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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. Ab initio computational studies on the ruthenium-
catalyzed [2 + 2] cycloadditions provided important information about the geometries and the
arrangements of the four different groups on the Ru in the initial Ru—alkene—alkyne s-complex,
14, and in the metallacyclopentene 15. Based on our computational studies, we also found that the
first carbon—carbon bond formed in the [2 + 2] cycloaddition is between the C° of the alkene and
the CP (the acetylenic carbon attached to the ester group) of the alkyne 8. Our computational studies
on the potential energy profiles of the cycloadditions showed that the activation energy relative to
the reactants for the oxidative addition step is in the range of 9.3—9.8 kcal/mol. The activation
energy relative to the metallacyclopentene for the reductive elimination step is much higher than

for the oxidative addition step (in the range of 25.9—27.6 kcal/mol).

Introduction

Cycloaddition reactions are among the most powerful
and most frequently used methods for the construction
of rings.! Typically, cycloaddition reactions can be carried
out using heat, light, or Lewis acids. However, cycload-
dition reactions of unactivated alkenes, alkynes, and
dienes usually require extreme reaction conditions such
as high temperature and high pressure to achieve good
yields of the cycloadducts. Transition-metal catalysts
provide new opportunities for highly selective cycload-
dition reactions since complexation of the metal to an
alkene, alkyne, or diene significantly modifies the reac-
tivity of this moiety, opening the way for enhanced
reactivity and novel reactions.?

Recent developments in transition-metal-catalyzed [2
+2+ 134+ 2,4 5+ 2154 + 4], and [6 + 2]7
cycloaddition reactions have provided efficient methods
for the construction of 5- to 8-membered rings. We and
others have studied various aspects of transition-metal-
catalyzed [2 + 2] cycloadditions between an alkene and

(1) Comprehensive Organic Synthesis; Trost, B. M., Fleming, I.,
Paquette, L. A., Eds.; Pergamon: Oxford, 1991; Vol. 5, Chapters 1-9.
(b) Advances in Cycloaddition; JAI Press: Greenwich, 1988—1999;
Vols. 1-6.

(2) For reviews on transition-metal-catalyzed cycloadditions, see: (a)
Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96, 49. (b) Hegedus,
L. S. Coord. Chem. Rev. 1997, 161, 129. (¢c) Wender, P. A.; Love, J. A.
In Advances in Cycloaddition; JAI Press: Greenwich, 1999; Vol. 5, pp
1-45.
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an alkyne for the synthesis of cyclobutene rings, including
development of novel catalysts, study of the intramolecu-
lar variant of the reaction, and investigation of chemo-
and regioselectivity of unsymmetrical substrates.$=12

(3) For recent reviews on transition-metal-catalyzed [2 + 2 + 1]
cycloadditions, see: (a) Pericas, M. A.; Balsells, J.; Castro, J.; Mar-
chueta, I.; Moyano, A.; Riera, A.; Vazquez, J.; Verdaguer, X. Pure Appl.
Chem. 2002, 74, 167. (b) Sugihara, T.; Yamaguchi, M.; Nishizawa, M.
Chem. Eur. J. 2001, 7, 1589. (¢) Brummond, K. M.; Kent, J. L.
Tetrahedron 2000, 56, 3263. (d) Buchwald, S. L.; Hicks, F. A. Comp.
Asymm. Catal. I-III 1999, 2 491. (e) Chung, Y. K. Coord. Chem. Rev.
1999, 188, 297.

(4) (a) Wender, P. A.; Jenkins, T. E. J. Am. Chem. Soc. 1989, 111,
6432. (b) Jolly, R. S.; Luedtke, G.; Sheehan, D.; Livinghouse, T. J. Am.
Chem. Soc. 1990, 112, 4965. (c) Wender, P. A.; Jenkins, T. E. Suzuki,
S. J. Am. Chem. Soc. 1995, 117, 1843. (d) O’'Mahoney, D. J. R.;
Belanger, D. B.; Livinghouse, T. Synlett 1998, 443. (e) Murakami, M.;
Ubukata, M.; Itami, K.; Ito, Y. Angew. Chem., Int. Ed. 1998, 37, 2248.
(f) Paik, S.-J.; Son, S. U.; Chung, Y. K. Org. Lett. 1999, 1, 2045.

(5) (a) Wender, P. A.; Takahashi, H.; Witulski, B. JJ. Am. Chem. Soc.
1995, 117, 4720. (b) Wender, P. A.; Rieck, H.; Fuji, M. J. Am. Chem.
Soc. 1998, 120, 10976. (¢) Trost, B. M.; Shen, H. Angew. Chem., Int.
Ed. 2001, 40, 2313. (d) Wender, P. A.; Williams, T. J. Angew. Chem.,
Int. Ed. 2002, 41, 4550.

(6) (a) Wender, P. A.; Thle, N. C. J. Am. Chem. Soc. 1986, 108, 4678.
(b) Wender, P. A.; Nuss, J. M.; Smith, D. B.; Suarez-Sobrino, A.;
Vagberg, J.; Decosta, D.; Bordner, J. JJ. Org. Chem. 1997, 62, 4908.

(7) Wender, P. A.; Correa, A. G.; Sato, Y.; Sun, R. J. Am. Chem.
Soc. 2000, 122, 7815.
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115, 5294.
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SCHEME 1
X 0
Yo Y OH
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up to 98.8% ee
Xc = chiral sultam

More recently, we have demonstrated the first examples
of asymmetric induction studies in ruthenium-catalyzed
[2 + 2] cycloadditions between symmetrical bicyclic
alkenes and alkynes bearing a chiral auxiliary, and
excellent levels of asymmetric induction (up to 98.8% ee,
after removal of the recoverable chiral auxiliary) in the
cycloadditions were achieved (Scheme 1).1%¢

To understand the mechanism of the Ru-catalyzed [2
+ 2] cycloadditions thoroughly so that one can design
more active catalysts for the cycloadditions, studies on
the reactivity of both reaction partners are essential. To
date, very little is known about the general course of
reactivity in Ru-catalyzed [2 + 2] cycloadditions. Fur-
thermore, very little is known as to whether electron-
rich or electron-deficient alkenes and alkynes react faster
or slower in the Ru-catalyzed [2 + 2] cycloadditions, and
the steric requirements of the cycloaddition have yet to
be determined. In this paper, we report our experimental
and computational results on Ru-catalyzed [2 + 2]
cycloadditions between 7-substituted norbornadienes and
an alkyne. The experimental results of these studies
provide important information on the reactivity of the
alkene component in the cycloaddition and the compu-
tational studies give insights on the detailed mechanism
of the cycloaddition. To our knowledge, no computational
studies on any metal-catalyzed [2 + 2] cycloadditions
have been reported in the literature.

Results and Discussion

Experimental Studies on Ru-Catalyzed [2 + 2]
Cycloadditions between 7-Substituted Norborna-
dienes and an Alkyne. To investigate the reactivity of
the alkene component and determine whether electron-
rich or electron-deficient alkenes react faster or slower
in the ruthenium-catalyzed [2 + 2] cycloadditions be-
tween an alkene and an alkyne, we studied the ruthe-
nium-catalyzed [2 + 2] cycloadditions between 7-substi-
tuted norbornadienes and an alkyne. We chose not to use
alkenes with substituents directly attached to the olefinic
carbons (1, Figure 1) as the alkene component in our
study because the rate of the cycloaddition in this case
will be governed not only by electronic effects but also
by the steric effects of the X substituent. Experimental
and theoretical studies on 7-substituted norbornadienes
2 have shown that as the electron-withdrawing power of
the Y substituent increases the electron density of the
anti- bond decreases.'® In other words, as the electrone-

(11) Tenaglia, A.; Giordano, L. Synlett 2003, 2333.

(12) (a) Jordan, R. W.; Tam, W. Org. Lett. 2000, 2, 3031. (b) Jordan,
R. W.; Tam, W. Org. Lett. 2001, 3, 2367. (¢) Jordan, R. W.; Tam, W.
Tetrahedron Lett. 2002, 43, 6051. (d) Villeneuve, K.; Jordan, R. W_;
Tam, W. Synlett 2003, 2123. (e) Villeneuve, K.; Tam, W. Angew. Chem.,
Int. Ed. 2004, 43, 610.

(13) (a) Mazzocchi, P. H.; Stahly, J. D.; Rondan, N. G.; Domelsmith,
L. N.; Rozeboom, M. D.; Caramella, P.; Houk, K. N. J. Am. Chem. Soc.
1980, 102, 6482. (b) Lautens, M.; Tam, W.; Edwards, L. E. J. Chem.
Soc., Perkin Trans. 1 1994, 2143.

8468 J. Org. Chem., Vol. 69, No. 24, 2004

Jordan et al.

Y-
A?/x syn-m bond-. _ ;b _.-anti-r bond
\/ e ™

1 X 2

FIGURE 1. Bicyclic alkenes.
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gativity of the Y substituent increases the anti-7 bond
becomes more electron deficient.

Although four different [2 + 2] cycloadducts are
theoretically possible in the cycloaddition between a
7-substituted norbornadiene and an alkyne (Scheme 2),
we anticipated that the anti-exo cycloadduct would be
produced preferentially. On the basis of previous work
by our group and others,®!!2 Ru-catalyzed [2 + 2]
cycloadditions of norbornenes or norbornadienes with
alkynes produced only exo cycloadducts. Furthermore, the
exo face of the syn-m bond is sterically shielded by the Y
substituent, thus suggesting the Ru-catalyzed cycload-
dition should occur preferentially on the exo face of the
anti- bond. This has proven to be true. The Ru-catalyzed
[2 + 2] cycloadditions of all the 7-substituted norborna-
dienes 2a—f with alkyne 8 are highly regio- and stereo-
selective, giving the anti-exo cycloadducts 9a—f as the
only regio- and stereoisomers in moderate to excellent
yields (Tables 1 and 2).

When norbornadiene 2a (Y = OAc) was treated with
alkyne 8 in the presence of 5—10 mol % of Cp*RuCl(COD)
in THF at room temperature, very little reaction was
observed (Table 1, entry 1). At 60 °C in THF, only 13%
of the cycloadduct 9a was isolated and >80% of alkyne 8
was recovered (entry 2). Using EtsN as the solvent, at
80 °C for 48 h, cycloadduct 9a was produced in 50% yield;
when the cycloaddition was carried out at 95 °C for 90
h, the yield increased to 68% (entries 3 and 4). Using
diglyme as solvent at a higher temperature (110 °C) did
not improve the yield further (entry 5). Unlike the
cycloaddition of 7-substituted norbornadiene 2a (when
Y = OAc) which is very slow at room temperature (Table
1, entry 1), Ru-catalyzed [2 + 2] cycloadditions of
7-substituted norbornadienes 2¢—f, when Y = O'Bu, H,
alkyl group, or aryl group, are faster at room tempera-
ture, giving moderate yields of the cycloadducts (entries
6, 9, 11, and 13). Thus, 7-substituted norbornadienes
2c¢—f are more reactive than 7-substituted norbornadiene
2a in the Ru-catalyzed [2 + 2] cycloaddition with alkyne
8.

To confirm these qualitative observations and to
estimate the relative rate of the Ru-catalyzed [2 + 2]
cycloadditions of different 7-substituted norbornadienes
with alkyne 8, competition experiments between 7-sub-
stituted norbornadiene 2a (Y = OAc) and other 7-sub-
stituted norbornadienes 2b—f were carried out. A typical
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TABLE 1. Ruthenium-Catalyzed [2 + 2] Cycloadditions
of 7-Substituted Norbornadienes and Alkyne 8 at
Different Conditions

Y Ph Y- Ph
Cp*RuCI(COD) (5-10%
ALy | onsemen b

) ookt 0 COOEt
(5 equiv.) 8 anti-exo
(1 equiv.)
norborna- solvent/T" (°C)  yield®
entry diene Y cycloadduct /time (h) (%)
1 2a OAc 9a THF/25/48 <hb
2 2a OAc 9a THF/60/48 130
3 2a OAc 9a Et3N/80/48 500
4 2a OAc 9a Et3N/95/90 686
5 2a OAc 9a Diglyme/110/48  66°
6 2¢ O'Bu 9¢ THF/25/48 45°
7 2¢ O'Bu 9¢ THF/60/48 500
8 2¢ O'Bu 9c Et3N/80/67 88
9 2d H 9d THF/25/48 84
10 2d H 9d Et3N/80/48 93
11 2e Hexyl 9e THF/25/48 54b
12 2e Hexyl 9e Et3N/80/48 97
13 2f Ph 9f THF/25/48 445
14 2f Ph 9f EtsN/80/48 92

@ Isolated yields after column chromatography. ® 30-90% of
unreacted alkyne 8 was recovered.

TABLE 2. Relative Rate of Different 7-Substituted
Norbornadienes in Ru-Catalyzed [2 + 2] Cycloadditions
with Alkyne 8

Y Ph Y o
;b ol Cp*RuCI(COD) (5-10%) M
i/
EtsN, 80-95°C .

2 co COOEt
) OFEt
(5 equiv.) 8 anti-exo
(1 equiv.)
yield®
entry norbornadiene Y  cycloadduct (%) relative rate¢
1 2a OAc 9a 680 1
2 2b OTBS 9b 89 4
3 2¢ O'Bu 9c 88 7
4 2d H 9d 84 23
5 2e hexyl 9e 97 31
6 2f Ph of 92 53

@ Isolated yields after column chromatography. ® ~30% of 8 was
recovered. ¢ Measured from competition experiments, see text.The
number indicated is the average number from three to five runs.

competition experiment employed 4 equiv of equimolar
amounts of 7-substituted norbornadiene 2a (Y = OAc)
(a stock solution of known concentration was prepared
for 2a) and 7-substituted norbornadiene 2b (Y = OTBS)
with 1 equiv of alkyne 8 in the presence of 5 mol % of
Cp*RuCl(COD) in EtsN (large excesses of the norborna-
dienes were used in order to approach pseudo-first-order
conditions).!3> The reactivity of each 7-substituted nor-
bornadiene was assessed by evaluation of the product
ratio by capillary gas chromatography.'* The results of
these reactivity studies are shown in Table 2.

(14) 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, 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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Replacement of the OAc group with an OTBS or an
O*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). Surpris-
ingly, when the OAc group is replaced with a H, the
parent norbornadiene 2d reacts 23 times faster than the
7-OAc norbornadiene 2a (entry 4) (in this case, for a fair
comparison, the competition experiments were conducted
using a mole ratio of 2a/2d of 2:1 instead of 1:1, since
norbornadiene contains two equivalent reactive double
bonds). More interestingly, when Y = alkyl or aryl
groups, the reactivities of the 7-substituted norborna-
dienes increase further. 7-Hexylnorbornadiene 2e reacts
31 times faster than the 7-OAc norbornadiene 2a and
7-Ph-norbornadiene 2f reacts 53 times faster than the
7-OAc norbornadiene 2a (entries 5 and 6). The relative
rate values of Table 2 arise from three to five repetitions
of each reaction.

In general, as the electronegativity of the Y substituent
increases, the anti-7 bond of the 7-substituted norbor-
nadienes becomes more electron deficient. The results of
our study on the relative rate of different 7-substituted
norbornadienes in Ru-catalyzed [2 + 2] cycloadditions
with alkyne 8 indicated that electron-deficient alkenes
react more slowly than electron-rich alkenes.!®

Computational Studies and Discussion of the
Mechanism. We performed theoretical studies in order
to examine the detailed mechanism of the Ru-catalyzed
[2 + 2] cycloadditions between 7-substituted norborna-
dienes and alkyne 8. All computations in this study were
carried out with the Gaussian98 suite of programs.'® The
Becke three-parameter hybrid functional'” combined with
the Lee, Yang, and Parr (LYP) correlation functional,!®
B3LYP, was used. The LANL2DZ" basis set which uses
effective core potentials for heavy elements was employed
for all calculations. It includes some relativistic effects
in its modeling of the core electrons of ruthenium.?° All
structures were computed as closed-shell molecules.
Transition states (TS) were tested for electronic instabili-
ties, where an instability would indicate a lower energy
open-shell solution. All the transition states tested were
stable to such perturbations and thus closed-shell struc-
tures. Transition-state structures are characterized by
one imaginary frequency and are first-order saddle
points. To ensure that the required transition states had

(15) As noted by a reviewer, the observed relative rate of cycload-
dition may not be purely from an electronic effect. The coordinating
ability of the 7-substutuent that competes with the anti-7-bond for the
metal center could also be a factor in the observed rate difference.

(16) Gaussian98: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B,;
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.;
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli,
C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P.
Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu,
G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1998.

(17) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(18) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(19) (a) Dunning T. H., Jr.; Hay, P. J. In Modern Theoretical
Chemistry; Schaefer, H. F., III, Ed.;; Plenum: New York, 1976; Vol. 3,
p 1. (b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.

(20) Jensen, F. Introduction to Computational Chemistry; John
Wiley & Sons Ltd.: Chichester, 1999.

J. Org. Chem, Vol. 69, No. 24, 2004 8469



JOC Article

SCHEME 3. Proposed Mechanism
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been found, the normal mode corresponding to the
imaginary frequency was animated. From the transition
states, the reactants and products were then located with
a method similar to the intrinsic reaction coordinate
(IRC) approach.?! One descends from the transition states
along the reaction coordinates to the appropriate minima.
The reactant and product structures all exhibited zero
imaginary frequencies and thus are minima.

Previous studies have shown that formation of a
cationic [Cp*Rul]* species from Cp*RuCl(COD) by treat-
ment with AgOTf decreased the catalytic activity, and
low yields (<25%) of the cycloadditions were observed.?!?
This result suggested that a neutral [Cp*RuCl] moiety
is likely to be the active catalytic species in the cycload-
ditions. A proposed mechanism of the Ru-catalyzed [2 +
2] cycloadditions between 7-substituted norbornadienes
and alkyne 8 is shown in Scheme 3. Dissociation of one
of the double bonds of the cyclooctadiene (COD) ligand
from the catalyst Cp*RuCl(COD) followed by ligand
association with alkyne 8 will provide complex 11. Upon
dissociation of the COD ligand to form the coordinatively
unsaturated complex 12, either another molecule of
alkyne 8 or norbornadiene 2 could complex with 12. We
noticed that the use of an excess of the alkene component
(see Tables 1 and 2, 5 equiv of norbornadienes was used)
improves the yields of the cycloadditions but on the other
hand, the use of excess alkyne decreases the yield
dramatically (e.g., when 5 equiv of the alkyne were used,

(21) Foresman, J. B.; Frisch, A. Exploring Chemistry with Electronic
Structure Methods, 2nd ed.; Gaussian Inc.: Pittsburgh, PA, 1996.
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less than 10% of the cycloadducts were obtained).?2 When
an excess of alkyne 8 was used, complex 13 would form
preferentially. Since Ru is known to form stronger
m-complexes with alkynes than with alkenes,?? the for-
mation of complex 13 inhibits the cycloadditions. This
explains why the use of an excess of the alkyne lead to
low yields in the cycloadditions. When an excess of
norbornadiene 2 was used, complexation of 12 to the
anti- bond on the exo face of norbornadiene 2 would give
complex 14. Since all the cycloadducts obtained in our
experimental studies are anti-exo cycloadducts, in all the
theoretical studies, we focused only on those complexes
where the Ru is complexed to the anti-7 bond on the exo
face of the norbornadiene. In complex 14, there are
several ways that the four different groups (Cl, Cp*,
alkene 2 and alkyne 8) attached to Ru can be arranged.
One of these groups (e.g., Cl) can be arranged such that
the Ru—Cl bond is coplanar with the C’—H" bond of the
norbornadiene 2, as in structure 14(A). On the other
hand, two groups can be located above C® and C® of the
norbornadiene 2 as in 14(B)—(E). For example, in
structure 14(B), Cl is located above C¢, the alkyne is
located above C® and the Ru—Cp* bond is coplanar with
the C’™—H" bond of the norbornadiene. Due to steric
hindrance of H” with Cl in 14(A) (when the Ru—ClI bond
is coplanar with the C’™—H" bond of the norbornadiene

(22) For more detailed studies on the effect of the number of
equivalency of the reaction partners in Ru-catalyzed [2 + 2] cycload-
ditions between alkenes and alkynes, see ref 12a.

(23) (a) Naota, T.; Takaya, H.; Murahashi, S.-I. Chem. Rev. 1998,
98, 2599. (b) Trost, B. M.; Toste, F. D.; Pinkerton, A. B. Chem. Rev.
2001, 101, 2067.
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C-C"=120A
C-Ru=2.19 A
C-C'=275A
C-C'=141A
C-Ru=234 A
Ru-Cl=2.54 A
Ru-Cp* =235 A
C"-Ru-C"=118.3"

14(B) (Y = H)

FIGURE 2. Optimized structure of 14(B) (when Y = H).

2), structure 14(A) is of a much higher energy than 14-
(B)—(E). The optimized structure of 14(B), with Y = H,
is shown in Figure 2.2 Oxidative addition of complexes
14(B)—(E) would provide metallacyclopentenes 15(B)—
(E) which upon reductive elimination would give the
cycloadduct 9.

To gain insight on the detailed mechanism of the Ru-
catalyzed [2 + 2] cycloadditions between 7-substituted
norbornadienes and alkyne 8, the computational studies
were carried out. The first question we would like to
address is how the four different groups (Cl, Cp*, alkene
2 and alkyne 8) on the Ru in structure 14 (Scheme 3)
are arranged before and after the oxidative addition to
form the metallacyclopentenes 15. In order for the
oxidative addition to occur, the alkyne must be located
above C? (or C,® the bicyclic alkene has a symmetric
structure and therefore C® and C% are “equivalent”). The
remaining two groups Cl and Cp* can be arranged in two
ways: either Cl is above C® and Cp* is pointing away
from the bicyclic alkene (as in 14(B) and 14(D)) or Cp*
is above C® and Cl is pointing away from the bicyclic
alkene (as in 14(C) and 14(E)). In preliminary computa-
tions, we used a less complicated model (Y = H and
replacing Cp* with Cp, and using methyl ester (COOMe)
in the alkyne instead of the ethyl ester (COOEt)) to
ascertain whether the Cl or the Cp* is located above C°.
Although the energy difference between the different
structures of 14 is small, the energy difference between
the different structures of 15 is significant. For example,
for the model using Cp and COOMe, the energy difference
between structure 14(D) (with Cl above C®) and structure
14(E) (with Cp above C®) is only 1.8 kcal/mol. On the
other hand, structure 15(B) (with Cl pointing toward the
bicyclic framework and Cp pointing away from the
bicyclic framework) is 9.0 kcal/mol more stable than
structure 15(C) (with Cp pointing toward the bicyclic
framework and Cl pointing away from the bicyclic
framework). These theoretical results show that forma-
tion of the metallacyclopentenes 15(B) and 15(D), with
Cl pointing toward the bicyclic framework and Cp point-
ing away from the bicyclic framework, is much more
favorable than 15(C) and 15(E).

(24) Optimized geometries for all the structures mentioned in the
text are reported in the Supporting Information.
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TABLE 3. Comparison of Selected Bond Distances and
Angles in Structures 14a—17a¢

14a 16a 15a 17a
Ca—CP 1.29 1.32 1.45 1.47
Ca—Ru 2.20 2.10 1.91 1.93
Ch—C5 2.76 2.05 1.54 1.53
C5-CS8 141 1.46 1.56 1.56
C5—Ru 2.32 2.16 2.15 2.42
Ru—Cl 2.53 2.51 2.49 2.50
Ru—Cp* 2.35 2.33 2.40 2.35
C2—Ru—CS§ 118.8 108.3 90.1 60.1

@ Distances in angstroms. Angles in degrees.

Having determined the preferred arrangements of the
four different groups on the Ru (14(B) and 14(D)), the
next two questions to address are as follows: (i) What is
the preferred orientation of the unsymmetrical alkyne 8
in structure 14 (with the COOEt group adjacent to C®
and Ph closer to the Ru as in 14(B) or with Ph adjacent
to C5% and the COOEt group closer to the Ru as in 14-
(D))? (i1)) Which carbon—carbon bond is formed first
between the symmetrical norbornadiene and the unsym-
metric alkyne (with CP, the acetylenic carbon attached
to the ester group, to give metallacyclopentene 15(B) or
with C?, the acetylenic carbon attached to the Ph group,
to give metallacyclopentene 15(D))? To obtain more
complete and more reliable results, we studied three
different norbornadienes 2a (Y = OAc), 2d (Y = H), and
2f (Y = Ph). The more realistic Cp* (CsMe;) ligand was
used instead of Cp (CsHs) in these theoretical studies.
The methyl ester (COOMe) in the alkyne instead of the
ethyl ester (COOEt) was used in our computations. We
compared the energy differences between 14(B) and 14-
(D) in the three different cases (Y = OAc, H, and Ph).
The 14(B) structure, with the COOEt group adjacent to
C5 and Ph closer to the Ru, are always more stable (by
4.6—4.8 kcal/mol) than 14 (D). Thus, structure 14(B)
seems to be the preferred structure of the Ru complex
before the oxidative addition. The difference in the
activation energies in the oxidative addition step (14(B)
and 14(D) to their corresponding first transition states)
is small (for example, when Y = OAc, the difference in
the activation energies is only 0.4 kcal/mol), and the
energy difference between the metallacyclopentenes 15-
(B) and 15(D) is also very small (e.g., when Y = OAc,
15(B) is only 0.1 kcal/mol more stable than 15(D)). Since
14(B) is ~4.7 kcal/mol more stable than 14(D), it is likely
that the first carbon—carbon bond formed in the [2 + 2]
cycloaddition is between C® of the norbornadiene and C?
(attached to the electron-withdrawing ester group, COO-
Et) of the unsymmetrical alkyne 8 leading to the forma-
tion of the metallacyclopentenes 15(B).?>

The predicted potential energy profile for the Ru-
catalyzed [2 + 2] cycloaddition between norbornadiene

(25) The regiochemistry of metallacyclopentenes 15(B) and 15a,d,f
is opposite that proposed by Cheng and co-workers in the nickel-
catalyzed coupling and cyclization reactions between oxanorbornenes
and alkyl propiolates. The difference in regiochemistry could be due
to the use of different metal catalyst (nickel vs ruthenium), and the
oxygen in the oxanorbornenes used in Cheng’s study could coordinate
to the metal but not in our case with norbornadienes. Also, there are
no theoretical calculations to support the proposed mechanism/
structure by Cheng: (a) Rayabarapu, D. K.; Cheng, Cheng, C.-H.
Angew. Chem., Int. Ed. 2001, 40, 1286. (b) Rayabarapu, D. K,
Sambaiah, T.; Cheng, C.-H. Chem. Eur. J. 2003, 9, 3164.
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FIGURE 3. Potential energy profile for the Ru-catalyzed [2 + 2] cycloaddition between norbornadiene 2a (Y = OAc) and alkyne
8.
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FIGURE 5. Potential energy profile for the Ru-catalyzed [2 + 2] cycloaddition between norbornadiene 2d (Y = H) and alkyne 8.

2a (Y = OAc) and alkyne 8 is shown in Figure 3, and the
optimized geometries of the structures on the reaction
path are illustrated in Figure 4 (Supporting Information).
The activation energy for oxidative addition of the Ru
m-complex 14a to the first transition state 16a is 9.7 kcal/
mol, and the resulting metallacyclopentene 15a is 13.6
kcal/mol more stable than 14a. The activation energy for
the reductive elimination of 15a to the second transition
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state 17a is much higher (27.6 kcal/mol) than the first
step, and the resulting cycloadduct 9a and the regener-
ated Cp*RuCl is 1.2 kcal/mol more stable than 15a. A
comparison of selected bond distances in structures 14a-
17a during the course of the reaction is shown in Table
3. For example, the bond length of the alkyne C2—CP? bond
increases from 1.29 A in the Ru—alkyne s7-complex 14a
(a typical C=C bond length is 1.20 A) to 1.32 A in the
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8.

first transition state 16a and increases further in the
metallacyclopentene 15a (1.45 A) and the second transi-
tion state 17a (1.47 A) before decreasing back to 1.38 A
in the cyclobutene 9a.

The potential energy profiles predicted for the Ru-
catalyzed [2 + 2] cycloaddition between norbornadiene
2d (Y = H) and alkyne 8, and between norbornadiene 2f
(Y = Ph) and alkyne 8, are shown in Figures 5 and 6.
These potential energy profiles are very similar to the
one in Figure 3 (with Y = OAc). No significant differences
are observed in the activation energies for the first and
second transition states 16 and 17 when the 7-substit-
uents vary from Ph to H to OAc. The activation energy
for the oxidative addition step to the first transition state
16 is in the small range of 9.3—9.8 kcal/mol, and the
activation energy for the reductive elimination step to
the second transition state is much higher than the first
step but in a fairly small range of 25.9—27.6 kcal/mol.

Conclusions

We have reported the first study of the reactivity of
the alkene component in ruthenium-catalyzed [2 + 2]
cycloadditions between an alkene and an alkyne. The Ru-
catalyzed [2 + 2] cycloadditions of 7-substituted norbor-
nadienes with an alkyne are highly regio- and stereose-
lective, giving the anti-exo cycloadducts as the only regio-
and stereoisomers in good yields. The results of our study
on the relative rate of different 7-substituted norborna-
dienes in Ru-catalyzed [2 + 2] cycloadditions with alkyne
8 indicate that reactivity of the alkene decreases dra-
matically as the alkene becomes more electron deficient.
The theoretical studies provided important mechanistic
information about the course of the reaction in the Ru-

FIGURE 6. Potential energy profile for the Ru-catalyzed [2 + 2] cycloaddition between norbornadiene 2f (Y = Ph) and alkyne

catalyzed [2 + 2] cycloaddition and represent the first
ab initio studies on metal-catalyzed [2 + 2] cycloaddi-
tions. However, the trends in the reactivity of the
different alkenes were not clearly revealed in the pre-
dicted activation energies. Among several possible ar-
rangements of the four different groups (Cl, Cp*, alkene
2, and alkyne 8) on the Ru in the initial Ru—alkene—
alkyne 7-complex, 14, and in the metallacyclopentene 15
(Scheme 3), 14(B) and 15(B) were found to be energeti-
cally more favorable. On the basis of the theoretical
studies, the first carbon—carbon bond formed in the [2
+ 2] cycloaddition is between the C® of the alkene and
the CP (the acetylenic carbon attached to the ester group)
of the alkyne 8. Our predictions of the potential energy
profiles of the cycloadditions indicate that the activation
energy for the oxidative addition step is in the range of
9.3—-9.8 kcal/mol, and the activation energy for the

reductive elimination step is much higher (in the range
of 25.9—27.6 kcal/mol).

Experimental Section26
Materials. 7-Substituted norbornadienes 2a—f,%” Cp*RuCl-

(COD),?® and alkyne 8%° were prepared according to literature
procedures.

(26) General methods were as described in a previous publication:
Tranmer, G. K.; Tam, W. J. Org. Chem. 2001, 66, 5113.

(27) 7-Substituted norbornadienes 2a—f were prepared according
to literature procedures: (a) Story, P. R.; Fahrenholtz, S. R. J. Org.
Chem. 1963, 28, 1716. (b) Clarke, S. C.; Johnson Tetrahedron 1968,
24, 5067. (c) Story, P. R.; Fahrenholtz, S. R. Org. Synth. 1973, 151. (d)
Baxter, A. D.; Binus, F.; Javed, T.; Roberts, S. M.; Dalder, P.;
Scheinmann, F.; Wakefield, B. J.; Lynch, M.; Newton, R. F. J. Chem.
Soc., Perkin Trans. 1 1986, 5067.

(28) Cp*RuCl(COD) was prepared according to literature proce-
dures: Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, I. D.
Organometallics. 1990, 9, 1843.
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Typical Procedure for Ruthenium-Catalyzed [2 + 2]
Cycloadditions between Alkene 2a—f and Alkyne 8. A
mixture of norbornadiene 2 (1.0 mmol, 5 equiv) and acetylene
8 (0.2 mmol, 1 equiv) in an oven-dried vial was added via a
cannula to an oven-dried screw-cap vial containing Cp*RuCl-
(COD) (weighed out from a drybox, 0.01 mmol, 5 mol %) under
nitrogen. The oven-dried vial was rinsed with EtsN (0.4 mL).
The reaction mixture was stirred in the dark at 80—95 °C for
48-90 h. The crude product was purified by column chroma-
tography (EtOAc—hexanes mixtures) to give the cycloadduct.
Analytical and spectroscopic data of cycloadducts 9a—f can be
found in the Supporting Information.

(29) Alkyne 8 was prepared according to literature procedures:
Yamamoto, H.; Maruoka, K. J. Am. Chem. Soc. 1981, 103, 6133.
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