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Abstract: Density functional theory studies of intramolecular ene-like (or the so-called 1,3-dipolar ene)
reactions between nitrile oxides and alkenes (Ishikawa, T.; Urano, J.; Ikeda, S.; Kobayashi, Y.; Saito, S.
Angew. Chem., Int. Ed. 2002, 41, 1586) show that this reaction is a three-step process involving a stepwise
carbenoid addition of nitrile oxide to form a bicyclic nitroso compound, followed by a retro-ene reaction of
the nitrosocyclopropane intermediate. The competitive reactions, either the intramolecular (3+2) reactions
between nitrile oxides and alkenes or the intermolecular dimerizations of nitrile oxides to form furoxans,
can overwhelm the intramolecular 1,3-dipolar ene reactions when the tether joining the nitrile oxide and
alkene is elongated or some substituents such as trimethylsilyl are absent.

1. Introduction was proposed, this is a formally forbidden 8-electron process.
We have used quantum mechanical calculations to explore

whether various stepwise alternatives might occur. The theoreti-
" cal studies uncovered a novel three-step mechanism, involving
century. In addition to the common concerted and very rare

. L . . . stepwise carbene-like 1,1-cycloaddition mechanism to form
stepwise-diradical mechanisms, a third alternative was propose(ﬁ.

by Huisgen, the originator of the field: the 1,3-dipole could |cypI|c |ntgrmeQ|ate$, followed by a retro-ene react.|o.n to
. . - " furnish cyclic oximecis-7. We have also shown the origin of
act as a carbene or nitrene in a cheletropic 1,1-cycloaddition to . .
A . the stereoselective formation ofs-7 (Scheme 1).
form a three-membered ring intermediate, followed by a hetero-

vinylcyclopropane rearrangement to furnish the fina#-23 Experiments indicate that when the trimethylsilyl (TMS)
cycloadduct Although elegant experiments by Huisgen et al group is absent, the final products are furoxan derivatives formed

ruled out this carbene-type mechanism for most 1,3-dipolar via dimerization (reaction 2, Scheme 2). Second, when the tether

cycloadditions® Padwa, Steglich, Mukai, and others discovered has one more carbon atom than that in reaction 1, and the double

that the 1,1-cycloaddition resembling a carbene addition to a bond is internal msFead of terminal, the final pr(_)duct 'Sa@.
C—C double bond (carbene-like addition) can be achieved in cycloadduct (reaction 3, Scheme 3). Theoretical explorations

. . . nd explanations of th henomena are reported in th r.
some intramolecular reactioAsA novel intramolecular ene- and explanations of these phenomena are reported in the pape

like reaction of a nitrile oxide with an alkene was recently 2 computational Methods
reported by Ishikawa, Saito, and co-workers (reaction 1, Scheme
1).577 Similar intramolecular ene-like reactions were observed
with ether and amine tethet#lthough a concerted mechanism

The synthetic utility and mechanismsof 1,3-dipolar cy-
cloadditions have been actively explored for nearly half a

All of the calculations were performed with the Gaussian 98
programé The hybrid B3LYP functiondl in conjunction with the
6-31G* basis sét was applied for the optimization of all of the
stationary points in the gas phase. Singlet diradical transition states
and intermediates were located with UB3LYP/6-31G*. Frequency
calculations were performed to confirm that each stationary point is
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either a minimum or a transition structure. IRCalculations were used

phase relative free energies®,og). AEy is the zero-point energy (ZPE)-
corrected relative electronic energy in the gas phase. For diradical
species, the YJH spin-projection schéptes been used to approximate

“energies without spin contamination. The compufBéJvalues are

to confirm the connection between the reactant, product, and transition

state. Solvent effects were computed by the PCM niédsing the
given in the Supporting Information.

gas-phase optimized structures. T®Bch,ci, values in dichloromethane

were calculated by adding the solvation energies to the computed gas
(12) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

(11) (a) Fukui, K.J. Phys. Chem197Q 74, 4161. (b) Gonzalez, C.; Schlegel,
H. B. J. Chem. Physl1989 90, 2154. (c) Gonzalez, C.; Schlegel, H. B.

Phys. Chem199Q 94, 5523.
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Figure 2. The B3LYP/6-31G* computed structures for the transition structures and intermediates for reactlomissénces in A.

3. Results and Discussion effects are beneficial to this ene reaction, as indicated by the

3.1. Reaction 1. (a) The Ene PatrEfforts to locate a one- about 2.5 kcal/m.o.l reductlgn qf the activation free energy for
the 1,1-cycloaddition step in dichloromethane.

step, concerted ene-like transition state proposed by Ishikawa . S . .
The transformation of bicyclic intermediafeto form 7 is a

et al® for reaction 1 were unsuccessful. Such an ene-like . A .
transition state is an orbital symmetry forbidden 8-electron rgtro-ene reactlt_)n. This is similar t_o the retro-(_ene reaction of
process? The reaction path teis-7 occurs through a three- C|s-1-methy|-_2-vmylcyclopropane tus-_1,4-hexad!ene and can
step mechanism involving a stepwise carbene-like 1,1-cycload- be also described as a [1.5] sigmatropic Sfiihe nitroso group
dition followed by a retro-ene reaction, as shown in Figure 1. of 5 could abstract. elther hydrogen He or Ht. The abstraction
The key computed structures involved in this path and a of Hc to generatem&? Is found FO be casier, becausans
competing (3-2) path for reaction 1 are given in Figure 2. TSG_Ie_adlng tqtrans_? has steric repulsmns_caused by the
The 1,1-cycloaddition proceeds ViES2 to form diradical proximity of SiMes with the C4 atom. The SiC7-C5-C4
angle is 133 in cis-TS6, whereas it is only 3in transTS6.

intermediated, which is then transformed to bicyclic intermedi- . .
. o . The computed energy difference betwess andtransTS6
ate5 via TS4. A concerted 1,1-cycloaddition (carbene addition) . . . .
is over 2.5 kcal/mol, suggesting theis-7 will be generated

transition stateTS8 can also be located, but it has higher . o - . .
o exclusively. This is consistent with the experimental observa-
activation energy as comparedT&2, even though botfi'S2 tions

and TS8 have similar geometries (Figure 2)S2 is the rate- .
determining transition state and is higher than the reactant by (b) The (3+2) Path. The (3+2) cyclc_)gddltlon ofl has not
been observed. Indeed, theH3d) transition statel' S9 shown

23.1 kcal/mol in terms of free energy in the gas phase. Solvent
9y gasp in Figure 2 lies higher in energy than the rate-determifigg

(13) (a) Yamaguchi, K.; Jensen, F.; Houk, K. Ghem. Phys. Letfl988 149,

537. (b) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. Sod.996 (15) (a) Roth, W. R.; Kaig, J.Liebigs Ann. Chenl965 688 28. (b) Berson,
118 6036. J. A. Acc. Chem. Red.972 5, 406. For theoretical study of this reaction,

(14) Woodward, R. B.; Hoffmann, Rthe Conseration of Orbital Symmetry see: (c) Loncharich, R. J.; Houk, K. N. Am. Chem. Sod988 110,
Verlag Chemie/Academic Press: Weinheim, 1971. 2089.
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Figure 3. Energies of reactions dfl (reaction 2).

of the ene path in both the gas phase and dichloromethanetransition states are also very similar to their counterparts in
(Figure 1)!¢ The preference fof S2 over TS9 is attributed to reaction 1 (see Figure S1 in the Supporting Information for their
strain in the latter, arising from partial eclipsing about detailed structures). The ene path is still favored over the23
C1-C2-C3—C4, which has a dihedral angle of 24This path due to the short tether (three carbon atoms) between the
dihedral angle is 60in TS2 (Figure 2). On the basis of this  nitrile oxide and alkene. As compared to reaction 1, however,
above analysis, it is expected that when the tether is lengthenedthe activation free energy for reaction 2 in dichloromethane is
the (3+2) path could become favoréBiReaction 3 follows this 1.5 kcal/mol higher. This relatively high activation free energy
trend. Calculations on model reaction 4, which differs from is responsible for the change of reaction path from ene to
reaction 3 in that the TMS group is replaced by a hydrogen dimerization, which will be addressed in section 3.3.

atom, support the experimental finding (Figure®4jhe di- As shown in Figures 1 and 3, the ene path of reaction 1 has
hedral angle of C+C2-C3—C4 in the (3+2) transition a slightly lower activation energy than that of reaction 2 due to
structureTS22is now 4Q, and the activation energy drops by electronic donation by the silyl and a gentler solvent effect on
about 4 kcal/mol as compared to theH®) path of reaction 1. the slightly more polar reaction df. The TMS group signifi-

The relatively higher strain energy in the five-membered ring cantly lowers the activation barrier for the retro-ene reaction
C1-C2—-C3—C4—C5 of TS9with respect to the six-membered  step of reaction 1 as compared to the retro-ene reaction step of
ring C1—C2—C3—C4—C5—C6 of TS22is also responsible for ~ reaction 2 (14.4 vs 18.6 kcal/mol), but this step is not rate-
the lower activation energy of the{2) process of reaction 4.  determining. The reduction of activation energy in the retro-
The concerted (82) path is now favored over the stepwise ene ene step by the TMS group occurs because TMS acts as a good
path in reaction 4. sigma donor, while the nitroso group tacts as an electron

3.2. Reaction 2Why does the absence of the TMS group in  acceptor to facilitate the reaction via favorable doracceptor
11 in reaction 2 lead to a reaction path different from that of (push-pull) interaction’®
reaction 1? Figure 3 shows the PES of reaction 2 to form ene 3.3. The Competitive Dimerization Processes in Reactions
and (3+2) products. These paths are very similar to those in 1 and 2.In addition to the (3-2) path, dimerization competes
reaction 1. The computed structures of intermediates andWith the ene path. The dimerization of acetonitrile oxide was

(18) Another possible path to form the(2) product is through the isomerization

(16) In addition toTS9, there is another approach for theH3) path involving of 5 to 10. This is similar to the isomerizations of vinylcyclopropanes to
addition of C1 to C5 and O to C6. This path can be ruled out according to cyclopentenes. We could not locate such a transition state, suggesting this
Bredt’s rule!” No transition state for this path could be located computa- path is not possible. For reviews of the isomerizations of vinylcyclopropanes
tionally. to cyclopentenes, see: (a) Baldwin, JJEComput. Chenl998 19, 222.

(17) Shea, K. JTetrahedron198Q 36, 1683. (b) Baldwin, J. E.Chem. Re. 2003 103 1197.
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Figure 4. Energies of reactions &1 (reaction 4).

used to explore this process. The potential energy surface forkcal/mol22 The computed activation energy of dimerization of

the dimerization of CHCNO to dimethylfuroxan is given in  para-chlorobenzonitrile in the gas phase is 3.1 kcal/mol higher

Figure 5. Details are given elsewhéPeThe dimerization is than that required for dimerization of acetonitrile oxide (14.2

found to be a stepwise process with the formation of a vs 11.1 kcal/mol¥° Therefore, the activation free energies for

dinitrosoethene, which is found to be a diradical species. In the CH;CNO and simple alkyl nitrile oxides should be in the range

gas phase, the dimerization has an activation energy of onlyof 19 kcal/mol.

11.1 kcal/mol. When the entropy contribution is taken into The ratio of reaction rates of dimerization vs. the ene process

account, the dimerization has an activation free energy of 22.0 for the nitrile oxides can be expressed as follows:

kcal/mol, 0.4 kcal/mol higher than the rate-determining step of

the ene path in reaction 1, suggesting t_h_at the dimerization and Kyime/Kene= [Nitrile-oxide] exp[_(AGdimer* — AGen:)/RT]

ene paths for reactattare very competitive in the gas phase.
In dichloromethane, the dimerization activation free energy

is 25.7 kcalimol, 5.1 kcal/mol higher than that of the rate- This expression means that the preference of dimerization

determini ten of the i ction 1. The co ted or ene path depends on both the difference of the activation
rmining step €ne paih in reaction L. MPUteCfroe energies of the two paths and the concentration of the

ervopy comton fr & aecusr reacon i SONETL i pescan, el The st tem (pRAGTRT)
example, it was found that ch entrop contribution in aqueous <dme/Kene 1S about 5.0 in reaction 1, suggesting that when the
Ple, . > entropy q concentration of nitrile oxide is greater than 0.2 M, dimerization
solution for bimolecular reaction is found to be overestimated il domi h h Th . fthe i
by 50-70%2L will dominate over the ene path. The concentration of the in

. . L L situ generated reactant is expected to be far less than this value,
Experimentally, the dimerizations para-chlorobenzonitrile g P

in various solvents have activation free energies of 2246 and, consequently, the ene path in reaction 1 is observed.
9 However, in reaction 2, the value of expAAG*/RT] in Kyime/

(19) Computational evidence to support this argument is that the retro-ene Kene iS 22.2, implying that the concentration of nitrile oxide
reactions shown below have lower activation energies when R is an electron- needed for a dimerization is only 0.05 M. Therefore, dimer-

donating group as compared to the case when R is an electron-withdrawing .~ . . . . - .
group. When R is a good-electron-withdrawing group, such as CHO,  ization is favored in reaction 2 under similar conditions.
the acidity of the (R)C—H is increased and the corresponding transition

stateTS27is only 16.9 kcal/mol higher tha6.

(20) Yu, Z.-X.; Caramella, P.; Houk, K. NI. Am. Chem. So@003 125 in

H H 21.7 (R=Cl) press. ) S o
R o] | + 216 (R=CF3) (21) For discussions of entropy overestimation in bimolecular reactions in
\\N R [°N AEq 21.1 (R=F) aqueous solution, see: (a) Strajbl, M.; Sham, Y. Y.; Villa, J. V.; Chu, Y.
Ts27 N 21.0 (R=H) Y.; Warshel, A.J. Phys. Chem. B00Q 104, 4578. (b) Hermans, J.; Wang,
I ] ealimol 495 (R=ome L. J. Am. Chem. Sod.997, 119, 2707. (c) Amzel, L. M.Proteins1997,
16.9 (R=TMS) 28 144. . )
2 H 28 16.9 (R=CHO) (22) (a) Dondoni, A.; Mangini, A.; Ghersetti, $etrahedron Lett1966 4789.

(b) Barbaro, G.; Battaglia, A.; Dondoni, A. Chem. Soc. B97Q 588.
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Figure 5. Energies of dimerization of acetonitrile oxide to furoxan.
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DFT calculations reveal that the intramolecular ene-like

reaction between a nitrile oxide and an alkene is a three-step . . .

. . . . o Supporting Information Available: The DFT computed
process involving a stepwise carbene-like 1,1-cycloaddition and . . . .

. . . structures and energies for all species discussed (PDF). This

a stereoselective retro-ene reaction. The stereoselective forma: o . .
. . . . . . material is available free of charge via the Internet at
tion of one cyclic oxime product involving the TMS group is a http://oubs.acs. o
steric effect. The achievement of the ene path is due to the ring p-/pubs.acs.org.
strain in the competing (B2) reaction path. JA0376487
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