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The effects of a remote substituent on the regioselectivity of ruthenium-catalyz@j §¥cloadditions

of 2-substituted norbornenes with alkynes have been investigated experimentally and theoretically using
density functional theory. Most of the cycloadditions occurred smoothly at room temperature, giving the
exo cycloadducts in excellent yields. Regioselectivities of 1.2:1 to 15:1 were observed with various
substituents on the C-2 position of the norbornenes:-Ex&substituents usually showed greater remote
substituent effects on the regioselectivities of the cycloadditions than the correspondin@€-@ado
substituents. The regioselectivity of the cycloadditions with C-2 substituents containing an exocyclic
double bond (sphybridized carbon at C-2) are much higher than the cycloadditions with the exo and
endo 2-substituted norbornenes. Theoretical studies predicted the same trends as experiment and matched
the experimental product ratios well. The nature of the regioselectivity in this reaction is discussed. Different
strengths of ther(C5—C8)—x*(C%—Y) or a(C°—C8—0*(C?-Y) orbital interactions in 2-substituted
norbornenes result in different degrees 6f-C® double bond polarization. Strongef-@C8 polarization

will increase the difference in the activation energies between the major and minor pathways and thus
lead to greater regioselectivities.

Introduction Unlike the remote substituent effects on nucleophilic and
electrophilic additions that have been studied extensively,
usually showing strong remote stereoelectronic effects in
controlling the regio- and stereoselectivities, examples of remote
substituent effects on transition-metal-catalyzed cycloadditions
are very rare in the literature and usually only low levels of
selectivities were observéd’c® For example, in the Co-
catalyzed PauserKhand [2+2+1] cycloadditions of 2-substi-
tuted norbornenes, the C-2 remote substituents showed only very

The study of remote electronic effects in controlling the regio-
and stereoselectivities of nucleophilic and electrophilic additions
to m-bonds has attracted considerable intet@sthe most
common systems for these studies are 7-oxabicyclo[2.2.1]hept-
5-ene derivativesi),® 7-norbornanones2j,* 7-methylenenor-
bornanes3),> and 2-substituted norbornenef&” (Figure 1).

We have recently studied the effect of a remote substituent on
the regioselectivity of oxymercuration reactions of 2-substituted
norbornenes4).”® Moderate to high levels of regioselectivity

were observed with both exo- and endo-substituents at C-2 ofO (?&) (?) Ela%kI,IK- RA.:FVOSFI, PJ. ?rg\-/_Che;ﬁl%ﬁ ?jl ﬁgég(géﬂﬁgsa,
.; de la Pradilla, R. F.; Plumet, J.; Viso, Aetrahedro , .

norbornenes (Scheme 1). (c) Arjona, O.; de la Pradilla, R. F.; Garcia, L.; Mallo, A.; PlumetJJ.

Chem. Soc., Perkin Trans.1®89 1315. (d) Arjona, O.; de la Pradilla, R.

(1) For recent reviews, see: (a) Cieplak, A.Ghem. Re. 1999 99, F.; Pita-Romero, I.; Plumet, J.; Viso, Aetrahedron199Q 46, 8199. (e)
1265. (b) Ohwada, TChem. Re. 1999 99, 1337. (c) Mehta, G, Arjona, O.; Manzano, C.; Plumet, Heterocycled 993 35, 63. (f) Arjona,
Chandrasekhar, £hem. Re. 1999 99, 1437. O.; Csky, A. G.; Murcia, M. C.; Plumet, JJ. Org. Chem1999 64, 7338.

(2) (@) Gung, B. W.Tetrahedron1996 52, 5263. (b) Fraser, R. R; (g) Arjona, O.; CSky, A. G.; Murcia, M. C.; Plumet, JJ. Org. Chem.
Faibish, N. C.; Kong, F.; Bednarski, J. Org. Chem1997, 62, 6167. 1999 64, 9739.
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FIGURE 1. Study of remote substituent effects in different bicyclic
systems.

SCHEME 1. Remote Substituent Effects on

Oxymercuration
ThE HgCI
S Y. HgCI +
1 6
Regloselecnwty. 1:1 to 14:1

SCHEME 2. Remote Substituent Effects on the
Pauson-Khand Cycloaddition

5 1. Hg(OAC),
2. NaCl

COOEt

ﬁbs CoA0% M M
e CyNHp COOEt
CICH,CH,CI  Z
80°C Regloselectlwty. 1:1t0 2.8:1

weak remote stereoelectronic effects and low levels of regio-
selectivities (1:1 to 2.8:1) were observed (Schem# 8).this
paper, we report our experimental and theoretical results on
remote substituent effects in ruthenium-catalyzetZPcyclo-
additions of 2-substituted norbornenes with unsymmetrical
alkynes. To the best of our knowledge, no example of con-
trolling regioselectivity of any metal-catalyzed-2] cyclo-

additions by a remote substituent has been reported in the

literature prior to this study.

Quantum chemical methods have been widely used to study
the mechanisms and selectivities of organic reactions. Recently,

guantitative predictions of stereoselectivities have been applied
to organic reactions, such as aldol reactihd,3-dipolar
cycloaddition€® alkylation reaction§¢ and benzoin condensa-
tions? However, theoretical predictions of transition-metal-

(4) (a) Mehta, G.; Khan, F. AJ. Am. Chem. S0d.99Q 112, 6140. (b)
Mehta, G.; Khan, F. A.; Ganguly, B.; Chandrasekhar].JChem. Soc.,
Chem. Commurl992 1711. (c) Ganguly, B.; Chandrasekhar, J.; Khan, F.
A.; Mehta, G.J. Org. Chem1993 58, 1734. (d) Mehta, G.; Khan, F. Al.
Chem. Soc., Perkin Trans. 1993 1727. (e) Mehta, G.; Khan, F. A.;
Ganguly, B.; Chandrasekhar,J1.Chem. Soc., Perkin Trans1994 2275.

(f) Mehta, G.; Khan, F. A.; Adcock, WJ. Chem. Soc., Perkin Trans. 2
1995 2189. (g) Mehta, G.; Khan, F. A.; Mohal, N.; Narayan, |. N.;
Kalyanaraman, P.; Chandrasekhar].JChem. Soc., Perkin Trans.1996
2665. (h) Mehta, G.; Ravikrishna, C.; Kalyanaraman, P.; Chandrasekhar,
J.J. Chem. Soc., Perkin Trans.1P98 1895. (i) Mehta, G.; Mohal, NJ.
Chem. Soc., Perkin Trans.1998 505.

(5) (@) Mehta, G.; Khan, F. AJ. Chem. Soc., Chem. Commu991
18. (b) Mehta, G.; Khan, F. A,; Gadre, S. R.; Shirsat, R. N.; Ganguly, B.;
Chandrasekhar, Angew. Chem., Int. Ed. Endl994 33, 1390. (c) Mehta,
G.; Gunasekaran, @. Org. Chem1994 59, 1953.

(6) (a) Arjona, O.; de la Pradilla, R. F.; Plumet, J.; Viso, A.Org.
Chem.1991, 59, 6227. (b) Brands, K. M. J.; Kende, A. Setrahedron
Lett. 1992 33, 5887.

(7) (@) Mayo, P.; Poirier, M.; Rainey, J.; Tam, Wetrahedron Lett.
1999 40, 7727. (b) Mayo, P.; Orlova, G.; Goddard, J. D.; Tam,JAOrg.
Chem.2001, 66, 5182. (c) Mayo, P.; Hecnar, T.; Tam, Wetrahedron
2001, 57, 5931. (d) Mayo, P.; Tam, WTetrahedron2001, 57, 5943. (e)
Mayo, P.; Tam, WTetrahedron2002 58, 9513. (f) Mayo, P.; Tam, W.
Tetrahedron2002 58, 9527.

(8) (a) MacWhorter, S. E.; Sampath, V.; Olmstead, M. M.; Schore, N.
E.J. Org. Chem1988 53, 203. (b) Lautens, M.; Tam, W.; Edwards, L. E.
J. Chem. Soc., Perkin Trans.1D94 2143.
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catalyzed reactions are much rarer because of the complexity
of the reaction mechanisms and the higher computational cost
of including the metal at reasonably high levels of theory and
with adequate basis sets. The energy differences between
different pathways are often less than a few kilocalories per
mole in the reactions, and a suitable theoretical model is required
to rationalize any computed energy differences. In this paper,
we report the use of density functional methods both to explain
qualitatively and to predict quantitatively the ratios of isomeric
products of the ruthenium-catalyzed+{2] cycloadditions of
2-substituted norbornenes and unsymmetrical alkynes.

Theoretical interpretations of the substituent effects have been
proposed on the basis of stereoelectronic arguments in previous
studies of regioselective reactions of 2-substituted norborrienes.
In this paper, in addition to the electrostatic analysis, we use a
homoconjugation model and a theoretical picture of through-
space orbital interactions to rationalize the remote substituent
effects. The orbital interactions in norbornene and norbornadiene
derivatives have been studied extensively to understand the
facial reactivities and selectivitié8:4150.10However, there are
few previous studies which deal with the effects of remote
substituents at the C-2 position that control the regioselectivity
of reactions of the &-C8 double bond:” In this paper, we
examine the orbital interactions which connect C-2 substituent
effects to the polarization of the®€C® double bond, the relative
stability of the transition-state structures, and finally the
regioselectivities.

Results and Discussion

Remote Substituent Effects of Exo and Endo 2-Substituted
Norbornenes on Ru-Catalyzed [2-2] Cycloadditions with
Alkyne 5a. Four different [2-2] cycloadducts are theoretically
possible in the cycloaddition between a 2-substituted norbornene
4 and an unsymmetrical alkyrie(Scheme 3). On the basis of
our previous work and othetd, Cp*RuCIl(COD)-catalyzed
[2+2] cycloadditions between bicyclic alkenes and alkynes
usually produced only the exo cycloadducts. Thus, although four
possible cycloadducts could be formed, we anticipated that only
regioisomers of the exo cycloaddudisand7, would be formed
in the cycloadditions.

SCHEME 3. Possible [2-2] Cycloadducts between a
2-Substituted Norbornene and an Unsymmetrical Alkyne

@5 MM

I My

When an equimolar amount of norbornete(Y = exaOAC)
and alkyneba (R'= Ph, R = COOEt) was treated with 5 mol
% of Cp*RuCI(COD) at 8C°C for 60 h without solvent, only

R1
Metal
catalyst

(9) (a) Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List, B.Am. Chem.
S0c.2003 125 2475. (b) Diaz, J.; Silva, M. A.; Goodman, J. M.; Pellegrinet,
S. C.Tetrahedron2005 61, 10886. (c) Gordillo, R.; Carter, J.; Houk, K.
N. Adv. Synth. Catal2004 346, 1175. (d) Dudding, T.; Houk, K. NProc.
Natl. Acad. Sci. U.S.A2004 101, 5770.

(10) Mazzocchi, P. H.; Stahly, B.; Dodd, J.; Rondan, N. G.; Domelsmith,
L. N.; Rozeboom, M. D.; Caramella, P.; Houk, K. Bl. Am. Chem. Soc.
1980 102, 6482.
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11% of a mixture of exo regioisome6és and7a was obtained 4a—j (Y = COOMe, OH, OTBS, OBn, OAc) were preparéd

in a ratio of 3.1:1 (measured by GC afd NMR). No endo and their ruthenium-catalyzed{2] cycloadditions with alkyne
isomers8 or 9, were detected. Using hexanes, toluene, DMF, 5a were studied (Tables 1 and 2). Under optimized reaction
or 1,2-dichloroethane as solvent, low yields of the cycloadditions conditions, botlexo-andendenorbornenes undergo ruthenium-
were observed (}138%). However, with BN or THF as catalyzed [2-2] cycloadditions with alkyn®asmoothly, giving
solvents, the yields increased considerably to 65 and 89%. Verythe corresponding cycloadducts in excellent yields. The regio-
small changes in the regioselectivities were observed with the selectivities were only modest, and generadiyg-norbornenes
use of different solvents. To optimize the yield and the gave higher regioselectivities than their corresponding endo
regioselectivity of the cycloaddition, several reaction conditions isomers. Foexanorbornenega—e, regioselectivities of 1.5:1
were varied. Altering the equivalence of alky®a led to to 4.0:1 were observed, witha (Y = OACc) giving the highest
minimal changes in the regioselectivity. However, a dramatic regioselectivity. In the case ehdenorbornenedf—j, very little
reduction in the yield was observed as the equivalence of alkynedifference in regioselectivities was observed with different Y
H5a was increased. When 2 equiv of alkyba were used, the  substituents.

yield decreased to 29%, and when 5 equiv of alkyaevere
used, the yield was reduced to only 9%. On the other hand,
increasing the number of equivalents of norbornéakeads to

higher yields and slightly greater regioselectivities. When 2 E Fh

TABLE 2. Ruthenium-Catalyzed [2+2] Cycloadditions of Endo
2-Substituted Norbornenes

Cp*RuCI(COD) (5-10 mol%)
THF, 25 °C, 60 h

equiv of norbornenela were used, the yield was 90% with ||
regioselectivity increased to 4.2:1. When 5 equiv of norbornene

4awere used, a quantitative yield was obtained with the same Y 4fj EaOOEt
regioselectivity of 4.2:1. When we carried out the cycloadditions (5equiv.)  (1equiv.)
at different temperatures, we noticed that the cycloadditions COOEt Ph
occurred even at room temperature with essentially the same
yield and regioselectivity. Thus, under optimized cycloaddition Mh * Mooa
conditions, when 1 equiv of alkyr&a and 5 equiv of norbornene y 6fi 7t
4awere treated with 510 mol % of Cp*RuCI(COD) in THF -
at room temperature, cycloadduésand7awere produced in entry norbornene Y yield (%) 6/7°
94% isolated yield in a ratio of 4.0:1 (Table 1, entry 1). 1 af OAc 94 14:1
2 4g OBn 92 1.2:1
TABLE 1. Ruthenium-Catalyzed [2+2] Cycloadditions of Exo 3 4h OTBS 93 2.0:1
2-Substituted Norbornenes 4 4i OH 90 1.4:1
o 5 4 COOMe 91 2.0:1
Jb Cp*RuCI(COD) (5-10 mol%) a|solated yields after column chromatographyRatios measured by GC
Y. + | | and/or by'H NMR and based on the average number from two to four
THF, 25 °C, 60 h runs.
4a-e COOEt
(5 equiv.) “ ﬁgu.v) Remote Substituent Effects of 2-Substituted Norbornenes
COOEL with the C-2 Supstituent Containing an Exocyclic Double
M \M Bond (sp?-Hybridized Carbon at C-2) in Ru-Catalyzed [2+2]
COOE Cycloaddition_s with Alkynes 5a—g. During our studies on the
6a-e remote substituent effects on the cobalt-catalyzed Patson
entry norbornene v vield (%) 6/ Khand [2+-2+1] cycloadditions qf 2-substituted norborneriés,
- although the C-2 remote substituents only showed very weak
; jﬁ 8@‘; gg g'_g'j remote stereoelectronic effects and low levels of regioselec-
3 4c OTBS 92 151 tivities (1:1 to 2.8:1) were observed, the highest regioselectivity
4 4d OH 91 2.0:1 was observed with 2-norbornenodk, with a spg-hybridized
5 de COOMe 96 241 carbon at C-2. When 2-norbornenodle was subjected to the

a|solated yields after column chromatographyRatios measured by GC ~ Ru-catalyzed cycloaddition conditions with alkyrie, an
and/or byH NMR and based on the average number from two to four excellent yield (96%) and a better regioselectivity (7.5:1) were
runs. observed (Table 3, entry 1; compare with Tables 1 and 2). We
then studied the ruthenium-catalyzed-2] cycloadditions of
To study the effect of the remote Y substituent of norbornene 2-norbornenondk with several different alkynes, and the results
4 on the cycloaddition, exo and endo 2-substituted norbornenesare shown in Table 3. When an ester moiety is attached to the

acetylenic carbon (R= COOEt,5a—c, entries +3), the Ru-

(11) For ruthenium-catalyzed 2] cycloadditions, see: (a) Mitsudo,  catalyzed cycloadditions occurred smoothly at room temperature
T.; Naruse, H.; Kondo, T.; Ozaki, Y.; Watanabe, Angew. Chem., Int. y y y P

Ed. Engl.1994 33, 580. (b) Jordan, R. W.; Tam, VDrg. Lett. 2000 2, giving excgll_en; yields of the [22] cycloadducts and the
3031. (c) Jordan, R. W.; Tam, Vrg. Lett.2001, 3, 2367. (d) Jordan, R. regioselectivity improved from 7.5:1 (when'R= Ph) to 8.2:1

W.; Tam, W-Tetfahe;dfon Lett2002 ‘zfiv; 6f|>|51- (e) Villeneuve, K.; Jordan, (R = nBu); the highest regioselectivity of 10:1 was observed
R. W.; Tam, W.Synlett2003 2123. (f) Villeneuve, K.; Tam, WAngew. _ : :
Chem., Int. Ed2004 43, 610. (g) Jordan, R. W.: Khoury. P. K.. Goddard, When R'= Cy (cyclohexyl). Comparing the alkynes with a Ph

J. D.; Tam, W.J. Org. Chem2004 69, 8467. (h) Villeneuve, K.; Riddell, group attached to the acetylenic carbon (entries 1 and)4
N.; Jordan, R. W.; Tsui, G. C.; Tam, \@rg. Lett.2004 6, 4543. (i) Riddell, alkynes with esterig, R2 = COOEt) and carboxylic acicb,

N.; Villeneuve, K.; Tam, W.Org. Lett. 2005 7, 3681. (j) Mitsudo, T.; — it ; ; i
Kokuryo, K.. Takegami, Y. Chem. Soc., Chem. Gommi876 772. (k) COOH) moieties gave excellent yields in the cycloaddi

Mitsudo, T.: Kokuryo, K.; Shinsugi, T.; Nakagawa, Y.; Watanabe, Y.; 1iONS at room temperature, whereas alkybesg (with R*=
Takegami, Y.J. Org. Chem1979 44, 4492. Cl, CH,OH, and Me) required a higher reaction temperature

J. Org. ChemVol. 71, No. 10, 2006 3795
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TABLE 3. Ruthenium-Catalyzed [2+-2] Cycloadditions of
2-Norbornenone 4k with Different Alkynes

R1
oo ky

Cp*RuCI(COD) (5-10 mol%)

o THF, 25-80 °C
4k R?
(3.5 equiv.) 5a-g
(1 equiv.)
R? R
1 + 2
0" 11ag R 0" 12ag R
entry? alkyne R R2 yield (%) 11/12
1 5a Ph COOEt 96 7.5:1
2 5b "Bu COOEt 94 8.2:1
3 5c Cy COOEt 96 10:1
4 5d Ph COOH 95 7.9:1
5 5e Ph Cl 34 271
6 5f Ph CHOH 63 1.6:1
7 50 Ph Me 95 1.4:1

aFor entries 4, the reactions were run at 2& for 45-70 h; for
entries 5-7, the reactions were run at 680 °C for 115-165 h.? Isolated
yields after column chromatographyRatios measured by GC and/or by

IH NMR and based on the average number from two to four runs.

dIncomplete reaction; unreacted alkyne was recovered.

(60—80 °C). Although alkynesg (R? = Me) gave an excellent
yield in the cycloaddition, alkyneSe and 5f are both less

reactive and the cycloadditions were incomplete after stirring

at 80°C for 165 h. Comparing the regioselectivities of these
Ph-substituted alkyne$4 and5d—g), we observed good and
similar regioselectivities foba (R2 = COOEt, 7.5:1) ancbd
(R? = COOH, 7.9:1) but low levels of regioselectivities were
observed withbe (R? = Cl, 2.7:1),5f (R? = CH,OH, 1.6:1),
and5g (R? = Me, 1.4:1).

Liu et al.

cycloadducts can easily be distinguished by the coupling
constants of Aand H (Figure 2 and Scheme 3) in thél
NMR.13 Several exo and endo cycloadducts were modeled for
energy minimization at the PM3 level (CS Chem 3D Pro,
Version 3.5.1) using MOPAC for the assessment of the dihedral
angles between Hand H. These dihedral angles were then
compared to the Karplus curve for the determination of the
theoretical coupling constants. On the basis of these computa-
tional studies, the dihedral angles betweeh ahd H (or
between H and H) in the exo cycloadduct§ and7 (Scheme

3 and Figure 2) are in the range of “#75°; the coupling
constant between®and H (or between Hand H) would be
very small § ~ 0—2 Hz). On the other hand, in the endo
cycloadducts3 and9, the dihedral angles betweer? bind H

(or between Hand H) are in the range of 35-40° and would

give a coupling constant of-8 Hz between Fland H (or
between H and H). In all the cycloadducts that we obtained,
the coupling constants betweens &hd H (or between Hand

H?) are always less than 1 Hz, and therefore, all the cycloadducts
must have exo stereochemistry.

6a

FIGURE 2. Determination of regio- and stereochemistry of the
cycloadducts.

For the cycloadductéa (exaOAc, Table 1),6f (endeOAc,
Table 2),6j (endeCOOMe, Table 2),11a and 11c (ketone
group, Table 3), and1m (dicyanomethylene group, Scheme

To determine if other 2-substituted norbornenes, with the C-2 4), we were able to isolate and separate the major regioisomers

substituent being an exocyclic double bond?{kpbridized
carbon at C-2), also give higher regioselectivity in the Ru-

from the mixture of regioisomers in the cycloadditions either
by fractional recrystallization or by column chromatography.

catalyzed cycloaddition than exo and endo 2-substituted nor- 1 getermine the regiochemistry of the cycloadducts, we first

bornenegla—j, as in 2-norbornenongk, we have synthesized
norbornenetm!2 and studied its Ru-catalyzed cycloaddition with

identified all the protons and carbons in the cycloadducts
unambiguously by using several NMR techniques (HCOSY,

alkyne5c (Scheme 4). To our delight, similar to 2-norbornenone HSQC, HMBC, and NOESY or GOESY experiment$}5To

4k, the Ru-catalyzed cycloaddition between 2-norborréme
and alkyne5c occurred smoothly at room temperature, giving

distinguish the two regioisome6a and7a (Figure 2), NOESY
or GOESY experiments were used. In the GOESY experiments

the cycloadducts in good yield and an excellent regioselectivity of the major regioisomersg), H5 (at 2.79 ppm) showee-ve

of 15:1. Thus, the dicyanomethylene group gave the strongestyoE with H (2.64 ppm), H (4.63 ppm), H (2.35 ppm), and
remote stereoelectronic effects in the Ru-catalyzed cycloaddition. ja (ar—H, at 8.02 ppm); h(at 264 ppmj ir6a showed akve

SCHEME 4. Ruthenium-Catalyzed [2+-2] Cycloadditions of
Norbornene 4m with Alkyne 5c
Cy
. ‘ | Cp*RuCI(COD) (5-10 mol%)
NC._~ THF, 25°C, 65 h
4m
CN 5CcOOEt (88 %)
(3.5 equiv.) (1 equiv.)
COOEt Cy
+
NC._~ NC._~
11m Cy 12m COOEt
CN CN

15 @ 1

Determination of Regio- and Stereochemistry of the
Cycloadducts. The exo and endo stereochemistry of the

(12) Carrupt, P. A.; Vogel, Pdely. Chim. Actal989 72, 1008.
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NOE effect with F (2.79 ppm), H (2.33 ppm), and EF (1.73

(13) Similar methods have been used for the assignment of exo and endo
stereochemistries of bicyclic alkanes and alkenes. See: (a) Yip, C,;
Handerson, S.; Jordan, R.; Tam, @rg. Lett.1999 1, 791. (b) Tranmer,

G. K.; Keech, P.; Tam, WChem. Commun200Q 863. (c) Yip, C.;

Handerson, S.; Tranmer, G. K.; Tam, W.Org. Chem2001, 66, 276. (d)

Tranmer, G. K.; Tam, WJ. Org. Chem2001, 66, 5113. (e) Flautt, T. J.;
Erman, W. FJ. Am. Chem. So&963 85, 3212. (f) Meinwald, J.; Meinwald,
Y. C.; Baker, T. N., lll.J. Am. Chem. S0d.964 86, 4074. (g) Smith, C.
D. J. Am. Chem. S0d.966 88, 4273. See also: refs 11&.

(14) HCOSY: H—H correlated spectroscopy. HSQC: heteronuclear
single quantum coherence. HMBC: heteronuclear multiple bond correlation.
NOESY: nuclear overhauser enhancement spectroscopy. See: Crews, P.;
Rodriguez, J.; Jaspars, Mdrganic Structure AnalysjsOxford University
Press: Oxford, 1998.

(15) GOESY: gradient enhanced nuclear Overhauser enhancement
spectroscopy. See: (a) Stonehouse, J.; Adell, P.; Keeler, J.; Shakal.A. J.
Am. Chem. Sod 994 116, 6037. (b) Stott, K.; Stonehouse, J.; Keeler, J.;
Hwang, T.-L.; Shaka, A. J. Am. Chem. Sod.995 117, 4199. (c) Dixon,

A. M.; Widmalm, G.; Bull, T. E.J. Magn. Reson200Q 147, 266.
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SCHEME 5. Proposed Mechanism
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ppm), but no NOE was observed with any-Af (H3). Similar

(Minor regioisomer)

Discussion of the MechanismPrevious studies have shown

methods were used to determine the regiochemistry of most ofthat formation of a cationic [Cp*Rd]species from Cp*RuCl-
the cycloadducts (both major and minor isomers). Cycloadducts (COD) by treatment with AgOTf decreased the catalytic activity,

for which we had difficulty in assigning the regiochemistry by

and low yields €25%) of the cycloadducts were obsenjéd.

the above NMR techniques were chemically converted to Thjs result suggested that a neutral [Cp*RuCl] moiety is likely

cycloadducts with known regiochemistries, and their NMR

to be the active catalytic species in the cycloadditions. A

spectra were compared. In all cases, all the major regioisomersyroposed mechanism of the Ru-catalyze 2P cycloadditions

were found to have similar regiochemistry, having the C-2
remote substituent “syn” to the Ph group and “anti” to the
COOEt group (as i®a, Figure 2). These assignments also were
supported by X-ray crystallograpi$.

(16) X-ray structures of the major regioisomers of the cycloaddaets
6j, 11a and11m were obtained, and their structures were reported: (a)
Schlaf, M.; Jordan, R. W.; Tam, WActa Crystallogr.2002 E58 0629.
(b) Lough, A. J.; Jordan, R. W.; Tam, WActa Crystallogr.2003 E59,
01675. (c) Tam, W.; Lough, A. J.; Jordan, R. Wtta Crystallogr.2003
E59 01685. (d) Jordan, R. W.; Tam, W.; Lough, A.Acta Crystallogr.
2003 E59 01687.

between 2-substituted norbornenkand alkyne5a is shown
in Scheme 5.

Dissociation of one of the double bonds of the cyclooctadiene
(COD) ligand from the catalyst Cp*RuCI(COD) followed by
ligand association with alkyn&a will provide complex 14
(Scheme 5). Upon dissociation of the COD ligand to form the
coordinatively unsaturated complék, either another molecule
of alkyne5a or 2-substituted norbornedecould complex with
15. In the studies of the effect of the number of equivalents of
norborneneda and alkyne5a, we noticed that the use of an
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FIGURE 3. Potential energy profile of the solvent-free model for Ru-catalyzee?]Zycloaddition between norborneda (Y = exaOAc) and
alkyne5a (R! = Ph, R = COOEt). Energies are Gibbs free energies in kcal/mol, with respect to separated re¢ztaria + Cp*RuCI(COD).

excess of the alkene component improves the yields of thethe major regioisomes, whereas reductive elimination of the
cycloadditions but, on the other hand, the use of excess alkynemetallacyclopentene49C and 19D would give the minor
decreases the yield dramatically. When an excess of alkgne regioisomer7.

was used, comple%6 would form preferentially. Because Ru Theoretical Studies.To gain further understanding of remote

is known to form stronger-complexes with alkynes than with  substituent effects on the regioselectivities in the cycloadditions
alkenes\’ the formation of complex6 inhibits the cycloaddi-  petween 2-substituted norbornenes and alkynes, a density
tions. This explains why the use of an excess of the alkyne functional study was performed. We studied the reactions of

leads to low yields in the cycloadditions. When an excess of five different norbornenesta (Y = excOAc), 4d (Y = exo

2-substituted norbornerewas used, complexation @b to the
o bond on the exo face of 2-substituted norbornéneould
give complex17. In complex17, there are several ways that
the four different groups (Cl, Cp*, alkeng and alkyneba)

OH), 4f (Y = endeOACc), 4i (Y = endeOH), anddk (Y = O),
with alkyne5a (R = Ph, R = COOE). Structures of the
complexesl?, oxidative addition transition statds8, metalla-
cyclopentene49, reductive elimination transition stat2e, and

attached to Ru can be arranged. On the basis of our theoreticaproducts6 and 7 for all four possible pathway&—D were

studies in Ru-catalyzed {22] cycloadditions between bicyclic
alkenes and alkyné,the most favorable arrangement (with

the lowest energy) is with the Cl and the alkyne located above

C® and C and the Cp* pointing away from the bicyclic alkene.
Because both the bicyclic alkene (2-substituted norbordg¢ne
and the alkyne 5a) are unsymmetrical, four different Ru
alkene-alkynesr complexes are possibl@{A—D). The Cl can

be located above €C(syn to the € substituent, Y), and the
alkyne can be located above,@s in17A and17D. In 17A,

the ester COOEt group of the unsymmetrical alkyne is pointing
toward the bicyclic alkene and the Ph group of the alkyne is
pointing away from the bicyclic alkene. t7D, the Ph group

of the unsymmetrical alkyne is pointing toward the bicyclic
alkene and the COOEt group of the alkyne is pointing away
from the bicyclic alkene. On the other hand, the Cl can be
located above €(anti to the C Y substituent) and the alkyne
can be located above’Gas in17B and17C. Oxidative addition

of these Rualkene-alkyne = complexes17A—D would
provide the metallacyclopenten@8A—D. Reductive elimina-
tion of both the metallacyclopenten£8A and19B would give

(17) (a) Naota, T.; Takaya, H.; Murahashi, SGhem. Re. 1998 98,
2599. (b) Trost, B. M.; Toste, F. D.; Pinkerton, A. Bhem. Re. 2001,
101, 2067.
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studied. The predicted potential energy profiles of the reaction
between norbornenga and alkyne5a are shown in Figure 3.

For all four pathways, the oxidative addition transition states
18a have energies 24 kcal/mol higher than the reductive
elimination transition stat€20a This indicates that the oxidative
addition is rate-determining for the overall reaction. The initial
w complexesl7ain pathwaysA andC are ca. 3 kcal/mol more
stable than those in pathwaBsandD. The oxidative addition
transition stated48ain pathwaysA andC are ca. 4 kcal/mol
more stable than those in pathwa@/andD. With the oxidative
addition determining the rate, pathwafsandC are preferred
leading to productsba and 7a, respectively. The oxidative
addition transition stat&8a-Ais 0.6 kcal/mol more stable than
18a-C This small energy difference in the rate-determining step
could explain the very moderate product regioselectivity. The
metallacyclopentenelda-Aand19a-Dare ca. 2 kcal/mol more
stable thanl19a-B and 19a-C. The reductive elimination
transition state20a-A and20a-Care ca. 2 kcal/mol more stable
than20a-B and 20a-D. The major producéais 0.2 kcal/mol
more stable than the minor produca.

The potential energy profiles for the other four reactions are
given in the Supporting Information. For all five reactions, the
oxidative addition transition statd8 have higher energies than
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TABLE 4. Relative Free Energies (in kcal/mol) at 298 K for the Oxidative Addition Transition States 18 with Respect to the Separated
Reactants

free energiesAG*gs theory)

AAGH98(theory] AAG*298(expt)
entry norbornene Y alkyne R R2 18-A 18-B 18C 18D (calcd selectivity)  (exptl selectivity)
1 Af endoOAc ba Ph COOEt 35.0 38.8 35.6 39.3 0.6 (2.8:1) 0.20 (1.4:1)
2 4i endoOH 5a Ph COOEt 32.0 36.9 32.4 37.3 0.4 (2.0:1) 0.20 (1.4:1)
3 4d excOH 5a Ph COOEt 325 37.7 33.5 37.7 1.0(5.4:1) 0.41 (2.0:1)
4 4a excOAc ba Ph COOEt 35.5 39.8 36.1 39.3 0.6 (2.8:1) 0.82 (4.0:1)
5 4k (@] 5a Ph COOEt 32.9 38.4 34.2 36.8 1.3(9.0:1) 1.19 (7.5:1)
6 4k (@) 5b "Bu COOEt 29.6 35.7 31.1 35.7 1.5(12:1) 1.24 (8.2:1)
7 4k (@] 5¢c Cy COOEt 33.2 37.7 34.9 37.4 1.7 (18:1) 1.36 (10:1)
8 4m C(CN) 5c Cy COOEt 34.7 39.9 35.5 40.0 0.8(3.9:1) 1.60 (15:1)

aEnergy differences between preferred structr@sA and 18-C.

TABLE 5. Relative Free Energies (in kcal/mol) in THF Solution at 298 K for the Oxidative Addition Transition States 18 with Respect to the
Separated Reactants

free energies in THRAG*295(THF, theory)

AAG¥298(THE, theory) AAG*398(exptl)
entry norbornene Y alkyne R R2 18-A 18-B 18-C 18-D  (exptl selectivity) (exptl selectivity)
1 4f endoOAc 5a Ph COOEt 30.0 32.8 30.2 33.1 8@.4:1) 0.20 (1.4:1)

2 4i endoOH 5a Ph COOEt 26.0 29.2 26.6 29.5 8@.8:1) 0.20 (1.4:1)
3 4d exoOH 5a Ph COOEt 26.6 30.1 27.0 29.7 8£2.0:1) 0.41 (2.0:1)
4 4a exaOAc 5a Ph COOEt 29.2 33.6 30.6 32.9 141:1) 0.82 (4.0:1)
5 4k e} 5a Ph COOEt 26.3 30.6 28.0 30.1 1(@8:1) 1.19 (7.5:1)
6 4k O 5b "Bu COOEt 255 28.9 26.5 28.5 ?.(.4:1) 1.24 (8.2:1)
7 4k e} 5¢c Cy COOEt 29.6 32.8 32.2 30.9 2.®.0:1) 1.36 (10:1)
8 4m C(CN) 5¢ Cy COOEt 33.2 36.9 36.2 34.8 P.@5:1) 1.60 (15:1)

aEnergy differences between preferred structur@sA and18-C. ® Energy differences between preferred structdi@sA and 18-D.

the reductive elimination transition stat@6. The oxidative predicted to be slightly favored, which means that the regio-

additions are rate-determining. isomers6 with a C2 substituent anti to the electron-withdrawing
For greater completeness and reliablity, we studied three moregroup COOEt are always the major products. Second, in the
reactions: 2-norbornenorik with alkynes5b (R = "Bu, R? experiments, norbornenes with exo-substituents (Table 4, entries

= COOEt) and withtbc (R = Cy, R2 = COOEt) and norbornene 3 and 4) usually have higher selectivities than those with endo-
4m (Y = C(CN),) with alkyne5c. Because the theoretical results  substituents (Table 4, entries 1 and 2). The theoretically
discussed above showed the oxidative addition steps to be ratepredicted activation energy differences of the norbornenes with
determining and to control regioselectivities, only the reactants the exo-substituents are greater£YOH) or equal (Y= OAc)

and oxidative addition transition statb8were studied for these  to those with the endo-substituents. Third, except for entry 8
three reactions. For all eight reactions, the relative Gibbs free which has a slightly smaller activation energy difference than
energies at 298 KAG¥g(theory; fOr the oxidative addition entry 3, the regioselectivities of the cycloadditions of nor-
transition state48-A—D with respect to the separated reactants bornenes with €substituents containing an exocyclic double
(norbornene, alkyne, and Cp*RuCI(COD)) are given in Table bond (Table 4, entries-38) are predicted to be higher than those
4. For all the reactions, tHEB-A transition states are more stable with the exo and endo 2-substituted norbornenes (Table 4,
than 18-B, and thel8-C transition structures are more stable entries -4).

than18-D. Thus, pathwa is preferred leading to produét To include solvation effects in these studies, free energies in
and pathwayC is preferred leading to produ@ The energy  THF solution at 298 K of the reactants, products, and transition
differences between the two preferred oxidative addition transi- states were calculated with the PCM solvation md&édihe

tion statesl8-A and 18-C, AAG*ogthearyy CONtrol the product  potential energy profile of the reaction between norbornéme
regioselectivity. The theoretically predicted regioselectivities and and alkynesawith the PCM model is shown in Figure 4. Results

experimental activation free energy differencAsG*2os(expi) with this solvation model again indicate that the oxidative
are calculated using absolute rate theoryk12) = —AAG"/ addition transition state48a have higher energies than the
RT. These two sets of energy differencés\G*2og(theory)and reductive elimination transition stateB0a The oxidative

AAG*29g(expry @re given in Table 4. The theoretically predicted addition again is predicted to be the rate-determining step, as
activation energy differences are in good agreement with the jn the gas-phase results. Free energies in THF solution
experimental free-energy differences derived from the product AG*298(THE theory)fOr the oxidative addition transition staté8
ratios. The mean absolute error betwe®AG*g5(neory) and of the different reactions and pathways and the free-energy
AAG*298(expt)is 0.36 kcal/mol. Entries 3 and 8 have the greatest differences between the preferred pathways leading to the two
absolute errors of 0.6 and 0.8 kcal/mol, respectively. The regioisomersAAG*og(THE theory) @re given in Table 5. It should
experimental trends in regioselectivity could be explained well pe noted that, in entries 7 and 8, pathwByisistead of pathways

by these theoretical predictions (except for entries 3 and 8; see

Table 5 for_ improvement to these exceptions when_ _solvatlon (18) (@) Miertus, S. Scrocco, E.: TomasiChem. Phys1981 55, 117.
effects are included). First, for all reactions, the transition states () \iertus, S.; Tomasi, £hem. Phys1982 65, 239. (c) Cossi, M.; Barone,
18-A are slightly more stable that8-C. Thus, pathwaA is V.; Cammi, R.; Tomasi, JChem. Phys. Lettl996 255, 327.
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FIGURE 4. Potential energy profile by the PCM solvation model for Ru-catalyzeeR]Zycloaddition between norborneda (Y = exoOAc)
and alkyne5a (R = Ph, R = COOEt). Energies are free energies in solution (in kcal/mol), with respect to separated redatanta +

Cp*RuCI(COD). THF € = 7.58) was used as solvent in the PCM calculations.

C are preferred, leading to produ¢t Compared to the gas-
phase results fohAG¥ggtheory)in Table 4, the free energies in
solution have a smaller mean absolute error, 0.22 kcal/mol. For
entries 3 and 8 that showed a greater deviation from experiment
in the gas-phase calculations, selectivities predicted in solution
are in better agreement with the experimental results. In the
solvation model, entries 4 and 5 have the greatest deviation from
experiment results, 0.6 and 0.5 kcal/mol, respectively. (Thus,
similar trends in the predicted regioselectivities can be observed
in the PCM model, in the gas phase, and in the experiments.)
Natural population analyses (NPA3<on the rate-determin-
ing transition-state structurdg8awere carried out to study the
electronic effects of the remote substituents. The NPA charges
with hydrogens summed into the heavy atoms &n @, C?,
and @ in structuresl8a-A to 18a-D are given in Table 6.

TABLE 6. NPA Charges with Hydrogens Summed into the Heavy

Atoms for C5, C8, C?, and CP in Structures 18a-A to 18a-D

Because of the electron-withdrawing ability of COOEt, for all

four structures, € which is connected to COOEt, is more
negatively charged than2® Because of the inductive effect
of the ruthenium, fod8a-A and18a-Dwhere the ruthenium is

(19) (a) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.
NBO, version 3.1. (b) Reed, A. E.; Weinhold, .Chem. Physl983 78,

4066. (c) Reed, A. E.; Weinstock, R. B.; Weinhold JFChem. Phys1985
83, 735.

(20) It should be noted that the polarization of th&-CP bond is also
important for the regioselectivity. If €and & are both connected to
electron-donating groups, such as in the alkgggR! = Ph, R = CHjy),
the Ctand C will have similar electrostatic properties. In this case, if there
is no obvious steric repulsions or through-space interactions between the
substituent Ror RZ and the catalyst, or in other words, if the orientation
of the alkyne does not obviously affect the stability of the transition state
18, the activation energies fdi8-A and 18-D (or 18-B and 18-C) should
be similar. Thus, no obvious regioselectivity could exist. However,
interactions between substituents on the alkyne and the catalyst might be
masked. Theoretical studies of the effects of different alkynes on reactivity
and selectivity will need to be pursued.
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COOEt cl
b \ Cp*
5 =—Ph 5. -RU
AcO b _of 2 & &>—COOEt
“-Ru., AcO s
2 6 ( Cp* 5 g~ a
Cl Ph
18a-A 18a-B
Cl Ph
‘R ~Cp* a
Ry :551&\_ COOEt
2 8>—FPh 5 8,b
Aco\bs_ _s{é' AcO - Ru,
2 6 b 2 & ¢ Cp
COOEt i
18a-C 18a-D
structure ¢ cs ca (o]
18a-A 0.071 —0.022 0.059 —0.202
18a-B —0.028 0.014 —0.003 —0.132
18a-C —0.019 0.065 0.052 —0.193
18a-D 0.019 —0.031 —0.009 —0.128

adjacent to € C8 is more negative than®Cand for18a-Band
18a-C where ruthenium is adjacent t&*,GC8 is more positive
than C. In the transition staté8a-Ain which the C—CP bond

is forming, C is positive and €is negative. Thusl8a-A is
stabilized by the electrostatic attraction. In the transition state
18a-Bin which the €—C?2bond is forming, €is positive and

C2 is nearly neutral. Thus, there is no such electrostatic
stabilization in18a-B. For the other two transition statds8a-C
benefits from this electrostatic stabilization at®8h-Ddoes not.
Thus, considering the orientation of the alkynes, pathways
andC, in which the electron-donating phenyl group is adjacent
to ruthenium, are favored. With the same orientation of alkynes,
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TABLE 7. Selected Bond Lengths (A) and Percentage Changes from Unsubstituted Norbornene 4n, Wiberg Indices, and Orbital Interactions
(kcal/mol) for Norbornenes with Different 2-Substituents

entry norbornene Y r(C?—CS8) (Ar %) r(C3—C5) (Ar %) WI(C?>—C?) WI(C3-CP) orbital interaction
1 4k O 2.407 (2.7) 2.466 0.3) 0.0288 0.0101 3.20
2 4m C(CNY, 2.393 (-3.3) 2472 (0.1) 0.0338 0.0088 2.98
3 4a exoOAc 2.455 (-0.8) 2.472 ¢0.1) 0.0142 0.0100 1.98
4 4d exoOH 2.476 (+0.1) 2.471 ¢0.1) 0.0123 0.0103 1.89
5 4f endoOAC 2.480 (-0.2) 2.473 {0.0) 0.0109 0.0108 0.62
6 4i endoOH 2.483 (-0.4) 2.470 £0.2) 0.0107 0.0110 0.74
7 4n H 2.474 (0) 2.474 (0) 0.0112 0.0112 0°88

a 7(C5—C8)— n*(C2—Y) orbital interaction ? 7(C53—C8)—o*(C2—Y) orbital interaction.¢ 7(C>—C8—c*(C2—H) orbital interaction.

these two structures. Wiberg indices in exo 2-substituted

5 norbornenes (entries 3 and 4) are slightly larger than those in

endo 2-substituted norbornenes (entries 5 and 6) and in

2 6 norbornene itself (entry 7). The Wiberg indices of endo
Y 2-substituted norbornenes (entries 5 and 6) are quite similar to

o ) norbornene (entry 7). Norbornenes with different substituents
FIGURE 5. Orbital interactions between?@nd C. show similar Wiberg indices for &-C5.

The interactions between the filledC5—C?) orbital and the

the energy and charge distribution differences between pathwaysemloty 7*(C2—Y) or 0*(C2—Y) orbital lead to loss of electron
A andC are due solely to the orientations of the norbornenes. density from the donor orbital, the(C5—C8) orbital, into the
In6 patbhwayA,'the c-C boﬂd is formed. I.n pathwa(;t, the acceptor orbitalg*(C2-Y) or 0*&C2—Y). The strengih of these
C°—C® bond is formed. €in pathwayA is slightly more . i0ractions can be used as a measure of delocaliz&iBne
positive than € in pathwayC. Thus, pathwayA is slightly s c6)—zx(C2—Y) interaction is 3.40 kcal/mol fofk (Table

favored over pathway. . _ 7, entry 1) and 2.98 kcal/mol fotm (Table 7, entry 2). The
Having analyzed electron densities and their effects on the 7(C5—C8)—¢*(C2—Y) interaction is smaller than the—x*
stability of the rate-determining transition stafe®on different interaction and is 1.98 kcal/mol fata (Table 7, entry 3) and

pathways, two questions are: (i) How does the 2-substituent 1 59 kcal/mol for4d (Table 7, entry 4). For endo 2-substituted
affect the electronegativities afZ(ii) Why do exo, endo, and  norhomenes, nar(C3—C8)—o*(C2—Y) interactions were ob-

unsaturated C-2 substituents show different levels of effect? The sepyed in the computed results. For éxeH at the C-2 position,
electronic effects of the 2-substituent oh@@n be rationalized  {he 7(C5—C8)—0*(C2—H) interaction is smaller than 1 kcal/
by a homoconjugation model. The bent geometry of the bicyclic mq| (Table 7, entries 57).

frameworks orients the orbitals in such a manner that through-
space interactions are feasible (Figure 5). For the norborneneqm
with exocyclic double bondgik and4m, there is homoconju-
gation between the*(C2—Y) bond and ther(C5—C?) bond.

For norbornenes with exo-2-substituents, there is homoconju-
gation between the*(C2—Y) bond and ther(C>—C®) bond.

For norbornenes with endo-2-substituents, no strong homocon-
jugation could exist. The bond distance changes(@f—C?)

of the different 2-substituted norbornenes with respect to
norbornenedn are shown in Table 7. The distances between
C2—C5 decrease ca. 3% for norbornenes with an exocyclic

In conclusion, bond lengths, Wiberg indices, and orbital
eraction analyses all suggest that the norbornenes with an
exocyclic double bond (Table 7, entries 1 and 2) have the
greatest degree of homoconjugation. Norbornenes with exo-2-
substituents (Table 7, entries 3 and 4) have weaker homo-
conjugation than those with an exocyclic double bond. No
homoconjugation could be observed for the norbornenes with
endo-2-substituents (Table 7, entries 5 and 6). The homocon-
jugations led to electron delocalization from thgC®—C?)
orbital into thewr*(C2—Y) orbital or theo*(C2—Y) orbital. Thus,

the CG—C? s polarized. € has a more positive charge thah C

S ) . igure 5). A greater degree of delocalization leads to a greater
stronger orbital interactions. The2€C® distances of exo- S(;Fsgce po)larizgation @W?ll be more negative, and Gwil b%

substituted norbornenes (entries 3 and 4) are slightly shortermore i,

) . positive.
than those of endo-substituted norbornenes (entries 5 and 6). To studv the effect of orbital interactions andb-a®
C?—CS8 distances of endo-substituted norbornenes (entries 5 and y

: : olarizations on the oxidative addition transition stdig
6) are slightly longer than that of norbornene itself (entry 7). polal . .
C3—C?® distances of all substituted norbornenes are quite similar Mulliken population analyses were carried out for &hd C .
to that of norbornene itself. of 18-A and 18-C (Table 8). The charges and the changes in

. . o . the charges relative to the unsubstituted transition states are
More information about orbital interactions of norbornenes 9

) ) . . ' given in Table 8. The changes in the charges atfia€ the
W'th different subsutl_Jents_was obtamgd using natura_l bond substituted relative to the unsubstituted transition states are not
orbital (NBO) analysig? Wiberg bond indice® and orbital

interaction energies from NBO analyses are shown in Table 7 large (less than 0.010 electrons, except for entrie8 fr 18-
. . : ) "C). i f h i h
The Wiberg index (WI) is usually considered as the order of C). Greater distances from thé Substituents may have caused

. ; . o the smaller changes. FofQhe changes in the charges are in
the corresponding bond in the molecule. It is more sensitive to 9 9 9

a change in the bond order than in the bond distance. Entries 1agreement with the discussion above. For endo-substituents
; : S : entries 1 and 2) where no obvious orbital interactions exist,
and 2 in Table 7 have the largest Wiberg indices fé+C?, ( )

which means the strongest interaction betweéra@ C in

(22) (a) Weinhold, FNature2001, 411, 539. (b) Schreiner, P. Rngew.
Chem., Int. Ed2002 41, 3579. (c) Pophristic, V.; Goodman, Nature
(21) Wiberg, K. B.Tetrahedron1958 24, 1083. 2001 411, 565.
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TABLE 8. Mulliken Charges and Changes in These Charges Relative to the Transition State Structures of the Parent Norbornene (entry 9)
for C5and C®in 18-A and 18-C

18-A 18-C
entry  norbornene Y alkyne R R? co cs (o] cs
1 4f endeOAc 5a Ph COOEt —0.099 (-0.002) —0.155(0.004) —0.154 (-0.003) —0.103 (-0.006)
2 4 endeOH 5a Ph COOEt —0.100 (-0.003) —0.145 (+0.006)  —0.150 4-0.001) —0.086 (+0.011)
3 4d exoOH 5a Ph COOEt —0.098 (-0.001) —0.163(0.012) —0.154(0.003) —0.110 (-0.013)
4 4a exoOAc 5a Ph COOEt —0.100 (-0.003) —0.169 (-0.018) —0.160 (-0.009) —0.115 (-0.018)
5 4k ¢} 5a Ph COOEt —0.095 (-0.002) —0.185(0.034) —0.159(0.008) —0.117 (-0.020)
6 4k o} 5b "Bu  COOEt —0.095¢0.002) —0.198(0.047) —0.171¢0.020) —0.118 (-0.021)
7 4k o 5¢ Cy COOEt —0.108¢0.011) —0.197(0.046) —0.170¢0.019) —0.129 (0.032)
8 4m C(CN), 5¢ Cy COOEt —0.1070.010) —0.1890.038) —0.166(0.015) —0.132 (0.035)
9 4 H 5a Ph COOEt  —0.097 (0) —0.151 (0) —0.151 (0) —0.097 (0)
COOEt Cl . substituent effects observed in the ruthenium-catalyzed]2
5.0 \R ~Cp cycloadditions are significant because such a high level of
S =—Ph ,-RU, . ; . "
R 5 %Ph remote substituent effect is seldom observed in any transition-
v 6 ( cp Z L5 COOE metal-catalyzed cycloaddition reactions.
18%‘ Y 18.C Theory predicted the same trends as experiment and matched

the experimental product ratios well. The different regioselec-
FIGURE 6. The orbital interactions give a more positive charge to tivities were interpreted by comparison of activation energies,
C% and a more negative charge té. Qhis will stabilize 18-A and stereoelectronic analysis, and orbital interactiongC®—
destabilize18-C because of the electrostatic interactions. C®—n*(C2-Y) is the strongest orbital interaction which exists

in the norbornenes containing an exocyclic double baif@>—
the charges on Tare about the same as those in the C&—¢*(C2-Y) is a weaker interaction which exists in the exo
unsubstituted transition states (entry 9). For exo-substituents2-substituted norbornenes. The endo 2-substituted norbornenes
(entries 3 and 4) where weak orbital interactions exist, the do not have such orbital interactions. A stronger orbital

charges for € are slightly more negative (0.03®.020 interaction will not only change the geometric and electrostatic
electrons) than those in the unsubstituted transition states. Forproperties of the 2-substituted norbornene reactants but also
the substituents with an exocyclic double bond (entrie8)5 increase the degree of°€C® bond polarization in the rate-
where greater orbital interactions exist, the charges foaré determining transition-state structut®. This bond polarization

much more negative (0.02®.050) than those for the unsub- gives & a more negative charge at transition steewhich is
stituted transition states. These changes in the charges imot favorable to bond formation betweef &hd the negatively
particular may be viewed in light of the homoconjugation model charged € in 18-C, the transition state leading to the minor
discussed above (Figure 5). isomeric product. A stronger destabilization &B-C will

The Mulliken charge analyses suggest that the orbital increase the difference of activation energies between the two
interactions in the substituted norbornenes will also affect the pathways leading to the major and minor isomeric products and
C5—C¢ bond polarization of the oxidative addition transition finally will result in higher regioselectivity.
state 18. A stronger orbital interaction will lead to a more

negative €. For the transition state$8-C in which C° is Experimental Section
forming a bond with the negatively charge#, @ more negative _ o
C8 will destabilize the transition state. [r8-A, this destabiliza- Only representative procedures and characterizations of the

products are described here. Full details can be found in the
Supporting Information.

General Procedure for Ruthenium-Catalyzed [2-2] Cyclo-
additions. A mixture of a 2-substituted norbornenéa-k, 4m)
] (2.0 mmol, 5 equiv), an alkyné&é—qg) (0.2 mmol, 1 equiv), and
Conclusion THF (0.25 mL) in an oven-dried vial was added via a cannula to

In conclusion, we have demonstrated the first examples of an oven-dried screw-cap vial containing Cp*RUCI(COD) (weighed
’ out from a drybox, 0.01 mmol, 5 mol %) under nitrogen. The

the remote substituent effeq on the regioselectivity (_)f ruthenium- ..o tion mixture was stirred in the dark at-2%0 °C for 45-165
catalyzed [2-2] cycloadditions between 2-substituted nor- h The crude product was purified by column chromatography
bornenes and unsymmetrical alkynes. Most of the cycloadditions (EtOAc—hexane mixtures) to give the cycloadduct.

occurred smoothly at room temperature, giving the cycloadducts  Cycloadducts 6a and 7aTable 1, entry 1, Y= OAc). Yield:

in excellent yields (usually above 90% except for less reactive 94% (white solid6a/7a= 4:1 measured by GC arith NMR). R
alkynes5e and 5f). Regioselectivities of 1.2:1 to 15:1 were = 0.39 (EtOAc/hexanes 1:9). GC (HP-1 column): retention time
observed with various substituents at the C-2 position of for major isomer6a = 30.571 min, and retention time for minor
norbornenes. Exo-2-substituents usually showed a greater remotésomer 7a = 30.695 min. IR (CHCly) vmax (cm*) 3066, 2937,
substituent effect on the regioselectivity of the cycloaddition 2969, 1734, 1704, 1617, 1492, 1448, 1374, 1297, 1244, 1217, 1204,

! . 1136, 1109H NMR (CDCls, 400 MHz)6 8.02 (m, 2H), 7.36 (m,
than the corresponding en@ssubstituents (Table 1 vs Table 3H), 4.65 (dm, 1HJ = 4.6 Hz), 4.23 (g, 2HJ = 7.1 Hz), 2.81 (d,

2). The regioselectivity of the cycloadditions with the C-2 g/, ;=373 Hz), 2.75 (d, 0.2H) = 3.3 Hz), 2.69 (d, 0.2H) =
substituents containing an exocyclic double boné-(sfbridized 33 l—iz), 2.66 (d, E).8HJ =33 Hz), 2.40 (br.,s, 0.2H)’, 230 36
carbon at €) is much higher than that of the cycloadditions (m, 1.8H), 2.02 (s, 3H), 1.75 (dd, 1H,= 13.3, 7.3 Hz), 1.60 (ddd,
with the exo- and endo 2-substituted norbornenes (Table 3 andiH, J = 13.3, 3.9, 2.7 Hz), 1.39 (br. s, 2H), 1.33 (t, 3H= 7.1
Scheme 4 vs Tables 1 and 2). These studies on the remoteHz). 13C NMR (APT, CDC}, 100 MHz) major isome6a: ¢ 170.7,

tion does not exist (Figure 6). Thus, a stronger orbital interaction
will increase the activation energy difference between pathways
A andC and finally leads to a greater regioselectivity.
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162.7,154.0, 132.1, 130.1, 128.8(2), 128.3, 76.2, 60.0, 44.6, 41.3,

40.1, 38.2, 33.7, 27.7, 21.2, 14.3. Visible peaks for minor isomer
7a 0 170.6, 155.6,132.2, 127.0, 72.3, 45.0, 41.3, 40.8, 39.7, 38.6,
34.0, 27.8.

Fractional recrystallization of the above mixture in EtOAc/
hexanes (1:9) afforded a pure sampléafas white crystals. The
regiochemistry of6a was determined by NMR experimentd-(
NMR, APT, HCOSY, HSQC, HMBC, and NOESY or GOESY
experiments) and confirmed by X-ray crystallograpRy= 0.39
(EtOAc/hexanes= 1:9). Mp 71°C. GC (HP-1 column): retention
time for major isome6a = 30.571 min. IR (CHCI,) vmax (cm™2)

JOC Article

Computational Details

All computations in this study were carried out with the Gaussian
982 suite of programs. The Becke three-parameter hybrid func-
tionaP* combined with the Lee, Yang, and Parr (LYP) correlation
functional?® B3LYP, was used. The Los Alamos effective core
potential plus doublé- basis set LANL2DZ% was employed on
ruthenium, and the 6-31G(d) basis%etias used for the rest of
the atoms. All electronic structures were closed shells. Harmonic
vibrational frequencies were computed to verify the nature of the
stationary points. Transition-state structures were characterized by
one imaginary frequency and are first-order saddle points. To ensure

3066, 2969, 2937, 1734, 1704, 1617, 1492, 1448, 1374, 1297, 1244 that the transition states link the products to the expected reactants,

1217, 1204, 1136, 1109H NMR (CDCls, 400 MHz)d 8.02 (m,
2H), 7.31 (m, 3H), 4.63 (dm, 1H] = 5.3 Hz), 4.22 (q, 2H,) =

7.1 Hz), 2.79 (d, 1HJ = 3.3 Hz), 2.64 (d, 1H) = 3.3 Hz), 2.35

(br. s, 1H), 2.33 (d, 1HJ = 4.0 Hz), 2.00 (s, 3H), 1.73 (dd, 1H,
J=13.3, 7.3 Hz), 1.58 (ddd, 1H,= 13.3, 3.9, 2.7 Hz), 1.37 (br.

s, 2H), 1.31 (t, 3HJ) = 7.1 Hz).13C NMR (APT, CDCk, 100 MHz)
6170.5,162.5, 153.9, 132.0, 130.0, 128.7, 128.6, 128.2, 76.1, 59.9
445, 41.2, 40.0, 38.1, 33.6, 27.6, 21.1, 14.2. Anal. Calcd for
CaH2:04 C, 73.60; H, 6.79. Found C, 73.56; H, 6.77.

Cycloadducts 11m and 12m(Scheme 4). Yield: 88% (white
solid, 11nV12m = 15:1 measured by GC adtl NMR). R = 0.62
(EtOAc/hexanes= 2:3). GC (HP-1 column): retention time for
major isomerllm = 20.016 min and for minor isomet2m =
20.533 min. IR (CHCI,) vmax (cm™1) 2985, 2929, 2853, 2233, 1717,

the normal modes corresponding to the imaginary frequencies were
animated. All reactant and product structures exhibited zero
imaginary frequencies and are minima. The relative Gibbs free
energies AG values) were obtained by taking into account zero-
point energies, thermal motion, and entropy contribution at standard
conditions (temperature of 298 K, pressure of 1 atm). Natural bond
orbital (NBO) analyses were performed with the NBO progfam

'in Gaussian 98. The resulting natural population analysis (NPA)

charget®c Wiberg indice€! and orbital interactiortd were used

for a detailed study of the electronic structure and bond interactions.
The solvation energies,rHry Were computed using the polarized
continuum model of Tomasi and co-workEras implemented in
Gaussian 98. THRe(= 7.58), which was used in the experiments,
is specified as the solvent in the solvation model.

1705, 1699, 1650, 1615, 1450, 1371, 1336, 1267, 1249, 1206, 1185, Acknowledgment. This work was supported by NSERC

1121, 1035H NMR (CDCls, 400 MHz) 6 4.19 (q, 2HJ = 7.1
Hz), 3.42 (s, 0.06H), 3.33 (s, 0.94H), 2.79 (tt, 1H= 11.4, 3.3
Hz), 2.71 (d, 0.94H) = 3.2 Hz), 2.65 (dd, 1H) = 19.2, 4.4 Hz),
2.63-2.66 (m, 0.12H), 2.55 (m, 1.88H), 2.47 (d, 0.06H), 2.27 (dd,
0.94H,J=19.2, 4.2 Hz), 2.25 (dd, 0.06H,= 19.2, 4.2 Hz), 1.76
(m, 5H), 1.69 (dm, 1HJ = 11.2 Hz), 1.42 (dm, 1H) = 11.2 Hz),
1.30 (t, 3H,J = 7.1 Hz), 1.14-1.35 (m, 5H).23C NMR (APT,
CDCl, 100 MHz) major isomet1m: ¢ 190.1, 163.8, 162.1, 129.8,

111.5, 111.4, 80.3, 60.1, 45.6, 43.2, 42.5, 39.1, 38.8, 33.7, 31.7,

30.7, 30.3, 25.8, 25.60, 25.57, 14.3. Visible peaks for minor isomer
12m: 0 45.4, 44.6, 41.5, 39.3, 34.1.

The major isomet1mwas isolated from the above mixture using
a Chromatotron (EtOAc/hexanes1:9, 1:4) as a white solid. The
regiochemistry oflimwas characterized through the use of NMR
experiments’H NMR, APT, HSQC, and NOESY) and confirmed
by X-ray crystallography. Mp 8889 °C. GC (HP-1 column):
retention time= 19.921 min.*H NMR (CDCl, 400 MHz)¢6 4.19
(9, 2H,J=7.1Hz), 3.33 (s, 1H), 2.79 (tm, 1H,= 11.2 Hz), 2.71
(d, 1H,J = 3.1 Hz), 2.65 (dd, 1HJ = 19.2, 4.4 Hz), 2.55 (m,
2H), 2.27 (dd, 1HJ = 19.2, 4.2 Hz), 1.681.78 (m, 6H), 1.42
(dm, 1H,J = 11.2 Hz), 1.30 (t, 3HJ = 7.1 Hz), 1.19-1.32 (m,
5H). *H NMR (CgsDg, 400 MHz)6 3.96 (q, 2H,J = 7.1 Hz), 2.83
(s, 1H), 2.73 (tt, 1HJ = 11.6, 3.2 Hz), 2.16 (d, 1H] = 3.1 Hz),
1.96 (d, 1H,J = 4.0 Hz), 1.84 (d, 1HJ = 3.1 Hz), 1.72 (ddd, 1H,
J=19.1,4.0,0.9 Hz), 1.561.61 (m, 5H), 1.47 (dd, 1H] = 19.1,
4.1 Hz), 1.22 (ddm, 1H) = 11.1, 4.1 Hz), 1.031.13 (m, 3H),
0.91-1.01 (m, 2H), 0.94 (t, 3HJ = 7.1 Hz), 0.53 (dd, 1HJ =
11.1, 0.9 Hz)13C NMR (APT, CDCk, 100 MHz)6 190.1, 163.9,
162.1, 129.8, 111.53, 111.45, 80.4, 60.1, 45.6, 43.3, 42.5, 39.1

(Canada) and Boehringer Ingelheim (Canada). W.T. thanks
Boehringer Ingelheim (Canada) Ltd. for a Young Investigator
Award, and R.W.J. thanks the Ontario government and NSERC
(Canada) for postgraduate scholarships (OGS and NSERC PGS
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procedures, full characterization of new compounds, and listing of
Cartesian coordinates and total energies for the optimized geom-
etries of calculated species. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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