Burns Group Meeting Strain driven reactivity of carbocycles Carl Mansson
- After proposal that carbons can form rings (Kekulé, 1865) and have tetrahedral geometry
(van’t Hoff and LeBel, 1874) many think it impossible to form rings smaller than 5 or 6 Homologous Me

- August Freund achieves first synthesis of cyclopropane (1882)

- Adolf von Baeyer proposes a strain theory (1885) for which he wins a Nobel prize (1905)

>

“Trimethylene”
(Freund, 1882)

“[Glenerally, the greater the difference in strain
energy between a substrate and a product, the
greater the driving force for a reaction”

Chem. Commun. 2020, 5718

<>

“Bicyclo[1.1.0]butane”
(Wiberg, 1965)

|:| Contributions to the total strain in a molecule:

“Cyclobutane” d

(Willstatter, 1905)
“[1.1.1]Propellane”

(Wiberg, 1982)

- Bondlength distortion

- Bond angle distortion

- Torsional strain

- Nonbonded interactions

- Energy changes due to rehybridization

. Kenneth Wiberg, “The Concept of Strain in
Strain energy Organic Chemistry” Angew. Chem. Int. Ed. 1986,
(kcal/mol) 312
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- Many strained o bonds have n-like
reactivity, responsible for many of
their interesting transformations
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50 % |©
$ 50
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D 37 |:|
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[> Cyclopropanes

SE 28 kcal/mol

The many n-like reactions
of cyclopropanes

Hydrogenation

E =

Me H, Me
PtO,
—_—

H HOAc

En route to (+)-A%'2-capnellene
J. Chem. Soc. Chem. Commun. 1983, 824

O Li-NH,
then DCE
—_—

TBSO

En route to (-)-spirochensilide A

JACS 2020, 8116

Me H

Reductive fission

Michael addition

(0] O\l/ Me

o)
Et0,C” “CO.Et +
o)
NaH
THF, rt
Me
Me\|/0 (0]
o) CO,Et

0 27% Co,Et
JACS 2009, 7214

Cyclopropane Dauben
oxidation

R

R=H,
| | Me, TMS

OH
Me

80% Me

PCC
DCM, rt
R
Me //
(0]

Me Accl Me Me
Me OAc —>» - .
AcO MeOH Ho Me 0 60%
0,
79% Chem. Ber. 1984, 3004
OAc OH

En route to (x)-steviol

Angew. Chem. Int. Ed. 2013, 9019

Electrophilic fission

- Focus of this presentation is on synthetic
applications of strain (carbocycles only)

0 o
Group meeting progress

HO, OTBS _
Mn(pic);
=z + —
Ar DMEF, 0°C

Radical fragmentation
Chem. Lett. 1993, 545
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Vinyl cyclopropanes
Donor acceptor cyclopropanes
OMe o
- q : AgOBz (10 mol%) OMe o MeQ o

o) ~ N2 EtsN n /
H H ' -iMe
N NCbz N\ _ Me THF, 45°C

| Cu(OTf), H 95%
_>
Et MeCN
JACS 2003, 13624

Homo-Nazarov cyclization

76-98%
Me
Me hv \ \  240°C
— _»
Me CyH,rt ..y B PhMe
Me A: 14hr, 46%
. o,
Me. — B: 1hr, 84%
Me

Tetrahedron 1981, 4445

Pd/C
meta arene alkene photocycloaddition
then homo-1,5-sigmatropic H-shift

H,
Me
Me LDBB Me
_>
. THF, -78°C | -
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 ! 0 OMOM OMOM Me
Reductive fragmentation l (*)-isocomene
QBIr-‘I OBn Yb(OTH)s J. Chem. Soc., Chem. Commun. 1994, 1797
N (CH,0), Me e A H
—> ,
4A MS i ) Isocomene:
1,2-DCE 5 Mo ~ an exercise in strain
(-} ! e‘
70°C MeO,C CO,Me MeHN : Me Me Me
FR901483 | 65%
Ar = 4-OMe-Ph | .
r=4-OMe 18 linear steps ‘ (-)-isocomene OMOM
[3+2] cycloaddition
Org. Lett. 2009, 4354 p-TsOH
Me — 3
Y PhH, reflux
Me

JACS 1979, 7130

98%
(x)-isocomene
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4 Ar o
Ar 2.5 mol% [Rh(CO)2C|]2 HO
o + // 1 atm CO _
PhMe/decane, 60°C
12 examples
42-92%
l Four component [5+1+2+1] cycloaddition
elim.
insertion:
CO + [Rh] ellm
[Rh] aIkyne +
taut
N 6m electro-
cyclization
OR
JACS 2005, 2836
Alkylidene cyclopropanes [:
SE 37 kcal/mol
[M]
/ isomerization X
— X M — NP
X \—==_p
—=—R R
T [M] = Pd?, Rh!
X
[M] = Ni®
, . X A M
R

10 mol% [Fe(CO)3NO]BuyN Nu A E
E 10 mol% L N M
+ NuH > [Fel* E
\ THF, 80°C 8 examples
70-96%
up to 95:5 EZ
E =CN, COZMe 002CH2CF3, SOZPh 85:15 to >99:1 rr
CN :
NuH = ) MeOZC @ >
NC JACS 2012, 5048
H R?
5 mol% [Rh(CO0),Cl], 1
X/v/\ R? 10 mol% AgOTf Y
\oer xR’ >
D-./\/ PhMe 30°C R3 6 examples !
R3 H 49-80% boe
X =0, NTs f :
+ R' = H, Me, Et, Ph n?
R2,R®=H, Me H
X/\/\RZ
1 X [Rh]
[R{l] R - \ .
Y Y
R3
R3
JACS 2008, 7178
R1 B R3 =
N\ S ol
—_— u PMBN
or N\l T 1!
R3 AuCl; (10 mol%) | R 8 examples R
DCE | jR7TO 47-91% g2’ O
All carbon 1,4 dipole o] o
Me” “Ph e
JACS 2008, 1814 — Ph AN
R¥=H | R!
8 examples R O

67-88%

MeO
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H
/ Pd,(dba); (10 mol%)
P(0-2,4-tBu-Ph); (26 mol%) x R
" — dioxane, 90°C > H 10 examples
—\ ’ 16-84%
Y/ Y
XY =0, NM E
R = H,oéozEf’ C(CO:EY, Chem. Commun. 2010, 270
Pd,(dba), (6 mol%) H
L2 or L3 (24 mol%) X = 0, NBn, C(CO,Et),
X 'R R=H, CO,Et, Ph
dioxane, reflux
\ /"® H
7 examples Me
59-74% O >_Me
45-64% ee *N
o,P—N
>—Me
Me
n-allylic H L2
rearrangement
P
[Pd] X [Pd] O Ph
H R O. >—Me
0,P—N
>- :Me
Ph
JACS 2007, 11026 L3
/—/)> Ni(cod), (10 mol%)
. + /\Rz 2 ° R R2
—_—_—mm
_— g PhMe, 40°C X
- 10 equiv
R1
X =0, NTs, C(CO,Me), 15 examples
R'! = CO,Et, CH,0TBS, Me, CH,0Ac 24-96%

= CO,Et, COMe, CHO, SO,Ph

Angew. Chem. Int. Ed. 2010, 9886

i Alkylidene cyclopropanes are common cyclobutene precursors

COZMe

_ CO.Et Ni(cod), (10 mol%)
/S — 2 PPh; (20 mol%)
X R + | >y R',R2=H, Me
\_sz PhMe, 50°C 35-65%
1.5 equiv
l [Ni] CO,Et
£| CO,Et
ZINi|
X g —» X — X
N— B-alkyl
R elimination
Angew. Chem. Int. Ed. 2010, 1830
Pd(OAc), (3 mol%)
CuBrz (10 mol%) 52-93%
R = p-tol, p-OMe-Ph, m-OMe-Ph,
DCE rt, 1-3h Ar 2,4-OMe-Ph, 0-OBn-Ph
insertion
|i---PdBr2 —_— ||---PdHBr —— | PdBr —> I
Ar H elimination Ar Br Ar Br Ar PdBr,

JACS 2006, 7430

1. n-BuLi Ph

0°C, 1h //
Ph __~_ PPh3* Br >

2. 55-77%

R~ 0 R
rt, 3h
— P -
R~ \ R = n-heptyl, Ph, p-X-Ph
\/ | (X = CI, Br, OMe, Ph)

Unaffected by radical traps, |

unusual Cope rearrangement Ph JOC 2010, 902
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Ph Bu,SnlIH, Et;B 19 T
uzSnlH, £LB (10 mol%) Ph HO H 1. TPAP % H
= ’ - Ph —_— Me
> 2. MeNHOH |
then
o Phl, Pd,(dba); (1.5 mol%) o
PPh; (8 mol%), TBAF
80°C 56%
JACS 2008, 2912 68:32 dr o)
140-160°C
48-83% - o,
N mesitylene N
/
y Me
Me
(o) Me
H Smly, tBuOH Tetrahedron Lett. 1995, 1343
HMPA
; —_—
6 \/// THF, 0°C
63% 0 M Me
Radical fragmentation 10:1 dr paeonilactone Ve Me e Me
* cyclization Hﬂ Hﬂ Hﬂ
o]
—_ + —_— (o] (0]
L,SmO___Me L,smo,_ e L Smo °° RK Phie > + |
H : nSM ™S o
—_— —>» Me R
: P o e ) \
N \\ Me N ™S 0
i S Hﬂ ™S A
080 R=Ph(78%) 100 : 0
J. Chem. Soc., Chem. Commun. 1998, 1875 : JOC 1990, 5553 = iPr (59%) 8 . 92
S
- o* Strongly donating methylene cyclopropane
—
Br CO,Et
V-70 ;
c°2Et Naz;PO, R z 8 examples
Br —_— 74-97% o]
PhH, 40°C, 2h R2  87% ° Nu \—NPh,
Ar :
R;, Ry = H, nBu, nOct, Cy, -(CH,)¢-, ) Z Mgl R Mgl \I\\/>_Ar
“(CH,),0(CHy),- CH,BN, Ad Br - + m N
THF, reflux NTs  THF, reflux Ts
CO.E o ¥ Ar then Nu o for R = NPh,
Br 2Et Br CO,Et s for R = 57-82%
- )\/Br . 5 60-81% 2:1'to 20:1 dr
wg\/ C— z

R2 R?

JACS 2013, 632

JACS 2002, 6312

AN’@ via ovg
WA .

acceptor methylene cyclopropane
divergent cycloaddition pathway
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Rh
a Rh,pfb, (2 mol%) o ( MeO
mol“
SR A ] R? _\_)>—co B e _ > \E>=\
RS PhH fl Et
Cyclopropenes 1 2 reflux CO, CO,Et
AW R R | -
—_— | .
N R! i Helv. Chim. Acta 1995, 129 Cyclopropenes as masked vinyl carbenes
n '
65-85%
D n=1,23 o)
1 2
SE 54 keal/mol R’, R®=H, Me, Et, Ph Tetrahedron Lett. 2008, 6316 N—Ph
R = Me, Et .
cat. Rhypfb,
- o
PhH O 0 44%
80°C then 145°C
7 Q
1
o R ! R —Ph
+ / [Rh(CO)Cl]; (1 mol /°)> R* 13 examples [4+2] .ﬁ "
2 - (0]
R® R PhMe 80°C R? 44-96% I e
RS
; o]
R!' =Ph N
R2 = Ph, Me ; _
R? = Alkyl, Ar, OAlkyl, COMe Ph Org. Lett. 2000, 2093
R* = Ar, HetAr, Alkyl, Alkenyl JACS 2006, 14814
, PPh;AuCI (5 mol%) R!
i AgSbFg (5 mol%) 1
; __DbBU A /R
0 0 DCE 50°C 8 examples
Pd(OAc), (5 mol%) Ph : o Me  8610>99%
. ° !
IPr-HCI (5 mol%) . | \\ ganggx, CMe,OH |
Ph Ph Cs,CO; (10 mol%) Ph R ° :
+ dioxane, rt to 40°C ! Au R!
R i | X ;
& T - Ry fu /"
! F + R 21
H l R : A R2— +
// (o] ! R? M
— : M e
[Pd]—© Ph | Me Mo R' = Ph, p-tol, p-CI-Ph, p-F-Ph €
/ - - | | R2 = p-Me, o-Cl, m-Cl
/ R H +
[Pd] R R ‘

Ph [Pd]

Eur. J. Org. Chem. 2013, 4219
Chem. Eur. J. 2008, 10219
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O
Cyclobutanes [Rh(OH)COD]; (S mol%) 0
¥ SE 27 kcal/mol R-DIFLUOROPHOS (11 mol%) 79-98%
g Re.. > 89:11 to 837 d
Cs,CO; (150 mol%) R=Bu Et Ba
0 ~R dioxane, 80°C, 4h Y
catalyst (20 mol%) Ar Et2A|C|, PhMe -OH
oxone
Ef ——= =
. or F O
-10 C Lil, DCM FA< O
9 examples
89-99% B-alkyl ° PPh,
Me 80-96% ee elimination F O PPh;
o 6
R o)
M 5 O[Rh] _
e+ catalyst Angew. Chem. Int. Ed. 2006, 1429 (R)-difluorophos
Chem. Eur. J. 2009, 12929
PGO- I N~opg ~Ar fac-r(ppy); (1 mol%) OMe Ir(Il)
+1r(IV) Er + W > )\/\/\
5W blue LED Ar CN
MeOH, rt 8 examples
N PG = p-CF;-Bz 60-94% [Ir(cod)Cl], (10 mol%)
L (20 mol% 1
> ~ Q. ) s :
— . N e AN ravy 2 1 xylenes, 100°C
> A CN av) R R y ;
~"cN ' +MeOH |

JACS 2020, 8585

Chem. Commun. 2017, 11544

_>
fragmentation/
recombination

(-)-Scabrolide A

R! = Me, OMe, CF,
R2 = Me, CH,0OMe, CH,0TBS, 4-OMe-Ph, 4-CO,Et-Ph Me

OIO CM Ve

Synlett 2008, 765

8 examples
23-77%
9-95% ee

SE 57 kcal/mol

th Ph H o Ph
O  [Rh(cod)Cl], (5 mol%) SN
dppe (12 mol%)> [Rh] ) " "OH
H, (50 atm) “"Me
H THF, 140°C H

JACS 1996, 8285



Burns Group Meeting

Strain driven reactivity of carbocycles

Carl Mansson

(0]
Ni(cod), (10 mol%)
L (12 mol%)
_—_—m
(0]
S hexane, rt
Me 95%
Me ¢ 93% ee

/:u

L,
)—Me
L= o:p_N
. Y-te
B-alkyl
elimination 1-Npth
tBu
Angew. Chem. Int. Ed. 2012, 2485
_ 0 -
Me
0 Me 0
o [Rh] Me
[Rh(cod),INTf, (7 mol%) .l
| | (R)-DTBM-segphos (8.4 mol%) N R —[Rh]
1,4-DFB, 120°C J N
N '}l I
PG
1 PG
PG — -
Rhodium stablized anti-Bredt olefin
I I
o PAr, 16 examples Z “Me
30-83%
0 O PAr2 80-98% ee
< N
(o) 1
(R)-DTBM-segphos HO Ts
Ar = 3,5-ditBu-4-OMe-C¢H,
JACS 2020, 13180
o OH
OH
+
p-TsOH ¥
—_— —
PhH, reflux

Cascade cyclobutane expansion

Angew. Chem. Int. Ed. 1987, 1023

Polycyclic compounds

SE 99 kcal/mol

BOC\N/\/\N/D

[
Me

Me

SE 67 kcal/mol
\

N
d ASE 32 kcal/mol

ASE = 40 kcal/mol

<> — U

SE 67 kcal/mol

SE 27 kcal/mol

J

95%

Rt . R2
Br ';‘ R?
ol Br  phLi MgcCl-LiCl  R'-N 27 examples
—> —_— 12-84%
-45 to 0°C rt to 90°C
Cl E
—
/
1Et \§ N /
Bn—=N N 54%
Bn—N 1
64% z : > 67%
46% paroxetme
derivative
! R\ _R?
A “N” 2
: r0S 1. Oxo_ne ] SOLAr H l\iR
2. BuLi; MsCI; BuLi DMSO, rt R" 15 examples
— —_— E 40-97%
then
/ Mg, MeOH
Ar = 3,5-F,-Ph cl

70%
sertraline
derivative

Science 2016, 241
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R-CO(IMes)o 5 Ir(ppy)3 (2 mol%) Nu
R-Br Cu(acac)2 (60 mol%)
+ + Nu-H - 51 examples
F:C—I—0 BTMG o 33-81%
o Blue LEDs, dioxane 0L Pl o-tol RT BF:"! 50 examples
Ss” {BuLi Bpin~ electrophile RS 15-83%
+ R'Bpin utl Li+ . 5:1 to >19:1 dr
0 MeQ Pl econ | <> 78°C
radical precursors E O—F{/ ) E
e, 67% o no mo . electrophile = aldehyde,
EtO R =1°, 2°, 3° alkyl, vinyl, aryl acyl chloride, “x+r, Coz,
(o] CO.Me 50% tropylium
2
>—< :>—CF
HN Me Me S CO,Me Pd(dba)s (3 mol%) Bpin 41 examples
B Me dippf (3.6 mol%) R'G_ 10-94%
60% Me Me > All >98:2 dr
=~ CF, diastereo- Me Me R-OTf
\ selectivity H""e 2-MeTHF, 40°C R2
N N rational o 5 .
o _ 68% \g—O0 R2 = Ar, vinyl
R@d(ll)OT%‘R
or E*
Bpin 23 examples
- 2 R2| RI<G__ 33-90%
<] - Hzn to >20:1 dr
X . JACS 2020, 16766 blue LEDs
—~ Nat. Chem. 2019, 117 THE 78°0 R?
o (0] JACS 2019, 9511 ’
N
Ir(fl XCu(llly Me
— Me
Nu-Cu() )\ Bpin R
BrM . ~pinB .
p-tolMgBr 9 Bpin R*orR Me
Cu(X — — — >
° LiCl
N g
m ~ o R = SePh, CH,CO,Et, CH,CN, CF3, CH,NMe,... 9 i’(‘)‘_’g‘se/'es
N/ \ P Ar = o-tol °
N N Angew. Chem. Int. Ed. 2020, 3917
\ J

Nature 2020, 220
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Ni(cod), (10 mol%)

SIMes-HCI (12 mol%) Vs
LiOMe (20 mol%)
.

PhMe, rt Ni//

A ¢

R = alkenyl, alkynyl, Ar

[1.1.1]propellanes as masked methylene cyclobutane carbenes

R3

0 J\Rz

\N+
R

SO,Ar sulfolane, 120°C SO,Ar
o & |R3
or

24 examples
44-91%

JACS 2019, 20325

or

I 2
B U
NI
- 9 examples
0 30-72% 5 examples
DMSO, 120°C 3:1to0 10:1dr 50-74%
SOLAr SO,Ar
(O .
N N
SE 56 kcal/mol / N\ < nPr
— nPr
N
62% 33%
10:1 dr 3:1dr N+
74% 0" "“Bu
Org. Lett. 2019, 4763
(o] & ~
NaBH4 NaBH4
—_— e +
Ox< Cl HO cl
cl cl Cl ~/ Cl

Extended Grob fragmentation - geometric constraints “stretched considerably”

Tetrahedron Lett. 1982, 7

OH
G3 (1 mol%) NH;* CI-
—
DCM (0.25M)
n
R = Me (92%) 88%

R = Ts (95%)

Dj' R=H (81%) water soluble B-amino acid
polymer from dewar pyridone
SE 57 kcal/mol
cal/mo ACS Macro Lett. 2020, 731
0 o}
o}
DIBAL-H
R o DBU R H . .H
PhH, 75° THF/PhH
| = 69%5 ¢ -40°C to rt \
o,
CO,Et CO,Et 34% Me Me
OH
Angew. Chem. Int. Ed. 2019, 1724 (x)-vibralactone
R_ R R R Acridinium (5% w/w) R R
— V-65 (2%’ W/W) |_| 450 nm LEDS, CHC|3, rt
R R — 5 R R > R R
neat — or
/7 N\ -15t035°C 150-180°C
= n
R = Et, nPr 41-47% " q.
Me
-Poly-(o-xylylene) challenging polymer
o-xylylene

-High M.W. polymers up to 81 kDa
-Heat of isomerization (dewarbenzene to benzene) -56 kcal/mol
-Kinetically stable: A*H (hexamethyl dewarbenzene) = 34 kcal/mol

JACS 2018, 5211

N+
Acridinium e ClO4
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Me Me
H . . .
Grubbs Il H \ M Strained medium rings
: ethylene H [3 3] Me Me
0 PhH —> H
50-80°C lo)
Me " 74% a <N o
Me Me Me \N
(+)-Asteriscanolide > I
Strain driven cyclobutane cope rearrangement 350 nm N 94%
JACS 2000, 8071 DCM:MeCN (8:1), rt \=n
L - . . 44-99%
Cco,Me -gV light isomerization to strained olefins ) 8 examples varying nucleoph!le
-Cycloheptenones and cyclooctenones react with 6 examples varying electrophile
[Rh(nbd)Cl], (10 mol%) COyMe nitrogen heterocycles
o -Tolerates broad solvent scope Org. Lett. 2007, 3893
PhMe, 60-110 °C 11 examples
- 80% 53-88% SE 158 kcal/mol
OH
OH 1. TPAP, NMO ~ COEt i
DCM, 0°C \-CO;Et | SE 32 kcal/mol SE 50 kcal/mol
—_— —_— |
2. 9
cl Ph3P4\R2 42% o
PhMe, 110 °C Cl cl TES Ni(cod), (5 mol%)
12 examples N'R TfO Ligand (5 mol%)
15-57% , + | CsF
Vinylic cyclobutanes are destabilized _N X —_— >
N TBAI
MeCN, 3°C
Chem. Eur. J. 2019, 2735
R = p-tol, Ph, Bn, Me
X = CH,, O, NBoc 103;‘_%';‘%'93
o MeOzC 81-94% ee
First enantioselective trapping of 1,2 cyclohexadiene
Cl Me 1. I.IW 140°C H02C 5 steps Me — o —
| 2. NaOH H20 o]
+ _p-tol _p-tol
50%, >20:1 dr Me ’
Me  (post- Ni
N — [Ni]

recrystallization)

(2)-hippolachnin A

-Brown and Wood collaborative synthesis after meeting at
the National Organic Symposium

-Quadricyclane (94 kcal/mol SE) to norbornadiene (29
kcal/mol SE) invesitgated for energy storage

A

SE 94 kcal/mol

JACS 2016, 2437

Nature 2020, 242
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Br Me? \ o — Br = i o o
TiO . ' 0 CsF ” :| Br Q_SiMez E/e_smez
NS OlMe g /_/o MeCH , OMe Br OH i \_\OH L2 \_\OH Me23|
T850” HO B — s|Me2
! Br 0 N R2
MeZSif_\O B —

oF-ofa

Aryne acyl-alkylation reaction

Me
- - P
cossonidine -
i H (o]
“...one of the most complex applications of the TBSO/ ’\,o

benzyne acyl-alkylation reaction reported to date.”
JACS 2018, 8105

Hexadehydro- B
Diels-AIder/ TMS Ve ? Me
MeO By ~/ K)\ Me | MeO O
MeO N Z DCE MeO
Ts 100°C [2+2]
i T™MS, Me
oM MeO O
e0 O eMe o Me
N\ / 4n electro-
MeO ¥s cyclization ~MeO Ts
L 6n electro-
cycllzatlon

TBAF

THF 80°C
85% (2 steps)

Me
MeO o, Me
oy
N —
MeO H

koenidine

T™S Me
MeO

JACS 2016, 13870

QO

l nBuLi — ]
R2 Me,Si )

e LD

—/ o ZF SiMe,

0" X R’

Arene-1,4-diyne equivalent
(stepwise generation of each alkyne)

o OH

JACS 2006, 13696

Key takeaways

- Strain provides a strong thermodynamic driving force for reactions

- Many strained o-bonds have m-like reactivity

- Strain release can promote irreversibility of a reaction

- Strained motifs can often act as masked functional groups (vinyl carbenes, 1,3 dipoles etc.)
- Strain release can be an efficient method for ring expansion

- The cleaving of strained motifs can effectively promote domino reactivity

- Strain release can be an artistic way to quickly access complex scaffolds



