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Huisgen’s 1,3-dipolar cycloaddition reactions, extraordinarily
versatile methods for heterocycle synthesis, are now used in
materials chemistry, drug discovery, and chemical biolegjyhe
1,3-dipoles range from the familiar atmospheric components, ozone
and nitrous oxide, to the synthetically valuable azides of click
chemistry famé. Frontier molecular orbital (FMO) theory has
provided a powerful model for the qualitative understanding of
reactivity and regioselectivity, based upon electronic properties of
isolated reactantsConceptual density functional theory has also
provided a qualitative way to rationalize reactivity pattetns.

Chemically accurate theoretical thermochemistries kcal/mol)
are now available using the CBS-QB3 metftothree of the most
important classes of dipoles defined by Huisgen, the diazonium
(DB), nitrilium (NB), and azomethine betaines (AB), shown below,
were explored.The CBS-QB3AH* andAH,x, were computed for
the reactions ofl—9 with ethylene and acetylerfe.
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3 Z = CH,, Diazomethane 6 Z = CH,, Formonitrile Ylide 9 Z = CH,, Formoazomethine Ylide
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Figure 1a is a graphical display of the computed CBS-QB3
activation enthalpies of these 9 dipoles with ethylene and acetylene.
There is a smooth decrease in barrier height from oxides to imines
to ylides, amounting to a & 1 kcal/mol lowering of the barrier
for oxide to imine to ylide, except for the nitrilium ylide. While
this is well-known to be the order of reactivitythere is a
remarkable consistency in the slope of these lines for different
dipoles, with only6 deviating from the patterhSecond, the NB
and AB classes have almost identical barrier heights. Third, ethylene
and acetylene barriers are nearly identical for a given type of 1,3-
dipole, despite widely different ground state FMO gaps and very
different reaction exothermicities (Table S1, Supporting Informa-
tion). For example, for hydrazoic acid, tiéH* with ethylene and
acetylene are both 20 kcal/mol, but théd,, are —20 and—62
kcal/mol. Huisgen experimentally observed the similar rates of
reactions of a few dipoles with related alkene and alkyne dipo-
larophiles?8

It might be expected that a graph of this type could be due to
differences imMH,. Marcus theory and earlier empirical relation-
ships going back to Dimroth and Brgnsted, have shownARdE*
= Y,AAE, for many reaction8.Figure 1b shows a test of this
relationship. Some dipoles show the expected trend, but this is not
general. Reactions with ethylene and acetylene have identidal
but have very differenAH,n; formation of aromatic products from
acetylene is not accompanied by unusually low barriers for these
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Figure 1. (a) Graphical display of CBS-QB&H* at 0 K for 1,3-dipolar
cycloadditions; (b) CBS-QB3\H* vs AHxn. Solid lines connect (left to
right) O, NH, and CH in each series. Values are in kcal/mol.
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for reactions ofl—9 with ethylene and acetylene. Only the positions
of the hydrogen atoms reveal that each picture actually represents
a superposition of two TSs. The shift from late to early, as the
activation barrier drops, is barely perceptible in the TS drawings.
The average forming bond length increases by-0.3 A, but the
C—C bond lengths of the dipolarophiles change +§.1 A over
each series. Each TS involves-245° bending of the dipole from
a linear or planar to a product-like pentagonal geometry.

Figure 3 shows a remarkable correlation between the activation
barriers and the total TS distortion energied€(t).1° The AE4" is
the energy required to distort the dipole and the dipolarophile into
the TS geometries without allowing interaction. This is different

highly thermodynamically advantageous reactions. Several reactionfrom Marcus'’s reorganization energy? A number of studies have

series show large deviations from this linear relationship.

AH¥ is not a simple function aAH,,,; there is a tendency toward
early and late transition states (TS), but it is related only to the
barrier height, not taAH,,.° Figure 2 shows overlays of the TSs
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shown that the distortion energies influence the barrier heights of
cycloadditions and related reactiofisTable S2 gives the B3LYP
(1.5 kcal/mol mean absolute deviation from CBS-QB3 valtfes)
AH*, AHxn, AESF, and TS interaction energieAE*. Figure 3 is a

10.1021/ja0734086 CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Overlay of CBS-QB3 TSs for 1,3-dipolar cycloadditions with
ethylene and acetylene.
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Figure 3. Plot of B3LYP distortion energy versus activation energy for
reactions of dipoled—9 with ethylene and acetylene (also see Figure S3).

plot of the AE4* versusAE* for the eighteen reaction®Ef =
0.75AE4f — 2.9 kcal/mol;R2 = 0.97. This linear correlation was

unexpected, since many other reactions give no general correlation

between rates antlE4* .1 This relationship is general for substituted
dipoles, including methyl, trifluoromethyl, dicyano, and amido as
shown in Figures S2 and S3.

These observations have led us to propose a new 1,3-dipolar

cycloaddition distortion/interaction reactivity model. The concerted

The principal resonance structure of a dipolesX™—Z-, is
stabilized by electronegative Z atoms, so that the stability order of
the dipoles is oxide> imine > ylide. In molecular orbital terms,
the HOMO-LUMO gap of the dipole is largest for oxides (Table
S3). Consequently, it is difficult to distort oxides through a second-
order Jahn Teller effect'® The narrow HOMG-LUMO gap of the
ylides results in a very lowAEs*. The only exception found for
the decrease inH* along each series of dipoles was &mwhich
has a barrier-6 kcal/mol too high. This dipole has an unexpectedly
large AE4*, because the narrow HOM@.UMO gap in the dipole
causes it to bend, resulting in HOMO stabilizatfohhe stabilized
nonplanar ylide is thus more difficult to distort to the TS. Carbonyl
ylides (Sl) are very easy to distort and have no barriers to reaction.

When there is a nitrogen at the terminus, X oEX*—Z", the
dipole is stabilized compared to those with terminal carbons. This
causes the dipoles to have larger HOMIOJMO gaps and larger
barriers than with NB and AB2 Again, this is due to the difference
in AE4*, and it is unrelated tAEq,.

Finally, when the cycloaddends collide in the appropriate
distorted geometries, the TS energy depends uxByi and AE?*.

By definition, AEF = AE{ + AEY; therefore, whenAE4 are
approximately the same, as in a series of substituted alkenes,
interaction energies that are differentiated by the extent of HGMO
LUMO interactions can become the determining faétor.

These discoveries build on previous views of 1,3-dipolar
cycloaddition reactivity theory based on FMO interactions and are
related to recent discussions of the failures of the reactivity
selectivity principlel* The generalization of this distortion/interac-
tion model to all types of cycloadditions is the subject of ongoing
studies.
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