%). Keeping solutions
at -20 °C showed constancy in reactivity, delivering 3a in

] RX
(FPrO)3B R' RZ R

Pd(dppf)Cl,
(4 mol%)
] freshly prepared: 96% Q freshly prepared: 96%
kept in solution at =20 °C kept in solution at -20 °C
Me Me’
t = 3 weeks: 84% t=1week: 85%
t= 7 weeks: 94% t=3 weeks: 81%
3a 4a
O,N N

kept in solution at 20 °C

t=1week 68%
t = 5 weeks: 73%

kept in solution at rt

t=1week 74%
t = 5 weeks: 62%

NBoo t=10 weeks: 71% t= 10 weeks: 37%
- t=15 weeks: 62% t =15 weeks: 21%
PH NO,
5a kept neat at rt kept in an open flask

t =1 week 56%
t =5 weeks: 31%
t =10 weeks: 8%

= 15 weeks: 0%

t=1week 72%

t =5 weeks: 79%
= 10 weeks: 71%
t=15 weeks: 70%

freshly prepared. 74%

NBoc

NBoc freshly prepared: 77%
B N kept in solution at rt PH
I/ B t=1week 71%
5b = 5c
NBoc freshly prepared: 80% NBoc freshly prepared. 91%
— kept in solution at rt —
Vi t=5 weeks: 47% &
PH = 10 weeks: 12%
t=15 weeks: 17% e
5d OzN

Scheme 2 Stability testing of four- and five-membered carbo- and
heterocyclic organoboronates

freshly prepared: 73%
kept in solution at rt
t=1week 83%

Ac

kept in solution at rt

t = 5 weeks: 90%
= 10 weeks: 81%
t= 15 weeks: 54%

OoN

94% yield after seven weeks and 4a (81%) after three weeks.
Diverse conditions were evaluated for storage of azetinyl-
boronates C. When kept in an open flask, the yields de-
creased drastically after only one week of storage, and a fast
decrease in reactivity was also observed on storing C in
solution at room temperature. However, reproducible re-
sults were obtained when the boronate salts were kept ei-
ther in solution at -20 °C (as for A and B), or neat at room
temperature. Products 5a were isolated in constant, reason-
able yields (up to 70% after fifteen weeks). Stock solutions
of azetinylboronate reagents were prepared and further
used in cross-coupling reactions after different storage
times at room temperature. In some cases (5b, 5¢ and 5e),
the salts gave reproducible yields after one or ten weeks of
storage, showing the great potential of such reagents as
building blocks. In some other cases (5d), the solution
showed a rapid decrease of reactivity, furnishing only a 47%
yield of the desired product.

Having established the stability of strained organoboro-
nates, we next investigated the scope of the transformation
toward a new library of cyclobutenes. The protocol of
Scheme 1 was used to generate in situ the cyclobutenylbor-
onate A, which was then engaged directly in cross-coupling
reactions in the presence of Pd(dppf)Cl,-CH,Cl, (Scheme 3).
Aromatic and heteroaromatic iodides bearing ketone, ester,
nitro or amide moieties led to the expected arylcy-
clobutenes 3b-g in moderate to good yields (51 to 82%). In-
terestingly, an unprotected phenol and a benzoic acid fur-
nished the desired products 3h and 3i in excellent yields of
80% and 96%, respectively. Not only iodides, but bromides
could be engaged as cross-coupling partners with similar
efficacy, furnishing 3j-n with up to 95% yield and with ex-
ceptional functional group tolerance (SFs, NH,, OH). Alter-
natively, an aryl triflate gave a similar result (3q, 96%) while
aryl chlorides showed decreased efficiency (30,p, 23 to
66%).
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n-BuLi B(O*Pf):

A e -, -0-

EL,O THF
1a ~78 °C, 30 min

-78°Ctort

R2X
2 Li
o, | @
R' B(OFPr)s R' R?

Pd(dppf)Cl
A (4 mol%) 3a—q

,,elq m%/y%

3b (X=1,81%) 3¢ (X =1, 62%) 3d (X =1, 64%) 3e (X=1,72%)
F
Me’ / N\ Me !
Me =i
[e] EtO,C HOC
3f (X =1,51%) 3g (X =1, 82%) 3h (X =1, 80%) 3i (X =1, 96%)
N,
Me’
= Me N\ NO,
Me’ N /
/B CN N7 N
— = NH,
3j (X = Br, 74%) 3k (X = Br, 94%) 31 (X = Br, 91%)
)\“/s& )\%
3m (X = Br, 95%) 3n (X = Br, 74%]

Me’ / N\
ON" Nz

30 (X = Cl, 66%)

3p (X = Cl, 23%)

3q (X = OTY, 96%)

Scheme 3 In situ preparation and further Suzuki cross-coupling of cyclobutenylboronates

The study was then pursued with five-membered rings,
utilizing cyclopentenyl iodides as starting materials'” in a
similar one-pot sequence (Scheme 4). Halogen-lithium ex-
change on 1b was followed by transmetalation with B(Oi-
Pr); and further palladium-catalyzed cross-coupling with
diverse aromatic halides. A comparable functional group
tolerance was observed for these larger cycloalkenylboro-
nates, as ketone, nitro, amide and aldehyde moieties could
be introduced, giving a wide range of unique functionalized
cyclopentenes 4a-h in moderate to excellent yields (52 to
96%).'®* When a B-styryl iodide was used, the reaction re-
sulted in partial double bond isomerization and 4i was ob-
tained in 95% yield and an 82:18 E/Z ratio.

Next, we investigated the iodine-lithium exchange in
the presence of boron isopropoxide. Given that the ex-
change reaction should proceed at a higher rate than the
nucleophilic addition of n-BulLi to the boron atom, the pres-
ence of boron species should not perturb the exchange re-

action, but rather promote the direct transmetalation of the
newly generated lithium species (Scheme 5), as previously
exemplified by Li et al."® As a result, the undesired alkyla-
tion reaction was to be suppressed without having to use
Et,0, avoiding the previously required mixture of solvents.

As a proof of concept, the halogen-metal exchange was
performed on 1a and 1b in the presence of B(Oi-Pr); at =78 °C,
and ultimately engaged in the cross-coupling reaction with
a representative partner (1-iodo-3-nitrobenzene). Similar
results were collected from this simplified procedure (93 to
96% yield).

Toward a more convenient setup, a step further was
then taken by developing conditions that would not require
low temperatures for the formation of organoboronates. We
envisioned that room-temperature metal insertion in the
presence of boron alkoxides should lead to the expected
intermediate boron species through in situ transmetalation

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2018, 50, 3149-3160
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»BuLl i B(°>Pf)a

5120 THF
b _78°C, 30 min -78°Ctont

M

°- .| @ 1,

B(O-P
(OFPr)s Pd(dppf)Cl,
(4 mol%)

o~ o
M6 O -

4a (X = |, 96%)

o
s o

[e]
N N
O

s

4b (X =1, 70%)

s

Me Ac
4c (X =1,88%)

F

Me Me
A\
i O CHO 4
=N
MeO

MeO
4d (X =1, 52%) e (X =1,69%) af (X =1, 74%)
Mé —
Me o) Mé ) N\ Q
CN
Z ~cHo = e
CFa

4g (X = 1, 88%) 4ah (X = Br, 76%) 4i (X =1, 95%)

(E1Z=88:12)

Scheme 4 In situ preparation and further Suzuki cross-coupling of cyclopentenylboronates

of the transitional cycloalkenylmagnesium species (Scheme
6).

Magnesium powder was then employed, furnishing the
intermediary magnesium salt D, being an analog of A and B.
Performing the full sequence at room temperature afforded
the desired cross-coupling products in excellent yields,
comparable to those obtained via the lithium path (up to
96%). The reaction also showed similarly high functional
group tolerance, with the ability to introduce unprotected
amines (4j, 4m: 69 to 93%) and a carboxylic acid (4k, 94%).

In addition, we recently demonstrated the potential of
in situ generated azetinylboronates to undergo unprece-
dented cross-coupling, transposing the methodology to

R2X )
- .~

o
R! B(OKPr)3

Pd(dppf)Cla
~78 °C, 30 min (4 mol%)
O similar conversions and yields
O avoids solvent mixtures
Me No, M€ No, © information on rates of
& exchange vs transmetalation
3a (X =1, 93%) 4a (X =1,97%)

Scheme 5 lodine-lithium exchange in the presence of B(Oi-Pr), for
direct transmetalation

Mg(0)  B(Oi-Pr);

B(OKPr);
Pd(dppf)Cla
b (4 mol%)

PE ]@» jag

O

] ]
Me O NO, Me Me 7 N
A

3a (X = 1, 90%) 3r (X = OTf, 70%) 3o (X = Cl, 72%)
Me Me
O RaRRBaT=
4a (X =1, 96%; 4j (X =1,93%) 4k (X =1, 94%)
Me
/ i
— M
e / 2
ON NH, ON _
41 (X =1, 82%) 4m (X = Br, 69%) 4n (X =Cl, 84%)

Scheme 6 Formation of organoboronates through magnesium inser-
tion and in situ transmetalation
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heterocyclic four-membered structures. A one-pot se-
quence was designed to access the desired boronates
through a double a-lithiation of readily available azetidines
6, followed by trapping with boron isopropoxide and palla-
dium-catalyzed cross-coupling. Representative examples
are given in Scheme 7. Alkyl, aryl, alkynyl and silyl groups
were introduced at position 3, and the cross-coupling was
performed using a large range of functionalized aromatic
halides.'®

s-BuLi R-1
TMEDA s-Buli [Pd]cat.
NBoc NBoc
e~ Te0e- M
R' R?
;?Ec B(OFPr)y
6 30 can be isolated 5f-k

or used in-situ

NBoc
NBoc
= NBoc
YOMe N =
] N Me N
> I
MeO Mé =

st (X =1, 79%) 5g (X =1, 90%) 5h (X =1, 92%)
NBoc
NBoc
cHo Ph‘S* NO,
Me Ph
5i (X = Br, 92%) 5§ (X = Br, 47%) 5k (X =1, 80%)

Scheme 7 Single-pot access to 3,4-disubstituted azetines through a
lithiation/transmetalation/cross-coupling sequence

Furthermore, we showed the applicability of this strate-
gy to pyrroles, furans and hydropyrans to open the scope to
a larger array of heterocyclic scaffolds. A simple metalation
with n-BuLi was performed to access the initial organo-
metallic derivatives, before transmetalation with B(Oi-Pr),.
Heteroaromatic starting materials furnished the desired
cross-coupled compounds 7a'® and 7b in good yields (up to
96%). However, employing hydrofuran resulted in only 43%
of the substituted styrene derivative 7c (Scheme 8).

R-I
n-BuLi [Pd]cat.
o H ,---_R
(T 0@ I
B(OFPr)s Za-¢
NO, NO; CN
Me
| O.
N O, I
7a (72%) 7b (96%) 7c (43%)

Scheme 8 Extension to other heterocycles

Special Topic

In conclusion, we have assembled a new efficient one-
pot sequence for the synthesis of cyclobutenes, cyclo-
pentenes and azetines by using in situ prepared boron
alkoxides possessing a remarkable functional group toler-
ance. Diverse conditions were successfully developed rely-
ing either on halogen/metal exchanges or on an advanta-
geous room temperature insertion/transmetalation proce-
dure. Through the intermediate formation of stable
organoboronate building blocks, we have unlocked a wide
library of unexplored strained architectures, opening mod-
ern organic chemistry to new classes of modules for further
applications.

Commercially available starting materials were used without further
purification unless otherwise stated. All reactions were carried out
under N, atmospheres in flame-dried glassware. Syringes, which
were used to transfer anhydrous solvents or reagents, were purged
with nitrogen prior to use. CH,Cl, was predried over CaCl, and dis-
tilled from CaH,. THF was refluxed and distilled from sodium benzo-
phenone ketyl under nitrogen. Et,0 was predried over CaCl, and
passed through activated Al,0; (using a solvent purification system
SPS-400-2 from Innovative Technologies Inc.). Toluene was predried
over CaCl, and distilled from CaH,. n-BuLi was purchased from Rock-
wood Lithium GmbH; [n-BuLi] = 2.44 M in hexane (titration with iso-
propanol/1,10-phenanthroline).

Chromatographic purifications were performed using silica gel (SiO,,
0.040-0.063 mm, 230-400 mesh ASTM) from Merck. The spots were
visualized under UV (254 nm) or by staining the TLC plate with
KMnO, solution [K,CO; (10 g), KMnO, (1.5 g), H,0 (150 mL), NaOH
(10% in H,0, 1.25 mL)] or p-anisaldehyde (PAA) solution [concd H,SO,
(10 mL), EtOH (200 mL), AcOH (3 mL), p-anisaldehyde (4 mL)]. Melting
points were determined on a Biichi B-540 apparatus and are uncor-
rected. Diastereoisomeric ratios were determined by '"H NMR and *C
NMR spectroscopy. 'H and '*C NMR spectra were recorded on VARIAN
Mercury 200, BRUKER ARX 300, VARIAN VXR 400 S and BRUKER AMX
600 instruments. Chemical shifts are reported as & values in ppm rel-
ative to the residual solvent peak ('H NMR) or the solvent peak ('*C
NMR) in deuterated chloroform (CDCl;: 8 7.26 for 'H NMR and & 77.16
for C NMR). Abbreviations for multiplicities are as follows: s (sin-
glet), d (doublet), t (triplet), q (quartet), quin (quintet), m (multiplet)
and br (broad). Reaction endpoints were determined by GC monitor-
ing. Gas chromatography was performed with an Agilent Technolo-
gies 7890 instrument, using a column of type HP 5 (Agilent 5%
phenylmethylpolysiloxane; length: 15 m; diameter: 0.25 mm; film
thickness: 0.25 pm) or Hewlett-Packard 6890 or 5890 series Il instru-
ments, using a column of type HP 5 (Hewlett-Packard, 5% phenyl-
methylpolysiloxane; length: 15 m; diameter: 0.25 mm; film thick-
ness: 0.25 pm). High-resolution mass spectra (HRMS) and low-resolu-
tion mass spectra (LRMS) were recorded on Finnigan MAT 95Q,
Finnigan MAT 90 or JEOL JMS-700 instruments. Single crystals (for X-
ray analysis) were grown in small quench vials with a volume of 5.0
mL from slow evaporation of dichloromethane/hexanes mixtures at
room temperature. Suitable single crystals were then introduced into
perfluorinated oil and mounted on top of a thin glass wire. Data col-
lection was performed at 100 K with a Bruker D8 Venture TXS
equipped with a Spellman generator (50 kV, 40 mA) and a Kappa CCD
detector operating with Mo-Ka radiation (1= 0.71071 A).
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General Procedure A

To a solution of cycloalkenyl iodide (1.00 equiv) in Et,0 (0.5 M) was
slowly added a solution of n-BuLi (2.44 M in hexane, 1.10 equiv) at
~78 °C. After stirring for 30 min at the aforementioned temperature,
B(0i-Pr); (1.15 equiv) and THF (total concn 0.25 M) were added and
the resulting mixture stirred for an additional 1 h at room tempera-
ture. Pd(dppf)Cl,-CH,Cl, (4 mol%), the cross-coupling partner (aro-
matic or vinylic iodide, bromide, tosylate or chloride) (0.90 equiv) and
an aqueous solution of NaOH (1.5 equiv 1.00 M) were subsequently
added and the reaction mixture was stirred overnight. The crude ma-
terial was extracted with Et,0 (3 x 20 mL), washed with a saturated
aqueous solution of sodium chloride (20 mL), dried over magnesium
sulfate, filtered, concentrated and purified via flash column chroma-
tography.

General Procedure B

Magnesium powder (1.30 equiv) and LiCl (1.10 equiv) were placed in
areaction tube and flame-dried in vacuo three times. After cooling to
ambient temperature, enough THF was added to cover the solids. The
magnesium was activated by addition of a few drops of dibro-
moethane and heating. After cooling back to ambient temperature,
B(0i-Pr); (1.00 equiv) was added. The cycloalkenyl iodide was added
dropwise as a solution in THF (1.00 equiv, 0.5 M) and the resulting
solution stirred for 2 h, after which a grey suspension had formed,
which was divided into equimolar portions in new reaction tubes. To
the portions were then added Pd(dppf)Cl,-CH,Cl, (4 mol%), the cross-
coupling partner (aromatic iodide, bromide, tosylate or chloride)
(0.80 equiv) and an aqueous solution of NaOH (1.5 equiv 1.00 M). The
reaction mixture was stirred overnight and then extracted with Et,0
(3 x20 mL), washed with a saturated aqueous solution of sodium
chloride (20 mL), dried over magnesium sulfate, filtered, concentrated
and purified via flash column chromatography.

1-lodo-2-methylcyclopent-1-ene (1b)

Commercially available 5-iodopent-1-yne (1.93 g, 10 mmol, 1.0
equiv) was dissolved in dry pentane (30 mL) in a Schlenk tube and
cooled to -78 °C. n-BulLi (2.39 M, 10 mmol, 1.0 equiv) was then added
dropwise and the reaction mixture was stirred for 30 min before be-
ing warmed to -50 °C for 5 min. The mixture was then cooled back to
-78 °C and dimethylaluminum chloride (1 M in CH,Cl,, 10 mmol, 1.0
equiv) was added dropwise and the resulting mixture stirred for a
further 30 min. The mixture was then allowed to reach room tem-
perature. In another Schlenk flask, zirconocene dichloride (2.93 g, 10
mmol, 1.0 equiv) was dissolved in CH,Cl, (25 mL) and trimethylalumi-
num (2 M, 20 mmol, 2.0 equiv) was added at room temperature and
the mixture stirred for 1 h. The first Schlenk flask was then cooled
back to -78 °C before dropwise addition of the solution from the sec-
ond Schlenk flask. The combined reaction mixture was allowed to
reach room temperature and stirred for 1 h. The solvent was then re-
moved in vacuo and a red solid remained, which was dissolved in THF
(50 mL). After 30 min, complete conversion into the cyclized pentene
was confirmed by GC-MS. The reaction mixture was cooled to -78 °C
and iodine (5.58 g, 22 mmol, 2.2 equiv) was added portionwise. The
mixture was allowed to reach room temperature and then poured
into ice-cold HCI (2 M, 200 mL). The layers were separated and the
aqueous layer was extracted with hexane (2 x 100 mL). The combined
organics were washed with a saturated sodium thiosulfate solution.
The organics were dried over MgSO, filtered and the solvent evapo-
rated at 20 °C (60 mbar) due to the volatility of the desired product.
Column chromatography (hexane) yielded the desired product as a
colorless oil, which was stored at -20 °C to avoid decomposition.

Special Topic

Yield: 1.48 g, 7.09 mmol (71%); Ry= 0.79 (hexane; UV, KMnO,, PAA).
'H NMR (400 MHz, CDCl,): § = 2.74-2.54(m, 2 H), 2.31 (, ] = 8.5 Hz, 2
H), 2.04-1.82 (m, 2 H), 1.80-1.72 (m, 3 H).

Spectroscopic data are in agreement with the previously reported
characterization."

1-(2-Methylcyclobut-1-en-1-yl)-3-nitrobenzene (3a)

Using 1-iodo-2-methylcyclobut-1-ene and 1-iodo-3-nitrobenzene
according to general procedure A provided 3a as a yellow solid.

Yield: 49 mg, 0.26 mmol (96%); R, = 0.32 (hexane/EtOAc, 98:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8 =8.09 (t,J = 2.0 Hz, 1 H), 8.01 (ddd, J =
8.1,2.4,1.0Hz, 1 H), 7.60 (dt,J= 7.7, 1.4 Hz, 1 H), 7.47 (t,J = 7.9 Hz, 1
H), 2.70-2.63 (m, 2 H), 2.52-2.42 (m, 2 H), 2.08-1.99 (m, 3 H).

3C NMR (101 MHz, CDCl;): & =148.6, 143.0, 137.7, 135.7, 131.2,
129.3,121.0,120.0, 30.2, 26.3, 16.5.

MS (EI): m/z (%) = 189 (11) [M]*, 172 (43), 141 (67), 128 (100), 115
(58).

HRMS (EI): m/z [M]' calcd for C,,H,;NO,: 189.0790; found: 189.0783.
Compound 3a was also synthesized according to general procedure B.
Yield: 41 mg, 0.22 mmol (90%); mp 115-117 °C.

1-[4-(2-Methylcyclobut-1-en-1-yl)phenyljethan-1-one (3b)

Using 1-iodo-2-methylcyclobut-1-ene and 1-(4-iodophenyl)ethan-1-
one according to general procedure A provided 3b as a colorless oil.
Yield: 30 mg, 0.16 mmol (81%); R, = 0.5 (hexane/EtOAc, 95:5; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8 =7.91 (d,] = 8.4 Hz, 2 H), 7.37 (d, ] = 8.4
Hz, 2 H), 2.66-2.63 (m, 2 H), 2.58 (s, 3 H), 2.49-2.44 (m, 2 H), 2.05-
2.02 (m, 3 H).

*C NMR (101 MHz, CDCl): §=197.7, 143.4, 140.7, 137.1, 1349,
128.7,125.4,30.3, 26.7, 26.2, 16.7.

MS (EI): m/z (%) = 186 [M]* (30), 171 (20), 143 (80), 128 (100), 115
(40).

HRMS (EI): m/z [M]' calcd for C,5H,,0: 186.1045; found: 186.1037.

1-[4-(2-Methylcyclobut-1-en-1-yl)phenyl]-3-morpholino-5,6-di-
hydropyridin-2(1H)-one (3c)

Using 1-iodo-2-methylcyclobut-1-ene and 1-(4-iodophenyl)-3-mor-
pholino-5,6-dihydropyridin-2(1H)-one according to general proce-
dure A provided 3c as a colorless oil.

Yield: 40 mg, 0.12 mmol (62%); R; = 0.2 (hexane/EtOAc, 6:4; UV, KM-
n0,, PAA).

'H NMR (400 MHz, CDCl,): § = 7.37-7.27 (m, 4 H), 5.63 (t, ] = 4.7 Hz, 1
H), 3.84-3.80 (m, 4 H), 3.78 (t, ] = 6.7 Hz, 2 H), 2.93-2.86 (m, 4 H),
2.64-2.55 (m, 2 H), 2.48 (td, ] = 6.7, 4.6 Hz, 2 H), 2.44-2.39 (m, 2 H),
2.00-1.94 (m, 3 H).

3C NMR (101 MHz, CDCly): 6=161.3, 143.8, 140.8, 139.0, 137.0,
134.1,125.6, 124.7, 114.2, 66.7, 50.5, 48.6, 29.8, 26.1, 23.4, 16.2.

1-(2-Methylcyclobut-1-en-1-yl)isoquinoline (3d)

Using 1-iodo-2-methylcyclobut-1-ene and 1-iodoisoquinoline ac-
cording to general procedure A provided 3d as a colorless oil.

Yield: 25 mg, 0.13 mmol (64%); R, = 0.3 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).
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'H NMR (400 MHz, CDCl5): & = 8.52 (d, ] = 5.6 Hz, 1 H), 8.30 (d,] = 8.5
Hz, 1 H),7.80 (d,] = 7.0 Hz, 1 H), 7.67-7.63 (m, 1 H), 7.56 (ddd, ] = 8.2,
6.8, 1.3 Hz, 1 H), 7.50 (d, ] = 5.6 Hz, 1 H), 3.11-3.06 (m, 2 H), 2.63-2.57
(m, 2 H),2.02 (s, 3 H).

BC NMR (101 MHz, CDCL): 8=155.3, 1475, 1425, 137.8, 136.8,
129.9,127.1,126.9, 126.7, 126.6, 119.2, 31.1,29.9, 17.2.

MS (EI): m/z (%) = 194 [M - H]* (100), 180 (100), 167 (30), 154 (20).

HRMS (EI): mjz [M - H]' caled for C,4H;;N: 194.0970; found:
194.0962.

2-(2-Methylcyclobut-1-en-1-yl)-5-nitropyridine (3e)

Using 1-iodo-2-methylcyclobut-1-ene and 2-iodo-5-nitropyridine
according to general procedure A provided 3e as a yellow oil.

Yield: 27 mg, 0.14 mmol (72%); R, = 0.5 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCL,): & = 9.37 (d,J = 2.6 Hz, 1 H), 8.39 (dd, J = 8.7,
2.7 Hz, 1H), 7.26 (d,] = 8.7 Hz, 1 H), 2.81-2.70 (m, 2 H), 2.59-2.49 (m,
2H),221(t,J=1.9Hz, 3 H).

3C NMR (101 MHz, CDCl;): §=159.2, 153.3, 145.5, 141.5, 136.8,
131.4,1196,31.1,26.1,17.2.

MS (EI): m/z (%) = 190 [M]* (40), 175 (100), 143 (60), 129 (70).

HRMS (EI): mjz [M - H]* caled for C,,HgN,0,: 189.0664; found:
189.0656.

3-Fluoro-6-methoxy-4-(2-methylcyclobut-1-en-1-yl)quinoline
(3f)

Using 1-iodo-2-methylcyclobut-1-ene and 3-fluoro-4-iodo-6-me-
thoxyquinoline according to general procedure A provided 3f as a col-
orless oil.

Yield: 25 mg, 0.10 mmol (51%); R; = 0.3 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl;): 6 =8.60 (d,J = 1.7 Hz, 1 H), 7.97 (d,] = 9.1
Hz,1H),7.30(dd,] =9.1,2.8 Hz, 1 H), 7.26 (d, ] = 4.1 Hz, 1 H), 3.92 (s,
3 H),2.98-2.89 (m, 2 H), 2.72-2.58 (m, 2 H), 1.84 (d,J = 1.3 Hz, 3 H).

13C NMR (101 MHz, CDCl,): 6 = 158.6, 154.0 (d, ] = 254.5 Hz), 148.4,
141.8 (d, ] = 2.3 Hz), 138.6 (d, ] = 29.3 Hz), 131.4,130.2, 1283 (d, ] =
3.4 Hz), 1248 (d,J=12.7 Hz), 120.8 (d,] = 2.7 Hz), 103.9 (d, ] = 5.4 Hz),
55.6,32.0,30.5 (d,] = 2.8 Hz), 17.4(d,] = 2.1 Hz).

MS (EI): m/z (%) = 243 [M]* (90), 228 (70), 212 (100), 200 (30).
HRMS (EI): m/z [M]* calcd for C,sH,,FNO: 243.1059; found: 243.1053.

Ethyl 2-[2-(2-Methylallyl)cyclobut-1-en-1-yl]benzoate (3g)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and ethyl 2-iodoben-
zoate according to general procedure A provided 3g as a yellowish oil.
Yield: 42 mg, 0.16 mmol (82%"), *with minor impurities due to the
starting material (aryl-I); Ry = 0.6 (hexane/EtOAc, 9:1; UV, KMnO,,
PAA).

"H NMR (400 MHz, CDCl;): §=7.67 (d, J=7.6 Hz, 1 H), 7.39 (t,] = 8.1
Hz,1H),7.31-7.19 (m, 2 H), 4.74 (d,] = 6.8 Hz, 2 H), 4.31 (q,J = 7.1 Hz,
2H),2.85(s,2 H),2.68-2.61(m, 2 H), 2.46-2.36 (m, 2 H), 1.68 (s, 3 H),
134 (t,J=7.1Hz, 3 H).

3C NMR (101 MHz, CDCl;): §=168.6, 142.9, 141.9, 140.2, 136.1,
131.1, 130.3, 129.6, 129.4, 126.7, 111.6, 61.3, 38.2, 29.2, 28.7, 23.0,
14.4.

MS (EI): m/z (%) = 256 [M]* (10), 241 (5), 227 (5), 209 (30), 195 (100),
181 (20).

Special Topic

HRMS (EI): m/z [M]* calcd for C;;H;,0,: 256.1463; found: 256.1458.

4-[2-(2-Methylallyl)cyclobut-1-en-1-yl]phenol (3h)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and 4-iodophenol ac-
cording to general procedure A provided 3h as a colorless oil.

Yield: 32 mg, 0.16 mmol (80%); R, = 0.3 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl;): § = 7.25-7.21 (m, 2 H), 6.83-6.76 (m, 2 H),
4.81(d,J=5.6 Hz,3 H),3.04 (s, 2 H), 2.64-2.59 (m, 2 H), 2.47-2.40 (m,
2H),1.78 (s, 3 H).

13C NMR (101 MHz, CDCly): & =154.4, 142.9, 138.6, 137.7, 1294,
127.2,115.3,111.5, 39.0, 28.3, 26.2, 23.1.

MS (EI): m/z (%) = 200 [M]* (30), 185 (80), 171 (20), 158 (100), 144
(30).

HRMS (EI): m/z [M]* calcd for C,4H,¢0: 200.1201; found: 200.1195.

3-[2-(2-Methylallyl)cyclobut-1-en-1-yl]benzoic Acid (3i)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and 3-iodobenzoic
acid according to general procedure A provided 3i as a colorless oil.
Yield: 44 mg, 0.19 mmol (96%); R = 0.3 (hexane/EtOAc, 95:5; UV, KM-
n0,, PAA).

"H NMR (400 MHz, CDCl;):  =8.07 (s, 1 H), 7.95 (d, ] = 7.7 Hz, 1 H),
7.57(d,] =7.7 Hz, 1 H), 7.43 (t,] = 7.7 Hz, 1 H), 4.84 (5, 2 H), 3.13 (5, 2
H),2.73-2.67 (m, 2 H), 2.53-2.46 (m, 2 H), 1.80 (s, 3 H).

13C NMR (101 MHz, CDCly): 6 =172.3, 142.4, 1422, 138.2, 1364,
129.5,128.7,128.3, 127.4, 111.9, 39.1, 28.6, 26.2, 23.1.

MS (EI): m/z (%) =228 [M]* (5),212 (10), 183 (100), 167 (20), 155 (50).
HRMS (EI): m/z [M]* calcd for C,sH,s0,: 228.1150; found: 228.1143.

6-(2-Methylcyclobut-1-en-1-yl)picolinonitrile (3j)

Using 1-iodo-2-methylcyclobut-1-ene and 6-bromopicolinonitrile
according to general procedure A provided 3j as a colorless oil.

Yield: 25 mg, 0.15 mmol (74%); R, = 0.5 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): §=7.72 (t,] = 7.8 Hz, 1 H), 7.44 (d, ] = 7.6
Hz, 1 H), 7.31 (d, ] = 8.1 Hz, 1 H), 2.73-2.63 (m, 2 H), 2.53-2.44 (m, 2
H),2.16(s,3 H).

3C NMR (101 MHz, CDCly): §=155.9, 149.6, 137.0, 136.2, 133.6,
125.4,123.0,117.8, 30.6, 26.0, 16.8.

MS (EI): m/z (%) = 170 [M]* (20), 155 (100), 142 (10), 129 (10), 115
(10).

HRMS (EI): m/z [M]* caled for C,H,oN,: 170.0844; found: 170.0843.

6-(2-Methylcyclobut-1-en-1-yl)imidazo[1,2-a]pyrazine (3k)

Using 1-iodo-2-methylcyclobut-1-ene and 6-bromoimidazo[1,2-
a]pyrazine according to general procedure A provided 3k as a yellow-
ish oil.

Yield: 35 mg, 0.19 mmol (94%); R, = 0.1 (hexane/EtOAc, 5:5; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl;): 8 = 9.06 (s, 1 H), 7.85 (s, 1 H), 7.75 (s, 1 H),
7.63 (s, 1H),2.72-2.61 (m, 2 H), 2.55-2.43 (m, 2 H), 2.15 (s, 3 H).

3C NMR (101 MHz, CDCl,): & =144.5, 143.3, 139.8, 137.5, 135.7,
133.7,114.1,113.7, 30.5, 25.7, 16.5.

MS (EI): m/z (%)= 185 [M]*(70), 184 (100), 170 (100), 157 (5), 144 (5).
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HRMS (EI): m/z [M - H]' calcd for C;;H;(N3: 184.0875; found:
184.0869.

5-(2-Methylcyclobut-1-en-1-yl)-3-nitropyridin-2-amine (31)

Using 1-iodo-2-methylcyclobut-1-ene and 5-bromo-3-nitropyridin-
2-amine according to general procedure A provided 31 as a yellow oil.
Yield: 37 mg, 0.18 mmol (91%); R, = 0.1 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

H NMR (400 MHz, CDCl,): & = 8.40 (d, ] = 2.2 Hz, 1 H), 8.25 (d, ] = 2.1
Hz,1H),6.69 (s, 2 H), 2.66-2.56 (m, 2 H), 2.50-2.40 (m, 2 H), 1.99 (s, 3
H).

3C NMR (101 MHz, CDCly): §=153.3, 151.7, 140.2, 132.8, 130.5,
128.0,123.7,30.4, 26.1, 16.5.

MS (EI): m/z (%) = 205 [M]' (100), 190 (90), 176 (40), 157 (60), 144
(60).

HRMS (EI): m/z [M]* caled for C,oH,;N;0,: 205.0851; found:
205.0840.

Pentafluoro{3-[2-(2-methylallyl)cyclobut-1-en-1-yl]phenyl}-Ac-
sulfane (3m)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and (3-bromophe-
nyl)pentafluoro-A®-sulfane according to general procedure A provid-
ed 3m as a colorless oil.

Yield: 59 mg, 0.19 mmol (95%); R;= 0.6 (hexane; UV, KMnO,, PAA).

'H NMR (400 MHz, CDCl,): & = 7.68 (s, 1 H), 7.59-7.53 (m, 1 H), 7.45-
7.36 (m, 2 H),4.83 (d,J = 9.7 Hz, 2 H), 3.08 (s, 2 H), 2.73-2.63 (m, 2 H),
2.52-2.44 (m, 2 H), 1.78 (s, 3 H).

3C NMR (101 MHz, CDCly): & =154.3, 143.4, 142.0, 137.7, 136.8,
128.8,128.5,123.9,123.3,112.1, 39.1, 28.9, 26.2, 23.0.

MS (EI): m/z (%) = 310 [M]* (60), 295 (60), 282 (10), 269 (5), 253 (5).
HRMS (EI): m/z [M]* calcd for C;4H,sFsS: 310.0815; found: 310.0807.

3-[2-(2-Methylallyl)cyclobut-1-en-1-yl]pyridin-2-ol (3n)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and 3-bromopyridin-
2-ol according to general procedure A provided 3n as a colorless oil.
Yield: 30 mg, 0.15 mmol (74%); R; = 0.1 (hexane/EtOAc, 7:3; UV,
KMnO,, PAA).

H NMR (400 MHz, CDCl,): § = 7.31 (dd, J = 7.0, 2.0 Hz, 1 H), 7.21 (dd,
J=6.5,2.0Hz,1H),6.25(t,]=6.7 Hz, 1 H), 4.79-4.74 (m, 2 H), 3.29 (s,
2 H), 2.68-2.63 (m, 2 H), 2.45-2.39 (m, 2 H), 1.75 (s, 3 H).

BC NMR (101 MHz, CDCl;): §=162.8, 144.5, 143.9, 137.0, 135.0,
132.4,127.7,111.2,106.8, 40.3, 28.5, 26.9, 23.1.

MS (EI): m/z (%) =201 [M]* (100), 186 (50), 167 (30), 134 (30).

HRMS (EI): m/z [M]* calcd for C;3H,sNO: 201.1154; found: 201.1149.

2-(2-Methylcyclobut-1-en-1-yl)-3-nitropyridine (30)

Using 1-iodo-2-methylcyclobut-1-ene and 2-chloro-3-nitropyridine
according to general procedure A provided 30 as a yellowish oil.
Yield: 25 mg, 0.13 mmol (66%).

Compound 30 was also synthesized according to general procedure B.
Yield: 32 mg, 0.17 mmol (72%); R; = 0.6 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 6 =8.72 (dd, J = 4.7, 1.6 Hz, 1 H), 7.92 (dd,
J=8.1,1.6 Hz, 1 H), 7.21 (dd, ] = 8.2, 4.7 Hz, 1 H), 2.72-2.61 (m, 2 H),
2.55-2.46 (m, 2 H), 2.10 (s, 3 H).

Special Topic

13C NMR (101 MHz, CDCl;): §=153.6, 151.9, 147.2, 144.4, 133.6,
131.4,120.8, 31.6,27.5,17.2.

MS (EI): mfz (%) = 172 (5), 160 (950), 145 (30), 130 (90), 117 (100).
HRMS (EI): mjz [M - H]* caled for C,gHgN,0,: 189.0664; found:
189.0657.

Ethyl 2-(2-Methylcyclobut-1-en-1-yl)nicotinate (3p)

Using 1-iodo-2-methylcyclobut-1-ene and ethyl 2-chloronicotinate
according to general procedure A provided 3p as a yellowish oil.
Yield: 10 mg, 0.05 mmol (23%); R; = 0.6 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8 = 8.65 (dd, J = 4.8, 1.8 Hz, 1 H), 7.87 (dd,
J=7.8,1.8Hz,1H),7.13 (dd,J=7.8,4.8 Hz, 1 H),4.36 (q,J = 7.2 Hz, 2
H),2.76-2.71 (m, 2 H), 2.48-2.42 (m, 2 H), 2.01 (5,3 H), 1.38 (t, ] = 7.2
Hz, 3 H).

13C NMR (101 MHz, CDCl,): §=168.0, 152.9, 151.1, 148.6, 137.0,
136.9, 126.0, 1204, 61.8, 30.8, 28.3, 16.7, 14.4.

MS (EI): mfz (%) =217 [M]* (10), 187 (100), 174 (15).

HRMS (EI): m/z [M]' calcd for C,3H,;sNO,: 217.1103; found: 217.1099.

1-[2-(2-Methylallyl)cyclobut-1-en-1-yl]-4-nitrobenzene (3q)

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and 4-nitrophenyl tri-
fluoromethanesulfonate according to general procedure A provided
3q as a colorless oil.

Yield: 44 mg, 0.19 mmol (96%); R, = 0.7 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8=8.17 (d,J = 8.8 Hz, 2 H), 7.42 (d, ] = 8.8
Hz, 2 H), 483 (d, ] = 16.7 Hz, 2 H), 3.12 (s, 2 H), 2.84-2.61 (m, 2 H),
2.58-2.41(m, 2 H), 1.79 (s, 3 H).

*C NMR (101 MHz, CDCl;): §=146.9, 146.0, 141.9, 141.6, 1378,
126.1,124.0,112.2, 39.3,29.1, 26.1, 23.1.

MS (EI): m/z (%) =229 [M]*(2), 212 (90), 182 (100), 168 (50), 153 (50).
HRMS (EI): mfz [M]' calcd for C,,H,sNO,: 229.1103; found: 229.1102.

1-(2-Methylcyclobut-1-en-1-yl)-4-nitrobenzene (3r)

Using 1-iodo-2-methylcyclobut-1-ene and 4-nitrophenyl trifluoro-
methanesulfonate according to general procedure B provided 3r as a
yellow oil.

Yield: 32 mg, 0.17 mmol (70%); R; = 0.29 (hexane/EtOAc, 98:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): § = 8.19-8.09 (m, 2 H), 7.46-7.28 (m, 2 H),
2.76-2.57 (m, 2 H), 2.57-2.40 (m, 2 H), 2.15-1.96 (m, 3 H).

3C NMR (101 MHz, CDCl,): §=145.9, 145.8, 142.3, 136.3, 125.7,
124.0, 30.6, 26.2, 16.7.

MS (EI): m/z (%) = 189 [M]* (23), 172 (34), 143 (63), 128 (100), 115
(50),102 (14).

HRMS (EI): mfz [M]* caled for C,;H;;NO,: 189.0790; found: 189.0783.

1-(2-Methylcyclopent-1-en-1-yl)-3-nitrobenzene (4a)

Using 1-iodo-2-methylcyclopent-1-ene and 1-iodo-3-nitrobenzene
according to general procedure A provided 4a as a light-yellow oil.
Yield: 39 mg, 0.19 mmol (96%); R; = 0.2 (hexane/EtOAc, 99:1; UV,
KMnO,, PAA).
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'H NMR (400 MHz, CDCl;): 8 = 8.13 (t,J = 1.9 Hz, 1 H), 8.04 (dd,J = 9.1,
2.1Hz,1H),7.59(d,J = 7.8 Hz, 1 H), 7.48 (t,] = 7.9 Hz, 1 H), 2.80-2.72
(m, 2 H), 2.54 (t, ] = 7.9 Hz, 2 H), 1.94 (quin, J = 7.5 Hz, 2 H), 1.88 (s, 3
H).

3C NMR (101 MHz, CDCly): §=148.3, 140.5, 138.7, 133.7, 132.4,
129.0,122.4,120.9, 40.4,37.2,21.9, 15.6.

MS (EI): m(z (%) = 203 [M]* (80), 188 (100), 156 (20), 141 (78), 128
(58), 115 (81).

HRMS (EI): m/z [M]* calcd for C;,H,;NO,: 203.0946; found: 203.0939.
Compound 4a was also synthesized according to general procedure B.
Yield: 39 mg, 0.19 mmol (96%).

1-Methyl-4-(2-methylcyclopent-1-en-1-yl)benzene (4b)

Using 1-iodo-2-methylcyclopent-1-ene and 1-iodo-4-methylbenzene
according to general procedure A provided 4b as a colorless oil.

Yield: 24 mg, 0.14 mmol (70%); R, = 0.7 (hexane; UV, KMnO,, PAA).

'H NMR (400 MHz, CDCl,): § = 7.44-7.29 (m, 4 H), 2.95-2.86 (m, 2 H),
2.73-2.60 (m, 2 H), 2.52 (s, 3 H), 2.07 (t,] = 7.5 Hz, 2 H), 2.05-1.99 (m,
3 H).

BC NMR (101 MHz, CDCl;): §=135.9, 135.7, 134.7, 134.6, 128.8,
127.6, 40.2, 37.4, 22.0, 21.3, 15.6.

MS (EI): mjz (%) = 172 [M]* (70), 157 (100), 142 (40), 129 (40), 115
(30).

HRMS (EI): m/z [M]"* caled for C,3H,4: 172.1252; found: 172.1245.

1-[4-(2-Methylcyclopent-1-en-1-yl)phenyl]ethan-1-one (4¢c)

Using 1-iodo-2-methylcyclopent-1-ene and 1-(4-iodophenyl)ethan-
1-one according to general procedure A provided 4c as a colorless oil.
Yield: 35 mg, 0.18 mmol (88%); R; = 0.3 (hexane/EtOAc, 95:5; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl;): =7.93 (d,] = 8.4 Hz, 2 H), 7.37 (d,] = 8.4
Hz, 2 H), 2.80-2.71 (m, 2 H), 2.60 (s, 3 H), 2.53 (t, ] = 7.1 Hz, 2 H),
1.97-1.90 (m, 2 H), 1.88 (s, 3 H).

3C NMR (101 MHz, CDCly): §=197.9, 143.9, 138.5, 134.8, 134.2,
128.3,127.7,40.5, 37.1, 26.7, 22.0, 15.9.

MS (EI): mjz (%) = 200 [M]* (57), 185 (100), 157 (22), 142 (25), 128
(32).

HRMS (EI): m/z [M]"* caled for C,4H,40: 200.1201; found: 200.1195.

1-[4-(2-Methylcyclopent-1-en-1-yl)phenyl]-3-morpholino-5,6-di-
hydropyridin-2(1H)-one (4d)

Using 1-iodo-2-methylcyclopent-1-ene and 1-(4-iodophenyl)-3-mor-
pholino-5,6-dihydropyridin-2-(1H)-one according to general proce-
dure A provided 4d as a light yellow sticky oil.

Yield: 35 mg, 0.10 mmol (52%); R, = 0.3 (hexane/EtOAc, 1:1; UV, KM-
n0y, PAA).

'H NMR (400 MHz, CDCl,): = 7.35-7.25 (m, 4 H), 5.63 (t,] = 4.7 Hz, 1
H), 3.84-3.76 (m, 6 H), 2.91 (t, ] = 44 Hz, 4 H), 2.75-2.66 (m, 2 H),
2.53-2.43 (m, 4 H), 1.95-1.84 (m, 2 H), 1.84 (s, 3 H).

3C NMR (101 MHz, CDCly): §=161.5, 143.9, 140.6, 136.6, 135.6,
134.3, 128.0, 124.5, 114.2, 66.9, 50.6, 48.7, 40.2, 37.3, 23.5, 21.9, 15.6.
MS (EI): mjz (%) = 338 [M]* (14), 320 (100), 307 (20), 281 (35), 253
(34),239 (31),207 (55).

HRMS (EI): m/z [M]* caled for C;;HysN,0,: 338.1994; found:
338.1988.

Special Topic

3,4-Dimethoxy-5-(2-methylcyclopent-1-en-1-yl)benzaldehyde
(4e)

Using 1-iodo-2-methylcyclopent-1-ene and 3-iodo-4,5-dimethoxy-
benzaldehyde according to general procedure A provided 4e as a col-
orless oil.

Yield: 34 mg, 0.14 mmol (69%); R; = 0.35 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl;): §=9.87 (s, 1 H), 7.34 (d, ] = 1.9 Hz, 1 H),
7.24(d,J=1.9Hz, 1 H),3.92 (s, 3 H), 3.79 (s, 3 H), 2.76-2.61 (m, 2 H),
2.47(t,]=7.0 Hz, 2 H), 1.95 (quin, ] = 7.5 Hz, 2 H), 1.65 (s, 3 H).

13C NMR (101 MHz, CDCly): §=191.6, 153.6, 152.7, 138.0, 133.6,
132.10, 132.08, 127.6, 108.7, 60.8, 56.1, 38.9, 37.8, 22.7, 15.4.

MS (EI): m/z (%) = 246 [M]* (100), 231 (27), 217 (18), 203 (18), 189
(24),161(26), 115(35).

HRMS (EI): mfz [M]* caled for C,5H,505: 246.1256; found: 246.1250.
3-Fluoro-6-methoxy-4-(2-methylcycl li

(4f)

Using 1-iodo-2-methylcyclopent-1-ene and 3-fluoro-4-iodo-6-me-
thoxyquinoline according to general procedure A provided 4f as col-
orless oil.

Yield: 38 mg, 0.15 mmol (74%); R, = 0.3 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

"H NMR (400 MHz, CDCl,): 6 =8.62 (d, J = 9.2 Hz, 1 H), 8.00 (d, ] = 9.2
Hz, 1 H),7.31 (dd,J=9.2, 28 Hz, 1 H), 6.99 (d,] = 2.8 Hz, 1 H), 3.89 (s,
3 H), 2.86-2.74 (m, 1 H), 2.71-2.66 (m, 1 H), 2.62 (t, ] = 7.3 Hz, 2 H),
2.20-1.99 (m, 2 H), 1.56 (s, 3 H).

13C NMR (101 MHz, CDCl;): 8 =158.9, 154.3 (d, J = 252.4 Hz), 142.0,
141.9, 1389 (d, J = 29.3 Hz), 131.7, 129.4 (d, ] = 3.6 Hz), 128.8 (d, ] =
14.4 Hz), 126.7, 120.8 (d, ] = 3.2 Hz), 104.1 (d, J = 5.9 Hz), 55.9, 39.2,
37.8(d,J=2.1Hz),23.5,159.

MS (EI): m/z (%) = 257 [M]* (100), 242 (25), 226 (20), 214 (40), 198
(22),184(36), 172 (20).

HRMS (EI): m{z [M]* caled for C,H,sFNO: 257.1216; found: 257.1210.

1-en-1-yl)qui

P

5-(2-Methylcyclopent-1-en-1-yl)furan-2-carbaldehyde (4g)

Using 1-iodo-2-methylcyclopent-1-ene and 5-iodofuran-2-carbalde-
hyde according to general procedure A provided 4g as a crystalline
solid.

Yield: 31 mg, 0.18 mmol (88%); mp 93-97 °C; R; = 0.2 (hexane/EtOAc,
98:2; UV, KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8 =9.56 (s, 1 H), 7.23 (d, ] = 3.7 Hz, 1 H),
6.34 (d, ] = 3.7 Hz, 1 H), 2.80-2.65 (m, 2 H), 2.60-2.48 (m, 2 H), 2.12
(quin,J = 1.6 Hz, 3 H), 1.93 (quin, J = 7.6 Hz, 2 H).

3C NMR (101 MHz, CDCly): §=177.0, 159.1, 151.2, 144.1, 124.1,
123.4,109.4, 40.9, 34.4,22.1,16.4.

MS (EI): m/z (%) = 176 [M]* (100), 161 (50), 147 (78), 129 (21), 119
(46), 105 (22).

HRMS (EI): mz [M]* calcd for C;,H,,0,: 176.0837; found: 176.0831.

6-(2-Methylcyclopent-1-en-1-yl)picol itrile (4h)

Using 1-iodo-2-methylcyclopent-1-ene and 6-bromopicolinonitrile
according to general procedure A provided 4h as a colorless oil.

Yield: 28 mg, 0.15 mmol (76%); R; = 0.3 (hexane/EtOAc, 95:5; UV,
KMnO,, PAA).
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'H NMR (400 MHz, CDCl;): § = 7.74 =(t,]= 7.9 Hz, 1 H), 7.46 (d,] = 7.6
Hz, 1H),7.41(d,] = 8.1 Hz, 1 H), 2.85-2.76 (m, 2 H), 2.58 (t,J = 7.4 Hz,
2 H),2.10(s, 3 H), 1.92 (quin, J = 7.6 Hz, 2 H).

C NMR (101 MHz, CDCl;): 8=158.8, 145.2, 136.9, 133.1, 1324,
125.2,125.1,117.8,41.3,35.8,21.7, 164.

MS (EI): mfz (%) = 184 [M]* (70), 169 (100), 155 (46), 142 (36), 129
(13),118(12), 103 (17).

HRMS (EI): m/z [M]" calcd for C,,H,,N,: 184.1000; found: 184.0994.

(E)-1-[2-(2-Methylcyclopent-1-en-1-yl)vinyl]-4-(trifluorometh-
yl)benzene (4i)

Using 1-iodo-2-methylcyclopent-1-ene and (Z)-1-(2-iodovinyl)-4-
(trifluoromethyl)benzene according to general procedure A provided
4i (E/Z = 88:12 by crude GC, isolated E/Z = 56:44) as a colorless oil.
Yield: 48 mg, 0.19 mmol (95%); R, = 0.56/0,68 (hexane; UV, KMnO,,
PAA).

'H NMR (400 MHz, CDCl,): § = 7.59-7.46 (m, 3 H), 7.37-7.30 (m, 1 H),
6.46-6.33 (m, 2 H), 2.36-2.28 (m, 2 H), 2.22-2.11 (m, 2 H), 1.75 (quin,
J=74Hz,2H),1.67 (s, 3 H).

3C NMR (101 MHz, CDCl,): 8 =142.6 (d, J = 1.6 Hz), 142.3, 133.8,
129.2,128.7 (d,J = 5.0 Hz), 128.0, 125.9, 124.7 (q, ] = 3.8 Hz), 123.1 (d,
J=1.5Hz),38.6,35.8,22.8,15.1.

MS (EI): mjz (%) = 252 [M]* (91), 237 (100), 209 (75), 183 (53), 159
(35), 141 (34), 115 (22).

HRMS (EI): m/z [M]* calcd for CysH,sF;: 252.1126; found: 252.1119.

2-(2-Methylcyclopent-1-en-1-yl)aniline (4j)

Using 1-iodo-2-methylcyclopent-1-ene and 2-iodoaniline according
to general procedure B provided 4j as a light yellow oil.

Yield: 32 mg, 0.19 mmol (93%); R, = 0.2 (hexane/EtOAc, 95:5; UV,
KMnO,, PAA).

"H NMR (400 MHz, CDCl,): 6 =7.07 (td, ] = 7.8, 1.5 Hz, 1 H), 6.98 (dd,
J=75,1.4Hz, 1 H), 6.79-6.69 (m, 2 H), 3.66 (s, 2 H), 2.68-2.57 (m, 2
H),2.48 (t,J=7.3 Hz, 2 H), 1.96 (quin, J = 7.5 Hz, 2 H), 1.61 (s, 3 H).
3C NMR (101 MHz, CDCly): §=143.6, 136.9, 1334, 129.3, 127.7,
124.9,118.2,115.2,38.8,37.9,22.6, 15.2.

MS (EI): mjz (%) = 173 [M]* (67), 158 (22), 144 (100), 130 (53), 117
(22),77 (20).

HRMS (EI): m/z [M]* calcd for C,,H;5N: 173.1204; found: 173.1198.

3-(2-Methylcyclopent-1-en-1yl)benzoic Acid (4k)

Using 1-iodo-2-methylcyclopent-1-ene and 3-iodobenzoic acid ac-
cording to general procedure B provided 4K as a light brown solid.
Yield: 38 mg, 0.19 mmol (94%); mp 116-120 °C; R, = 0.4 (hexane[1%
MeOH; UV, KMnO,, PAA).

"H NMR (400 MHz, CDCl;): 6 =11.39 (s, 1 H), 8.01 (s, 1 H), 7.91 (d, ] =
7.6 Hz,1H),7.47 (d,] =74 Hz,1 H),7.36 (t, /= 7.3 Hz, 1 H), 2.72 (s, 2
H), 2.49 (s, 2 H), 1.90 (quin, J= 7.2 Hz, 2 H), 1.83 (s, 3 H).

3C NMR (101 MHz, CDCly): 6=172.8, 139.1, 136.7, 134.1, 132.7,
1299, 129.4, 128.2, 127.9, 40.3, 37.3, 22.0, 15.6.

MS (EI): mjz (%) = 202 [M]* (100), 187 (81), 157 (52), 128 (77), 115
(67), 77 (28).

HRMS (EI): m/z [M]* calcd for Cy3H,,0,: 202.0994; found: 202.0989.

Special Topic

1-(2-Methylcyclop 1-en-1-yl)i line (41)

Using 1-iodo-2-methylcyclopent-1-ene and 1-iodoisoquinoline ac-
cording to general procedure B provided 4l as a light yellow oil.

Yield: 34 mg, 0.16 mmol (82%); R, = 0.2 (hexane/EtOAc, 9:1; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl3): 8 =8.53 (d,J = 5.7 Hz, 1 H), 7.97 (d, ] = 8.4
Hz, 1 H), 7.82 (d,J = 8.2 Hz, 1 H), 7.70-7.62 (m, 1 H), 7.57-7.51 (m, 2
H),2.97-2.82 (m, 2 H), 2.62 (t,] = 7.1 Hz, 2 H), 2.09 (quin, J = 7.5 Hz, 2
H), 1.55(s, 3 H).

3C NMR (101 MHz, CDCl;): §=160.2, 142.5, 139.9, 136.5, 1345,
130.1,127.5,127.1, 127.0, 126.9, 119.3, 39.4, 38.6, 22.9, 15.6.

MS (EI): m/z (%) = 208 [M — H]* (100), 191 (11), 180 (40), 167 (15).

HRMS (EI): mjz [M - H]' caled for C;sHy4N: 208.1126; found:
208.1120.

5-(2-Methylcyclopent-1-en-1-yl)-3-nitropyridin-2-amine (4m)
Using 1-iodo-2-methylcyclopent-1-ene and 5-bromo-3-nitropyridin-
2-amine according to general procedure B provided 4m as a yellow
solid.

Yield: 30 mg, 0.14 mmol (69%); mp 177-180 °C; R;= 0.2 (hexane/EtOAc,
9:1; UV, KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 8 =8.36 (d, ] = 2.1 Hz, 1 H), 8.31 (d,] = 2.0
Hz, 1 H), 6.70 (s, 2 H), 2.76-2.64 (m, 2 H), 2.51 (t,J = 7.1 Hz, 2 H), 1.93
(quin,J = 7.5 Hz, 2 H), 1.86 (s, 3 H).

3C NMR (101 MHz, CDCly): §=155.1, 151.7, 137.6, 133.0, 129.7,
127.9,125.4,40.2, 36.9, 21.8, 15.7.

MS (EI): m/z (%) = 219 [M]* (100), 204 (67), 173 (22), 158 (30).

HRMS (EI): m/z [M]' caled for C;;H;;N;0,: 219.1008; found:
219.0992.

2-(2-Methylcyclopent-1-en-1-yl)-3-nitropyridine (4n)

Using 1-iodo-2-methylcyclopent-1-ene and 2-chloro-3-nitropyridine
according to general procedure B provided 4n as a yellow oil.

Yield: 26 mg, 0.17 mmol (84%); R, = 0.3 (hexane/EtOAc, 8:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl,): 6 = 8.79 (dd,J = 4.7, 1.6 Hz, 1 H), 8.15 (dd,
J=82,1.6 Hz, 1 H), 7.34 (dd, J = 8.2, 4.7 Hz, 1 H), 2.84-2.70 (m, 2 H),
2.50(t,J=8.0 Hz, 2 H), 2.01 (quin, J = 7.5 Hz, 2 H), 1.61 (s, 3 H).

3C NMR (101 MHz, CDCly): §=152.9, 152.6, 146.5, 142.1, 132.2,
132.0,121.8,394, 36.7, 22.8, 15.0.

MS (EI): m/z (%) = 187 (70), 174 (35), 156 (95), 147 (100), 130 (75),
117 (65), 103 (23).

HRMS (EI): mjz [M - H]* calcd for Cy;H;;N,0,: 203.0821; found:
203.0814.

1-Methyl-2-(3-nitrophenyl)-1H-pyrrole (7a)

To a solution of 1-methyl-1H-pyrrole (90 L, 1.014 mmol) and TMEDA
(200 pL, 1.33 mmol, 1.33 equiv) in Et,0 (2 mL, 0.5 M) was slowly add-
ed a solution of n-BuLi (410 pL, 2.44 M in hexane, 1.00 equiv) at 0 °C.
After stirring for 2 h at ambient temperature, B(Oi-Pr); (230 pL, 1.00
mmol, 1.00 equiv) and THF (2 mL) were added and the resulting mix-
ture stirred for another 1 h at room temperature. Pd(dppf)Cl, di-
chloromethane adduct (16 mg, 4 mol%), 1-iodo-3-nitrobenzene (125
mg, 0.5 mmol, 0.5 equiv) and an aqueous solution of sodium hydrox-
ide (1.5 mL, 1.5 equiv 1.00 M) were subsequently added and the mix-
ture stirred overnight. The mixture was extracted with Et,0 (3 x 20
mL), washed with a saturated aqueous solution of sodium chloride
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(20 mL), dried over magnesium sulfate, filtered, concentrated and pu-
rified via flash column chromatography. Compound 7a was obtained
as a yellow solid.

Yield: 73 mg, 0.36 mmol (72%); mp 73-75 °C; R, = 0.09 (hexane/EtO-
Ac, 98:2; UV, KMnO,, PAA).

'H NMR (400 MHz, CDCl,): § =8.27 (t, ] = 2.0 Hz, 1 H), 8.13 (ddd, J =
8.3,2.3,1.1 Hz, 1H),7.74(ddd,J = 7.7, 1.7, 1.1 Hz, 1 H), 7.57 (t,] = 8.0
Hz,1H),6.79 (t,] = 2.3 Hz, 1 H), 6.36 (dd,] = 3.7, 1.8 Hz, 1 H), 6.24 (dd,
J=3.7,2.7Hz,1H),3.73 (s, 3H).

3C NMR (101 MHz, CDCl;): §=148.5, 135.0, 134.1, 132.1, 129.5,
125.4,122.8,121.4,110.4,108.5,35.4.

MS (EI): mjz (%) = 202 [M]* (100), 156 (45), 141 (11), 128 (35), 115
(25).

HRMS (EI): m/z [M]' caled for C,;H,(N,0,: 202.0742; found:
204.0736.

2-(3-Nitrophenyl)furan (7b)

To a solution of furan (75 pL, 1.014 mmol) in Et,0 (2 mL, 0.5 M) was
slowly added a solution of n-BuLi (410 pL, 2.44 M in hexane, 1.00
equiv) at 0 °C. After stirring for 1 h at ambient temperature, B(Oi-Pr),
(230 pL, 1.00 mmol, 1.00 equiv) and THF (2 mL) were added and the
resulting mixture stirred for another 1 h at room temperature. Pd(dp-
pf)Cl, dichloromethane adduct (16 mg, 4 mol%), 1-iodo-3-nitroben-
zene (125 mg, 0.5 mmol, 0.5 equiv) and an aqueous solution of sodi-
um hydroxide (1.5 mL, 1.5 equiv 1.00 M) were subsequently added
and the mixture stirred overnight. The mixture was extracted with
Et,0 (3 x 20 mL), washed with a saturated aqueous solution of sodium
chloride (20 mL), dried over magnesium sulfate, filtered, concentrated
and purified via flash column chromatography. Compound 7b was
obtained as a colorless oil.

Yield: 91 mg, 0.48 mmol (96%); R, = 0.14 (hexane/EtOAc, 98:2; UV,
KMnO,, PAA).

'H NMR (400 MHz, CDCl5): § = 8.46 (t,J = 1.9 Hz, 1 H), 8.06 (dd,J = 8.2,
1.7Hz,1H),7.93(d,J=7.8 Hz, 1 H),7.57-7.42(m, 2 H),6.79 (d,J = 3.5
Hz, 1H),6.52 (dd, ] =3.4,1.8 Hz, 1 H).

3C NMR (101 MHz, CDCly): §=151.6, 148.8, 143.4, 1324, 129.8,
129.3,121.7,118.5,112.2, 107.4.

MS (El): m/z (%) = 189 [M]* (100), 143 (23), 131 (10), 115 (100), 102
7).
HRMS (EI): m/z [M]* caled for C,,H;NO;: 189.0426; found: 189.0420.

4-(3,4-Dihydro-2H-pyran-6-yl)benzonitrile (7c)

To a solution of 3,4-dihydro-2H-pyran (90 pL, 1.014 mmol) and TMEDA
(50 pL, 0.33 mmol, 0.33 equiv) in Et,0 (2 mL, 0.5 M) was slowly added
a solution of n-BuLi (550 pL, 2.44 M in hexane, 1.34 equiv) at ambient
temperature. After stirring for 30 min, B(Oi-Pr); (230 puL, 1.00 mmol,
1.00 equiv) and THF (2 mL) were added and the resulting mixture
stirred for 1 h at room temperature. Pd(dppf)Cl, dichloromethane ad-
duct (16 mg, 4 mol%), 4-bromobenzonitrile (91 mg, 0.5 mmol, 0.5
equiv) and an aqueous solution of sodium hydroxide (1.5 mL, 1.5
equiv 1.00 M) were subsequently added and the mixture stirred over-
night. The mixture was extracted with Et,0 (3 x 20 mL), washed with
a saturated aqueous solution of sodium chloride (20 mL), dried over
magnesium sulfate, filtered, concentrated and purified via flash col-
umn chromatography. Compound 7¢ was obtained as a yellow oil.

Yield: 40 mg, 0.22 mmol (43%); R; = 0.17 (hexane/EtOAc, 98:2; UV,
KMnO,, PAA).

"H NMR (400 MHz, CDCl,): 8 = 7.65-7.59 (m, 2 H), 7.59-7.54 (m, 2 H),

Special Topic

550 (t,] = 4.2 Hz, 1 H), 4.17 (t, ] = 5.3 Hz, 2 H), 2.24 (td, ] = 6.4, 4.1 Hz,
2 H),1.96-1.85 (m, 2 H).

13C NMR (101 MHz, CDCly): §=150.2, 140.5, 132.0, 124.7, 1192,
110.9,101.0, 66.7, 22.2, 21.0.

MS (El): m/z (%) = 185 [M]* (56), 170 (9), 156 (6), 140 (7), 130 (100),
116 (5), 102 (44).

HRMS (EI): mfz [M]* calcd for C;,H;;NO: 185.0841; found: 185.0834.
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6 Outlook

The method for the synthesis of azetinecarbinols (see 5.1) was also expanded toward the synthesis of
3-vinyl azetinecarbinols 2.23, which unfortunately were not stable to isolation, but could directly be
engaged in Diels—Alder reactions to yield fused alkylidene azetidines of type 2.25.%3 As shown through
X-ray structures, the alcohol moiety shows hydrogen bonding to the tert-butyloxycarbonyl which we

assume is crucial for the observed formation of a single diastereomer.

Boc .
N OH via: tBUS\—I
NBoc - R n—S
! o 35 NSO
o e e 0 AN
R =~ ", N\ \\\ I'OH
2.23 2.24 2.25 O/f SN
0=z

Scheme 19: Synthesis of alkylidene azetine carbinols and proposed transition state.

Vinylic azetines of types 2.27 and 2.28 could also be generated via Suzuki-Miyaura cross-coupling
reactions and were equally prone to undergo efficient [4+2] reactions. The resulting fused 2- or 3-
alkylidene azetidines (2.26 and 2.29, respectively) could be obtained in up to over 90% vyield over five

consecutive steps, requiring only one purification.

NBoc / / NBoc
R! O\]\/\N):O NBoc NBoc OW\:Nf R®
— — o]

° R /224 R1J:§//R2 R“\\g:kRe %2 o
N N
- R3 R3 R5 RS ~
0226 2.27 2.28 2.290

Scheme 20: Diels—Alder reaction to furnish 2- and 3-alkylidene azetines, respectively.

4 A. Music; A. N. Baumann; M. Eisold; D. Didier, J. Org. Chem. 2018, 83, 783.
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7 Introduction

Thietane dioxides, even though scarcely examined, have shown some interesting properties in
biological assays. In the search for new inhibitors for HIV-1 protease, 3.01 has shown superior binding
properties compared to homologs having the thietane dioxide moiety replaced by open chain sulfones,
six-membered sulfones or even tetrahydrothiophenes.** Another interesting thietane dioxide is 3.02,
which demonstrated a significantly increased insecticidal action on Spodootera littoralis relative to the

state of the art cyclobutene derivative.*

oo
o.__N_A~_N 0
0=8 _S =
d (6] ~N Z
Ph o7l
0 FsC
3.01 3.02"3

Figure 6: Biologically active thietane dioxides.

Thiete dioxides however, unlike the saturated thietane dioxides, have received no real attention in
terms of biological application. This is also due to the fact that only very little reports on their

modifications exist and incorporation in drugs is limited by the conditions of their syntheses.

7.1 Thiete Dioxide Syntheses

The most reported synthesis of thiete dioxides consists of a formal [2+2] cycloaddition of an alkene
with an in-situ generated sulfene, mostly through deprotonation of methanesulfonylchloride giving
first a thietane dioxide. The latter can undergo elimination through different methods, depending on
its nature, yielding the desired thiete dioxides 3.05. Mono amino thietans 3.03 can either be converted
to thietes through Hoffmann elimination or oxidation to the corresponding amine oxide and
elimination of a hydroxyl amine.*® Aminals 3.04 can experience elimination under basic conditions to
give 3-amino thietes.*” The same behavior has been observed with ketals 3.06, but only in a single case

as the major reaction pathway.*®

4 A. K. Ghosh; H. Y. Lee; W. J. Thompson; C. Culberson; M. K. Holloway; S. P. McKee; P. M. Munson; T. T. Duong;
A. M. Smith, J. Med. Chem. 1994, 37, 1177.

4 M. Muehlebach; A. Jeanguenat; R. G. Hall WO 2007080131, 2007.

4 W. E. Truce; J. R. Norell; J. E. Richman; J. P. Walsh, Tetrahedron Lett. 1963, 4, 1677; J. N. Wells; F. S. Abbott, J.
Med. Chem. 1966, 9, 489.

47 R. H. Hasek; P. G. Gott; R. H. Meen; J. C. Martin, J. Org. Chem. 1963, 28, 2496.

48 W. E. Truce; D. J. Abraham; P. N. Son, J. Org. Chem. 1967, 32, 990.
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Scheme 21: Elimination reaction of thietane dioxides to thiete dioxides.

In 1968 several groups independently reported the direct synthesis of thiete dioxides through formal

[2 + 2] cycloadditions of alkynes with sulfenes.*

The halogenation of thietan dioxides 3.07 with elemental chlorine or bromine and subsequent

elimination depicts another, yet rather limiting way of synthesizing thiete dioxides 3.09.>°

E?oz Cly or Brp 502 NEt; S0,
h —
v X
3.07 3.08 3.09

X =Br, Cl

Scheme 22: Halogenation of thietane dioxide and elimination to thiete dioxide.

The showcased methods for creating thietes all need to be applied in a synthesis’ early stages, or side
reactions with abundant functional groups like amines and halogens of complex molecules might
occur. To overcome this issue, the aim was to develop methods for the possible late stage

functionalization of thietes.

Our general approach to the desired thiete dioxide motif was an 1,2-addition of an organometallic
reagent to commercially available 3-thietanone 3.10, followed by double oxidation to the sulfone
moiety and subsequent elimination.>! This route requires only one purification step and can be

conducted in less than a day’s work.

49 A. M. Hamid; S. Trippett, Journal of the Chemical Society C: Organic 1968, 1612; W. E. Truce; R. H. Bavry; P. S.
Bailey, Tetrahedron Lett. 1968, 9, 5651; M. H. Rosen, Tetrahedron Lett. 1969, 10, 647; D.R. Eckroth; G. M. Love,
J. Org. Chem. 1969, 34, 1136.

50 M. Lancaster; D. J. H. Smith, Synthesis 1982, 1982, 582; T. C. Sedergran; M. Yokoyama; D. C. Dittmer, J. Org.
Chem. 1984, 49, 2408.

51 3-Thietanone: Available from Fluorochem Ltd. (5 g, £ 54.00) 2018; J. A. Burkhard, New Opportunities for Four-
Membered Heterocycles: From Synthetic Studies to Unique Applications in Drug Discovery. PhD Thesis, ETH Ziirich,
2011, DOI: 10.3929/ethz-a-006834147.
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s o)
$ R-[M] mCPBA 2 MsCl, NEt; — S0,
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Scheme 23: Synthesis of 3-substituted thiete dioxides.

The so obtained thiete dioxides were then modified through various organometallic methods, C—H

activation being one of them.

7.2 C—H Activation

C—H activation provides a method for the late-stage diversification of biologically active molecules and
therefore is the ultimate tool to make a series of slightly modified analogs for activity screenings. As
such it comes as no surprise that the field of C—H activation has made tremendous progress in the last
few years. A recent example of how far chemists have come can be found in a report of Yu.>? In typical
examples on arenes, the transition metal catalyst inserts into the carbon-hydrogen bond ortho to the
directing group (step i-ii, Scheme 24). Through introduction of a norbornene the activation site can be
relayed, similar to what is observed in the Catellani reaction, thus effectively activating the meta
position (step iii-iv).>® After oxidative addition and reductive elimination (step v-vi) the meta position
ends up arylated. Subsequent extrusion of the norbornene and protic termination (step vii-viii) gives

the final product.

52 H. Shi; A. N. Herron; Y. Shao; Q. Shao; J.-Q. Yu, Nature 2018, 558, 581.
53 M. Catellani; F. Frignani; A. Rangoni, Angew. Chem. Int. Ed. Engl. 1997, 36, 119.
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vii

Me DG

I Me DG

[Pd]

Ar-|

Scheme 24: Possible catalytic cycle for meta C-H arylation.

The group of Yu introduced a chiral norbornene derivative, which renders the reaction enantioselective
(Scheme 25, up to 99:1 e.r.) and allows kinetic resolution (Scheme 26, up to 93:7 e.r.) of racemic

starting materials, respectively.

Pd(OAc) 10 mol%
L 3-Me-5-Ph-pyridine 20 mol%

(+)-NBE-CO,Me 20 mol%
3.14 AgOAc 3.0 eq 3.16
MTBE, A

| OMe
OMe OMe ©i v
3.15 CO,Me NH
Ns~

Scheme 25: meta C-H arylation with desymmetrization.

o
I O
MeO,C ‘ 318\ /
O Pd(OAc) 10 mol%
ns- N 3-Me-5-Ph-pyridine 20 mol%
(+)-NBE-CO,Me 20 mol%
3.17 AgOAc 3.0 eq
MTBE, A

Scheme 26: meta C—H arylation with kinetic resolution.
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8 Results

8.1 Parallel Approaches for the Functionalization of Thietes: a-Metalation versus C-H

Activation

Reprinted with permission from M. Eisold, A. Miiller-Deku, F. Reiners, D. Didier, Org. Lett. 2018, 20,
4654. Copyright© 2018 American Chemical Society.
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C onceptually new approaches that enable implementation
of functionalities in bioactive targets have emerged as
essential tools in drug discovery processes. Simplicity,
versatility, selectivity, and functional group tolerance have to
meet for the method to become a privileged path in organic
and medicinal chemistry. Most recent examples reported by
the groups of Carreira and Baran demonstrate the lmportance
of small, strained bioisosteres, such as oxetanes," azetidines,” or
propellanes,” in the modulation of bioactivities. In this context,
we have recently assembled strategies to broadly and
selectively access cyclobutenes’ and azetines,” constituting a
large library of building blocks. These allowed us to open
unprecedented routes toward the stereocontrolled formation of
alkylidenecyclobutanes,” alkylideneazetidines,” and fused sys-
tems thereof.” S-containing heterocycles have vastly demon-
strated their importance in fundamental and applied
chemistry.” However, while most studied thiophene derivatives
have been employed as base units in conducting or light-
emitting materials'’ but also intensively in modern drug
design,” smaller nonaromatic patterns such as thietes, have
been scarcely investigated. Only a few reports describe their
selective formation and in a restrained scope, limiting their
potential applications. We believe that straightforward and
general accesses to unsaturated S-containing four-membered
heterocycles will ultimately enable their incorporation in
medicinal chemistry studies.

We describe herein parallel complementary approaches
toward disubstituted thietes, paving the way to new classes
of functionalized heterocycles. In the first sequence (a-
lithiation/transmetalation), substrate 1 was subjected to s-
BuLi to undergo a-lithiation at the more reactive sp> center.
The intermediate thietyllithium can then either be trapped
with an electrophile or tempered by transmetalation with a
metallic salt to allow the introduction of more sensitive
electrophiles, as well as cross-coupling reactions (2). In
parallel, a complementary strategy for direct arylation (3)
was elaborated through C—H functionalization, employing
inexpensive palladium catalysts (Scheme 1).

A4 ACS Publications  © 2018 American Chemical Society 4654

Scheme 1. Parallel Approaches toward 2,3-Disubstituted
Thietes

a-lithiation / transmetalation sequence

s-BuLi MX,

J:k allyl
sp® s”O;O 2 o :ﬁ;lbonw
= aryl

RO & (Pl 2o

1 \_@_R
¢)-x

Cgp2-H functionalization strategy

1,2-Nucleophilic addition of a lithium or Gngnard reagent
on commercially available thietanone 4,'* followed by
oxidation of the sulfide moiety gave tertiary alcohol § (Scheme
2). Thiete substrates 1 were obtained in reasonable yields after
a simple elimination reaction."

Metalation of thiete 1a was first examined, employing s-BuLi
as a base for selective C-sp> deprotonation. Direct quenching
with D,0 or TMSCI afforded 2a—b in good yields, and the

Scheme 2. Synthetic Approach to Substrates 1

1.@-M) o o
THF, 1h MsCl, EtsN b
[S 78Crort FS’O CH;Cl, §=0
o 2. mCPBA rt, 30 min .;‘
4 CH,Cl, 5 1
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@-(M] = PhMgCl, n-BuLi, c-PrMgBr, Ph(CH,),MgBr, Ph—=—Li
MgBr

MeO
MgBr MgBr MgBr ]Q/

O weo
MeO F OMe
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addition of aromatic and heteroaromatic aldehydes produced
thiete carbinols 2c—e with up to 91% yield (Scheme 3).'* The

Scheme 3. @-Metalation for the Functionalization of Thietes

19
o x® 0
g g
PH THF Ph;-k.
12 -78°Ct025°C 2a-g
lithiation - electrophilic trapping®
Ph D Ph ™S
2a 87% 2b 76%
(X@ =D;0) (X@ =TMSCI)
S0, S0, S0,
L] L N5 2
PhJ:S/Ph Ph):S’OV % pH (s
HO HO lo]
2¢ 7% 2d 55% 2e 91%
( X4 =RCHO)

lithiation - transmetalation - iodoloysis’®)
)15(32 2f 62%
| (x@=h)

PH

lithiation - transmetalation - allylation®
—$02 29 91%
Ph N

(X@=8r"7)
® =s8ui @=znCl, @ =CucN

“Reaction conditions: (a) 0.2 mmol scale; (b) s-BuLi (1.2 equiv),
THF, =78 °C, 10 min, TMSCI and D,0O were used in excess, or 0.16
mmol of aldehydes; (c) ZnCl, (1.3 equiv), THF, =78 to —30 °C,
then I, (0.3 mmol); and (d) ZnCl, (1.3 equiv), THF, —78 to —30 °C,
CuCN-2LiCl (0.03 mmol), then allyl bromide (0.23 mmol).

versatility of this metalation process was further explored by an
intermediary transmetalation with ZnCl, (Schemes 3 and 4).
On the one hand, iodolysis furnished the new iodinated
building block 2f. On the other hand, allylation was performed
with assistance of copper cyanide, giving structure 2g in great
yield (91%).

Taking advantage of such simple access to the thietylzinc
species, Negishi couplings were performed to synthesize
unprecedented aryl derivatives (Scheme 4).

3-Phenylthiete 1a was first used in this sequence to establish
the scope of the transformation. Electroenriched and electro-
deficient aryl iodides and bromides furnished corresponding
disubstituted thietes 2h—k in high yields (up to 85%). While a
lack of reactivity was observed for 2-iodopyridine (2I),
substituted quinoline and styryl derivatives 2n and 2m were
isolated in good yields.

Switching the substituents at position 3 for the alkyl or
alkynyl groups gave the 2-phenylthietes 20—r with moderate
yields after reaction with iodobenzene. Alternatively, the
introduction of furoyl chloride furnished the corresponding
conjugated ketone 2s in 62% yield.

On the basis of these successful first results, we took on the
challenge of using the potential acidity of the hydrogen atom at
position 2 for direct C—H functionalization (Scheme 5).

Scheme 4. a-Lithiation/Transmetalation/Pd-Catalyzed
Cross Coupling Sequence Towards Functionalized Thietes”

1.s-Buli 2.2nCl, 3.@X
o THF -78°C  Pd(dba),/TFP o
Vo <78°C  1025°C (4/8 mol %) &o
B 30min _15min_ _25°C, 12h )
1l ‘ @ 2h-t
S0,
B 2h (R=H) 76%
Bit 2i (R =4-Me) 69%
2j (R =4-OMe) 85%

2k (R =4-CO,Et) 82%

R
OMe
S0, —$02 S0,
ph;KC? S A LS 2\
= Ph F™N\=N

21 35% 2m 64% 2n 62%
902 20 (R=n-Bu) 63%
2p (R=(CHp,Ph)  66%
R 2q (R=—==—Ph) 40%
2r (R=cPr) 0%
S0,
= 4
i V25 62%

“Reaction conditions: (a) 0.2 mmol; (b) s-BuLi (1.2 equiv); (c)
ZnCl, (1.3 equiv); and (d) Ar—X (0.16 mmol).

In contrast to metalation strategies that require the use of
stoichiometric amounts of a strong base, direct palladium-
catalyzed C—H functionalization presents attractive features in
terms of functional group tolerance, versatility, and efficacy. In
this context, great achievements on directed arylation have
been reported since the pioneering findings of Tajima and
Ames."* While base-assisted Pd-catalyzed arylations allowed us
to broaden the application range with consequent improve-
ment, Fagnou and co-workers'® demonstrated the utility of
carboxylic acids as cocatalysts to tremendously modulate the
activity of the catalytic systems.'” However, most methods
describe the functionalization of aromatic cores. Nonaromatic
sp>-systems have received much less attention, and the scope
of reported transformations remains quite limited."*

Optimizations on direct a-arylation of substrate 1aled to the
best conversions employing conditions described by Acker-
mann et al. on substituted triazoles,'” when using pivalic acid
in the presence of Pd(OAc),/PCy,. 3-Phenylthiete la was
then employed first with diversely substituted aromatic
bromides (Scheme 5). Both electron donor and acceptor
substituents led to arylated compounds 2i—j and 3a—f in good-
to-excellent yields (up to 96%). S-Bromobenzothiophene was
also efficiently introduced (3j, 80%) as well as bromopyridines
(3g—i, up to 95%), with an exception for 21 (40%). Moderate
to good yields were obtained in the presence of electron donor
substituents on the aryl group at position 3, furnishing the
desired arylated or heteroarylated products 3k—n.

Naphthyl groups were also evaluated, furnishing 30—q with
up to 95% yield. Electron-withdrawing groups also reacted very
efficiently in this C—H functionalization, giving the disub-
stituted structure 3r with 95% yield. Interestingly, alkyl groups
at position 3 were also tolerated, opening unique access to
functionalized scaffold 3s in high yield (87%).

DOI: 10.1021/acs.orglett.8b01961
Org. Lett. 2018, 20, 46544658
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Scheme 5. Direct Pd-Catalyzed C—H Functionalization of
Thiete Derivatives”
Pd(OAC), (4 mol %)

PivOH (30 mol %)
P(c-hex); (8 mol %)

8 o K,COj3 (2 equiv) ,(2
T eng” —@— &=
e \. p—
qla) toluene, 110 °C, 16 h 2.3
2i (R=4-Me) 96%
o) 2j (R=4-MeO) 89%
§=0 3a (R=4-Cl) 61%
B 3b (R=3-Cl4-F) 91%
PH 3¢ (R=4-CFy) 65%
3d (R=4-Ac) 7%
R 3e (R=4-CN) 90%
3f (R=3-NOy) 91%
S 2l (R=H) 40%
=N 3g (R=4-Me) 95%
PhH A 3h (R =3-morpholino) 80%
IR
________________________________________ o
S,,O: & &o
Ph):h,CFa £ A
3i 83% N~ 3j 80% s
........................................... e
s’('):o _S":°
= MeO
& 0o T
MeO O F
MeO oM
o 3k 55% ® a1 55%
o]
1
S:
" R 3m (R=4-Me) 75%
MeO O O 3n (R=34-OMe),)  60%

3r 95%
[a] 0.2 mmol. [b] 0.3 mmol.

“Reaction conditions: (a) 0.2 mmol and (b) 0.3 mmol.

Given the simplicity and great efficiency of the method, we
were intrigued by defining its mode of action. Intermolecular
competition experiments (Scheme 6) revealed electron-rich
substrates to be preferentially functionalized.

4656

Scheme 6. Competition Experiments

so SO,
OMe CN );J : i
o o Q
&
Pd(OAc); (4 mol %)
PivOH (30 mol %) R
Br Br P(c-hex)s (8 mol %) (2j:3e =3.8:1)
K,CO3 (2 equiv)
toluene, 110 °C, 16 h 2 R=OMe
3e R=CN
[o) O
sz Sz Br SO,
Y Y R =
Me g
Pd(OAc); (4 mol %) s M
PiVOH (30 mol %) 2
I MeO o OMe P(c-hex) (8 mol %) (3m:3r=16:1)
e K:COs (2equiv) 30 R =34 5.(MeO),
% =3,4,94 3
toluene, 110°C, 16 h 3r R=4-F

Such findings indicate that the C—H activation step should
occur through a base-assisted internal substitution (BIES),*
discrediting the possibility of a concerted-metalation-deproto-
nation (CMD) mechanism.”'

We thus proposed a catalytic cycle based on these
observations (Scheme 7), in which the potassium carbonate

Scheme 7. Proposed Mechanism for Pivalate-Assisted
Palladium-Catalyzed Functionalization of Thietes

-

[Pd]eat

o

J;ioz Ar-{Pd]}-Br
R’ PdrAr —
((_A KzCOs KBr
” A KHCO,

§:0-:[pd 0
@“ [c'))] A—{pd)] )—tBu
H. o
@JJ\{—BU
-
R

R

acts as a proton-shuttle to regenerate the pivalate ligand. We
assume that a 7-addition of the double bond onto the
palladium complex occurs (after coordination to the sulfone),
followed by an intramolecular proton-abstraction by the
carboxylate, rebuilding the unsaturation of the four-membered
ring.
éonsidering the broad versatility of our synthetic methods,
we finally focused on synthesizing drug analogs. In fact,
compounds that disrupt tubulin dynamics by exalting 7-
interactions are extensively used in chemotherapy.”” Isosteres
of the original colchicine (Figure 1) have thus emerged as
potential candidates for such applications.

Through simple C—H functionalization, analogs 3n and 3t
of the metabolically unstable CA-4 were synthesized and
evaluated against HL60 cell lines. While pentamethylated
structure 3n showed inefficient apoptosis (ICg, > SO #M), the
direct phenol analogue 3t induced cell death at low
concentration (ICs, = 2 uM). This new class of bioactive

DOI: 10.1021/acs.orglett.8b01961
Org. Lett. 2018, 20, 46544658
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MeO OMe OMe

Combretastatin A-4 (CA-4)
ICso (HELA) = 0.003 yM

Colchicine
ICso (HELA) = 0.0087 uM

4[ our new thiete dioxide analogs }—

SO, SO,
MeO O O OMe MeO O O OH
MeO” e OMe MeO” He OMe
3n  ICsp (HLEO) > 50 M 3t ICsg (HLEO) =2 uM

Figure 1. Known tubulin-polymerization inhibitors vs our thiete
analogs.™

thietes surely represents a great input in drug discovery due to
the continuous need for fine structural modulation.

In summary, we have unlocked two paths toward the
formation of unique unsaturated four-membered S-hetero-
cycles. While a classical strategy relying on metalation-
transmetalation opened a route for electrophilic trapping or
cross-coupling reactions, direct C—H functionalization allowed
us to access a wide range of substituted thietes with exceptional
functional group tolerance. Enabling facile structural mod-
ification ultimately led us to discover new classes of polar
Combretastatin A-4 analogs possessing interesting antitumor
properties.
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9 Outlook

Further efforts of the group concerning the thiete moiety are bound for different directions. By
increasing the bulkiness of the thiete’s substituent, we hope to enforce axial chirality. The proper
functional groups could then allow for strong m-stacking interactions, locking the molecules in their
conformation. Such products (3.20) pose as potential analogs for helicenes which have already found

application in asymmetric catalysis, optoelectric materials and other fields.>*

Another area of interest is the embedment of thietes in fused ring systems. Through [3+2]
cycloadditions, the first isoxazoline fused thietans were synthesized (3.21), enabling new space for

chemical explorations.>®

Figure 7: Thiete 3.20 with axial chirality and isoxazoline fused thietane 3.21.

54 M. Gingras, Chem. Soc. Rev. 2013, 42, 1051.
55 A. N. Baumann; T. Juli; F. Reiners; D. Didier, manuscript submitted.
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The following experimental part highlights some of the typical procedures applied and compounds
synthesized in the course of this thesis. For full details, the respective supporting information can be

downloaded free of charge from the publishers’ websites.

10 General Considerations

Commercially available starting materials were used without further purification unless otherwise
stated. All reactions were carried out under N; atmosphere in flame-dried glassware. Syringes used to

transfer anhydrous solvents or reagents were purged with nitrogen prior to use.

CH,Cl; was predried over CaCl, and distilled from CaH,. THF was refluxed and distilled from sodium
benzophenone ketyl under nitrogen. Et,0 was predried over CaCl, and passed through activated Al,Os;

(the solvent purification system SPS-400-2 from Innovative Technologies Inc.).

Chromatography purifications were performed using silica gel (SiO,, 0.040-0.063 mm, 230-400 mesh
ASTM) from Merck or Florisil (MgSiOs, 60-100 mesh) from APOLLO. Some samples were purified with
preparative-layer plates using Merck PLC silica gel 60 F;s4 (2 mm). The spots were visualized under UV
(254 nm) or by staining the TLC plate with KMnQ, solution (3.0 g KMnQO,4, 300 mL H,0, 5 drops conc.
H,S0,), p-anisaldehyde solution (4 mL p-anisaldehyde, 200 mL ethanol, 3 mL acetic acid, 10 mL conc.
H>S04) and/or “Magic stain” (2.5 g phosphomolybdic acid, 1 g Ce(S04),, 94 mL H,0, 6 mL conc. H,SO4).

Diastereoisomeric ratios were determined by *H NMR and *C NMR. NMR spectra were recorded on
Mercury 200, Varian NMR-Systtem 600 or Bruker Avance Ill HD 400 MHz equipped with a CryoProbe™
spectrometers. Chemical shifts are reported as 6 values in ppm relative to residual solvent peak
(*H NMR) or solvent peak (**C NMR) in deuterated chloroform (CDCls : § 7.26 ppm for *H NMR and &
77.16 ppm for ¥C NMR). Abbreviations for signal coupling are as follows: s (singlet), d (doublet), t
(triplet), g (quartet), quint (quintet), m (multiplet), app (apparent) and br (broad). Reaction endpoints
were determined by GC or TLC monitoring of the reactions. Gas chromatography was performed with
machines of Agilent Technologies 7890, using a column of type HP 5 (Agilent 5%
phenylmethylpolysiloxane; length: 15 m; diameter: 0.25 mm; film thickness: 0.25 um) or Hewlett-
Packard 6890 or 5890 series Il, using a column of type HP 5 (HewlettPackard, 5%
phenylmethylpolysiloxane; length: 15 m; diameter: 0.25 mm; film thickness: 0.25 um). High resolution
mass spectra (HRMS) and low resolution mass spectra (LRMS) were recorded on Finnigan MAT 95Q or
Finnigan MAT 90 instrument or JEOL JMS-700. Infrared spectra were recorded on a Perkin 281 IR
spectrometer and samples were measured neat (ATR, Smiths Detection DuraSample IR Il Diamond
ATR). The absorption bands were reported in wave numbers (cm™) and abbreviations for intensity are
as follows: vs (very strong; maximum intensity), s (strong; above 75% of max. intensity), m (medium;

from 50% to 75% of max. intensity), w (weak; from 25% to 50% of max. intensity), vw (very weak;
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below 25%) and br (broad). Melting points were determined on a Biichi B-540 apparatus and are
uncorrected. Optical rotation values were determined on a P8000-P8100-T polarimeter from A. Kriiss
Optronic, running software V3.0 with 5 cm path length. Enantiomeric excess was determined using a
Shimadzu prominence HPLC machine running LabSolutions V5.42SP5 equipped with Chiralcel
Technologies Europe columns with 0.46 cm diameter and 25cm length, from Daicel chemical
industries LTD. Single crystals were grown in small quench vials with a volume of 5.0 ml from slow
evaporation of dichloromethane/hexanes mixtures at room temperature. Suitable single crystals were

then introduced into perfluorinated oil and mounted on top of a thin glass wire.
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11 Experimental for Chapter |

11.1 2.1 Highly Diastereoselective Synthesis of Methylenecyclobutanes by Merging Boron-

Homologation and Boron-Allylation Strategies

One-pot Synthesis of Methylenecyclobutanes Starting from Cyclobutene lodides

R1

R! 1) n-BuLi—78 °C ,
to =50 °C, 30 mins 3) R°CHO R2
2) 1” > Bpin 4.02 L, 1h

R I _78°Ctort, 1h CH,Cl, R3
OH
4.01 Et,0 4.03

To a stirred solution of cyclobutene iodide 4.01 (0.5 mmol, 1 eq) in 4 mL Et20 was added a solution of
n-BulLi in hexanes (212 L, 0.5 mmol, 1 eq, 2.36 M) at -78 °C. After increasing the temperature to
-50 °C, the yellow solution was stirred for 30 minutes. The reaction mixture was cooled down to -78
°C prior to addition of iodomethylboronic acid pinacol ester 4.02 (134 mg, 0.5 mmol, 1 eq) in 1 mL Et20
and let warm slowly to room temperature over 2 hours. The solution was diluted with 3 mL CHCl,,
followed by the addition of the aldehyde (0.5 mmol, 1 eq) at room temperature. The reaction was
monitored by TLC. Consumption of the intermediate cyclobutenylmethylboronic ester was observed
after 1 hour. Water was added and the mixture was extracted with Et20 (2 x 5 mL), the combined
organic phases were dried over MgS0, filtrated, concentrated under reduce pressure and purified by

flash-column chromatography on silica gel with the appropriate solvent mixture.

O O ont (§*)-[1,1'-Biphenyl]-4-yl((1R*,25*)-1,2-dimethyl-4-methylenecyclobutyl)methanol

Using 1-iodo-2,3-dimethylcyclobut-1-ene and [1,1’-biphenyl]-4-carbaldehyde provided the product
(67 mg, 0.24 mmol, 55%) as a colorless oil in >97:3:0:0 d.r.

Ri= 0.24 (5% EtOAc in hexane, UV, PAA). 'H NMR (400 MHz, CDCl3): 8 (ppm) 7.64 —7.59 (m, 2H),
7.59 —7.54 (m, 2H), 7.48 — 7.41 (m, 4H), 7.37 — 7.31 (m, 1H), 5.06 (t, J = 2.6 Hz, 1H), 4.89 (t, J = 2.1 Hz,
1H), 4.78 (s, 1H), 2.88-2.78 (m, 1H), 2.52 - 2.41 (m, 1H), 2.20 —2.12 (m, 1H), 1.01 (s, 3H), 0.85 (d, J =
7.1 Hz, 3H). **C NMR (100 MHz, CDCl5): 8 (ppm) 156.0, 141.0, 140.2, 140.2, 128.9, 127.7, 127.3, 127.1,
126.6, 106.3, 78.8, 54.4, 35.6, 31.5, 15.7, 14.1. LRMS (DEP/El): m/z (%): 183.2 (100) [M]*, 155.2 (33),
152.2 (13), 96.2 (53), 81.2 (15). HRMS (El): calcd for C13H1:0* [M—C7H11]*: 183.0810, found 183.0809.
IR: ¥ (cm™) 3566 (w), 3454 (w), 3061 (w), 3030 (w), 2960 (m), 2868 (w), 2361 (w), 2341 (w), 1668 (W),
1600 (w), 1583 (vw), 1564 (vw), 1486 (m), 1463 (w), 1448 (w), 1428 (w), 1406 (w), 1377 (m), 1332 (w),
1302 (w), 1290 (w), 1272 (w), 1182 (w), 1143 (w), 1076 (w), 1031 (m), 1019 (m), 1008 (m), 942 (w), 874
(m), 848 (m), 835 (m), 801 (vw), 769 (m), 747 (vs), 718 (w), 697 (s).
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11.2 2.2 Single-Pot Asymmetric Approach toward Enantioenriched Quaternary Stereocenter-

Containing Alkylidenecyclobutanes

Synthesis of Enantiomerically Enriched Alkylidenecyclobutanes

1) n-BuLi, =78 °C, 30 mins
1

R
~F D A M0 R’
Br -30 °C, 15 mins [Zn]

4.04 thenrt., 1h 4.06
THF

To a solution of 4-bromobut-1-yne (133 mg, 1.0 mmol, 1 eq) in 2 mL THF was added dropwise a
solution of n-Buli in hexanes (425 uL, 1.0 mmol, 1 eq, 2.36 M) at —-78 °C. After stirring for 30 minutes
at aforesaid temperature, the solution was warmed to —30 °C and stirred for an additional 5 minutes.
A solution of the zinc organyl 4.05 (1 eq) in THF was added slowly and the solution was stirred for
another 15 minutes at —30 °C. The mixture was warmed to room temperature and allowed to react for

1 hour, to yield the metallated cyclobutenyl derivative 4.06.

Cy. Cy )
Cli oPr g OHM8 o oY 1)R7z;[|1/|(]: 30 mi R 2
- mins
B - )8, j 2) ZnCl 8 j
cl oiPr r.t., 30 mins cl o~ 2 Cl o™
THE Cy -30 °C, 15 mins Cy
4.07 4.09 then r.t., 15 mins 4.10
THF

A flask was charged with a solution of diisopropyl (dichloromethyl)boronate (213 mg, 1.0 mmol, 1 eq)
in 2 mL THF. A solution of the dicyclohexylethanediol (226 mg, 1.0 mmol, 1 eq) in 5 mL THF was added
at room temperature and the mixture was stirred for 30 minutes to allow full conversion. The resulting
solvent mixture was removed under reduced pressure and substituted for pure THF (2 mL, 0.5 m). The
solution was cooled to -78 °C and a solution of the lithium organyl and Grignard species (1 eq),
respectively, was added dropwise. After stirring for 30 minutes at aforesaid temperature, a solution of
ZnCl; (1 mL, 1.0 m, 1 eq) in THF was added. The resulting mixture was then stirred for 15 minutes at

-30 °C and finally for another 15 minutes at room temperature to yield the homologated alkylboronic

ester 4.10.
R RZ 0.0V -78°C R o Cy
+ Y j then =30 °C. 15 mins d
[Zn] o thenr.t., 1-2 h NPT
“ Cy THF AR
4.06 4.10 4.1

The mixture containing the metallated cyclobutenyl derivative 4.06 was then added via syringe to the
mixture of the homologated alkylboronic ester 4.10 at -78 °C. After stirring for 15 minutes at -30 °C,

the resulting mixture was allowed to react for another 1 — 2 hours at room temperature. Volatiles were
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removed under reduced pressure to yield a pale yellow residue. The residue 4.11 was dissolved in

CHCl; (2 mL, 0.5 M) and cooled to 0 °C.

1 Cy
M/B/O‘X R°CHO
G 0°Ctort. N\ _R2
R2 o y CH,Cl, R3 R
OH
4.1 4.12

The liquid and solid aldehydes (0.5 eq) were added neat and dissolved in CH,Cl,, respectively. Upon
full consumption of the boronate intermediate 4.11, saturated ammonium chloride solution and Et,0
were added and the mixture was stirred vigorously. The aqueous phase was extracted with Et,0
(3x20 mL) and the combined organic phases were washed with agueous sodium metabisulfite
(20 mL). The washed solution was dried over MgSQ,, filtrated and concentrated under reduced
pressure. The crude alcohol was purified by flash-column chromatography on silica gel with the

appropriate solvent mixture to afford the pure alkylidenecyclobutylcarbinols 4.12.

N (5)-1-((S,E)-1-(2-Methylallyl)-2-(2-methylpropylidene)cyclobutyl)-3-

OH phenylpropan-1-ol

Using (2-methylallyl)zinc bromide as the zinc organyl, iso-propylmagnesium chloride as the magnesium
species, (1S,25)-1,2-dicyclohexylethane-1,2-diol, diisopropyl (dichloromethyl)boronate and 3-
phenylpropanal, provided the product (118 mg, 0.40 mmol, 79%) as a colorless oil in 99:1 d.r. and
99% ee.

[a]}’ = -24.63° (c = 1.34; CH,Cl,). Rs= 0.10 (2% EtOAc in hexanes; UV, PAA). *H NMR (400 MHz, CDCl):
6 (ppm) 7.43 - 7.04 (m, 5H), 5.13 = 5.05 (m, 1H), 4.83 —4.79 (m, 1H), 4.72 (s, 1H), 3.58 —3.50 (m, 1H),
3.02 - 2.90 (m, 1H), 2.70 — 2.58 (m, 1H), 2.52 — 2.43 (m, 2H), 2.41 — 2.25 (m, 2H), 2.27 — 2.12 (m, 1H),
2.02—1.80 (m, 4H), 1.77 (s, 3H), 1.75 — 1.64 (m, 1H), 0.95 (dd, J = 6.7, 4.9 Hz, 6H). 3C NMR (101 MHz,
CDCl3): 6 (ppm) 144.6,142.6,142.4,129.9, 128.6, 128.5, 125.9, 113.9, 76.3, 54.3,42.3, 33.6, 33.5, 27.8,
25.2, 24.7, 23.3, 22.8. HRMS (El): calcd for CyH300* [M]*: 298.2297, found 298.2290. IR: ¥ (cm™)
3447 (br, vw), 3065 (vw), 3027 (w), 2953 (m), 2925 (m), 2866 (w), 1642 (w), 1454 (m), 1378 (w),
1362 (m), 1287 (w), 1256 (w), 1174 (w), 1040 (m), 929 (m), 889 (m), 842 (w), 747 (m), 734 (m), 698 (vs).
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OF; 0.5% iPrOH in Heptane; 0.3 mL/min; 30 °C
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11.3 2.3 Unsaturated Four-Membered Rings: Efficient Strategies for the Construction of

Cyclobutenes and Alkylidenecyclobutanes

Synthesis of Methylenecyclobutanes Containing a Side Chain

1) n-BuLi, —78 °C, 30 mins R!
R! _ 2) Cp,ZrCly, MezAl
Br)\// -78°C
thenrt., 2 h [Al]
4.13 THE 4.14

To a solution of bromobutyne 4.13 (1.0 mmol, 1 eq) in 2 mL hexane was added dropwise a solution of
n-Buli in hexanes (425 pL, 1.0 mmol, 1 eq, 2.36 M) at =78 °C and stirred for 30 minutes. A second flask
was charged with Cp,ZrCl; (292 mg, 1.0 mmol, 1 eq) in 2 mL CHxCl, and a solution of MesAl (1 mL,
2.0 mmol, 2.0 eq, 2.0 M) in hexane was added at room temperature and stirred for 30 minutes. The
second solution was transferred to the first one at =78 °C via cannula. The resulting mixture was then

allowed to stir at room temperature for 2 hours to form the metallated cyclobutenyl derivative 4.14.

R!
R! o~
| Bpin 4.02 R2CHO
-78°Ctort, 2h 0°C,1h
THF CH,CI 2
[Al] 212 RT"NoH
4.14 4.15

The reaction mixture was cooled back to -78 °C and iodomethylboronic acid pinacol ester (268 mg,
1.0 mmol, 1 eq) in 1 mL THF was added. The solution was warmed to room temperature over 2 hours.
Excess organometallic species was quenched through addition of water (very carefully) and the boronic
ester intermediate was extracted with Et,0 (3 x 20 mL). The combined organic phases were washed
with brine (20 mL), dried over MgSQ,, filtrated and concentrated under reduced pressure. The residue
was dissolved in 2 mL CH,Cl, and cooled to 0 °C. The liquid and solid aldehydes (0.5 eq) were added
neat and dissolved in CH,Cl,, respectively. Upon full consumption of the boronate intermediate,
saturated aqueous NHCl solution and Et,O were added and the mixture was stirred vigorously. The
aqueous phase was extracted with Et,0 (3 x 20 mL) and the combined organic phases washed with
aqueous NayS;0s (20 mL). The washed solution was dried over MgSQ,, filtrated and concentrated
under reduced pressure. The crude alcohol was purified by flash-column chromatography on silica gel

with the appropriate solvent mixture to afford the pure alkylidenecyclobutylcarbinols 4.15.
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Br (8*,1'S*,4'R*)-(5-Bromopyridin-3-yl)(1'-methyl-2'-methylene-4'-
N

o pentylcyclobutyl)methanol

Using 4-bromonon-1-yne and 5-bromonicotinaldehyde provided the product (79 mg, 0.23 mmol, 59%)

as a colorless oil in >99:1:0:0 d.r.

R:=0.23 (10% EtOAc in hexanes; UV, KMnOa, PAA). 'H NMR (400 MHz, CDCls): & (ppm) 8.55 (s, 1H),
8.51 (s, 1H), 8.00 (s, 1H), 4.96 (s, 1H), 4.87 (s, 1H), 4.74 (s, 1H), 2.70 — 2.62 (m, 1H), 1.20 — 2.13 (m, 2H),
1.30 - 1.15 (m, 8H), 1.06 — 1.02 (m, 1H), 0.97 (s, 3H), 0.82 (t, J = 7.2, 3H). 3C NMR (101 MHz, CDCl3): &
(ppm) 154.5,147.9, 145.1, 139.7, 139.1, 120.6, 107.0, 76.0, 54.0, 36.6, 33.9, 31.9, 30.4, 27.2, 22.6, 14.5,
14.1. LRMS (DEP/EI): m/z (%): 185 (100), 158 (52), 103 (12), 105 (6), 78 (39), 61 (8), 51 (42). HRMS (E):
calcd for C17H247°BrNO* [M]*: 337.1041; found: 337.1039. IR: ¥ (cm'?) 3282 (w), 2956 (m), 2925 (s), 2854
(m), 1669 (w), 1421 (m), 1098 (w), 1042 (m), 1021 (m), 882 (m), 706 (w).

1 .
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B3C NMR:

ﬁﬁﬁﬁﬁ

120.56
106.98
75.98
53.95

6

9

8

4

2

6

—154.52
— 147.89
—145.10
_-139.69
N 139.12

o
mmmmmm

r T T T T T T T T T T T T T T T T T T T 1
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 |
f1 (ppm)

Negishi Cross-Coupling of in-situ Generated Cyclobutenyl Zinc Species

1) n-BuLi, -78 °C, 30 mins

R’
2 4.05
~F ) Atz R
Br -30 °C, 15 mins [Zn]
4.04 EP:E rt,1h 4.06

To a solution of 4-bromobut-1-yne (100 mg, 0.75 mmol, 1 eq) in 2 mL THF was added dropwise a
solution of n-Buli in hexanes (320 uL, 0.75 mmol, 1 eq, 2.36 M) at —78 °C. After stirring for 30 minutes
at aforesaid temperature, the solution was warmed to -30 °C and stirred for an additional 5 minutes.
A solution of the zinc organyl 4.05 (1 eq) in THF was added slowly and the solution was stirred for
another 15 minutes at —30 °C. The mixture was warmed to room temperature and allowed to react for

1 hour to yield the metallated cyclobutenyl derivative 4.06.

] Ar-l 1
R Pd(dba), TFP R
[Zn] rt, 1h Ar
4.06 THF 4.16

Pd(dba); (17 mg, 4 mol%) and TFP (14 mg, 8 mol%) were dissolved in 2 mL THF in a second flask. After
10 — 20 minutes the red solution turned to yellow. The aryl iodide (0.95 eq) was added in THF to the

yellow solution of the catalytic system and stirred for 10 minutes.
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Finally the cyclobutenylzinc species 4.06 was quickly added to the second flask containing the aryl
iodide and stirred for 1 hour. After quenching with water the crude mixture was extracted with Et;0
(2 x 10 mL) and dried over MgsQa. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography or preparative layer plates on silica gel with the

appropriate solvent mixture to obtain aryl-cyclobutene derivatives 4.16.

)\% 2-(2-(2-Methylallyl)cyclobut-1-en-1-yl)pyridine

Using (2-methylallyl)zinc bromide as the zinc organyl and 2-iodopyridine provided the product (88 mg,

0.48 mmol, 80%) as an orange oil.

R: = 0.4 (10% EtOAc in hexanes; UV, KMnO,, PAA). *H NMR (400 MHz, CDCls) & (ppm) 8.58 — 8.54 (m,
1H), 7.60 (td, /= 7.7, 1.8 Hz, 1H), 7.21 (d, J = 7.9 Hz, 1H), 7.06 (dd, J = 7.4, 5.8 Hz, 1H), 4.81 — 4.78 (m,
2H), 3.27 (s, 2H), 2.77 — 2.70 (m, 2H), 2.49 — 2.45 (m, 2H), 1.77 (s, 3H). 3C NMR (101 MHz, CDCls) &
(ppm) 154.3, 149.6, 146.0, 142.7, 139.3, 136.0, 121.3, 120.6, 111.7, 39.1, 28.5, 26.0, 23.0. LRMS
(DEP/EI): m/z (%): 184.1 (35) [M]*, 170.1 (100), 156.1 (20), 144.1 (30), 130.1 (20), 117.1 (15), 104.1
(10). HRMS (El): calcd for Ci3HisN* [M]*: 185.1204, found 185.1199. IR: ¥ (cm™) 3076 (w), 3008 (vw),
2914 (m), 2840 (w), 2827 (w), 2220 (vw), 1700 (vw), 1645 (m), 1583 (s), 1560 (m), 1474 (m), 1467 (m),
1435 (m), 1426 (m), 1374 (w), 1338 (w), 1200 (w), 1148 (m), 1067 (w), 988 (w), 908 (m), 888 (s),
804 (m), 776 (s), 756 (m), 731 (vs), 708 (m), 665 (w).
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Suzuki Cross-Coupling of Cyclobutene lodides

R1
,
OH 4.01 R

: R? | !

B. RT N
R3©/ OH Pd(PPhy)s R?
KyCOs O R3

dioxane/H,0
4.17 50°C.1h 4.18

To a stirred solution of cyclobutene iodide 4.01 (0.3 mmol, 1 eq) in dioxane/H,O (4 mL:2 mL) were
added arylboronic acid 4.17 (0.4 mmol, 1.33 eq) and K,COs3 (112 mg, 0.8 mmol, 2.7 eq) at room
temperature. The reaction mixture was stirred for 10 min before adding Pd(PPhs)s (14 mg, 4 mol%).
The cross-coupling was performed at 50 °C for 1 hour. The color of the reaction mixture changed to
red or black after completion. Lastly, the reaction was treated with a small amount of water, extracted
with Et,0 (2 x 10 mL) and dried over MgS0,. The solvent was removed under reduced pressure and
the crude product was purified by column chromatography or preparative layer plates on silica gel with

the appropriate solvent mixture to obtain aryl-cyclobutene derivatives 4.18.

% 3-(2-(2-Methylallyl)cyclobut-1-en-1-yl)thiophene

S

Using 1-iodo-2-(2-methylallyl)cyclobut-1-ene and thiophen-3-ylboronic acid provided the product

(46 mg, 0.24 mmol, 81%) as an orange oil.

R: = 0.8 (hexanes; UV, KMnOs, PAA). 'H NMR (400 MHz, CDCls) 6 (ppm) 7.29 (dd, J = 5.0, 3.0 Hz, 1H),
7.18 (dd, J=5.0, 1.3 Hz, 1H), 7.15 - 7.12 (m, 1H), 4.86 — 4.80 (m, 2H), 3.06 — 3.00 (m, 2H), 2.68 — 2.62
(m, 2H), 2.51—2.44 (m, 2H), 1.79 (s, 3H). 3C NMR (101 MHz, CDCls) & (ppm) 142.8, 138.1, 138.1, 134.9,
125.8,125.6,120.3,111.6, 39.0, 28.8, 26.8, 22.9. LRMS (DEP/El): m/z (%): 190.1 (65) [M]*, 175.1 (100),
161.1 (45), 147.0 (80), 134.0 (45), 115.1 (40), 91.1 (45), 77.1 (30), 65.1 (25). HRMS (El): calcd for
Ci2H1aS* [M]*: 190.0816, found 190.0814. IR: ¥ (cm™) 3101 (vw), 3075 (w), 2969 (w), 2940 (m),
2913 (m), 2835 (w), 1656 (w), 1650 (w), 1644 (w), 1442 (w), 1426 (w), 1412 (w), 1373 (w), 1302 (w),
1268 (w), 1207 (w), 1182 (w), 1082 (w), 1066 (w), 891 (m), 852 (s), 799 (w), 771 (vs), 754 (m), 683 (w),
642 (m).
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11.4 2.4 Stereoselective Access to Alkylidenecyclobutanes through vy-Selective Cross-

Coupling Strategies

Synthesis of Enantioenriched Alkylidenecyclobutanes through y-Selective Cross-Coupling

n-Buli, —78 °C, 30 mins

1)
2) )\/ 4.19
S Z 2 )\;L
Br —-30 °C, 15 mins [Zn]

4.04 thenrt., 1h 4.20
THF

To a solution of 4-bromobut-1-yne (133 mg, 1.0 mmol, 1 eq) in 2 mL THF was added dropwise a
solution of n-Buli in hexanes (425 uL, 1.0 mmol, 1 eq, 2.36 M) at —-78 °C. After stirring for 30 minutes
at aforesaid temperature, the solution was warmed to —-30 °C and stirred for an additional 5 minutes.
A solution of 2-methylallylzinc bromide (1 eq) in THF was added slowly and the solution was stirred for
another 15 minutes at —30 °C. The mixture was warmed to room temperature and allowed to react for

1 hour, to yield the metallated cyclobutenyl derivative 4.20.

Cy. GOy
. >ﬁ 4.08 c 1) R-[M] c
C'%B,O’P' HO  OH C'%onj y 78 °C, 30 mins R%B,Oj y
of  opr r.t., 30 mins o o7 2) ZnClp ) a’ o
THF y -30 °C, 15 mins Cy
4.07 4.09 then r.t., 15 mins 4.21

THF

A flask was charged with a solution of diisopropyl (dichloromethyl)boronate (213 mg, 1.0 mmol, 1 eq)
in 2 mL THF. A solution of the dicyclohexylethanediol (226 mg, 1.0 mmol, 1 eq) in 5 mL THF was added
at room temperature and the mixture was stirred for 30 minutes to allow full conversion. The resulting
solvent mixture was removed under reduced pressure and substituted for pure THF (2 mL, 0.5 Mm). The
solution was cooled to —78 °C and a solution of the lithium organyl and Grignard species (1 eq),
respectively, was added dropwise. After stirring for 30 minutes at aforesaid temperature, a solution of
ZnCl; (1 mL, 1.0 m, 1 eq) in THF was added. The resulting mixture was then stirred for 15 minutes at

-30 °C and finally for another 15 minutes at room temperature to yield the homologated alkylboronic

ester 4.19.
R 00 -78°C o Cy
+ >—B\ j the?h—30 tC1152rr1‘1|ns g
[2Zn] o " enr.t., 1- \ e’
cl Cy T d o y
4.20 4.21 4.22

The mixture containing the metallated cyclobutenyl derivative 4.20 was then added via syringe to the
mixture of the homologated alkylboronic ester 4.21 at -78 °C. After stirring for 15 minutes at -30 °C,
the resulting mixture was allowed to react for another 1 — 2 hours at room temperature. The reaction

was quenched by pouring onto ice-cold water while stirring vigorously. The mixture was then extracted
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with Et,0 (3 x 50 mL) and the combined organic phases were washed with brine (50 mL). The washed
solution was dried over MgSQ,, filtrated and concentrated under reduced pressure. The crude product

was filtrated through silica using 2% Et,0 in hexanes as an eluent.

Cy Ar-X
,O‘X Pd(OAc),
B’y PCy; N\_R
R KOHoq Ar
4.22

Dioxane 4.23
60°C, 3-14 h

A nitrogen flushed flask was consecutively charged with crude cyclobutenylmethylboronic ester 4.22
in dioxane (~1.1 eq, 0.25 ™M), palladium acetate in dioxane (200 uL, 2 mol%, 0.02 m), tricyclohexyl-
phosphine in dioxane (200 pL, 4 mol%, 0.04 m) and the aryl halogenide in dioxane (1 eq, 1.0 M). An
aqueous solution of potassium hydroxide (115 pL, 4.5 eq, 8.0 M) was added and the resulting solution
was stirred at 60 °C for 3 — 14 hours until GC showed completion. The reaction was quenched by
addition of 5 mL aqueous saturated NH4Cl solution. The mixture was then extracted with Et,O
(3 x 10 mL) and the combined organic phases were washed with brine (10 mL). The washed solution
was dried over MgSQ,, filtrated and concentrated under reduced pressure. The crude product was

purified by flash-column chromatography on silica gel with the appropriate solvent mixture.

(R,E)-5-(1-(2-Methylallyl)-2-pentylidenecyclobutyl)-1H-indole

Using (1R,2R)-1,2-dicyclohexylethane-1,2-diol, n-BulLi as the lithium species and 5-bromo-1H-indole

provided the product (55 mg, 0.19 mmol, 94%) as a colorless oil in 99% ee.

[a]3’ = +33.33° (c = 0.12; CH,Cly). Rs= 0.22 (5% EtOAc in hexanes; UV, KMnOa, PAA). *H NMR (400 MHz,
CDCl3): & (ppm) 7.92 (s, 1H, NH), 7.58 (s, 1H), 7.23 (d, J = 8.5 Hz, 1H), 7.15 (dd, J = 8.6, 1.8 Hz, 1H), 7.06
(appt,J=2.8 Hz, 1H), 6.43 (app t, J = 2.5 Hz, 1H), 5.42 (app tt, /= 7.3, 2.6 Hz, 1H), 4.60 (s, 1H), 4.46 (s,
1H), 2.56 — 2.42 (m, 4H), 2.36 (app td, J = 9.8, 5.3 Hz, 1H), 2.24 (app td, J = 10.1, 7.3 Hz, 1H), 1.90 (q, J
= 7.0 Hz, 2H), 1.36 (s, 3H), 1.34 — 1.22 (m, 4H), 0.83 (t, J = 6.9 Hz, 3H). 3C NMR (101 MHz, CDCl5):
6 (ppm) 146.7, 143.9, 138.2, 134.2, 127.6, 124.2, 121.7, 121.3, 118.2, 113.6, 110.5, 102.7, 54.7, 50.6,
32.1,30.7,27.7,25.0, 24.5, 22.5, 14.2. LRMS (DEP/EIl) m/z (%): 293.3 (16) [M]*, 265.1 (14), 238.3 (100),
222.2 (17), 208.2 (19), 194.2 (49), 182.1 (66), 167.1 (60), 154.1 (30), 141.1 (15), 130.1 (31), 115.1 (20),
55.1 (28). HRMS (El): caled for CyiHp7N* [M]*: 293.2143, found 293.2137. IR: ¥ (cm™®) 3412 (m),
3072 (w), 2956 (s), 2922 (s), 2872 (m), 2854 (m), 1642 (w), 1578 (w), 1468 (s), 1454 (m), 1414 (m),
1374 (w), 1342 (w), 1318 (m), 1250 (w), 1094 (m), 1066 (w), 888 (s), 804 (m), 764 (m), 726 (vs).
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0J; 5% iPrOH in Heptane; 1.5 mL/min; 30 °C
PDA Ch1 269nm
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12 Experimental for Chapter Il

12.1 5.1 Methods for the Synthesis of Substituted Azetines

Suzuki Cross-Coupling of in-situ Generated 2-Azetines

NBoc 1) s-BuLi, TMEDA NBoc Ar-X
_78°C, 1h o Pd(dppf)Cl,-CH,Cl, —NBoc
MeO 2) B(OIPr); . NaOH J:k
R _78°C, 10 mins X B(OPr)4 rt, 48 h R Ar
4.24 then 0 °C, 1h 425 THF 4.26
THF

Azetidines 4.24 (0.5 mmol, 1 eq) were dissolved in 5 mL THF and the solution was cooled down to
-78 °C. After the addition of TMEDA (0.19 ml, 1.3 mmol, 2.5 eq), a solution of s-Buli in cyclohexane
(1.9 mL, 1.3 mmol, 2.5 eq, 1.31 m) was added dropwise and the mixture stirred for 1 hour. B(OiPr);
(230 pL, 1.0 mmol, 2.0 eq) was then added and the resulting mixture stirred for 10 minutes at -78 °C
before being warmed to 0 °C and stirred for another hour. Pd(dppf)Cl,-:CH,Cl; (16 mg, 0.02 mmol,
4 mol%), the corresponding aryl halide (1.0 mmol, 2.0 eq) and an aqueous solution of sodium
hydroxide (1.5 mL, 1.5 mmol, 3.0 eq, 1 M) were consecutively added. The reaction mixture was then
stirred for 48 hours at ambient temperature. After aqueous workup and extraction with Et,0 (2 x 10
ml), the organic phases were combined and dried over Na,SO.. The solvents were evaporated and the
crude product was purified by column chromatography on preneutralized silica gel (1% NEts) with the

appropriate solvent mixture to yield compounds 4.26.

NBoc tert-Butyl 4-(3-(1,3-dioxolan-2-yl)phenyl)-3-(sec-butyl)azete-1(2H)-carboxylate
= 0
Bﬁbﬁ?

Using tert-butyl 3-(sec-butyl)-3-methoxyazetidine-1-carboxylate and 2-(3-bromophenyl)-1,3-dioxolane

provided the product (128 mg, 0.36 mmol, 71%) as a colorless oil.

R = 0.48 (20% EtOAc in hexanes; UV, KMnQO,, PAA). *H NMR (400 MHz, CDCl5): & (ppm) 7.56 (t, J = 1.7
Hz, 1H), 7.48 (dt, J = 7.1, 1.7 Hz, 1H), 7.39 — 7.31 (m, 2H), 5.81 (s, 1H), 4.33 = 4.20 (m, 2H), 4.16 — 3.97
(m, 4H), 2.68 —2.51 (m, 1H), 1.48 - 1.39 (m, 2H), 1.36 (s, 9H), 1.07 (d, J = 6.9 Hz, 3H), 0.89 (t, / = 7.4 Hz,
3H). 3C NMR (101 MHz, CDCl3): 6 (ppm) 154.1, 143.4, 137.5, 130.9, 130.0, 128.2, 127.9, 125.8, 125.6,
103.6, 80.2, 65.3, 55.4, 32.3,29.4, 28.3, 19.8, 12.3. LRMS (ESI pos) m/z (%): 360.2 (11) [M]*, 304.2 (100),
260.1 (10). HRMS (ESI pos): calcd for C21H30NO4* [M]*: 360.2169, found 360.2174. IR: ¥ (cm™) 2964 (m),
2932 (w), 2876 (w), 1700 (vs), 1478 (w), 1454 (m), 1364 (vs), 1344 (s), 1284 (w), 1250 (m), 1222 (m),
1170 (s), 1134 (vs), 1098 (s), 1076 (s), 1048 (w), 1016 (m), 970 (m), 944 (m), 912 (w), 894 (m), 854 (w),
798 (m), 770 (m), 730 (m), 696 (m), 660 (w).
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Zweifel Olefination of in-situ Generated 2-Azetines

1) Ar-Bpin
NBoc s-BulLi NBoc —78 °C, 15 mins NBoc
worf T e | T amec e, X
_ ] . aOMe
R THE R Li Zeec R Ar
4.24 4.27 then 0 °C, 30 mins 4.26
thenrt., 48 h
THF

Azetidines 4.24 (0.5 mmol, 1 eq) were dissolved in 5 mL THF and the solution was cooled down to
-78 °C. After the addition of TMEDA (0.19 ml, 1.3 mmol, 2.5 eq), a solution of s-Buli in cyclohexane
(1.9 mL, 1.3 mmol, 2.5eq, 1.31 M) was added dropwise and the mixture stirred for 1 hour. The
corresponding pinacol arylboronate was added in THF (0.5 mmol, 1 eq, 0.25 M) and the resulting
mixture stirred at —=78 °C and then at 0 °C for 15 minutes each. The mixture was then cooled back to
-78 °C and a solution of iodine in THF (0.5 mmol, 1 eq, 0.25 M) was added dropwise, followed by the
addition of a suspension of sodium methoxide in methanol (5.0 mmol, 10 eq, 2.5 M). The mixture was
then stirred at 0 °C for 30 minutes and subsequently at ambient temperature for 48 hours. After
aqueous workup and extraction with Et,0 (2 x 10 ml), the organic phases were combined and dried
over Na;SO,. The solvents were evaporated and the crude product was purified by column
chromatography on preneutralized silica gel (1% NEts) with the appropriate solvent mixture to yield

compounds 4.26.

NBoc

7 O tert-Butyl 3-(phenylethynyl)-4-(p-tolyl)azete-1(2H)- carboxylate

¥

Using tert-butyl 3-methoxy-3-(phenylethynyl)azetidine-1-carboxylate and 4,4,5,5-tetramethyl-2-(p-

tolyl)-1,3,2-dioxaborolane provided the product (93 mg 0.27 mmol, 54%) as a colorless oil.

R¢= 0.74 (20% EtOAc in hexanes; UV, KMnQO,, PAA). *H NMR (400 MHz, CDCl3): 6 (ppm) 7.85 (d, J = 8.2
Hz, 2H), 7.47 —7.42 (m, 2H), 7.36 — 7.29 (m, 3H), 7.21 (d, J = 8.1 Hz, 2H), 4.53 (s, 2H), 2.38 (s, 3H), 1.48
(s, 9H). 3C NMR (101 MHz, CDCls): 6 (ppm) 153.7, 152.4, 139.7, 131.3, 128.8, 128.5, 128.3, 127.5,
127.0, 123.5, 100.1, 95.9, 83.2, 81.3, 58.9, 28.4, 21.7. LRMS (ESI pos) m/z (%): not found. HRMS (ESI
pos): not found. IR: ¥ (cm™) 2978 (w), 2936 (w), 2202 (m), 1744 (m), 1710 (s), 1684 (s), 1490 (w),
1444 (w), 1394 (m), 1362 (s), 1324 (m), 1260 (m), 1228 (s), 1148 (vs), 1086 (s), 1038 (m), 1024 (m),
1000 (m), 974 (m), 954 (m), 904 (m), 848 (m), 802 (m), 774 (m), 758 (s), 690 (s).
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12.2 5.2 One-Pot Preparation of Stable Organoboronate Reagents for the Functionalization

of Unsaturated Four- and Five-Membered Carbo- and Heterocycles

Suzuki Cross-Coupling of Storable Cyclobutenylboronates

1) n-BulLi R-X

—78 °C, 30 mins );LG Pd(dppf)Cl,-CH,Cl, );L
2) B(QiPr) ; NaOH
l “78°C B(OPr)s rt, 48 h R
4.28 then rt., 1h 4.29 THF 4.30
THF

To a solution of cyclobutene iodide 4.28 (58 mg, 0.30 mmol, 1 eq) in 0.6 mL Et,0 was slowly added a
solution of n-BuLi (135 pL, 0.33 mmol, 1.10 eq, 2.44 M) in hexane at -78 °C. After stirring for 30 minutes
at aforementioned temperature, B(OiPr); (80 uL, 0.35 mmol, 1.15 eq) and 0.6 mL THF were added and
the resulting mixture stirred for another hour at room temperature and then stored in the freezer at

—-20 °C until used.

Pd(dppf)Cl,-CH,Cl; (10 mg, 4 mol%), cross-coupling partner (aromatic and vinylic iodide, bromide,
tosylate or chloride) (0.90 eq) and an aqueous solution of NaOH (0.9 mL, 1.50 eq, 1.00 M) were
subsequently added and the reaction mixture stirred for 48 hours. The mixture was extracted with
Et,0 (3 x 20 mL), washed with brine (20 mL), dried with MgS0,, concentrated and purified by flash-

column chromatography on silica gel with the appropriate solvent mixture.

]
s
1-(2-Methylcyclobut-1-en-1-yl)-3-nitrobenzene

Using 1l-iodo-2-methylcyclobute-1-ene and 1-iodo-3-nitrobenzene provided the product (49 mg,

0.26 mmol, 96%) as a yellow solid.

Rs = 0.32 (2% EtOAc in hexanes; UV, KMnO,, PAA). '"H NMR (400 MHz, CDCls): & (ppm) 8.09 (t, J = 2.0
Hz, 1H), 8.01 (ddd, J = 8.1, 2.4, 1.0 Hz, 1H), 7.60 (dt, J = 7.7, 1.4 Hz, 1H), 7.47 (t, J = 7.9 Hz, 1H), 2.70 —
2.63 (m, 2H), 2.52 — 2.42 (m, 2H), 2.08 — 1.99 (m, 3H). 3C NMR (101 MHz, CDCl3): § (ppm) 148.6, 143.0,
137.7,135.7, 131.2, 129.3, 121.0, 120.0, 30.2, 26.3, 16.5. LRMS (El): m/z (%) = 189 (11) [M]*, 172 (43),
141 (67), 128 (100), 115 (58). HRMS (El): calcd for Ci3H1:NOy* [M]*: 189.0790; found: 189.0783.
mp 115-117 °C.
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13 Experimental for Chapter llI

13.1 8.1 Parallel Approaches for the Functionalization of Thietes: a-Metalation versus C—H

Activation

Negishi Cross-Coupling of Thiete Dioxides

Pd(dba),

7802 1) s-BuLi, =78 °C, 10 mins 7302 TFP 7802
R 2) ZnCly, =78 °C, 30 mins R zn] R-X R R
then —=30 °C, 30 mins rt, 12h
4.31 4.32 4.33

A flask was charged with 1,1-dioxothiete derivative 4.31 (0.20 mmol, 1 eq) and 2 mL THF was added.
The reaction mixture was cooled to -78 °C and a solution of s-BuLi (190 pL, 0.24 mmol, 1.20 eq, 1.25 m)
in cyclohexane was added dropwise. After 10 minutes, a solution of ZnCl, (0.26 mL, 0.26 mmol, 1.30 egq,
1.0 M) in THF was added dropwise and the solution was stirred another 30 minutes at —78 °C. Then the
cooling bath was changed to -30 °C and the reaction was stirred for another 30 minutes. In parallel, a
separate flask was charged with Pd(dba); (4.6 mg, 8 umol, 4 mol%) and 0.5 mL THF and tri(furan-2-
yl)phosphane (TFP) (4.0 mg, 16 umol, 8 mol%) in 0.5 mL THF was added at ambient temperature. The
mixture was stirred until a color change form dark red to yellow was observed. Then the desired
halogenide (0.16 mmol, 0.80 eq) in 0.5 mL THF was added and the solution was stirred for 15 minutes.
Subsequently, the solution containing the metal-species was added dropwise to the
Pd/TFP/halogenide solution. The reaction mixture was stirred at ambient temperature for 12 hours.
Upon completion, it was quenched with water and the aqueous phase was extracted with Et,0
(3 x 30 mL). The combined organic phases were dried over MgSQ;, filtrated, concentrated in vacuo and

purified by flash-column chromatography on silica gel with the appropriate solvent mixture.

S0,

—

O O (E)-3-Phenyl-4-styryl-2H-thiete 1,1-dioxide

Using 3-phenyl-2H-thiete 1,1-dioxide and (E)-(2-iodovinyl)benzene provided the product (29 mg,

0.10 mmol, 64%) as a colorless oil.

R¢ = 0.25 (15% EtOAc in hexanes; UV, KMnO,). *H NMR (400 MHz, CDCl3): § (ppm) 7.58 — 7.44 (m, 7H),
7.42-7.31(m, 3H), 7.23 (d, J = 16.3 Hz, 1H), 6.99 (d, J = 16.3 Hz, 1H), 4.79 (s, 2H). 3*C NMR (101 MHz,
CDCl3): & (ppm) 149.2, 139.1, 135.4, 134.5, 131.3, 131.0, 129.8, 129.5, 129.0, 128.5, 127.5, 113.2, 70.4.
LRMS (DEP/EI): m/z (%): 282 (14) [M]*, 207 (70), 181 (100), 165 (38), 152 (18), 135 (17). HRMS (El):
caled for C17H140,S* [M]*: 282.0715; found: 282.0710. IR: ¥ (cm™) 2954 (w), 2923 (w), 2853 (w), 1615
(w), 1594 (vw), 1568 (vw), 1498 (w), 1492 (w), 1450 (w), 1446 (w), 1404 (vw), 1346 (w), 1340 (w), 1291
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(vs), 1216 (w), 1186 (s), 1180 (s), 1121 (vs), 1076 (w), 1048 (w), 1040 (w), 1022 (w), 947 (s), 883 (w),
849 (w), 818 (w), 765 (vs), 759 (s), 736 (m), 720 (s), 694 (s), 684 (vs).

1 .
H NMR:
HNEB22335958933335588883338338555 2
PN INANIN AN NN NN S
R B
T T T T ‘Y_'_ﬁ//_Y_'—r
750 7.45 7.40 7.35 725 720 7.00 6.95
1 (ppm) 1 (ppm)

2,001

T T T T T T T T T T T T T
6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0
f1 (ppm)
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13C NMR:
(eSS SNy | i
|
|
1 A
1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 E;O 7‘0 éO éO 4‘10 I;O 2‘0 1‘0 :
1 (ppm)
C—H-Functionalization of Thiete Dioxides
Ar-X
K,CO,4
Pd(OAc)
—S0, PG, —S0,
):‘ pivOH R):KA

4.31

toluene 120 °C, 16 h

4.34

A pressure tube was charged with 1,1-dioxothiete derivative 4.31 (0.2 mmol, 1 eq) and 2 mL toluene

was added. Subsequently were added K,CO; (55 mg, 0.4 mmol, 2.0 eq), Pd(OAc). (1.8 mg, 8 umol,

4 mol%), tricyclohexylphosphane (PCys) (4.5 mg, 16 umol, 8 mol%), the corresponding halogenide

(0.3 mmol, 1.5 eq) and a few drops of pivalic acid (~7 uL, 30 mol%). The mixture was stirred at 120 °C

in the sealed pressure tube until TLC showed consumption of the starting 1,1-dioxothiete (approx.

16 hours). After cooling to ambient temperature, the tube was opened and a 1:1 mixture of H,0:Et,0

(4 mL) was added. The aqueous phase was extracted with Et,0 (3 x 20 mL). The combined organic

phases were dried over MgSQ,, filtrated, concentrated in vacuo and purified by flash-column

chromatography on silica gel with the appropriate solvent mixture.



Experimental for Chapter Il Chapter IV 102

S0,

MeO O O OMe  4.(3,4-Dimethoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-2H-thiete 1,1-dioxide
MeO OMe

OMe
Using 2-(3,4,5-trimethoxyphenyl)-2H-thiete 1,1-dioxide and 4-bromo-1,2-dimethoxybenzene provided

the product (49 mg, 0.12 mmol, 60%) as a colorless oil.

R¢=0.19 (40% EtOAc in hexanes; UV, KMnOs). *H NMR (400 MHz, CDCls): & (ppm) 7.28 (dd, J = 8.3, 2.0
Hz, 1H), 7.12 (d, J = 2.0 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 6.73 (s, 2H), 4.78 (s, 2H), 3.92 (s, 3H), 3.89 (s,
3H), 3.84 (s, 3H), 3.76 (s, 6H). *C NMR (101 MHz, CDCls): & (ppm) 153.5, 151.0, 149.4, 148.7, 140.9,
136.4,125.5,121.5,119.6,111.4, 110.3, 105.6, 70.1, 61.2, 56.4, 56.2, 56.2. LRMS (DEP/El): m/z (%):406
(1) [M]*, 358 (68), 327 (29), 281 (10), 192 (28), 165 (100), 137 (13). HRMS (EI): calcd for C0H2,075* [M]*:
406.1086; found: 406.1081 IR: ¥ (cm!) 2936 (w), 1580 (w), 1514 (m), 1462 (m), 1416 (m), 1298 (m),
1275 (w), 1257 (w), 1249 (m), 1186 (w), 1124 (vs), 1000 (w).

1 .
H NMR:
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