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Background

Thermal reaction is symmetry allowed
First thermal [2+2+2] cyclotrimerization was reported in 1866 by Berthelot

~ 400 °C .
3 H————-~H — > + biproducts

AG = —142 kcal / mol

The reaction is exothermic despite the large loss in entropy

Reppe reported the first metal-catalyzed [2+2+2] cyclotrimerization reaction in 1949

Not a concerted reaction
Ni(0)
3 H————-H " .
60 = 70 °C

The reaction occured at lower temperature and with fewer biproducts

Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1.



Background

symmetrical alkynes 3 R——=———R —

hexa-substituted benzenes

R R
R
unsymmetrical alkynes 3 R——=——--H — + /@\
R R
R

1,2,4-isomer 1,3,5-isomer
major
H Rz Ry
different alkynes | | + | | + | | — 38 possible isomers
I:11 RS RS

Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1.



Catalysts

Metals basic requirements:
- precatalyst must be able to bind two alkynes
- have stable n and n+2 oxidation states

Numerous metals have been used Ni, Co, Rh, Fe, Ir, Zr, Ti, Pd, Ru

Ni(cod), CpCo(CO), RhCI(PPh3);3 CpRuCl
(Reppe) (Vollhardt) Wilkinson’s catalyst (Yamamoto)
(Stevenson)

Most studied metals are Co, Rh, and Ru

Reaction proceeds by different mechanisms depending on the metal

CpCo(CO), requires activation with hv before use to aid displacing the CO ligands
CpCo(CyHy), is now used

Rhodium catalyzed reactions are generally limited to tethered substrates

Ruthenium catalysts work only for electron-poor substrates



Cobalt [2+2+2] Mechanism

@
inactive : H
metallocyclopentadlene
Co(lll)
2
H———-H : :
CpCol, = — ’ Co do
Co(l) -2L \\ // C/ N\
i A7 NI
2 H———-~H @ no longer considered intermediates
n*-bound arene
X-ray structures of cobalt complexes Schore, N. E. Chem. Rev. 1988, 88, 1081.

(Vollhardt, K. P. C. JACS 1998, 120, 8247) Albright, T. A. et. al. J. Am. Chem. Soc. 1999, 121, 6055.



Ruthenium Mechanism

H————~H

= =

i _C
/Ru\ Ru{~I
I e Ty

metallocyclopentatriene

2 =
H———H E ©:

CpRuCl(cod) =——= \\/RU\CI g, -
—cod VL L7

metallobicyclo[3.2.0]heptatriene

2 H——-~ ; i
P ’Ru —c _— R<\CI
n?-bound arene
X-ray structure of an Ir[3.2.0] complex Kirchner, K. et. al. J. Am. Chem. Soc. 2003, 125, 11721.

(Paneque, M. et. al. JACS 2004, 126, 1610) Yamamoto, Y. et. al. J. Am. Chem. Soc. 2003, 125, 12143.



Intramolecular Diynes

=——R
(), R
=R \\
=\ .’
CpCol, = — ( CoCp or
H—=——H =
-2L R
intramolecular intermolecular
cobole cobole

observed forn=1, 2

Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1.



(x)-Estrone

(x)-Estrone

Steroid Skeleton
Aromatic A ring Steroids (D - ABCD)
Total Synthesis of dl-Estrone

J. Am. Chem. Soc. 1977, 99, 5483.
J.
J.
Aromatic A ring Steroids (A > ABCD) J
J.
J.

Am. Chem. Soc. 1979, 101, 215.
Am. Chem. Soc. 1980, 102, 5253.
Org. Chem. 1982, 47, 3447.

Org. Chem. 1984, 49, 1574.

Am. Chem. Soc. 1986, 108, 856.

Aromatic A ring Steroids (A > ABCD)
Aromatic B ring Steroids (acyclic precursor)

Nicolaou, K. C.; Sorensen, E. J. Classics in Total Synthesis, Ch. 10, 1996.



(x)-Estrone
(D - ABCD)

MeO

— ™S P

T™S N
(x)-Estrone - o-xylylene B
T™S Co cat.
[2+2+2] ™S = |
NI+  C— S
T™S
T™S

benzocyclobutene

Vollhardt, K. P. C. et al. J. Am. Chem. Soc. 1980, 102, 5253.



(x)-Estrone

MeO = |
A
T™S CpCo(CO), ™S ™S T™S
= (5 mol%)
[ — - n
T o-xylenes, A, hv MeO ' OMe
OMe 10% (1:1) T™S = CoCp
| quantitative
MeO X (inactive)
T™MS CpCo(CO),
= (5 mol%) ™M
— o-xylenes, A, hv ™S F
T™S syringe pump
il not 35h benzocyclobutene
Wl 71%

homodimerize

Vollhardt, K. P. C. et al. J. Am. Chem. Soc. 1980, 102, 5253.



(x)-Estrone

CpCo(CO), ™S

™S (5 mol%) z |
| | * o-xy!enes, A, hv> ™ X
L - synngg rpzump
™S Me O (_:onrotato_ry e 7
= | ¢ ring-opening [4+2]
™ N g e Z | (e_xo)>
T™S A
benzocyclobutene B o-xylylene -

Vollhardt, K. P. C. et al. J. Am. Chem. Soc. 1980, 102, 5253.



(x)-Estrone

CpCo(CO),
™S (5 mol%)
(1 .

o-xylenes, A, hv
TMS syringe pump

35h

TMS

—> TMS
CioH22
71%
(two steps)

T™MS

CFsCOH | 90%
cCl,,-30°C | 9:1

Vollhardt, K. P.C. et al. J.Am. Chem. Soc. 1980, 102, 5253.



(x)-Estrone
(A > ABCD)

/ \ Me O/\l Me O/\l
e} ') (0] (0]
Me CpCo(CO)s FeCl, ’
z — B,
isooctane CH3CN
Z 0°C
MeO MeO 78% MeO
Vollhardt, K. P. C. et. al. J. Org. Chem. 1982, 47, 3447 .
Vollhardt, K. P. C. et. al. J. Org. Chem. 1984, 49, 1574.
Aromatic B-ring Steroid
R
OR 2 OR
— CpCo(CO),
R, -
o-xylenes, A, hv
RsO — 20 h
T 87% R3O

Vollhardt, K. P. C. et al. . Am. Chem. Soc. 1986, 108, 856.



Me e}
HO Me
Me Me
Pterosin
Me 0
Me
o Me
(0]

Calomelanolactone

Me Me

Me
O,NO 5
(0]

Alcyopterosin E

llludalanes

OH Rhg'(PT:;s)s OH
] Me (2 mol%) _ Vo
EtOH, 25 °C, 12 h
R & R Me
R = Me 82% (pterosin)
R =CH,0OH 86% (calomelanolactone)
Stevenson, P. J. et. al. Tetrahedron 1989, 45, 6239.
Me Me
RhCh(PPh3), Me
I A Me (10 mol%) §
Z Me o > ©
CH,Cl,, 40 °C, 24 h TsO Y
b 72% 5
o)

Witulski, B. et. al. Chem. Commun. 2002, 2985.



(2)-Viridin

0
OH
. Me
e
—
o) N 6]
\ o)
(2)-Viridin

electrocyclic ring
opening and closure

OTBS
OTBS Rh cat.
Me [2+2+2]
F E— — M
" A Me —( “OTES
OH H
OH / X\ _O

Sorensen, E. J. Angew. Chem. Int. Ed. 2004, 43, 1998.

OoTBS

W



(2)-Viridin

OTBS
OTBS
oTBS RhCI(PPhz)3
Me (3 mol%) Swern [O] Me
4 A —> —_—
H A EtOH, 80 °C = OTES
OH H min il \
88% OH ™S T N}
(@)
protection ™S
conrotatory electrocyclic ;( ;;2:23
fing opening 140°C, 3.5h

OTBS

disrotatory
electrocyclic

ring closure
-

= OTES

2 torquoselectivity
™S control element

Sorensen, E. J. Angew. Chem. Int. Ed. 2004, 43, 1998.



(2)-Viridin

OTBS
OTBS
QTBS RhCI(PPhy)s
Me (3 mol%) Swern [O] Me
Z A -~ .
H A EtOH, 80 °C — OTES
N 20 min Me —
OH : 88% b I N\ \ O
™S No” L ]
protection ™S
electrocyclizations
deprotection / protection
OTBS
RCM
(Grubbs 2nd) Me mesitylene
N -
CH,Cl, 165 °C, 40 min
95% =z X 0 91%

13 more steps to elaborate
the A ring, deprotect, and oxidize Sorensen, E. J. Angew. Chem. Int. Ed. 2004, 43, 1998.



Phé\
OH
_—\
OH
n-Bu——

Tethered Alkynes

/+/ O\SiR2 CpCo(CO), 2 _
(5 mol%) SiR;

X
(\—)E It > X
n xylenes, A, hv
n-Bu n n-Bu
X n Yield (%)
CH, 1 77
CH, 2 78
CH, 3 73
(0] 1 67
NCbz 1 73
R\ (R — o} OH
O—Si—=—="\ CpCo(CO), o \SiR2
2 steps S/O . (5 mol%) TBAF Ph
—_— i— > —_—
\\ // R xylenes, A, hv nBu THF e
Ph R,Si~Q OH
n-Bu

Silicon-tethered alkynes (illustrated):  Malacria, M. et. al. Org. Lett. 2004, 6, 1519.
Boron-tethered alkynes: Yamamoto, Y. et. al. J. Am. Chem. Soc. 2004, 126, 3712.



Taiwanins C and E

0 @) NMe(OMe)
< 0 Pd cat.
5 [2+2+2] 0

Taiwanin C R=H o—/
Taiwanin E R = OH

sz(dba) (5 mol%) O, NMe(OMe)
P(o-tol)3 (40 mol%)
CsF (6 eq) 0
OO0 - 1<y - S0

CH4CN, 25°C, 4 h o

in situ benzyne formation

@) NMe(OMe)

61% < OO

)

o—/

(R could not be an alcohol, aldehyde, or ester)

Mori, M. et. al. Angew. Chem. Int. Ed. 2004, 43, 24 36.



Heterocycle Synthesis

% (0]
X
A N\R

pyridino_nes
2 R (Co, Ni) PN
X
X N -°
pyridines T R—N=C=0 pyranones
(Ni)

(Co, Rh, Ru) R—=N
\ 0o=C=0

I x]l

S=C=S
/ 0\
S=C=NR l |:§)I\|:{1 (H)

s )
z X R
X 8 A
A R¢ (H)
thiopyranthione =z NR pyran
(Ru) X S (Ni)

thiopyranimines

(Ru)

Lautens, M. et. al. Chem. Rev. 1996, 96, 49.
Yamamoto, Y. et. al. J. Am. Chem. Soc. 2005, 127, 605.



(x)-Camptothecin

Me

Camptothecin Danishefsky's intermediate H

(JACS 1971, 93, 5576)
ECui
N=C=0 Ry

isocyanate participitation

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1983, 105, 6991.
Vollhardt, K. P. C. et. al. J. Org. Chem. 1984, 49, 4786.



(x)-Camptothecin

X X
R CpCo(CO), R R
(20 mol%) =z z !
fl - ol W
m-xylene, A, hv R, R
Ry
o] o]
A B
X R R, Yield(%) A :B
H, TMS T™MS 72 -
H, n-Pr T™MS 73 12: 1
o_ O
H, X T™MS 76 >40: 1
b}'"- Me
OCH,CH,0 TMS TMS 68 -
OCH,CH,0 n-Pr TMS 63 20: 1
OCH,CH,0 n-Pr  CH,OTBDPS 38 1:1
OCH,CH,O CH, CO.Et 21 1: 1

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1983, 105, 6991.
Vollhardt, K. P. C. et. al. J. Org. Chem. 1984, 49, 4786.



(x)-Camptothecin

e
Et0” “OEt
(\ Me CpCo(CO), |/\o KH
e (20 mol%) 0 Me toluene
O — + | | - = — >
m-xylene, A, hv N | deprotection
N=C=0 ™S 63%, 20 :1
o}
NH,

TsOH
toluene

Danishefsky's intermediate
(JACS 1971, 93, 5576)

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1983, 105, 6991.
Vollhardt, K. P. C. et. al. J. Org. Chem. 1984, 49, 4786.



OH
Me
HO | X
HO N1t c~
Vitamin Bg
0
Me
Et,N N”
X
AN
NH

(x)-Lysergic acid diethylamide

y-Lycorane

Alkaloids

CpCo(CO),

J=—Tms '\Ifle (5 mol%)
o] + C
= 1ms ',L' o-xylene, hv, A N
68% Z

Vollhardt, K. P. C. et. al. Tetrahedron 1985, 41, 5796.

| | C=N ™S CpCo(CO
(1eq)
L
o-xylene, hv, A
N o 47%, 3:1

Vollhardt, K. P. C. et. al. Syn. Lett. 1994, 487.

MS
= T™S CpCo(CO CpCo ™
=5 (1.5eq)
N +
THF, hv, 25 °C
! ™ 57%, 4:1 <

Vollhardt, K. P. C. et. al. Synthesis 1994, 579.



Cobalt Enediyne [2+2+2] Mechanism

metallocyclopentadlene

inactive
g
2
H—=——-H :
CpCol, = = Co
—_ 2 L "' ~\
Co(l) \\ //

alkyne does not eject
the diene from the catalyst

Co(lll)

=

=
c

n*-bound diene

H H
H H

~\



Enediyne [2+2+2] Cyclizations

O/w Co cat.
O [2+2+2]
— Me Q —

HO'!

Stemodin (Corey, Bettolo, Piers)  adjacent quaternary stereocenters

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1991, 113, 4006.

(0]
/> CpCo(CO),

y (1 eq) ’ °
Me eq
J i C W&
o-xylenes, hv, A
H 59%, 2:1 ‘O
Z -
HO H CoCp HO®
only the Z-isomer undergoes \/
a [2+2+2] cycloaddition

Fe(N03)3'9H20
requires a demetallation step



Enediyne [2+2+2] Cyclizations

O/w Co cat.
O [24242]
— Me Q —

HO'!

Me Me
Stemodin (Corey, Bettolo, Piers)  adjacent quaternary stereocenters
Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1991, 113, 4006.
HQ
4 TBSQ
Ve, Me OTBS 1) CpCO(CO)z A
e - / (1.1 eq) Ve,
Me > Me g
OH toluene, hv, A
Me - Me — | | 2) CUCI2'2H20 Me
OH 92% . .
single diastereomer
llludol

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 1991, 113, 381.



(2)-Strychnine

Co cat. NHAc H

[2+2+2] | N i
— N fl +
(@) = "

(x)-Strychnine

Isolation and Structure Determination

Isolated in 1818 from beans of Strychnos ignatti

Structure proposed by Robinson and Leuchs (1946) and Woodward (1948)
X-ray structure Robinson (1951)

24 atoms, seven rings, six stereocenters

Total Synthesis

First Synthesis: Woodward (J. Am. Chem. Soc. 1954, 76, 4749.)

Racemic syntheses: Magnus (1992), Stork (1992), Kuehne (1993), Rawal (1994), Martin (1996)
Enantioselective syntheses: Overman (1995), Kuehne (1998), Bosch (2000), Bodwell (2003)

Vollhardt, K. P. C. et. al. Org. Lett. 2000, 2, 2479.
Vollhardt, K. P.C. et. al. J. Am. Chem. Soc. 2001, 123, 9324.



(2)-Strychnine

T™S R
CpCo CO),
| | | (1.7 eq)
m-xylene
139 °C, 14 h -
64 % ™S ToCp
mixture of regioisomers
/%TMS

NRR, CpCo(CO)s
| | (1.7 eq)
'

m-xylene, pyr
139 °C, 15 h
59 %

Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 2001, 123, 9324.



NHAc

(2)-Strychnine

AcHN R
46% R=H
47% R =TMS
NHAc
" __R 0% R=H
— 41% R=TMS
o) = : "R
CoCp
NHAc
20-30% R=H
0% R=TMS

(cis / trans 3:1)

Vollhardt, K. P. C. et. al. Org. Lett. 2000, 2, 2479.
Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 2001, 123, 9324.



(£)-Strychnine

H———H
NHAc  CpCo(CaHy)z
| I (3.5 eq) KOH
- _—
N THF (0.05 M) MeOH / H,0
— 0°C reflux

93%

CoCp as a diene protecting group

Fe(N03)3'9H20
CH5CN / H,0
0°C, 77%

Br
N/>=> ‘I)_>=\_/OTBS NH
|
‘ Li,CO5, DMF, 40 °C O ‘I
TBSO
2) NaO/-Pr, i-PrOH N

67% |

Pd(OAC)Q, PPh3

-€

X7\ EtsN, 70 °C
46%

Vollhardt, K. P. C. et. al. Org. Lett. 2000, 2, 2479.
Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 2001, 123, 9324.



(2)-Strychnine

LiAlH, HCI, THF
- - =
Et,O / THF, 0 °C KOH, EtOH

54% 20%

14 linear steps

Vollhardt, K. P. C. et. al. Org. Lett. 2000, 2, 2479.
Vollhardt, K. P. C. et. al. J. Am. Chem. Soc. 2001, 123, 9324.



[2+2+2] Cycloaddition of Three Unsymmetrical Alkynes

s -g(olgi-l\'/lgr)é / SiMe,
iMeg i-PrMgBr
Il It (12eq UL
I+ N v, i
CeHis B Et,O ©
CO,t-Bu 52%
CGH13
single isomer
Ti(0-i-Pr, /[ 1 [ SMo. | [ LTi 1
SiMeg 2 i-PrMgBr SiMeg CeHis—=— £BUO.C Mies — ) n SiMeg
(2.0 eq) (1.0 eq) N Br/_— t+BuO,C i\
| | — — | |---Ti|_n —_— ~ TiL, —_—— H )
Et,O -50°C H -50->0°C C.H
CO,tBu —-78 - -50 °C CO,t-Bu 3h CeHis 3h 6713 (Br
(1.7 eq) 3h - - S -
SiMe, i SiMe, ] SiMe,
H (H2O) tBUOQC E+ t'BUOzC t‘BUOzC
£=4D (D0) - -
I (Iz E TiL,,
OH (O,) |
CGH13 C6H13 CBH13 Tan

Sato, F. et. al. J. Am. Chem. Soc. 2002, 9682.




Alcyopterosin A

Ti(O-i-Pr)4 /
Me H 2 i-PrMgBr Me
AN Me (1.2 eq) Me 5 steps
| | + Me
Z Me Et,0 EtO,C
Br. =z 73%
CO,Et ° Me
diyne single isomer
Ti(O-i-Pr), / - - [ Me Me
Me 2 i-PrMgBr Me diyne
(2.0 eq) (1.0 eq) H warm
| | = = | |---TiLn —_— = —_—
Et,O -50 °C ~_ /i | to 0 °C
CO,Et -78 - =50 °C CO,Et 3h Me 3h
(1.7 eq) 3h - - | COMe ~Br |
B Me
Me Me
Me H,0 .
S E— e S S—
E10,C Me EtO,C
Me TiL,

Cl

Cl

Me

Me

Me
MeO,C

L,Ti

Me

Me

Me

Me

Me

Me

Sato, F. et. al. J. Am. Chem. Soc. 2002, 9682.




Enantioselective [2+2+2] Cyclotrimerizations

: = TMS toluene, A, hv

10 h
87%, dr 1:1.3

this was the only [2+2+2] cycloaddition reported in the paper

Vollhardt, K. P. C. et. al. Organometallics 1988, 7, 886.



Enantioselective [2+2+2] Cyclotrimerizations

JI

NTr Ni(cod)2 (8 mol%) o NTT
R—= Ligand (20 mol%)
\\ acetylene (4 eq) - R \\
THF, 23 °C
R R
Ligand R Time (h) Yield (%) ee (%)
H 1.5 74 -
dppb
T™MS 5 83 —
H 16 66 12
(S)-BINAPO
TMS 115 52 18
H 2 82 45
(S,S)-BPPM
TMS 18 92 60

N

OPPh, ch\
O‘ 07 N0C(CHy),

dppb (S)-BINAPO (S,S)-BPPM

Ph,R,
PPh,
[ OPPh, PPh,
PPh,

Mori, M. et. al. J. Org. Chem. 1994, 59, 6133.



Helicene

L

I l PPh,

Ni(CCEé())Q TZO(;C)/;:oI%) g‘ Ph;CBF,4 Oe

X
| = ng%_ 240805/?,’e§ " g’g 99% ' ‘

[6]-helicene

Stara, |. G. et. al. Tetrahedron Leftt. 1999, 40, 1993.
Stara, I. G. et. al. J. Org. Chem. 2003, 68, 5193.



Enantioselective Biphenyl Synthesis

iP R
>, R—=N | N
It I .\ I (2.2 eq) N R=Ph  86%, 89 %ee
N
Me
GO
)

THE, hv, o tBu  74% 88 %ee
3°C. 72 h OO Me

L Me 88%, 88 %ee
(1 mol%)

(1eq

=—1-naphthyl Me P;‘ Me /T \

[ + @[ “irc) MeO OMe
— "’I >
=——1-naphthyl Mo PX_Me xylene, 100 °C, 1h
(Z:E=5:1) ; ;

B _ 2) DDQ

(10 mol%)

76%, 95 %ee
dl/ meso > 95:5

Shibata, T. et. al. J. Am. Chem. Soc. 2004, 126, 8383.

Ph _
Ph —
‘ e l/ ACO oAc G OAC  Ar=2-MePh 86%, 89 %ee

+ ““:RhBF,

'
Ar P\ CHQC|2, 23 oC, 3h 2-CIPh 74%, 88 %ee
(I °
Ph Ph r

(5 mol%) Tanaka, K. et. al. Angew. Chem. Int. Ed. 2004, 43, 3797.

o7f&

OAc 2-CF3;Ph 88%, 88 %ee



Enantioselective Biphenyl Synthesis

” ” (1 mol%) N

+
o)
m
P4
Y

O THF, h SN
OO OO A

R Temp (°C) Time (h) Yield (%) ee (%)

Ph 20 24 79 82
Ph 3 24 86 89
Ph —20 72 86 93
Me 3 24 88 88
t-Bu 3 24 74 88

Gutnov, A;; Heller, B. et. al. Angew. Chem. Int. Ed. 2004, 43, 3797 .



Enantioselective Biphenyl Synthesis

—_—— (10 mol%) _ § O OMe

MeO OMe xylene, 100 °C, 1h

X Yield (%)  ee (%)
o 76 99.5
NTs 92 99.4
C(CO,Et) 77 >99.8
CH, 96 >99.8

Shibata, T. et al. J. Am. Chem. Soc. 2004, 126, 8383.



Enantioselective

(X
P

Biphenyl Synthesis

/- — \ g OAc
““*RhBF, AcO Ohc OAc
‘O N CH,Cl,, 23 °C, 3 h S
Ph Ph
- (5 mol%) -
Ar Yield (%) ee (%)
2-MeC¢H, 67 >99
1-naphthyl 57 94
2-CF,CH, 73 >09
2-CIC{H, 45 >86

Tanaka, K. et. al. Angew. Chem. Int. Ed. 2004, 43, 6510.



Conclusions

Cobalt catalysts work well for most alkyne, enediyne, heterocycle [2+2+2] cycloadditions
Rhodium catalysts require tethered substrates

Ruthenium catalysts are used for electron-poor substrates and operate by a different
mechanism

Excellent regioselectivities are obtained for intramolecular reactions with catalytic amount of
material

High levels of chemo- and regioselectivity are obtained with stoichiometric amounts of metal
reagents

Asymmetric [2+2+2] cyclotrimerizations are just beginning to be explored and will be useful
for preparing compounds with helical, axial, and planar chirality



