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H Cyclobutanes:

-exist in puckered conformation where eclipsing interactions of
HAH C-H bonds are minimized.

H H
Me Me Me

A OO

strain 27.5 26.7 25.4 18.2

-its inherent ring strain makes formation of cyclobutanes difficult, yet it is this
strain that makes cyclobutanes extremely useful in organic synthesis.

T}
OH

pentacycloanammoxic acid

nil®

kcalmol™

-ladderane with 5 fused cyclobutanes
-3 times the strain of a single cyclobutane
-found in bacteria-anammox process
-protects organisms from NH,OH/NH,NH,,
formed in production of N, and H,O from | !
nitrites and nitrates

Nature 2002, 419, 708 | !

-cyclobutanes are the basic structural unit in bacteria, fungi, plants and marine |nvertebrates'

-many biological activities: cpds like amino acids,
often exhibit protective properties against UV.

Useful reviews on this topic:

"Cyclobutanes in Catalysis" Cramer, ACIE 2011, 50, 7740.

" Photochemical Reactions as Key Steps in NP Synthesis" Bach, ACIE 2011, 50,1000
"Photocycloaddition in NP Synthesis" Greaney, EJOC 2007 4801

" Cyclobutane Derivatives in Organic Synthesis" Kaufmann, Chem. Rev. 2003, 103,

Some methods to form cyclobutanes:
[2+2] cycloaddition of olefins:

- photochemically with a,—unsat. substrates (mostly cyclic)

C=0 cpds - > %

hv
ring closure via 1,4-diradical

-common sensitizers (for population of triplet state) are acetone/benzophenone

- OR TM-catalyzed [2+2]

Most naturally occuring NP containing cyclobutanes were synthesized using [2+2] cycloadd.

of olefins.

triplet state

peptides and nucleosides with cyclobutane.
J Nat. Med. 2008, 62, 1. .

Alibes, OL 2004, 6, 1449

Mori TL 1979, 20, 1329
hite JACS 1982C,)104, 5486
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H' OMe / 0
: JOC 1972, 37,

ARKIVOC 2001, 146
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[. . O 1854

[ = [’
A OH f ’”/ Bull Chem. Soc.

T 1985, 41, 4633 O  Jpn 1976, 49,520
Grandisol \I

| | Nj.‘ OR*
"o [iﬂ*o

JACS 1986, 108, 306 | <

CO,Me

lj ; JOC 1986, 51, 5226

0]
Liebigs Ann. Chem. 1991, 1273
TL 1993, 34, 7455
T 1996, 52, 1279

Kelsoene
Bach, Top. Curr. Chem. 2005, 243,
1; Piers, Syn 2001, 2138; Jones,
CC 2001, 2154; Mehta, TL 1999,
40, 4877; Bach, SL 2002, 1305

Lineatin

Caryophyllene
Corey, JACS 1964, 86, 485

JOC 2008, 73, 5944

H Me
O (0]

N HN

(-)-Annotinine Wiesner, Can. J. Chem. 1969, 47, 433
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HOOG oHo H TMsoNMe TMsoMe __—
V . ‘ OH f CuBr, iProNH, y
o) COOH 9 steps (CHL0)n, reflux
HOOC/k/ ’ He o (68%)
HO” - malic acid o
Punctaporonin C ’ ~8 steps
Bach, ACIE 2008, 47,6180 M N v | UYL
OH
0 H Mes Mes
O//// W OH
TH A

' Sugar JACS 2008, 130, 11114
(-)-Littoralisone

HOOC

O\M{\f Nicolaou, ACIE 2007, 46, 4708
1.[0]
2. AgNO,

- 3. HOAc aq.
MacMillion, JACS 2005,  (+).pentacycloanammoxic acid (14%)
127, 3696 Corey, JACS 2004, 126, 15664

JACS 2006, 728, 3118 hv

- use of 1,5-dienes in intramolecular [2+2] photocycloaddition leads to crossed
regioselectivity

H O _ | 9 Q HO
o (+)-Solanascone Ph I:| ! Pd(PPh : .
Ramasastry, TL 2005, 46, 7373 e} i \ cul Etj\l 4 | AN P
B (-)-Biyouyanagin A ! (75%) E

BzO e} 4

SugO 3,19 et \ E i MeO,C

L4 Z 70 3 / \ O Noyori cat. A / \ OH
. 5
OH P e (84%, 92% ee) CAN, MeOH
3 B ! (68% dr 1:1) -
artrans-Bergamotene > koo 4GS 2003, 124, 4081 : 1. Grubbs |
akano, , , ! ]
Corey, JACS 1971, 93, 7016 | \ ~ 5. NaBh, l
| (75%)
. | OMe
-4 studies towards the skeleton core | hv MeO,C = OH
-3 of which involves a [2+2] photocycloaddition i (90%)
-11 stereocenters !
H S Lear, TL 2009, 50, 1731 : HO
OAc Sulikowski, OL 2006, 8, 903 ;
BielschowsRysin Nicolaou, ACIE 2011, 50, 5149 !
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H COOH - radical cyclization
-7 rings in total each of differing size from 3C to 7C 1 Buli 1. BuzSnH
-only 1 total synthesis reported =—TMS »f OH ABN O
-4 general strategies to cyclobutanone formation 2. TEA, MeOH_O \Nﬂ,
Miyashita, Nature Chem. 2011, 3, 484 (77%) (n=10%
R Hiemstra, CC 2000, 1463; Org. Biomol. Chem. 2003, 1, 4364; Hajos-Parrish n n=272%)
Meo  OHO EJOC 2011, 3146; EJOC 2006, 127. ketone 4 steps
Solanoeclepin A Nishikama, CL 2012, 287 OTMS Sml, 0
O then [O]
CHO — —~

- via [2+2] photocycloaddition

(76%)

Other development of [2+2]-cycloaddition:
-[2+2] cycloaddition between 2 acyclic enones

o i O RubpChmay PG e
crossed adduct Ph | T2 — ! 47 . Ph :
OBn | visible light
Mlyashlta - cyclization of epoxynitrile 2.5 equiv o Yoon, JACS 2009, 131,
CN CN TBSO . CN (84%, dr >10:1) 14604
T s B LDA then :
: TBSCI
0 R\ R" Pddbaz(5mol%) R' -R" has to be ester
‘ (99%) _ 4 _ ., [tBuzPHIBF4 (10mol%) R “Ralkyl
. - 1 - 1 > -10 le (81%) forR'= M
Ohc ~_‘oTBS TBSO OTBS TBSO OTBS Me KoCOs (13 eq) andg;f:fceo(OM;) or e
0O . .
MeO, BuB, 100%) dr 94:6
m 07 coNMe, |(700%) dr 94 Baudoin, JACS 2008, 130, 15157
™S . —OH
1. 0" tBuLi 3
2. PPTS <
TMSQ__ 3. TMSCI H ~‘QOOBnTBSO ) -Intramolecular C-H insertion

4. BugSnF, [Pd],

MeO "X . CO,tBu CO,tBuU
e N OHC —
S . He— 7\ H hv (400W) OH
D HEeE T “oTBs 0 “19%)
1% : TBSO 0 .
MeO,C MeO,C'

25:1 dr

O
\Yeo OTMS
Me,AICI '

N 17 steps
—> Solanoeclepin A

: CH

1 C-H activation to form cyclobutanes
Bray, TL 2006, 47, 3937
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Direct ring closure to cyclobutanes - some recent examples ECI Br Br MeLi RMgBr BrMg
bi h —_— Cl —» L»
CuX (5mol%) - bigger rings (5 or 6) can be | cl N
B(pi Cl

__ OMs Ligand (5moi%)  PhMe,Si made by increasing alkyl chaln.
_— >

N (pin) length
PhMeZSi/_\—/ - \D 9 !
S o N o) [Ny
OH

(93%, 99:1 trans) Ito, JACS 2010, 132, 5990 , <\
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ + N SOzAr I
SO,Ph ! Fs -bicyclo[1.1.1]pentane motif is a phenyl ring biocisotere
CO,Me F;dl(:)F’NFI’g%Ms A COMe ! -in this case, observed 4 fold increase Cay, solubility,
PhO-S = OCO,Et L2V, 2h 2 > grandisol ! activity, RRCK
2 dr >25:1 P ' BMS-708, 163 -such motif easier to functionalize than aromatic
31.59 kcalmol // . ! system
(79%) via: SO.Ph SHOPh= = = = = = = = m oo e oo oo e e oo Pfizer, J. Med. Chem. 2012, 55, 3414
79% 2 3 )
PhO,S_ _co,Me e ¢ ' Cyclobutane from sugar- one example ACO
Pd, DCM T N, pd
Z{ AR "Cp,zt"
P
~ BASmoMe BFaOEt
0.91 kcalmol” (74%)
e ____________-soleproductif DCMused____ Han, Arch. Pharm. Res. 2011, 34, 1437 OMe
Cyclobutanes from cyclopropanes - some recent examples H H
R" via: OH
(33-68%) Applications of cyclobutanes

major regioisomer
Barluenga, ACIE 2009, 48, 7569

-many examples covered in previous group meetings

(4 to 10 membered ring

R i via: [BnO. ., H
E N [(MeCN),CulBF4 (5mol%) . .. ' N H Pestalotiopsin A
. )1\2 DCM, i, 2h R j;L ?%\E ! 7.\t 7,-CP
N, RTR R e R o AR O Paquette, OL 2006, 8, 2429

TfOH (10mol% H

A——<] « U ( ) )\/J\\ : O

R R DCE80°c Ar, QO "%y [T] —> o 200°C

3 (33%)
MeO,C H
Yu, CC 2011, 47, 794 (0]
___________________________________________ (30-78%) ..} ]
® | (covered in Usui GM) Isabelin
. ! Wender, JACS 1980, 102, 6340
Ph 1. PRS™ pase Ph via: ) (4 to 9 membered ring ) ender
0]

YNC>=0 2Ll reflux . >_N<><? Ph .
Ph ?ﬁ;sot Ph ! Ph>_ %7

Carreira, OL 2011, 13, 780

hv (pyrex O \’40
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0 0
OO% O \780 _vinyliithium
Et + — > >
H — PhMe, reflux N
H quant. 0
Pr H Et ;
H Pr -attempted synthesis of seychellene Snider, JOC 1988, 53, 4508
___________________________________________________ -eg. of divinyl cyclobutane rearrangement
o) L White, JACS 2000, 122, 8665 MeO2C H
oM o\ ) @Q_. T
—» T O + N_// :
2 CO,Me '
3 (89‘7) 2 COzMe O—( : o
o. /° straight crossed , S |
94 CO,Me E
BuzSnH !
AIBN o o o o e oo
O— (77%) :(4 to 7 membered rlng] -Winkler's synthesis of ingenol: see JACS 2002, 124, 9726
MeO,C : -Winkler's synthesis of saudin: see JACS 1999, 121, 7425
(e} ' - see Cherney GM "Guaianes and Xanthanes" for alismol,
A . dehydrokessane, pelocarpenene
MeO,C alkyl | 0z
CP263114 Crimmins, OL 2000, 2, 281 ! @ hv Ha Pd.
-------------------------------------------------------------------------- 1 N —_—
-a common strategy to open ! \‘
1. TMSI, Znl, annelated cyclobutanone ! 0
2.DBU !
: T 1995, 57,3435 96% over 2 steps,
o (9% | "o JACS 1992, 115, 10084 | ( ps) O Longifolene
__________________________________________________________________________ . Oppolzer, JACS 1978, 100, 2583
: - studies towards Taxol skeleton using cyclobutanes: see Wilde GM T T T T
(4 to 8 membered ring) Winkler, T 1992, 34, 7049: Blechert, TL 1992, 48, 6953 ; A~ _Br
oM ! -y BusSnH (12 eq) Mechanism?
! ABN
— : 69%,
BCly + %—» : o) (65%) Dowd, T 1995, 57, 39
H (0]
o) 0 oM ' Me_ 0 O N
MeO ! Me JN- NH
0, ! ’
Hg(CI0,),.3H,0 (11%) (66%) Tetramethylmediterraneol B | N2 heat N, _(56%) \ /N
Mechanism? Kakiuchi, JOC 1995, 60,3318 | &y E0” "o
r Et OH CO,tBu 2tBu EtO CO,tBu
1 OH O
HO Desdimethyl-, -4m+ 8 exclusively 7-membered ring
dihydroclovene: -5 membered ring product obtained if acid or Rh catalyzed. )
(25%) OH (10%) HO (61%) Kakiuchi, JOC 1995, 60, 65571 Eguchi, JOC 1999, 64, 707
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PMP (@] PMP
o AN
o hv hel Sml,
_iProNEt 02.PhSeBr OH

(82%) (52%)

Cylindrocyclophane

Danheiser, JOC1984, 49, 1672 N AN
OTIPS
OMOM /\/\/ HO OH
(+)-Guanacastepene A s
Sorensen, JACS 2006, 7128, 7025 1. heat,\/
_________________________________________________________________________ ! 2. TBAF -~
(69%) MOMO

HO

o) 0
W-M LT T e
shift . 'TMSO §H
O,, MeOH

—_—
Nemoto, JOC 1997, 62, 6450 H (94%)

[Rh(COd)Z]BF4 (5m0|%) o via: C-C bond activation

TMSO H : 0) :
OH OH
Balanitol

H X
0 HO PCyPh, (12mol%) o .0 ... _Anglea, T1987,43 5557 __
CO, xylene, 100 °C [Rh] !
- ! NOBn
(86%) : (MesSi);SiH BHONm
) ’ -

Ito, ACIE 2000, 39, 2484 —

—

(4 to 6 membered ringJ - see Foo.GM "JACS 1989" for echinosporin . E Mechanism?
-not covering squarate ester enlargement to phenolic system |
, Pattenden, TL 1993, 34, 6787
OMe el hv,)o\/ MeO TR TR
2. _ & |
X =s\\ MeO CO,Et OH ! E LA (10mol%) E
R T —>HO ! R'CHO (3 eq) E
MeO 0" "0 (83%) 5 ‘oH ! B (84-92%)
OMe e} Ph E R 97:3dr R (e R'
! . . . tBu
Priginta”y pr§>5p$red Linderol A E -Sc(OTf)3 is LA for R' = Ar otherwise O)AINTf2 as LA
In 6 steps (35%) Yamashita, SL 2004, 1897 | B
Mechanism? , -they also attempted a one-pot [[2+2]+2] - form cyclobutane then THP using same LA

Johnson, JACS 2009, 131, 14202
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1..COJ cat, Pd | s Me O
Ca 1 .
Me ! demetalation
SnBu3 2. heat ! — R,
PrO IPrO : 54-99%
| Rh cat 85-99% ee
- good way to make 3,4,6-trisubstituted pyrones : L Ccao. . 0
’ 142 R, oM G808 IR Resvinyl
-------------------------------------------------------------------------- | 25 Phle, heat J\)L allenyl
Ph o) o 0 | Ry R RRZ' / R| 14-addiion | . “53
OTMS heat — Ph ! : ! :
> —_— 1
MeO N MeO N @ ! Rs= §j© ||| / \R1=allenyl
: /si =vi o)
U OTMS sk HISIRs - o Re=vinyl
P8 R, 0 91,4-Rh o}
! g shit | R, R <Rs
: R{ C-H/ R4 ‘ R; Ro
E : Rh C-Si HISIRs 63-99% 57-99%
! act. 88-98% ee 85-99% ee
E E ! l 1,2-addition JVSiRs
(7;m OTMS , “. 2R
%) overa ! .
X 61-98%
HO OMe HO OMe - j/SRs ©<> 85-96% e
1 s, R ’ .
Ph Ph Moore, TL 1992, 33, 7811" o2 / 4 'OH qr 3-20:1
more C-C bond activation 0 : "'ORh .
via: ' i i
[Rh(dppp)2ICI (5mol%) 5 [Rh] - I(];-F\:’;cls “oR2 60999
heat — ! Ar, another 83-94% ee -for detailed experimental
(89%) ! B-C conditions such as ligand
Ph (0] Ph ! o) please see:
C-C bond insertion tng”f/-\% ;'T;'S?t'?? 0 9307.Cramer ACIE 2008, 47, 9294; JACS 2010, 132, 5340; Chem. Eur. J. 2010, 16, 3383; ACIE
0 [RhCl(cody)] (5mol%) OH ‘ 2009, 48,6320; Chem. Eur. J. 2009, 15, 12929; SL 2010, 1699, ACIE 2010, 49, 10163.
dppe (10mol%), PhMe A\\l 5[4 to 5 membered rmg)-for triquinanes see Wiedner GM; for meloscine see Goetz GM
H, (50 atm), 140 °C ! -Baeyer-Villiger of cyclobutanones not included
ey X -Ring expansion with CH,N, of cyclobutanones not included
: R -for gloiosiphone A see Rodriguez "Leo Paquette" GM
! -see "Cyclopentane synthesis" O'Malley GM
NgCéOd)zz(gomﬁ/'%)R 0 i Pd(OAc), (5mol%) F\i ~kinetic isotope effect
Ry Rz P};msl\/(l hmo o ! “NOH BQ (2eq) PhCF, was used to verify
e, heat d ‘ N heat 48 h allylic C-H activation
Ro | ‘ —_— SN
(40 91%) ! Bronsted acid 0
Murakami, CC: (10mol%) .
2006, 4599 | Rainey, JACS 2012, 134, 3615
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O O g 2steps 1. PPTS
@) O to convert 2. PhSeCl,
| Y _h o to OMs_ HCI, NalOy4
Y quant. (49%)
Et;SiO Bu RO “ItBu
PO S—
—
0
“OH
e iiiii____._____GingkolideB ________Crimmins, JACS 1999, 121, 10249
Cl Cl
O 1.hv\—=" _ OH OH- OBn
2.7Zn, Ac,0 B _»\ - Grulbb OH;
- : OH ~ : \_OBTB
“~OPiv OH OH OH-
0 Pb(OAC),
O y(97%)
° R <NaHMDS. OBn
0= “-0BTB - (97%:; dr 17:1) FsC
Br enantiopure .
OFEt o/ O
AIBN, BusSnH /F .
(73%) 3

-Mehta et al also used [2+2]
to establish the 2 quatenary
stereocenters, but built it
left to right.

(-)-Merrilactone A
Inoue, ACIE 2006, 45, 4843;
JACS 2003, 125, 10772

1. NaH
2. Mel

(90%)

Ghera, TL 1987, 28, 709

OH
pTsOH
quant. - OMe
NS

-2-aryl-2,3-dihydrobenzofurans
embedded in pterocarpan family
of NPs

Engler, JOC 1999, 64,2391

OMe

-precursor to trichothecenoids

White, Syn. 1998, 619

SOCl,
pyridine

(83%)

Fitier, Chem. Ber. 1988, 121, 525

Sativen

Fitier, JCS CC 1986, 944
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OMe
HO

<

O

o} 1, / _—TMs HO _ _TMS
Broy,e”  HO. HO, )~
™S Br . ‘ Br
2. PPTS

no comment on dr

J BuzSn \/\SnBurj

Pd(PPha),
HO, ™S o OH
HO
=2 / 6x TMS
isrot
SnBU3 H i‘)
SnBujy
N N o
(0] (@]
(0]
ROQC HO_ /H (0] H
TN ™S ™S
S o ----
K/ < (62%)
@\ H H
\ X-ray verified
Ascosalipyrrolidinone Suffert, JACS 2001, 123, 12107

1 more....just 1 more
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