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This group meeting presents a survey of common strategies and tactics for the synthesis of 5-membered carbocycles in the context of natural products synthesis.

Selected examples of natural products containing 5-membered carbocycles.

Me
Me,
: § H
: "Me Me—\ CO,H
H Me Me
cedrene retingeranic acid

Structural Considerations.

1) Oxidation state (0 to 10, but > 4 is rare). e.g. 3) Nature of Substitution, e.g. <:O
. . Vs. F | ’
0 1 5 3 4 5 a) Fused vs. Bridged ring systems

b) Identity of substitution
- EWGs, EDGs, Ar, Alkyl, Halogen, etc.

OH OH OH OH OH
OH OH OH HO OH c) stereochemistry
Both the absolute and relative stereochemistry of the substitutents
OH HO OH HO OH

4) Physical organic chemistry considerations
Most of these have several redox equivalent structures/hydration levels. For example, a) Cyclization to form 5-membered rings is the fastest of any size (in

when the degree of oxidation = 3: general, >100x than 6-membered rings). For this reason, 5-membered
rings are frequently formed in the construction of adjacent ring systems.

OH
o o OH b) 5-membered rings are thermodynamically less stable than 6-membered
OH _ OH rings. Be aware of this fact when both cyclization modes are viable and the
reaction pathway is reversible.
OH

c) Relay of stereochemical information about a 5-membered ring is often
2) Degree of Substitution, e.g. challenging, and far less predictable than in 6-membered rings.

O3 Y

These structural considerations determine which strategies and tactics should be selected retrosynthetically.
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Strategies Tactics (not exhaustive)

) Make 1 bond (most common, by far) Make 1 bond

as tethers in the process of making other rings, especially cycloadditions reactions
intramolecular Sy2/alkylation

intramolecular Wittig

classic carbonyl chemistry: aldol, Michael, Claisen, Dieckmann, Mannich, etc.
Friedel-Crafts

Nazarov

2) Make 2 bonds P.ianggtelli . . .
vinylidine/carbenoid C-H insertions

[3+2] or radical cyclizations

[4+1 ] I cycloisomerizations
n-philic metal-mediated/catalyzed cyclization (more recent development)
or ring closing metathesis
Prins/Ene
- many others...

3) Make 3 bonds Make 2 bonds

stabilized dipole and photo [3+2]

[2+2+1] phosphine catalyzed [3+2]
arene-alkene meta-photocycloadditon
:> double alkylation (formal [4+1])
radical cascades
[5+2] cycloadditions

4) Rearrangements (very common) Make 3 bonds

Pauson-Khand

3—5
= Rearrangements
:> 3—5 (vinyl-cyclopropane rearrangement)
4—5 (Tiffeneau-Demjanov; pinacol, semi-pinacol, etc.)

6—5 (oxidative cleavage, aldol; Favorskii; a-santonin

LG di-t-methane)
4—5
:> a-ketol rearrangement
% 6—5 : i :
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A) As a tether in the formation of other rings, especially cycloadditions

Since cyclization to form 5-membered rings is kinetically fastest of any cyclization (> 100x faster than 6-membered ring cyclization), 5-membered rings are frequently
formed in the process of forming fused and bridged polycyclic systems. (eg. JACS 1984, 106(4), 1051). Cycloaddition reactions are particularly common in this regard.

PhMe, 180 °C
e
(89%; 100% endo)

(—)-colombiasin A

Nicolaou and co. AC 2001, 113, 2543; Chem. Eur. J. 2001, 7, 5359.

major shown)

AcOH, H,0, 45 °C; ~oH com
Et,NH, MeOH, H,0O N wO2Me 24 steps
»  Me® —
(98%; 6:5 d.r.;
o

picrotoxinin

Yamada and co. JACS 1984, 106, 4547. (Tet. Lett. 1973, 4963.)

NO, Cl-CgH4-NCO, N—0 0
EtsN, PhH / 3 steps
= > —
/ (55%) / /
“Co,Et “CO,Et *coH
sarkomycin

Kozikowski, A.P.; Stein, P.D. JACS 1982, 104(14), 4023.
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B) Intramolecular Sy2 alkylation 0

_—
kinetically controlled
deprotonation aphidicolin
Corey and co. JACS 1980, 102, 1742.
BuOK, THF, rt.
—_—
stemodin
Corey and co. JACS 1980, 102, 7612.
OH
(0]
| N 1) BUOK, BUOH Me Mo We
Me = 60 °C 3 steps
e —>’
CO,Me 2) NaOMe, MeOH "cone H |%[|e Me
Br

cedrene

Corey and co. JACS 1969, 91, 1557; JACS 1955, 77, 1072; JACS 1961, 83, 3114; Tetrahedron Lett. 1973, 3153.
B) Wittig, HWE, etc. type olefinations

MeO, NaH, THF, A 11 steps
MeO—P —_— >
7 o
o) (91%)

(-)-jiadifenin
Danishefsky and co. JACS 2006, 128, 1016.
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C) Classic carbonyl chemistry

aldol condensation

1) pyrrolidine,
PhCO,H, PhH
%

2) ag. AcOH,
AcONa, CHCl;
Al,O3, PhH
(84.5%)

o O 9TES 1) Og, CH,Cly,

-78 °C; Me,S,
Me -78 °C—23 °C
HN NMe,

NH\"/

)\ (o] 0°C
o OBn (50%, 2 steps)

2) NaOMe, THF,

Ph /

aldol addition

HgO, BF jOEt,,
THF/H,0
—_—
(65%)

17 steps

o
/\Me
picrotoxinin
Miyashita, Suzuki and Yoshikoshi. JACS 1989, 111, 3728. (JOC 1985, 50(18), 3377.)

Me

OTBS
HO 9 | N
Me 7 steps 4

NM62

" G
OJ\OBn

(o]
pactamycin

Johnson, J.S. and co. Science 2013, 340(6129), 180; JACS 2013, 135(47), 17990.

6 steps

picrotoxinin

Corey and co. JACS 1979, 101, 5841; Tet. Lett. 1980, 21, 1823.
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aldol addition

NHCHO

OHCHN
1) DBN, CH,Cl,,

o
0 Ry H
0°C \9,002 11steps \H,COz
3 5 5
NAm i 05H11
2) Ac,0, pyr. $ § H
AcO 0 0‘ o' HO 6H
o prostaglandin E;
made by oxidative
cleavage of a DA adduct
Corey and co. JACS 1968, 90, 3245.
Michael/aldol addition
NO N
NO, 1) base 2 sncl, 02 o) com
CN  2)HWE %'CN acetone ® ‘\Hr 2
" | s —— 5 g > > _ca
51111
oo™ o OHC Me0” “OMe N s -
e e o HO OH
PGE;
Corey and co. JACS 1968, 90, 3247; JACS 1969, 91, 535; JACS 1969, 91, 5675
Michael addition
o ii) ethylene glycol Me O Me Me
me@ ,0 ) 2NHCI, EtOH, Me EtsN, 225 °C
; 100 °C (10-20%, 2 steps) 7 steps
o > (0] ——— $
—
Me . Me H Me
longifolene
Corey and co. JACS 1961, 83, 1251; JACS 1964, 86, 478.
(o}
EtsN, PhMe,

110 °C, 12 h.

CN thiazolium salt CN
(65_70 oA)) CN 74 (23 equiV.) Meozc 7a 7 stepS l\l;:ng_: : OH
NC —>> —> Y, H —> H =5
(-)-quinine, 7 1\ Me0,C H
| | (83%, 30% ee) CcOo,Me |
0

EtaN (50 equiv.), . . R
acetone, A, 5h, final ring closed by an 5 0)
(67%) o aldol condensation = " )
Me OH hirsutic acid C
(€]
| ~
Me—N
o\

CO,Me

Trost and co. JACS 1979, 101(5), 1284.
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Dieckmann

NaCH,SOMe, Me

DMSO
_—
002Me
caryophyllene
Corey and co. JACS 1963, 85, 362; JACS 1964, 86, 485.
Mannich
~ (o]
® N
MeOzc\N TEA Meozc\N OH A
|
(67%)
H .
Br I\Nlle o
product of an aza-Cope gelsimine
Overman, L. and co. JACS 2005, 127, 18046.
D) Friedel-Crafts
. 0 N
1) PrMgClI, CuSPh, OMe
OMe THF, -15 °C 14 steps Me
— > Me
Meozc \ Me 2) PPA, 65 °C—91°C Me
Me
Me Me

Me
9-isocyanopupukeanane
Corey and co. JACS 1979, 101, 1608; Tet. Lett. 1979, 2745.
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E) Cationic

cation-olefin cyclization

OH Me
Me Me Me Ve Me
HCOH
—_—
e, "'t@ Me P
'aﬁ Me K 'r Y Me
OH H Me
Me | Me |

cedrene

Corey and co. JACS 1969, 91, 1557; JACS 1955, 77, 1072; JACS 1961, 83, 3114
cyclopropanation, then cationic ring opening strategy

)
N 1) Cu cat, PhMe, A (67%)
Me O N 2) LAH, Et,0 (86%)
)

Et >
r 3) TBDMSCI, imid. (91%)

(o) (o)

OTBDMS | N
Bu N Bu

OTBDMS

Tf,0, "PrNO,, 0 °C;
EtsN (69%)

CO,H

atractyligenin
Corey and co. JACS 1987, 109, 6187; For a similar strategy in cafestol and kahweol syntheses, see JACS 1987, 109, 4717; Tetrahedron Lett. 1987, 28, 5403.

E) Pericyclic
NHBoc
(o]
OtBu DMSO
NHBoc 4 steps
o, (62%
Me /\\\

choposerramlne R

Trauner and co. ACIE 2017, 56, 893. See also: Pronin and co. JACS 2016, 138, 12316.

metallo-ene

Bases with K* as a counterion were optimal for this reaction. Yields and reaction times with Na* counterions were lower, and Li* gave no product. (i.e. 71%:57%:0%
yields on test substrate.)
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Nazarov (Use of AIBN/HSnBusz was used to form the other 5-membered ring)

AICI3 (2 equw)

CHJCl,,
2 2 Me Me
TBDPSO
(80%,
single isomer,
F racemic)
Me OTBDPS sculponeatin N

Thomson, R. and co. ACIE 2014, 53, 2988.

Photo-Nazarov A carbonylative Stille coupling was used to jointhe left and right halves.

1) hv, 23 °C
CH4CN

OTBS 2) PryNH, o

MeOH, ""97\
50 °C 0

60%, 2 Me
steps) nakiterpiosin

Chen, C. and co. JACS 2009, 137, 1410.

The photo-Nazarov is commonly used when aromatic rings are involved, and can occur at neurtral or basic pH.

(o]
0 H
300 nm,DCE 12 steps 0
(80%)
TBSO TBSO Me
gracilamine

Gao, S. and co. ACIE 2014, 53, 9539.
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F) Radical Methods
Tin radical examples
Me Me Me
'BuSH, AIBN, " Me
o (0] e
PhH, 80 °C, 22 h. H 2 steps H
(0] H
Y e 0
Me Me
(o} (o}
cyanthiwigin F
Stolz, B.M. and co. Nature 2008, 453, 1228.
o TMS ™S
| BusSnH, AIBN, PhH
J | (slow addition)
o) ! >
oo\ (69%)
Pr \
MeO:
(—)-dendrobine
Sha, C.-S. and co. JACS 1997, 119(18), 4130.
both diastereomers give the same
distribution of only cis products
MeO MeO H
= OMe 1) MsCl, EtaN, — OMe 1) Hg(OCOCH,Cl), 0™ CH(OMe), 1) snBugH, PhCI,
CH,Cl,, -78 °C THF, 0 °C | HgClI -40 °C
\ —_— \ —_—> Om \ —_— +
HO 2) H,0,, Et,0, HOO 2) NaCl, H,O H 2) Oy, -40 °C—0°C H
\ -110 °C>-78 °C \ \ o/~ CH(OMe),
|
CsHy, CsHyq CsHyq n
O CsHyq
OOH
elaborated to various
prostaglandins

Corey and co. JACS 1984, 106, 6425; Tetrahedron Lett. 1970, 311; Tetrahedron Lett. 1984, 25, 5013; Tetrahedron Lett. 1982, 23, 719.
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Sml, cyclization

Sml,, LiBr,
BuOH, THF

—>
-78 °C (54%)

(=)-macocrystal Z

Reisman and co. JACS 2011, 133, 14964.

Sml, mediated pinacol coupling. Reduction of the aldehyde to the hydroxyl followed by ketalization is a competitive pathway.

‘\OH
Sml, (5 equiv.), THF, * HO
0 HMPA (20 equiv.), 23 °C 3 steps
Me
(67%) HO

BocN

BocN
(+)-fawcett|m|ne

Lei, X. and co. ACIE 2012, 51, 491.

Ti(ll) initiated

Me
1) Cp,TiCly, Zn°, "

THF, 60 °C e @ ) 9 steps
—_— — >
2) TBSCI, imid., . |

DMF, TBSO" H

(42%, 2 steps) =

berkeleyone A
Fernandez-Mateos et al. Synlett, 2007, 2007, 2718.; Maimone and co. JACS 2016, 138, 14868.
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polarity-reversal + asymmetric catalysis

Cl;C EtsB (1.25 equiv.),
A W\ TMS,SiH (1.0 equiv.), AcC,
/ cyclopentane [0.009 M], air
>
thiol catalyst (25 mol%), TBSO*; .
TBSO -1 0 oC M H &
M e Me
Me (56% combined yield of
all diastereomers)
Ar  Ar (—)-6-epi-ophiobolin N
o ~
'S SH
Me>< Ar =
Me 0 OH
Ar Ar S
Plausible mechanism based on literature precedence: Maimone, T. and co. Science 2016, 138, 14868

EtsB + O, — Ete + Et,BOO* — radical initiation
Et,BOO* + TMS3Si-H — Et, BOOH + TMS;Sie

TMS;Sie W R'S-H
/c| c Cl,C —\‘
AcO CI_||20 3 0 8-endo-trig
3 o —_—
Me
\”’ /
TBSO M Me

TMS;Si+ ~€&——— TMSSi-H R's. +

chirality in the final step is enabled by a terminating He
polarity-reversal conditions abstraction from the chiral thiol by the tertiary carbon radical
Roberts, B.P. and co. Chem. Soc. Rev. 1999, 28, 25.; J. Chem. Soc., Perkin Trans. 1 1991, 103.
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G) Carbene/Carbenoid

Hodgson cyclopropanation.

LTMP, BuOMe,
Me
MOMO 78°C—-23°Cc  MOMO 6 steps
0
(90%)
chloranthalactone A
Liu, B. and co. Org. Lett. 2011, 13(19), 5406.
Carbene: C-H insertion
M M
¢ CHBr; (2 equiv.), ° Me Me,,
Me Me MeLi (1 equiv.) Me Me Me
y . — =
Et,0, -75 °C—-30 °C; ¢
MelLi (1 equiv.), Me
Me -30 0(0_>q0 oC) Me Me Me
(26%) .
ishwarane

Cory, R.; McLaren, F.R. J. Chem. Soc., Chem. Comm. 1977, 587.

Benzylic C-H insertion of a Rh-carbenoid. An example of enantioselective quaternary carbon formation.

e
N CO,Me o, Me
e Rh,(OAc), (cat.), o Me
N Me CH20|2, 30 mln 4 StePS
MeO,C . Kz
e0y (67°/ Mo |
o X
Me Me

a-cuparenone
Taber, D.F. and co. JACS 1985, 107(1), 196.
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Formation of 9-membered enediyne macrocyclic natural products. The high strain of a 9-membered enediyne macrocycle necessitated intial formation of a 12-membered
macrocycle (by an Eglinton Cu-mediated alkyne-alkyne coupling), followed by 5-membered ring closure to access the challenging 9-5 fused ring system.

Me
Me OH
LIHMDS: BuLi, R
THF/PhMe, -78 °C: on o—k

6 steps
- 0 Me —>

immediate (< 3s)
HOACc, (30-40%)

LODEIPS

L

-uODEIPS HO

/ DEIPSO™ ¢ OMe

N1999A2

DEIPSO™ Myers and co. JACS 2006, 128(46), 14825; ACIE 2000, 39, 2932, ACIE 2002, 41, 1062.

H) Metal catalyzed/mediated anulation methods. The power of metal mediated/catalyzed cyclizations may be attributed to their capacity to form multible ring systems in a
cascade sequence, forge highly substituted stereocenters, effect enantioselective transformations through catalyst control, and exhibit good chemoselectivity.

Heck annulation

0 |
<_W | H Pd(OAc), (10 mol%),
(0}

Ph3P (20 mol%), 17 steps
> —
TBSO Ag,COj, THF, 65 °C
(83%) :
Me OTBS HZOé H OBz
scopadulic acid B
oxidative addition B-H elimination

Overman's Heck cascade effects
formation of a quaternary carbon center
and a bridged [3.2.1] bicycle.

oTBS oTBS

Overman, L.E. and co. JACS 1993, 115, 2042; JOC 1993, 58, 5304.
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Oppolzer's palladium-ene/Heck annulation.

MeO,C CO,Me Pd(dba), (10 mol%) MeO,C,
MeO,C a)> (10 mol%), ooz
€0, CO,Me trifurylphosphine (40 mol%),  Me0,C
>
AcOH, 110 °C
(50%)
OAc

Oppolzer, W. and co. JOC 1991, 56, 6256; Pure and Appl. Chem. 1990, 62, 1941; 1988, 60, 39; ACIE1991, 32, 131.

Trost's Pd-catalyzed Alder-ene reaction effectively forges the cis-fused 5-6 ring system of picrotoxinin.

Pd(OAC),
OTBDMS (10 mol%), TBDMSO
H L1 (10 mol%), K
= OTBDMS L, (10 mol%) OTBDMS 43 steps
S Me > . Me __>
DCE, 60 °C 3
: (70%) :

Q O picrotoxinin
PPh, O PP O
L, L,

(M. Krische's graduate work) Trost and co. JACS 1996, 118, 233; JACS 1999, 121, 6183

Ring closing metathesis

Me
+OH

o

Grubbs Il cat.
CH,CH,, PhMe,
120 °C, 12hrs.
e

(43% over 3 steps)
(first 2 not shown)

oMe

cyanthiwigin U
Pfeiffer, M. B.; Phillips, A.J. JACS 2015, 127(15), 5334.
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Enyne RCM
Me
Grubbs |, Me H $
Me ethylene,
/\/\/ CH,Cl,, 23 °C 9 steps
—_— >
~ H (86%) Me
OTBS X _Me
OTBS
CO.H
valerenic acid
Ramharter, J.; Mulzer, J. Org. Lett. 2009, 11, 1151.
electrophilic Pt-catalyzed cycloisomerization
— . @ /SiEta (o)
., ,OSiEt
= g % PICl, (20 mol%), Me || Me o e
cod (0.8 equiv.) 4 steps
—» ?
Me  phMe, 23 °C Me Me Me ! Me
(80 %)
HO H
OTIPS OTIPS OTIPS
cyperolone
Kirsch, S.F. and co. OL 2012, 14(5), 1250.
o
EtHN\n/s\/\N PtCI, (10 mol%), EtHN s\/\N
o PhMe, 90 °C \n/ 8 steps
—_— (0]
(87%) E
Me
A5

Me

(+)-fawcettidine
Kozak, J.A.; Dake, G.R. ACIE 2008, 47, 4221.
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Wender's use of a zirconium-mediated enyne ring closure.

OAc
¢ CpaZr("Bu)a, oH
THF, -78 °C—25 °C
1.5 h; AcOH
_>
AcOH, 0 °C
(90%)
resiniferatoxin
Wender and co. JACS 1997, 119, 12976. For Zr chemistry: Nugent and co. JACS 1984, 106, 6422;
JACS 1988, 110, 7128,; Negishi and co. JACS 1989, 111, 3336; Tetrahedron Lett. 1986, 27, 2829.
Pd-catalyzed isomerization.
F4CH,CO

Pd(OAc), (0.5
equiv.), PBus
(1.25 equiv.)

S

‘@ o \ 22 °C, (75%)

Me H

"Considering that the basicity and leaving ability of 3-ketoester enolate are similar to those of
phenoxide, we rationalized that a transition metal complex that promotes the substitution of a

(—)-fusaretin A

phenyl ally ether would fit the requirement.” Li, A. and co. JACS 2012, 134, 920.
[4+1] double alkylation strategy
NC. CO,/Bu
I I \ CO,H
_\_(_ NCvCOZ'Bu steps .‘\\ea, 2
) —_— > > 5
o0 "° § CsHyq
BuOK, BuOH, o o 3 Y
Me' Me 60 °C HO OH
Me Me

prostaglandin E;

Tetrahedron Lett. 1986, 27, 2199, 3556; 1983, 24, 5571.
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A Claisen-Michael cascade

; (0]

LDA (2 equiv.), HMPA MeO,C
wCO;Me (S(eql?iv.), )THF; € 21 steps
—>

O' — >
“CO,Me tBu————CO,Ph f
(72%3) MeOZC By
5-endo-dig

bilobalide
Corey and co. JACS 1988, 110, 3672; Tetrahedron Lett. 1988, 29, 3423; Tetrahedron Lett. 1986, 27, 5951.

Phosphine catalyzed [3+2]. Not (yet) commonly used in total synthesis, but is an active area of research. See G. Fu's work for extensive developments.

(o} ! o
PPhg (10 mol%), 10 steps
+ —_— > —> —>
I 0 o fo) —>» HO OH
EtO.C PhMe, 110 °C
2 (63%, 0.96 equiv. H

OPiv of enone EtO,C OPiv oo

1 equiv. 2 equiv. recovered)

HO
(+)-geniposide
Jones, R.A; Krische, M.J. OL 2009, 171(8), 1849.

Stabilized cation-olefin [3+2]

Me
AcOSO,Me Me MeLi
XMe CHuCl, -40°C

Me

cedrol

Corey and co. Tetrahedron Lett. 1973, 3153.
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cation-olefin cyclization

Biosynthetically, many 5-membered ring containing terpenes and terpenoids arise from tail-to-head cation-olefin cyclization cascades. This paper demonstrates that
these cyclization pathways are viable in a flask by sequestration of the counterion away from the propagating cation to make a number of highly strained terpenes,

includeing cedrenes, funebrenes and cumacrenes.

MeAICl,,
Me,AICI

Me Me
(0] —_—

Me CH20|2, -78 °C
(plus alcohols,
not shown)

MeAICl,,
$ AN Me Me,AICI

semi-Pinacol
(1,2-H shift)

cedrene ring system

funebrene ring system

[-cedrene ring system

o{* A > . 2/0
Me Me 3

Me
semi-Pinacol
(1,2-H shift)
B, SE——
© o
L;A1” ) -
Me*

Me

B-funebrene ring system

© o
L,Al1”

. Me Me
1) LiAIH,
—_— +
2) PhSeCN, B —
M = =M
PPhg H,0, He o Hoje
[-cedrenes B-funebrenes
@)
W-M shift Q@ Me
> |, ZDI _0 S
3 Me Me
Me ]
®
©® o ~ H,,
L;AI” 17
Me
Me
+

L,Al1”

- tail-to-head cyclization can lead to remarkably strained ring
systems, such as 3-funebrene, cumacrene, and taxa-4,1-diene

Pronin and Shenvi Nat. Chem. 2012, 4, 915.
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[3+2] photocycloaddition
OMe O
OH
OMe O Ph CO,Me
e \%\COZMe OMe OH CO: O ““cone
hv, CH,Cl,/PhMe 0 NaOMe, MeOH  MOMO
-70 °C (66%) MOMO o | AN 65 °C (89%) O
7 a-ketol
OMe OMe rearrangement

pyren-1-yl

pyren-1-yl >|
",

HO . 0><cyclooctyl
HO o cyclooctyl
pyren-1-yl

pyren-1-yl

via:

MOMO o Ar

OMe

(—)-silvestrol (87% ee)

Porco Jr., J. and co. ACIE 2007, 46, 7831; JACS 2004, 126, 13620; JACS 2006, 128, 7754.

[5+2] cycloadditions can be used to form 5-membered rings

HO Me (o) Me
o o o-cedrene
Me Pb(OAc)4, CHCl; | me 5 [5+2] Me © _me Me OAc Ve
e — “ — D _>) a-pipitzol
40 °C (61%) Me @ @
~ Me Me sec-cedrenol
Me

Green, J.C.; Pettus, T.R.R. JACS 2011, 133, 1603.
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Radical cascades
n-Bus;SnH,
AIBN (cat.)

EEE——

PhH (0.02 M),
reflux (80%)

hirsutene

Curran and co. JACS 1985, 107, 1448; Tetrahedron 1985, 41, 3843.
Trimethylenemethane and equivalents

Me 0

/4
\ Me 1) H,NNHTs, MeOH

Me —————————>»
2) NaH, PhH, 80 °C

Me

L - (+)-pentalene

Lee and co. Tetrahedron 2013, 69, 7810; See also Trost, B.M. JACS 1986, 25(1), 1.

Alkene-arene meta photocycloaddition. The alkene-arene meta-photocycloaddition is one of the most powerful reactions for building up complexity (3 bonds and up to 6
stereocenters formed), but has numerous subtleties which make it difficult to modulate. The reaction has generally been used to rapidly construct triquinane (linear, angular
and propellane) containing natural products. See Belstein J. Org. Chem. 2011, 7, 525; Chem. Rev. 2016, 116(7), 9816 for details.

Paul Wender has shown the utility of this reaction in the synthesis of numerous natural products, including this seminal synthesis of a-cedrene. Through use of an
intramolecular tether and judicious selection of aromatic substituents, Wender is able to effect the desired meta cycloaddition with the desired regiochemistry over competing
ortho- and para- cycloaddition pathways.

Me Me
| hv, Vycor,
(¢ Li, Et,0O; ketone; Me pentane Me 1) Bry, CHyCly; " Me
OMe Li/NHg (74%) (65%, 1:1) BugSnH (59%)
+ —_— Me e —_—>
Me o] H® Ome 2) HoNNH,, KOH ¥ e
ML Me
Me Me
a-cedrene
Me

Wender and co. JACS 1981, 103, 688.
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Pauson-Khand reaction, a [2+2+1] annulation
- this reaction results in the formation of two ring systems when employed intramolecularly

Me”
Ac

=

Z,

N

(0]

Me” M

e

i) Coy(CO)g (1.2 equiv.)
CHQC|2, r.t. MeN . o
i) NMO*H,O, MeCN, r.t. o
T »
i) H,, Pd/C, MeOH AcO Y z o
(51%) . Me”” > Me
e © dendrobine
Zard and co. JACS 1999, 121, 6072.
Mel,'.
[RhCI(CO),l,, CO, Me
p-xylene, 140 °C o) Me
> H

(72%) ""OTBS
Ve
ingenol
Baran and co. Science 2013, 341(6148), 878; JACS 2014, 136(15), 5799.
o OH
[RhCI(CO),],, CO, Bn—\ o Me ipy
m-xylene, 110 °C 0 Me 7 steps H
» Me o i Me oH
(>20:1 dr, 85%) M 5
e
Bn oM | OHMe "oy
ryanodol

Reisman and co. Science 2016, 353(6302), 912; ACS Cen. Sci. 2017, 3(4), 278.
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A) 3—5 ring expansion
vinyl-cyclopropane rearrangement. Normally required T > 300 °C, but can occur under lewis acidic conditions if there are charge stabilizing functional groups.

HO
Et,AICI, Q
CH.ClI,, 0°C a‘ 15 steps @
——> TBDMSO = @
(80%) Me H HO™ N4 (
0" o e '\o CO,Me

1) Cu cat, PhMe, A (84%)
2) Bry, 0 °C, CCl,/Et,0

H >
TBDMSO 7 O c 3) DBU, DMF, 50 °C
(Ve N o
Me \n/ N, (48%, 2 steps)
o
antheridic acid
A. Myers' graduate work with E.J. Corey. Corey and co. J. Am. Chem. Soc. 1985, 107, 5574; Tetrahedron Lett. 1986, 27, 5083.
Me
LDA, THF, HMPA; FVP (585 °C)
-105 °C—-50 °C 10-4mmHg
+ B ——m : —_—
i o] N (27% pB-H (shown)
i H )
Me—\ CO,Me Me/\M + 24% o-H) §
Me Me Me—\
weH retigeranic acid

'Me

Hudlicky and co. JACS 1989, 111, 6691.

B) 4—5 ring expansion
Often effected from a [2+2] cycloaddition adduct by generation of cation or similarly activated leaving group.

pinacol
MeO 2 1) vinyl MgBr, PhH N “ 724
2) BF3*Et,0, Et,0 MeO, H,0 0\\ 17 steps
T Q —_— _>_>
(54%, 2 steps)
H H H
Me i Me | Me Me™ Me
dactylol

Gadwood, R.C. and co. JACS 1986, 108, 6343.
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semi-pinacol rearrangement

Me, Me — = [~ ]
© 1) hy, - 10 °C,
pentane 40% H,S0,4
+ —_—
M 2) MelLi, Et,0, THF, -5 °C — 25 °C »
e Py A
e £ £
o HO~"
- N - N a-caryophyllene
alcohol

Corey and co. JACS 1964, 86, 1652.; JACS 1965, 87, 5733.

acid-induced ionization

o)
Me 1) hv, (350 nm) stOH PhH, He ""e
hex 77%) 98%)
Me Men
2) PhP=CH,,
Me " pMSO, 70 °C
Me

Isocomene can also be obtained by a mechanism involving an initial shift of the b bond and a second Wagner-Meerwein shift. see Ch. 14 of Classics in Total Synthesis.
Pirrung, M.C. JACS 1979, 101, 7130; 1981, 103, 82.

isocomene

Tiffeneau-Demjanov ring expansion

o) H Cl H
Me Me NEt3 Me 4 Me CH2N2 1) NaBH,4 Me B
+ c > — —_— >

Me Ve N 2) Cr(ClO,), Me ;
Cl H (0} I:I

another

4 steps gives
hirsutene

Greene, A.E. Tetrahedron Lett. 1980, 21, 3059; 1981.
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C) 6—5 ring contraction

Oxidative cleavage of alkenes, followed by aldol condensation is the classic way in which to effect a 6—5 ring contraction. This tactic is useful for several reasons:
a) Stereocontrolled formation of highly subsituted cyclohexenes is well studied, and oxidative cleavage/aldol addition/condensation is robust and hightly FG tolerant.
b) Allows one to use the chiral centers found in the numerous and cheap chiral pool 6-membered terpenes and terpenoids.
¢) The transformation retains the olefin and adds an exocyclic carbonyl handle, both of which may be utilized for subsequent transformations.

1) OsOy, pyr. Me

Pb OAC 1.5% 2804 OHC
j HOAc, PhH j THF/H,0 . Me
3) NaOH, EtOH Pr CHO

Helminthosporal
Corey, E.J.; Nozoe, S. JACS 1965, 87(24), 5728.

Use of a Diels-Alder transform enables construction of 3 stereocenters of the stereochemically dense massidine/palau‘amine cyclopentane Br Br
core. Oxidative cleavage and aldol addition sets the other 2 stereocenters, with stereocontrol set by the former 3 stereocenters. —
HN_
PMBO N oPMB ﬁHz
OPmB Og, MeOH, Me A TMSOTY, 0 °C—23 °C NH OH
Me AL o\ -78 °C, then DMS then NBS, THF, ACN> ) =
TN, —— A
D\/Ns (86%, 2 steps) then SiO,, 50 °C
Me 3 (66%)
HOHN
o) \(
NH,
Baran and co. JACS 2008, 130, 16490; 2011, 133, 14710; ACIE 2008, 47, 3578 (-)-massadine ]

In Hu and Synder's synthesis of (-)-presilphiperfolan-8-ol, a Wolff rearrangement proved optimal to effect the 6—5 ring contraction. Like epoxydictymene, palau‘amine and
the funebrenes, (syntheses of which are all featured in this group meeting) presilphiperifolan-8-ol contains a strained 1,2-trans ring fusion. In cases like these, direct
formation of the 5-membered ring directly is often avoided in favor of the more facile 6-membered ring formation, followed by a ring contraction.

Me
H Pd(OAc)
Me 2
, DPEph
Me pnos, > Me.,
OTf ,J  EtN,90°C, Me
PhMe (10-12 h)
Ve (75%)

(—)-presilphiperfolan-8-ol
trans fused 5-5 ring junction
highlighted

Hu, P. and Snyder, S.A. JACS 2017, 139, 5007.
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Wolff rearrangement

Favorskii rearrangement

0 OTBDMS

4, e

a-santonin rearrangement

(0] CsH,
Me Y

~0 hv, AcOH
Me ﬁ
o /. OH (50%)
OTBS

OMe Me
collidine, BnOH, HO Me
160 °C 6 steps Me
—_— — = OH
(56%)
N H 0
£ Me
Me

taiwaniaquinol B

Li, A. and co. Org. Lett. 2013, 15(8), 2022.

o OTBDMS

NaOH, EtOH, rt. 17 steps

(70%)
Herz-Favorskii

Me

(b
o

trichodermol

Still and co. JACS 1980, 102, 3654; For Herz-Favorskii, see: JOC 1980, 40(24), 3519.

Baran and co. ACS Cent. Sci. 2017, 3, 47.
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di-r-methane and oxo-di-r-methane rearrangments can convert [2.2.2] (bridged) bicycles to [3.3.0] (fused) tricycles:

OoP
PPV e v @oonm), | P°V me vV Me
acetone, r.t. o o
N\, —>> — .
o (91%) o
OPv OPv OPv

pentaleneolatone P methyl ester

Paquette, L.A. and co. JACS 1991, 113, 9384. For more details: see Chem. Rev. 2016, 116(17), 9683; Chem. Rev. 1973, 73(5), 531.

di-n-methane-like rearrangement

Co(acac), (10 mol%), o’

0 PhSiH; (1.2 equiv.), o
M OMe 05 (1 atm) OMe

e r o Me

g OMe i-PrOH, 0 °C to rt : OMe
Me Me 0 (65%) Me Me
Song, L.; Zhu, G.; Liu, Y.; Liu, B.; Qin, S. J. Am. Chem. Soc. 2015, 137, 13706.

D) Other

5-membered ring formation from 8 membered macrocycle

OH Me
i ~opn 1) Pb(OAC), (95%) 19 steps
I > —
~N-B"  2)LiHMDS, THF,
OH Me -100 °C (85%)

merrilactone A
Inoue and co. JACS 2003, 125, 10772.
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Pinacol coupling, followed by a 6—5 ring-contraction

H H OHC
1) Ti (from TiClz+K), 1) OsO,4 NMO,
THF (55%) acetone, H,O
2) MeOH; aq. K,CO3 OMEM 5 pp(0Ac),, PhH,
THPO/- 8) Swern THPO/- 5°C
4) MEMCI, base 3) CF3C0,~ BnoNH,*,
PhH, 50 °C
Favorskii, Nicholas/Prins/Prins/Sakurai, Pauson-Khand, conjugate addition
Me Me,‘
1) Br, "CH coe "C H Me—(”
2) NaOMe, MeOH 2 8 steps N
_ —>)
o A _Me OFt
| H
Me
Me Me ™S
T via: [~
Me
OMee
=0 3 "ol o
\ Me \ Me
Br Br
Me Me

radical conditions gave the
6-membered ring

1) BuLi (2 equiv.),
Et,0, -78 °C (74%)
—-€

2) K, 18-c-6,
PhMe (82%)

epoxydictymene

\OTHP o

installation of the trans-fused 5-5
ring system required considerable

21 steps

o —
OMEM HO

giberellic acid

1) COQ(CO)g
—
2) AIEt,Cl, CH,Cly
-78 °C
(201 dr, 82%)

CH4CN, air NMO, CHxCl,
reflux, 15 min (70%, 11:1 dr)
%, 5: ' or
(85%, 5'o1rat c12) CH3CN, ultrasound

40 °C (45%, 3:1)

10 steps
~—

manipulation

T. Jamison's graduate work with Schreiber. JACS 1994, 116, 5505; JACS 1997, 119, 4353; Wolinsky et al. Tetrahedron 1965, 21, 1247.
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Prins, 4—5 ring expansion, 6—5 ring contraction

Me
EtAICI,, PhH
NS e
/ o (99%)
Me Me
Me Me
[ Me ] [ Me
- AT —> ®
H H
Me Me—:
Me H Me

Me—\

1) OsQy,, pyr.; NaHSO3

2) Pb(OAC)4, CHQC|2

3) neutral Al,O3, mol. sieves,
CHJCl,

H,O/BuOH

T

CHO

) n,,

Me
Me

NaClOQ, NaH 2PO4
_—>

- via:

Me— ™\

Me

Me HMe,

7,
Me

s
5

Me—\ CO,H
Me

T

retingeranic acid

1

~

CuOTf, EtgN, PhH

1) (COClI),, PhH
—_—
2) EtsN, PhH

EBJ.\B‘

NalO,, aq. dioxane
Al/Hg, THF/H,0O

H
Me

Me— "\

SMe | n_ByLi,
Me—< THF,
0,

Me— "\
Me

Snider and co. JACS 1980, 102, 5872; Corey and co. JACS 1985, 172, 4339; Tetrahedron Lett. 1983, 24, 5571.



