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The ruthenium-catalyzed [2 + 2] cycloadditions of 7-substituted norbornadienes with an alkyne have been investigated. The cycloadditions
were found to be highly regio- and stereoselective, giving only the anti-exo cycloadducts as the single regio- and stereoisomers in good
yields. The results on the relative rate of different 7-substituted norbornadienes in the Ru-catalyzed [2 + 2] cycloadditions with an alkyne
indicated that the reactivity of the alkene component decreases dramatically as the alkene becomes more electron deficient.

The design and development of new transition metal-
catalyzed reactions that are normally forbidden or difficult
to achieve under ordinary conditions are important in organic
synthesis. Unlike transition metal-catalyzed [8 2], [4 +
2],2and [2+ 2 + 2]* cycloadditions which have been studied
extensively; there are only very few successful examples
of transition metal-catalyzed [2 2] cycloadditions.

The [2 + 2] cycloaddition of an alkene with an alkyne
represents an important strategy for the synthesis of cyclo-
butene derivative$This process is thermally forbidden by
the Woodware-Hoffmann rule$ However, it can be
achieved by photochemical methddsy thermal reactions
via biradical intermediate’$,and by the use of Lewis acid
catalystsi! To date, very few papers have addressed the
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transition metal-catalyzed [2 2] cycloadditions of alkenes 2] cycloaddition of norbornenes with alkynes produced only
with alkynes? exo cycloadducts. As thexo face of thesyn-z bond is

To understand the mechanism of the Ru-catalyzed-[2 sterically shielded by the Y substituent, the Ru-catalyzed
2] cycloadditions thoroughly so that one can design more cycloaddition should occur preferentially on teeoface of
active catalysts for the cycloadditions, studies on the reactiv- theanti-r bond. This has proven to be true. The Ru-catalyzed
ity of both the reaction partners are essential. To date, very[2 + 2] cycloadditions of all the 7-substituted norbornadienes
little is known about the general course of reactivity in Ru- 2a—f*3with alkyne8'# are highly regio- and stereoselective,
catalyzed [2+ 2] cycloadditions. Furthermore, very little is  giving theanti-exocycloadduct®a—f as the only regio- and
known whether electron-rich or electron-deficient alkenes stereoisomers in moderate to excellent yields (Tables 1 and
and alkynes react faster or slower in the Ru-catalyzedt [2 2).%°
2] cycloadditions, and the steric requirements of the cy-

cloadiiton have yet to be determined. 1

In this paper, we report our initial results of the reactivity Table 1. Ruthenium-Catalyzed [2 2] Cycloadditions of

of the alkgne component in ruthenium-catalyzed+{22] Some 7-Substituted Norbornadienes at Different Conditions
cycloadditions between an alkene and an alkyne. We chose

Y- Ph Y-
not to use alkenes with substituents directly attached to the ﬂ\b A Cp*RUCI(COD) (5-10%) MPh
olefinic carbons (1, Figure 1) as the alkene component in 2 COOEt

2 COOEt 9
(5 equiv.) 8 anti-exo

L (e

entry norbornadiene Y  cycloadduct solvent/tempitime yield?

Y
Lb/x syn-n bond ~ \\;b __ .anti-t bond 1 2a OAc 9a THF/25°C/48h <5%P
AN 2 2a OAG 9a THF/60°C/48h 13%"
X 2 3 2a OAc  9a EtzN/80°C/48h 50%P
Figure 1. 4 2a OAc 9a EtN/95°C/90h 68%°
T 2a_____ OAc ____ 9a _____Diglyme/110°C/48h _66%”
6 2c o'Bu 9¢ THF/25°C/48h 45%P
our initial study because the rate of the cycloaddition in this 7 2c o'Bu 9% THF/60°C/48h 50%"”
case would have been governed by not only the electronic .8______: 2 _____ OBu____ 9 ___ EtNBO°Cle7h 88%_
effects but also the steric effects of the X substituent. To 9 2d H 9d THF/25°C/48h 80%
study the electronic effects of the alkene component in the _19_____: 2d ___ H.__.._. od _____Etgh/80°ciash 84%_
cycloaddition without taking steric effects into account, 1 2e Hexyl ~ 9e THF/25°C/48h 54%"
7-substituted norbornadienes (2) were chosen for our initial  _12______ 2¢ ____Hexyl __ 9% ____Et\/80°C/sh 97%.
study. Experimental and theoretical studies on 7-substituted 13 2f Ph of THF/25°C/48h 44%"
norbornadiene® have shown that as the electron-withdraw- 14 2f Ph of EtaN/80°C/48h 92%

ing power _Of the Y substituent increases, the electron denSIty a|solated yields after column chromatograpRg0-90% of unreacted
of the anti-7 bond decreasés. In other words, as the  alkyne8 was recovered.
electronegativity of the Y substituent increases ami-z
bond becomes more electron deficient.

Although four different [2+ 2] cycloadducts are theoreti- During our study on the regioselectivity of the Ru-
cally possible in the cycloaddition between a 7-substituted catalyzed [2+ 2] cycloadditions between an unsymmetrical
norbornadiene and an alkyne (Scheme 1), we anticipated thatlkene and an unsymmetrical alkyne (Schemé92ye
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1989, 1581. (b) Engler, T. A.; Letavic, M. A.; Reddy, J.P Am. Chem.
i So0c.1991,113, 5068. (c) Mitani, M.; Sudoh, T.; Koyama, Bull. Chem.

Scheme 1. Possible Cycloadducts Soc. Jpn 1995 68, 1683. (d) Knolker, H. J.; Baum, E.; Schmitt, O.

Y Tetrahedron Lett1998,39, 7705.
(12) (a) Mazzocchi, P. H.; Stahly, J. D.; Rondan, N. G.; Domelsmith, L.
/ N.; Rozeboom, M. D.; Caramella, P.; Houk, K. N.Am. Chem. So498Q
102 6482. (b) Lautens, M.; Tam, W.; Edwards, L.EChem. Soc., Perkin

Y Ry e ntonde Trans, 11994, 2143 _ _
7 + | | Ru-catalyst (13) Substituted norbornadieneza—f were prepared according to
literature procedures: (a) Story, P. R.; Fahrenholtz, SJ.FOrg. Chem.
2 Ry 1 1963,28, 1716. (b) Clarke, S. C.; Johnsoretrahedron1968,24, 5067.
. (c) Story, P. R.; Fahrenholtz, S. Rrg. Synth.1973, 151. (d) Baxter, A.
3 RZ D.; Binus, F.; Javed, T.; Roberts, S. M.; Dalder, P.; Scheinmann, F.;
Sy,,_exo 1 syn-endo Wakefield, B. J.; Lynch, M.; Newton, R. K. Chem. Soc., Perkin Trans.
11986, 5067.
(14) Alkyne 8 was prepared according to literature procedures: Yama-
moto, H.; Maruoka, KJ. Am. Chem. Sod.981,103, 6133.
(15) No other regio- and stereoisomers were detected ifHhEMR
: . spectra of the crude cycloaddition products. The regio- and stereochemistry
the ant"exocydoaddUCt would be prOduced preferentlally. of the cycloadducts were determined by various NMR techniques (NOE

On the basis of our work and othéfs) Ru-catalyzed [2+ and GOESY experiments).
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Scheme 2. Ru-Catalyzed [2+ 2] Cycloaddition of
2-Substituted Norbornenkd with Alkyne 8

Ph
Cp*RuCI(COD) (5-10 mol%)
AcO «
THF, 25°C, 60 h
10 COOEt
(5 equiv.) 8
(1 equiv.}

AcO
COOEt

(94%, 4:1)

Ph COOEt
+ AcO
12 Ph

11

noticed that the cycloadditions usually occur at room
temperature. But when 7-OAc-norbornadi@agY = OAc)
was treated with alkyn8 in the presence of-510 mol %

of Cp*RuCI(CODY¢in THF at room temperature, very little
reaction was observed (Table 1, entry 1). At°&in THF,
only 13% of the cycloaddu@a was isolated ang 80% of
alkyne8 was recovered (entry 2). UsingsBltas the solvent,
at 80 °C for 48 h, cycloadduc®a was produced in 50%
yield; when the cycloaddition was carried out at g5 for

90 h, the yield increased to 68% (entries 3 and 4). Using
diglyme as solvent at a higher temperature (1CPdid not
improve the yield further (entry 5). Thus, 7-substituted
norbornadien&a is much less reactive than 2-substituted
norbornenelO in the Ru-catalyzed [2+ 2] cycloaddition
with alkyne 8. Unlike the cycloaddition of 7-substituted
norbornadien®a (when Y = OAc) which is very slow at
room temperature (Table 1, entry 1), Ru-catalyzed-[2]
cycloadditions of 7-substituted norbornadie@es 2f, when

Y = O'Bu, H, alkyl group, or aryl group, are faster at room

of different 7-substituted norbornadienes with alky@e
competition experiments between 7-OAc norbornadizme
with other 7-substituted norbornadier#és-2f were carried
out. A typical competition experiment employed 4 equiv of
equimolar amounts of 7-OAc norbornadieba (a known
concentration of stock solution ¢fa was prepared) and
7-OTBS norbornadien2b with 1 equiv of alkyne8 in the
presence of 5 mol % of Cp*RuCI(COD) in4at (large excess
of the norbornadienes were used in order to approach pseudo-
first-order conditions}?° The reactivity of each 7-substituted
norbornadiene was assessed by evaluation of the product ratio
by capillary gas chromatography.The results of these
reactivity studies are shown in Table 2. Replacement of the
OAc group with an OTBS or an'Bu group at the 7-position
of the norbornadiene leads to a 4- to 7-fold increase in the
rate in the Ru-catalyzed [2 2] cycloaddition (Table 2,
entries 2 and 3). Surprisingly, replacing the OAc group with
a H, the parent norbornadiefd reacts 23 times faster than
the 7-OAc norbornadien2a (entry 4) (in this case, for a
fair comparison, the competition experiments were conducted
using a molar ratio oRa:2d = 2:1 instead of 1:1, since
norbornadiene contains two equivalent reactive double
bonds). More interestingly, when ¥ alkyl or aryl groups,
the reactivity of the 7-substituted norbornadienes increases
further. 7-Hexylnorbornadien2ereacts 31 times faster than
the 7-OAc norbornadien@a, and 7-Ph-norbornadierf
reacts 53 times faster than the 7-OAc norbornadi2ae
(entries 5 and 6). The relative rate values of Table 2 arise
from three to five repetitions of each reaction.

As the electronegativity of the Y substituent increases, the
anti-r bond of the 7-substituted norbornadienes becomes
more electron deficient. The results of our study on the

temperature, giving moderate yields of the cycloadducts relative rate of different 7-substituted norbornadienes in Ru-
(entries 6, 9, 11, and 13). Thus, 7-substituted norbornadienescatalyzed [2+ 2] cycloadditions with alkyn® indicate that
2c—2f are more reactive than 7-substituted norbornadiene €lectron-deficient alkenes react slower than electron-rich

2ain the Ru-catalyzed [2Z- 2] cycloaddition with alkyne3.

To confirm these qualitative observations and to estimate

the relative rate of the Ru-catalyzed {22] cycloadditions

Table 2. Ru-Catalyzed [2+ 2] Cycloadditions of 7-Substituted
Norbornadienes

Y Ph
;b « Cp*RuCKCOD) (5-10%)
EtsN, 80-95°C

2 9 COOEt
. COOEt
(5 equiv.) 8 anti-exo
(1 equiv.)
entry norbornadiene Y  cycloadduct yield®  relative rate®
1 2a OAc 9%a 68%”
2 2b OTBS 9b 89%
3 2c 0'Bu 9c 88%
4 2d H 9d 84% 23
5 2e Hexyl 9e 97% 31
6 2f Ph of 92% 53

alsolated yields after column chromatography-30% of 8 was
recovered® Measured from competition experiments, see text. The number
indicated is the average number fromS3runs.
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alkenes.

In conclusion, we have demonstrated the first study on
the reactivity of the alkene component in ruthenium-catalyzed
[2 + 2] cycloadditions between an alkene and an alkyne.
We have found that Ru-catalyzed {22] cycloadditions of
7-substituted norbornadienes with an alkyne are highly regio-
and stereoselective, giving tlaati-exocycloadducts as the
only regio- and stereoisomers in good yields. The results of
our study on the relative rate of different 7-substituted
norbornadienes in Ru-catalyzed{22] cycloadditions with
alkyne 8 indicate that reactivity of the alkene component
decreases dramatically as the alkene becomes more electron
deficient. Further investigations on the reactivity of the alkene
component with other alkenes suchJag¢Figure 1, in this
case the rate of the cycloadditions will be governed by not
only the electronic effects but also the steric effects of the

(16) Cp*RuCI(COD) was prepared according to literature procedures:
Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, Oiano-
metallics1990,9, 1843.

(17) Since different cycloadducts may provide different response from
the detector of the GC, an equimolar amount of two different cycloadducts
may not provide exactly a 1:1 ratio of peak areas on the GC integration.
Thus, an equimolar amount of each cycloadduct was injected into the GC
and their integration areas were compared. These numbers were then used
to correct for the product ratios.
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