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Density functional theory (B3LYP) calculations on the transition states for the Huisgen 1,3-dipolar cycloadditions of phenyl azide with acetylene ,
cyclooctyne, and difluorocyclooctyne are reported. The low activation energy of the cyclooctyne “strain-promoted” cycloaddition ( AE =8.0)
compared to the strain-free acetylene cycloaddition (  AEF = 16.2) is due to decreased distortion energy (  AE4¥) of cyclooctyne ( AAEs* = 4.6)
and phenyl azide ( AAEs* = 4.5) to achieve that cycloaddition transition state. Electronegative fluorine substituents on cyclooctyne further

increase the rate of cycloaddition by increasing interaction energies.

The Huisgen 1,3-dipolar cycloadditibrof azides with || N

alkynes has been popularized by Sharpless and co-workers
(Figure 1a), who discovered a Cu-catalyzed reaction of azides
and terminal acetylenésThis reaction has been exploited

in materials chemistry, drug discovery, and chemical
biology® The “strain-promoted” 1,3-dipolar cycloaddition of
cyclooctyne with azides forms triazoles (Figure 1b) and is a
useful alternative to copper-catalyzed reactions of unsaturated
terminal acetylene%Bertozzi and co-workers recently used
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Cu, making this method an attractive alternative to the
Staudinger ligation procedure typically useBertozzi has
also used fluorocyclooctynes to further enhance reactivity
in these strain-promoted cycloadditichs.

We recently proposed a general distortion/interaction
theory for 1,3-dipolar cycloaddition reactiviyDifferences
in the energy AE4*) required to distort the 1,3-dipole and
its dipolarophile counterpart into their transition state (TS)
geometries, rather than frontier molecular orbital (FMO)

interactions or reaction thermodynamics controls the barrier

heights for different 1,3-dipoles. Figure 2 shows the relation-

Figure 2. Relationship between activation, distortion, and interac-
tion energies for cycloaddition of an azide with an alkyne.

ship between the activation energy (A Histortion energy
(AE4"), and energy of interaction (A% of the distorted

reaction components for the bimolecular reaction of an azide

with acetylene. The activation energy is the sum of desta-
bilizing distortions and stabilizing interactionAE* = AE4

+ AE¥). We report a distortion/interaction energy analysis
of the cycloadditions of phenyl azide with acetylene,
cyclooctyne, and difluorocyclooctyne to identify the origin
of “strain-promoted” rate enhancement and fluorine sub-
stituent effects in 1,3-dipolar cycloadditions.
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Alder'® and HuisgeH first noted that strained dipolaro-
philes, such as norbornene, are much more reactii€r]
than unstrained olefins toward azidésiouk et al. provided
an explanation of “factor X", Huisgen's name for the
anomalously high norbornene reactiviti€sShea and co-
workers have studied substituted mono- and bicyclic alkenes
in dipolar cycloadditions with picryl azide and found that
reactivity was roughly correlated with strain energy and not
ionization potential$?

The transition state for the concerted 1,3-dipolar cycload-
dition occurs when orbital overlap between bimolecular
fragments is largest and FMO gaps have sufficiently nar-
rowed so that stabilizing interactions overcome destabilizing
geometrical distortions. We have shown that to achieve such
a transition-state geometry requires significant distortion of
the dipole and to a lesser extent dipolarophile distortion.
Figure 3 shows the B3LYP/6-31G{d}ransition structures
for the reaction of phenyl azide with acetylene, cyclooctyne,
and difluorocyclooctyne. The B3LYP transition structures
are concerted and nearly synchronous, with only minor
preference for C—N bond formation with the unsubstituted
dipole terminus. Compared to the acetylene transition
structure, cyclooctyne transition structures are slightly earlier
with longer forming C-N bond lengths and larger\N—N
dipole angles. The transition structure of phenyl azide
acetylene, TS1 (Figure 3a), has the azide-N\N—N angle
distorted to 138 from its equilibrium ground state angle of
173°, while for the transition states involving cyclooctyne,
TS2 (Figure 3b), and difluorocyclooctyn&S3 (Figure 4c),
the N—N—N dipole angle only distorts to 142hd 143°,
respectively. The partial bond lengthsTi®s1 are 2.119 and
2.252 A and increase to 2.207 and 2.420 A 182 and
2.252 and 2.310 A ifS3. For all three transition states there
are no differences between the bond lengths of the reacting
alkyne.

The barrier for the reaction of phenyl azide and acetylene
is 16.2 kcal/mol, leading to the observed sluggish reaction
at room temperature. This barrier decreases to 8.0 kcal/mol
for the reaction of cyclooctyne and to 6.0 kcal/mol for 3,3-
difluorocyclooctyne (see the Supporting Information for
enthalpy and free energy corrections). The predicted rate
increase of-10° (AAEF = 8.2 kcal/mol) for the cyclooctyne
dipolarophile accounts for the observed strain-promoted click
chemistry.
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Figure 3. B3LYP/6-31G(d)AEf, AE4f(dipole), AE4f(alkyne), andAE;* for the concerted transition structures of phenyl azide cycloaddition
with (a) acetylene, (b) cyclooctyne, and (c) difluorocyclooctyne (kcal/midh3 is the lowest energy regioisomer; see the Supporting

Information.

—7.9 kcal/mol (a sum of all electrostatic, charge-transfer,
and repulsion interactions) lowers the barrier height to 16.2

a) b) c kcal/mol.
LUMO In the transition state for cycloocytn@$2) only 1.4 kcal/
f_ mol of alkyne distortion energy is required; 4.6 kcal/mol
12eV 6 less distortion energy than observed for acetylene. The
b e distortion energy of phenyl azide in the TS involving
cyclooctyne decreases by 4.5 kcal/mol compared to acetyl-
ene; this is due to the earlier transition state of this reaction.
The decrease in dipole distortion energy is nearly equal to
HOMO g the decrease in required alkyne distortion energy, and
;_ therefore, the large rate enhancement for strain-promoted
1128V -11.0eV geJ F, 1‘ . cycloaddition of cyclooctyne is due to the decreased distor-
5 3 R tion energies for the 1,3-dipole and the alkyne. Rate
|1_| 23 : 1 =_4 enhancement is not due to interaction (orbital) effects. The
- H H interaction energyAE*, in TS2is actually smaller than that
Eaeta 29 tew for TS1 by 0.9 kcal/mol (see the Supporting Information
2-3-4>180.0 2-3-4 > 166.1

BC=1212
ABC = 152.5
BCD > 155.0

for a schematic comparison).
Figure 4 shows the geometries and frontier orbitals (HF/
6-311++G(2d,p)//B3LYP/6-31G(d) HOMO and LUMO) of

Figure 4. Geometries and frontier orbitals of (a) acetylene, (b) the ground-state linear acetylene, distorted acetylene in the
distorted actylene, and (c) cyclooctyne (orbital energies in eV). TS1geometry, and the ground state of cyclootyne. The linear

Values in parentheses use hydrogen in place of the cycIooctyneH_C_C angles of acetylene bends to 1%8d 166°in the

ring fragment.

These reactions have energies of reaction0f.0,—74.8,
and —75.6 kcal/mol. The distortion energies for each
bimolecular component along with the total interaction
energy are shown in Figure 3. 51, the barrier height is

transition stateTS1). Cyclooctyne in the ground state is even
more bent with G-C—C angles of 153and 158. Although

the frontier orbitals of cyclooctyne and distorted acetylene
are polarized in the direction of bond formation, the HOMO
energy is only 0.2 and 0.1 eV higher for distorted acetylene
and cyclooctyne (using hydrogens instead of the carbon ring
system) compared to ground-state acetyférighe LUMO

large because there is a 24.1 kcal/mol distortion energy energies for distorted acetylene and cyclooctyne both increase
penalty to deform phenyl azide and acetylene into their py 0.1 eV. Upon distortion to the transition state (TS2), the
transition state geometries. The majority of the distortion HOMO of cyclooctyne increases by only 0.1 eV and there
energy (18.1 kcal/mol) results from deforming phenyl azide is no change in the LUMO energy.

(mostly bending of the N—N—N angle), while 6.0 kcal/mol

of the total distortion energy is due to deforming acetylene

(5.4 kcal/mol from bending the HC—C angles and 0.6 from

(16) (a) Maier, W. F.; Lau, G. C.; McEwen, A. B. Am. Chem. Soc.
1985,107, 4724. (b) Strozier, R. W.; Caramella, P.; Houk, K.JNAm.
Chem. Socl979,101, 1340. (c) Rondan, N. G.; Domelsmith, L. N.; Houk,

Csp—Csp bond length increase). The interaction energy of K. N. Tetrahedron Lett1979,35, 3237.
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Bertozzi and co-workers have recently reported that the (0.6 kcal/mol), due to offsetting effects; the dipole distortion

rate for cycloaddition with cyclooctyne can be further
increased by substitution with fluorifeOur calculations
confirm Bertozzi's speculation; difluoro substitution lowers
the LUMO from 1.1 eV in cyclooctyne to 0.9 eV in
difluororcyclooctynée’-18 The HOMO energy is more sig-
nificantly affected, increasing te-10.5 eV; both charge-
transfer directions are typically important for so-called
ambiphilic 1,3-dipoles such as azitf&°Difluoro substitution
lowers the barrier fof S3by 2.0 kcal/mol compared {6S2.
The interaction energy increases freti.0 kcal/mol to—8.4

kcal/mol, and the distortion energy decreases only slightly

(17) (a) Baskin, J. M; Prescher, J. A.; Laughlin, S. T.; Agard, N. J.;
Chang, P. V.; Miller, I. A; Lo, A.; Codelli, J. A.; Bertozzi, C. Reroc.
Nat. Acad. Sci. U.S.A2007,104, 16793.
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J. K.J. Am. Chem. S0d.973,95, 7287. (b) Houk, K. N.; Sims, J.; Watts,
C. R.; Luskus, L. JJ. Am. Chem. S0d.973,95, 7301.

(19) Absolutely localized molecular orbital decomposition calculations
show that charge transfer from acetylene to azideg)Hi\Nnearly twice the
amount from azide to acetylene. Ess, D. H.; Khaliullin, R. Z.; Head-Gordon,
M.; Houk, K. N. Unpublished results.

(20) (a) Houk, K. N. In1,3-Dipolar Cycloaddition ChemistryPadwa,

A., Ed.; John Wiley & Sons: New York, 1984; Vol. 2. (b) Fukui, Kcc.
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Sustmann, RTetrahedron Lett1971,12, 2717. (e) Sustmann, R.; Trill, H.
Angew. Chem. Chem., Int. Ed. En$B72,11, 838.
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energy decreases by 0.8 kcal/mol, but the difluororcyclooc-
tyne distortion energy increases by 0.3 kcal/mol. Therefore,
the reactivity enhancement caused by fluorination is primarily
due to charge-transfer interaction effects.

The distortion/interaction theory provides significant in-
sight into the rate enhancement of strain-promoted Huisgen
cycloadditions. The high reactivity of cyclooctyne with azides
is due to the lower energy required to distort the 1,3-dipole
and alkyne into the transition-state geometry. FMO interac-
tion energies are increased upon fluorine substitution.
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