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ABSTRACT: “Click organocatalysis” uses mutually orthogonal click reactions to organo- Diels—Alder
catalyze a click reaction. We report the development of an isobenzofuran organocatalyst that >—\

increases the rate and regioselectivity of an azide—alkyne cycloaddition. The organocatalytic

cycle consists of (1) a Diels—Alder reaction of an alkyne with a diarylisobenzofuran to form a N R \O p R
benzooxanorbornadiene, (2) a 1,3-dipolar cycloaddition with an azide to form a 4,5-dihydro- R-N""N el
1,2,3-triazole, and (3) a retro-Diels—Alder reaction that releases the triazole product and = 3 ®
regenerates the diarylisobenzofuran organocatalyst. The diarylisobenzofuran organocatalyst . .~ C;’Ci;g?g/tfgn
was computationally designed to catalyze the reaction of perfluorophenyl azide and methyl
propiolate to selectively form a 1,4-triazole product. Experimental validation of the designed
organocatalyst was obtained with methyl 4-azido-2,3,5,6-tetrafluorobenzoate and methyl propiolate.

harpless proposed the catchy moniker “click chemistry” to EWG—== Diels—Alder

describe reactions that occur spontaneously in water, >_\‘
without byproducts, and in good yield." Sharpless and Meldal EWG
independently developed the copper-catalyzed reaction of RO _R - @ .
azides with terminal alkynes, which has become the prototype \ 7
click reaction.”” Blomquist and Liu described the reaction of O
cyclooctyne and phenyl azide as being “explosive” in 1952,
and the Bertozzi group developed the copper-free click N?N‘N—R
reaction in 2004 in order to label living cells.” These =/ Ng"R
discoveries and their applications led to the award of the EWG
2022 Nobel Prize to Sharpless, Meldal, and Bertozzi. : 1,3-dipolar

The 2021 Nobel Prize ;I: Chemistry was awarded to List and RS e Cycloa(?dition

MacMillan for their developments of organocatalysis.”” We
have united these two vibrant fields, click chemistry and
organocatalysis, by creating an organocatalytic cycle consisting
of mutually orthogonal click reactions. This strategy applied to
the catalysis of an azide—alkyne cycloaddition is depicted in Figure 1. Click organocatalysis: catalytic cycle consisting of mutually
Figure 1. The catalytic cycle initiates with a Diels—Alder orthogonal isobenzofuran—alkyne and benzooxanorbornadiene—azide
reaction of a diarylisobenzofuran with an electron-deficient cycloaddition reactions.

alkyne to form a benzooxanorbornadiene adduct.”~"' Sub-
sequent 1,3-dipolar cycloaddition between the benzooxanor-
bornadiene cycloadduct and an azide forms a 4,5-dihydro- Scheme 2 shows that the Diels—Alder reaction of 1,3-
1,2,3-triazole cycloadduct.'>"* This cycloadduct then under- diphenylisobenzofuran and methyl propiolate (2) results in the
goes a retro-Diels—Alder reaction that releases the triazole .formatiog of a biS-addl'lCt through a benzooxanorbo.rnadiene
product and regenerates the isobenzofuran organocatalyst. %ntermedlate (3). This l?yproduct must be avoided for

The cycloaddition of perfluorophenyl azide (1) and ethyl isobenzofurans to be effective organocatalysts.

propiolate shown in Scheme 1 was chosen as a model reaction

for the computational design of an organocatalyst. The Received: September 25, 2023
uncatalyzed reaction requires elevated temperatures and Revised:  December 29, 2023
proceeds with a slight regioselectivity in favor of the 1,4- Accepted: January 10, 2024
triazole regioisomer. The ideal organocatalyst would increase Published: January 26, 2024
both the reactivity and the regioselectivity of the uncatalyzed

azide—alkyne cycloaddition.
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Scheme 1. Uncatalyzed 1,3-Dipolar Cycloaddition of Perfluorophenyl Azide with Ethyl Propiolate'*
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Scheme 2. Diels—Alder Cycloaddition of 1,3-Diphenylisobenzofuran and Methyl Propiolate'’
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Figure 2. Frontier MOs of 2 (left), 1 (center), and 4 (right). Normal (red) and inverse (blue) electron-demand frontier molecular orbital
interactions were observed between azide 1 and dipolarophiles 2 and 4.

B RESULTS AND DISCUSSION

Strained dipolarophiles are often more reactive than their
linear counterparts. While such reactions are considered to be
strain-promoted or distortion-accelerated, alteration of frontier
molecular orbital (FMO) energies also accelerates the
reactions of strained dienophiles or dipolarophiles."””™'® An
FMO analysis of azide 1 and dipolarophiles 2 and 4 was carried
out using density functional theory (DFT) at the M06-2X/6-
311++G(d,p)-SMD(H,0)//M06-2X/6-31G(d) level of
theory.'” The FMOs of these compounds are shown with
their energies in Figure 2.

For alkyne 2, the FMO energies of the lowest occupied
molecular orbital (LUMO) and relevant high-lying occupied
molecular orbital (HOMO-—1) are —0.6 and —10.2 eV,
respectively. For oxanorbornadienes 3 and 4, the FMO
energies are —0.6 eV for the LUMO and —8.1 eV for the
HOMO. Transforming the unstrained alkyne 2 into the
strained benzooxanorbornadiene lowers the LUMO energy by
0.4 eV and raises the HOMO energy by 2.2 eVs.

Azides are ambiphilic dipoles, possessing both nucleophilic
and electrophilic characters.”~>* For ambiphilic cycloaddends,
both the normal (NED) and inverse (IED) electron-demand
FMO interactions play important roles in determining
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reactivity. The computed energies of the HOMO and
LUMO of azide 1 are —8.1 and —0.6 €V, respectively. The
NED and IED energy gaps between 1 and 4 are 8.7 and 9.6 €V,
respectively. With 3 as the dipolarophile, the NED and IED
FMO energy gaps are significantly smaller at 7.1 and 7.4 eV,
respectively. The increased reactivity of the benzooxanorbor-
nadiene scaffold is a result of the 1.6 and 2.2 eV decrease in the
NED and IED FMO energy gaps, respectively. This
mechanism of activation differs from that of other covalent
organocatalysts.”* For example, in iminium catalysis,”** the
conversion of a ketone or aldehyde to an iminium ion lowers
both the LUMO and HOMO energies of the substrate.”® The
lowering of the HOMO results in fewer stabilizing IED FMO
interactions that counteract but do not override the stabilizing
effects of a lower LUMO. Here, the conversion of alkyne 2 into
a benzooxanorbornadiene raises the HOMO and lowers the
LUMO, resulting in NED and IED FMO interactions that are
both more stabilizing.

The 1,3-dipolar cycloadditions of 1 with 2, 3, and 4 were
analyzed with the Distortion/Interaction—Activation Strain
model.”” This analysis deconstructs the electronic activation
energies into distortion and interaction energies along the
intrinsic reaction coordinate (IRC). The distortion energy is

https://doi.org/10.1021/acs.joc.3c02182
J. Org. Chem. 2024, 89, 2232-2237
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Distortion/Interaction Analysis of 1,4-Cycloadditions
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Figure 3. Distortion/interaction analysis for the [3 + 2] dipolar cycloadditions of 1 with dipolarophiles 2 (red), 3, (green) and 4 (blue). Activation
energies, solid lines; distortion energies, long dashes; interaction energies, short dashes. Forming bond lengths are reported in Angstroms starting
from reactant complexes. Energies (AE) reported at the M06-2X/6-311++G(d,p)-SMD(H,0)//M06-2X/6-31G(d) level of theory.
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Figure 4. Gibbs free energies (kcal/mol) calculated for the reaction of azide 1 and alkyne 2 catalyzed by isobenzofuran § to form 1,4-triazole (8a;

blue) and 1,5-triazole (8b; red).

the energy required to geometrically deform the ground state
geometries of the reacting species into transition state
geometries. The interaction energy is the energy exchange
that arises from the interaction of the reactants during the
course of bond formation. The results of the distortion/
interaction analysis for the 1,3-dipolar cycloadditions of azide 1
with dipolarophiles 2—4 are shown in Figure 3. The distortion
energy of the unstrained alkyne, 2, is similar to that of the
strained oxanorbornadienes, 3 and 4. The increased reactivity
of the strained dipolarophiles arises from the interaction
energies, which are more stabilizing relative to that of
unstrained alkyne 2.

This additional increase in the reactivity of 3 can be
attributed to stabilizing noncovalent aryl—aryl (z-stacking)
interactions between a phenyl group of benzooxanorborna-
diene 3 and the perfluorophenyl group of 1 in the transition
state.”® Electron-donating groups on the phenyl should

2234

strengthen the s-stacking interaction with the electron-
deficient aryl group of azide 1 and further enhance both the
rate and the regioselectivity of the reaction.

For the isobenzofuran—alkyne and benzooxanorborna-
diene—azide click reactions to be mutually orthogonal, the
formation of isobenzofuran bisadducts must be prevented.
Isobenzofurans bearing o-tolyl groups are significantly less
reactive toward benzooxanorbornadiene than isobenzofurans
bearing unsubstituted phenyl groups.” The steric clash of the
o-tolyl groups in both isobenzofuran and the benzooxanorbor-
nadiene cycloadduct significantly inhibits bis-adduct formation.

The ideal organocatalyst for an azide—alkyne cycloaddition
would be a 1,3-diphenylisobenzofuran bearing an electron-
donating group at the para position to optimize the
noncovalent 7-stacking interactions and a methyl group at
the ortho position to prevent bis-adduct formation. Figure 4
shows the organocatalytic cycle computed for 1,3-diphenyliso-

https://doi.org/10.1021/acs.joc.3c02182
J. Org. Chem. 2024, 89, 2232-2237
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Figure S. Rate constants for the reactions of azide 9 with dipolarophiles 2, 10, and 3. Triazoles 11a (which is also accessible with copper catalysis)

and 11b are from the cycloaddition of azide 9 and alkyne 2.

benzofuran (5), which is substituted with p-methoxy and o-
methyl groups on the phenyl rings, and 2. The initial
cycloaddition with 2 to form the oxanorbonadiene cycloadduct
(6) is predicted to be the rate-determining step, with an
activation energy of 21.3 kcal/mol. The reaction of 1,3-
diphenylisobenzofuran-oxanorbornadiene cycloadduct 6 with
azide 1 can lead to cycloadducts 7a and 7b. This cycloaddition
determines the regioselectivity of the reaction. The calculations
suggest that the reaction will be regioselective for the pathway
that leads to the formation of 1,4-triazole (8a) with a 4.1 kcal/
mol kinetic preference over the formation of 1,5-triazole (8b).
Moreover, this computed reaction profile suggests that the
initial cycloaddition of 1,3-diphenylisobenzofuran § with 2 will
be the rate-determining step of the organocatalytic cycle.

Isobenzofuran S was synthesized by adapting a literature
route.””’! The reaction of this isobenzofuran with alkyne 2 in
1:4 H,0O/dioxane at 30 °C proceeded with a rate constant of
(2.57 + 0.04) x 107> M~ min~, and the reaction of the
product, oxanorbornadiene adduct 6, with methyl 4-azido-
2,3,5,6-tetrafluorobenzoate (9) proceeded with a rate constant
of (44 +0.1) X 107" M~ min~". (Azide 9 was used because
azide 1 was not sufficiently soluble in 1:4 H,0O/dioxane.) The
uncatalyzed cycloaddition between alkyne 2 and azide 9 under
the same conditions had a rate constant of (1.06 + 0.02) X
10~ M~ min~!, indicating that the organocatalyst increased
the rate of the rate-determining step. Diarylisobenzofurans
without ortho substitution gave higher rates but at the cost of
rapid deactivation by the formation of a bis-adduct (Table S1).
No bis-adduct was observed in the reaction with isobenzofuran
S, indicating that its o-methyl groups prevented the formation
of an undesired byproduct. The cycloaddition of azide 9 with
the propiolate adduct of 1,3-dimethylisobenzofuran (10) was
faster than the background reaction but slower than the
reaction with 1,3-diarylisobenzofuran adducts (Table S1 and
Figure S), consistent with a role for both strain and aryl—aryl
interactions in increasing the reaction rate.

Isobenzofuran § proved to be competent for promoting the
overall cycloaddition of azide 9 and alkyne 2 (Figure 6). With a
20 mol % catalyst loading, we observed a 2.4-fold increase in
the initial reaction rate, and the reaction proceeded to
complete conversion of the azide without evident deactivation
of the catalyst (Figure S1). The rate enhancement increased to
5.3-fold with a 100 mol % catalyst loading, again with no
evidence of catalyst deactivation.

Finally, isobenzofuran § increased the regioselectivity of the
cycloaddition. The uncatalyzed reaction between azide 9 and
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Figure 6. Graph showing the rate of the catalyzed and uncatalyzed
cycloaddition of azide 9 (0.040 M) and alkyne 2 (0.22 M) to form
triazole regioisomers 1la and 11b in 1:4 H,0/dioxane at 30 °C
containing BHT (0.040 M) as an oxygen scavenger. Values are the
mean + SD for three independent reactions.

alkyne 2 yielded an 83:17 ratio of the 1,4-triazole:1,5-triazole
regioisomers (Figure S2). That ratio is similar to the 78:22
ratio for the analogous reaction shown in Scheme 1.'* In
contrast and in accord with calculated energies (Figure 4),
organocatalyst 5 produced the 1,4-triazole from 9 and 2 with
nearly complete regioselectivity, 96:4 (Figure S3).

In conclusion, we have computationally designed and
experimentally validated an organocatalyst for an azide—alkyne
cycloaddition. Although the observed rate enhancement for
this debut organocatalytic azide—alkyne cycloaddition is
modest, isobenzofuran is a competent organocatalyst that is
capable of turnover and favors the 1,4-triazole product almost
exclusively. Our findings provide a new modality that combines
organocatalysis with click chemistry.

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.
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Computational methods; cartesian coordinates and
energies of all optimized structures; experimental
procedures; rate constants for the cycloaddition of
alkyne 2 with isobenzofurans and corresponding
oxanorbornadiene adducts with azide 9 (Table S1);
full reaction progress curves for the reaction of alkyne 2
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