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Abstract

The reactivities of enamines and predistorted (strained) dipolarophiles toward perfluoroaryl azides 

(PFAAs) were explored experimentally and computationally. Kinetic analyses indicate that 

PFAAs undergo (3 + 2) cycloadditions with enamines up to 4 orders of magnitude faster than 

phenyl azide reacts with these dipolarophiles. DFT calculations were used to identify the origin of 

this rate acceleration. Orbital interactions between the cycloaddends are larger due to the relatively 

low-lying LUMO of PFAAs. The triazolines resulting from PFAA–enamine cycloadditions 

rearrange to amidines at room temperature, while (3 + 2) cycloadditions of enamines and phenyl 

azide yield stable, isolable triazolines. The 1,3-dipolar cycloadditions of norbornene and DIBAC 

also show increased reactivity toward PFAAs over phenyl azide but are slower than enamine–

azide cycloadditions.
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INTRODUCTION

Perfluorinated aryl azides (PFAAs) have been extensively utilized for the functionalization 

materials and surfaces1 and for photoafinity labeling.2 PFAAs are easily converted to 

nitrenes by photolysis or thermolysis. They are also relatively electrophilic due to the 

presence of strongly electronegative fluorine atoms. PFAAs have been further used as 

photocoupling agents, primarily by the Yan group, to functionalize surfaces and 

nanomaterials3 and are relatively stable to elevated temperatures (Table S1, Supporting 

Information). Here we report a theoretical and experimental exploration of the 1,3-dipolar 

cycloadditions of PFAAs to expand the reagents that can be used for surface 

functionalization of enamines and strained dipolarophiles such as norbornene and 

dibenzoazacyclooctyne (DIBAC).

Huisgen discovered 1,3-dipolar cycloadditions of azides in the 1960s.4 Meldal and Sharpless 

independently developed the click reaction of azides and terminal alkynes that requires Cu 

catalysis to form triazoles efficiently and regioselectively,5,6 resulting in renewed interest in 

the cycloaddition.7 Azide–alkyne cycloadditions, particularly those involving strained 

alkynes, now constitute a key bioorthogonal reaction used to label biomolecules in vivo.8 

Initial calculations on 1,3-dipolar cycloadditions of PFAAs predicted that these electron-

deficient aryl azides would undergo rapid cycloadditions with electronrich dipolarophiles 

such as enamines. We explored substituent effects on several aryl azides with various p-

electron-with-drawing groups (EWGs) (a–f) in cycloadditions to enamines (1–8), 

norbornene (9), and DIBAC (10) (Scheme 1). The rates for these cycloadditions are 

compared to those for ambiphilic azides g and h.

RESULTS AND DISCUSSION

The rate constants for these 1,3-dipolar cycloadditions were determined in CDCl3 with a 2:1 

ratio of azide to dipolarophile. Most reactions were monitored by 1H NMR or 19F NMR 

spectroscopy, and the second-order rate constants (kc) were found based on the triazoline or 

triazole formation rate. Detailed information about the kinetic studies we performed can be 

found in the Experimental Section and Supporting Information.

Acetophenone-Derived Enamine Cycloadditions

The reaction of acetophenone enamines and PFAAs gave perfluoroanilines as the major 

products (60–90% isolated yields) on the basis of 19F and 1H NMR spectroscopy (Figure 

S1A, Supporting Information). These triazolines decomposed to perfluoroanilines by a 

mechanism that is not known with certainty (Scheme 2).9

The kc for the cycloadditions of azides to enamine 1 were determined using 19F NMR (a–c, 
f) or 1H NMR (g and h) and are shown in Table 1. These data are presented as a plot of 

triazoline concentration vs time in the Supporting Information.
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Phenylacetaldehyde-Derived Enamine Cycloadditions

Scheme 3 shows the 1,3-dipolar cycloadditions of a–f to enamines (5–8) under ambient 

conditions. Intermediate triazolines bearing a perfluoroaryl group underwent a room-

temperature rearrangement (observed by 1H and 19F NMR) to afford amidines (Scheme 3).

Figure 1 shows the scope of these reactions and experimental yields. The triazolines were 

only transiently observed as intermediates by 1H and 19F NMR.

We show the first example of fluorinated aryl azides that undergo (3 + 2) cycloadditions at 

room temperature to afford amidines. Triazolines bearing electron-deficient aryl groups are 

known to decompose, and several mechanisms have been proposed for this rearrangement.10 

Erba and co-workers recently performed DFT calculations on the rearrangement 

mechanism.11 We are currently exploring in more detail how N2 is extruded from triazolines 

to afford amidines.

Table 2 gives kc and the corresponding experimental activation free energies (ΔG‡
exp). Rate 

constants for cyclo-additions were found in the same manner as for reactions of 

acetophenone-derived enamines. However, triazolines [(a–g)-(5–8)] decompose to form 

amidines [(a–g)-(5–8)]′.

The rate constants for the cycloadditions of 5–8 and aryl azides (a-h) are summarized in 

Table 2. The reactivities of PFAAs with phenylacetaldehyde-derived enamines follow the 

same trend as that of acetophenone-derived enamines but have kc that are 5–10-fold greater, 

likely due to of the greater steric bulk associated with ketonic enamines. The reaction 

between a and 5 is nearly 4 orders of magnitude faster than that of phenyl azide. The rate 

constant for the cycloaddition of 4-nitroperfluorophenyl azide (d) and 5 is 1.216 ± 0.032 

M−1 s−1, which is the fastest for the cycloaddition of an azide with an unstrained 

dipolarophile. The mechanism of 1,3-dipolar cycloadditions involving enamines and phenyl 

azide has been explored experimentally by Munk12 and computationally by Houk.13 The 

rate constants of the cycloaddition between PFAA (a, b) and enamine (5−8) were 

subsequently measured and are summarized in Table 3.

The reactivities of enamines toward PFAAs decrease in the following order: 7, 5, 6. Munk et 

al. observed the same trend experimentally for the reactions of phenyl azide with the same 

substrates.13a Lopez and Houk showed that the reactions of PhN3 and enamines are 

concerted and proceed through relatively asynchronous transition structures.13 The 

asynchronicity of the reactions arises from a strong orbital interaction of the high-lying 

enamine HOMO with the LUMOs of phenyl azide and to a greater extent with the PFAAs 

studied here. Computationally, both concerted and stepwise mechanisms were considered; 

the transitions structures for both modes of cycloaddition are shown in Figure 2.

The activation free energies for the stepwise cycloadditions are greater than the ΔG‡ of the 

corresponding concerted reaction by 5−7 kcal mol−1 and will not be considered further. In 

comparison to experimental ΔG‡ (Table 2), computed activation free energies for concerted 

cycloaddition are greater by 1−3 kcal mol−1. However, the qualitative reactivity trends 

observed experimentally are reproduced computationally.
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Figure 2 shows that the activation free energies decrease for the transition structures 

involving increasingly electron-deficient aryl azides along the series TS-g5, TS-b5, and TS-
a5 (ΔG‡ = 25.3, 21.7, and 21.0, respectively). These transition structures are concerted but 

asynchronous. The transition structures have bond lengths between the β-carbon and the 

terminal azide nitrogen (Cβ-N) that are more developed than the other forming bond (Cα–

N). The (Cα–N) forming bond lengths (ca. 2.6 Å) are nearly unchanged in these transition 

structures. The Cβ−N forming bond lengths are also similar in TS-a5 and TS-b5 (ca. 2.1 Å). 

This forming bond is notably shorter in TS-g5, 2.04 Å.

We utilized the distortion/interaction model14 to understand the origins of the reactivity 

difference of PFAAs studied experimentally with enamines and strained dipolarophiles. The 

activation energy (ΔE‡) is dissected into distortion energy (ΔE‡
d) and interaction energy 

(ΔEi ). Distortion energy is the energy required to distort each of the reactants into their 

respective transition state geometries, without allowing the fragments to interact. The 

interaction energy is the energy of interaction between the distorted cycloaddends. It is often 

a net stabilizing quantity that results from charge transfer of occupied–vacant orbital 

interactions, electrostatic interactions, polarization, and closed-shell (steric) repulsions. 

Figure 3 summarizes our findings as a graph of ΔE‡, ΔEd (enamine), ΔE‡
d (azide), and ΔEi 

for TS-a5, TS-b5, and TS-g5.

The graph in Figure 3 suggests that TS-g5 has the highest activation energy because of 

increased total cylcoaddend distortion and reduced interaction between the dipole and the 

dipolarophile. Both components of distortion energy (green and blue) increase from left to 

right in Figure 3. TS-g5 occurs latest, which means that the cycloaddends are most distorted 

from their reactant geometries. A frontier molecular orbital (FMO) analysis can be used to 

understand how interaction energies contribute to the activation energies of these reactions. 

Figure 4 shows the computed molecular orbitals of enamine 5 and azides a, b, and g.

The major stabilizing orbital interaction is between the HOMO of enamine 5 and the LUMO 

of a, b, and g. Perfluorination of the phenyl ring substantially lowers the azide LUMO 

energies of a and b, resulting in smaller HOMO− LUMO gaps and stronger FMO 

interactions.

1,3-Dipolar Cycloadditions of Norbornene and PFAAs

Motivated by the use of strained alkenes in bioorthogonal reactions, we explored the 

reactivity of norbornene toward PFAAs (a−c, f), phenyl azide (g), and benzyl azide (h) 

(Scheme 4). Additions to norbornene are fast and exo stereoselective. At 25 °C, PFAAs react 

with norbornene faster than does phenyl azide. Rate constants for these reactions are 

summarized in Table 4.

Representative transition structures TS-a9, TS-b9, and TS-g9 are shown in Figure 5. The 

transition structures are concerted but slightly asynchronous. The bond length between the 

carbon and the terminal azide nitrogen (C–Nterm) is slightly shorter than that of the carbon 

and internal nitrogen (C−Nint) for each of these transition structures.
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The ΔE‡ of TS-a9 and TS-b9 are lower in energy (11.5 and 11.7 kcal mol−1, respectively) 

than TS-9g (14.4 kcal mol−1). The higher ΔE‡ for PhN3 cycloadditions arise from increased 

distortion energies and less favorable interaction energies. The ΔE‡ of TS-a9 and TS-b9 are 

nearly identical (22.2 and 22.3 kcal mol−1) and increase to 23.6 kcal mol−1 in TS-g9. The 

newly forming bonds in TS-g9 are more developed than TS-a9 or TS-b9, which requires 

additional distortion of the cycloaddends to reach the geometries of the transition structures. 

The interaction energies are more favorable for TS-a9 and TS-b9 (−10.7 and −10.6, 

respectively) than TS-g9 (−9.2 kcal mol−1). The dominant FMO interaction is that of the 

LUMO of dipole and the relatively high-lying HOMO (ca. −7.79 eV) of norbornene. The 

reactions with the greatest interaction energies involve the most electrophilic dipole, azide a.

Reactivity Enhancement by Predistortion vs Orbital Effects

Perfluorophenyl azide reacts with enamine 5 25-fold faster than norbornene (9) (kc = 1.05 × 

10−2 and 4.08 × 10−4 M−1 s−1, respectively). The distortion/interaction model was used to 

understand why orbital effects outweigh norbornene predistortion. The ΔE‡ for TS-b5 and 

TS-b9 are 7.4 and 11.7 kcal mol−1, respectively; the distortion energies are 26.1 and 22.3 

kcal mol−1, respectively. The double bond of norbornene is pyramidalized and resembles the 

exo transition structure (i.e., the reaction is distortion accelerated).13a The interaction 

energies for TS-b5 and TS-b9 are −18.7 and −10.6 kcal mol−1, respectively. The HOMO of 

norbornene is not as high lying as 5, and does not interact strongly with the LUMO of b. The 

enhanced interaction energy component overrides norbornene predistortion.

Cycloadditions of DIBAC

In addition to examining norbornene as a dipolarophile in these cycloadditions, the 

cycloaddition of PFAAs with other predistorted dipolarophiles, including benzocyclooctynes 

bioorthogonal reagents like DIBAC,15 DIBO,16 DIFO,17 and BARAC, were explored. These 

strained alkynes are used as bioorthogonal probes to label cell–surface azido glycans 

(Scheme 5).

BARAC shows the greatest reactivity toward benzyl azide cycloadditions (0.96 M−1 s−1).18 

Computations by the Houk group have explained how predistortion and substituent effects 

control the reactivities of BARAC and its derivatives.19 Here we performed cycloadditions 

of PFAAs, phenyl, and benzyl azide to DIBAC (10, Scheme 6). Experimental observations 

using 1H and 19F NMR for product a-10 (Figure S32, Supporting Information) indicated a 

mixture of regioisomers in a ratio of 1:0.4. Attempts to assign the identity of the isomers 

however proved inconclusive. Rate constants were measured and are shown in Table 5.

DIBAC is more reactive with PFAAs than with PhN3 and shows poor regioselectivity. We 

use the M06-2X density functional to understand the differences in reactivity of aryl azides 

with 10 used model dibenzoazacyclooctyne, 11. The global minimum of 11 is shown in 

Figure 7.

As expected, the amide isomerization is facile at room temperature. We computed 12 

possible transition structures (differing in syn/anti orientation of azide and s-trans/s-cis 

amide conformation and three conformations of the aryl ring for the reaction of a, b, and g 
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with 11 (see Supporting Information for higher energy transition structures). Table 6 shows 

the activation free energies for the regioisomeric transition structures for the reactions of 

azides a, b, and g to 11. The lowest energy transition structures for the syn and anti 

approaches of the azide [TS(g11-syn) and TS(g11-anti)] are shown in Figure 8.

These transition structures are almost perfectly synchronous. The C−N bond lengths range 

only from 2.19 to 2.24 Å. While computations do not quantitatively reproduce experimental 

activation free energies, the experimental reactivity trends are reproduced by theory. Our 

calculations show that the ΔG‡ for TS(a11-syn) and TS(b11-syn) are lower in energy than 

the corresponding anti transition states by 0.7 and 0.6 kcal mol−1, respectively. These results 

suggest that there should be a small preference for the syn regioisomers for PFAAs. The 

ΔG‡ for TS(g11-syn) and TS(g11-anti) are identical, which should result in a 1:1 mixture of 

syn and anti regioisomers.

To understand why PFAAs are more reactive than phenyl azide in cycloadditions involving 

DIBAC, distortion/interaction analyses were performed on TS(a11-syn), TS(b11-syn), and 

TS(g11-syn) (Figure 9).

The interaction energies are nearly constant, and the distortion energies control the small 

difference in reactivities.

CONCLUSION

We experimentally and computationally explored the 1,3-dipolar cycloaddition of PFAAs to 

enamines and strained dipolarophiles (norbornene and DIBAC). Perfluorination of phenyl 

group of these aryl azides accelerates cycloadditions to all of the substrates studied here. 

This is due to improved orbital interactions with the relatively low-lying LUMO of PFAAs. 

Despite the predistortion of norbornene, PFAAs prefer to react with enamines because of the 

much more favorable interaction energies. These cycloadditions give triazolines as 

intermediates that rearrange at room temperature to give amidines, while cycloadditions 

involving enamines and phenyl azide yield isolable triazolines. The mechanism of triazoline 

decomposition is currently being investigated.

EXPERIMENTAL METHODS

Materials

Azides, ketonic enamines, and aldehydic enamines were synthesized using reported 

procedures.20,21 All compounds were stored at −20 °C, and compound purity was assessed 

by 1H NMR before performing kinetic studies. Norbornene (bicyclo[2.2.1]hept-2-ene, 99%) 

and DIBAC (dibenzocyclooctyneamine, >94.5%) were purchased from Sigma-Aldrich and 

used as received. In kinetic studies, CDCl3 was filtered through K2CO3 and treated over 

molecular sieves. The amount of water in the purified CDCl3 was 0.3 ppm, measured by a 

756 KF Coulometer, which was <1 mol % enamines used in all kinetic studies.

Xie et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2016 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cycloaddition Reaction between Azide and Enamine (Schemes 2 and 3)

The following describes the reaction between PFPA a and enamine 5. Other reactions were 

carried out using the same protocols. To a solution of 5 (1.0 mmol) in THF (1.0 mL) a 

solution of a (1.1 mmol) in THF (1.0 mL) was added dropwise while stirring at room 

temperature. Reaction progress was monitored by NMR spectroscopy. Upon a reaction’s 

completion (8−12 h), the solvent was removed under reduced pressure and the residual 

mixture was purified by flash column chromatography (hexanes/EtOAc = 9:1, Rf = 0.27) 

yielding (a-5)′ as a white powder (390 mg, 95%). Alternatively, the reactions could be 

carried out in methanol (1.5−3 mL) using a slight excess of enamines (1.1 equiv). In this 

case, the amidine product precipitated out from the solution within 12 h and the product was 

separated by filtration (isolated yields > 70% for all amidines).

Cycloaddition between Azide and Norbornene (Scheme 4)

The following describes the reaction of azide c with norbornene 9. Reactions of other azides 

followed the same protocol. To a solution of norbornene 9 (1.25 mmol) in hexanes (2−4 

mL), azide c (1.00 mmol) was added. The solution was set at room temperature without 

stirring until a white solid started to form. When TLC indicated full conversion of the azide, 

the mixture was cooled to −20 °C and filtered and the solid was washed with a small amount 

of hexanes to afford the product as a white solid (270 mg, 87%).

Cycloaddition Reaction between Azide and DIBAC

In a typical reaction, a solution of DIBAC in CDCl3 (9.0 mM) was added into a solution of 

azide (18 mM). The reactions were followed by NMR. The products were not isolated and 

only characterized by NMR as presented in the kinetic studies.

Kinetic Studies

Kinetic experiments were conducted using NMR following similar protocols reported in the 

literature.12,15,19 In a typical experiment, a solution of azide in deuterated solvent was mixed 

with an equal volume of the dipolarophile in an NMR tube at a mole ratio of 2:1. 1H or 19F 

NMR spectra of the sample were recorded on a Bruker AVANCE (400 or 500 MHz) 

spectrometer every 1.5−5 min. The acquisition time for a typical experiment was 30 s for 1H 

NMR and 18 s for 19F NMR. In the 1H NMR studies, the peaks of the dipolarophile were 

monitored, which decreased as the reaction proceeded. In the 19F NMR studies, the F signals 

in PFPAs and the cycloaddition products were followed. Each reaction was allowed to 

proceed to 10−90% conversion. Every experiment was repeated at least three times.

To calculate the rate constant of the cycloaddition reaction, the conversion−time curve was 

constructed. The curves were then fit to the standard second-order kinetic model using the 

statistic software GraphPad prism (see Supporting Information for detailed calculations). 

The characteristic peaks of the intermediates and products can be found in corresponding 

datasheets in the Supporting Information.
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COMPUTATIONAL METHODS

All computations were carried out with Gaussian 09.22 Reactants, transition states, and 

products were optimized with the density functional M06-2X23 using the 6-31G(d) basis set 

with an ultrafine grid, consisting of 590 radial shell and 99 grid points per shell.24 M06-2X 

has been found to give reliable energetics for cycloadditions involving main group 

elements.25 Normal vibrational mode analysis confirmed all stationary points to be minima 

(no imaginary frequencies) or transition states (one imaginary frequency). Zero-point energy 

and thermal corrections were computed from unscaled frequencies for the standard state of 1 

M and 298.15 K. Truhlar’s quasiharmonic correction was applied for entropy calculations 

by setting all frequencies less than 100 cm−1 to 100 cm−1.26,27 Input structures for these 

computations were generated using Gaussview.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Azide and Dipolarophile Scope for the (3 + 2) Cycloadditions Studied Here
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Scheme 2. 
Cycloadditions of PFAAs and Acetophenone Enamines
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Scheme 3. 
Reaction of PFAAs (a–f) and Phenylacetaldehyde Enamines (5–8) Result in Triazolines [(a–

f)-(5–8)] that Lose N2 To Form Amidines

Xie et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2016 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Amidines isolated experimentally. Reaction conditions: enamine (1.0 mmol), azide (1.1 

mmol), THF or MeOH (2 mL), room temperature. Isolated yields after 12 h. (a) After 72 h. 

When decomposition was incomplete, the yield was calculated against the conversion of the 

enamine reactant.
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Figure 2. 
Concerted transition structures for the (3 + 2) cycloaddition of PFAAs (a and b) and phenyl 

azide (g) to 5 are in the left column. Stepwise transition structures are in the right column. 

Computed using M06-2X/6-311+G(d,p)/IEFPCMCGCl3//M06-2X/6-31G(d)/IEFPCMCHCl3. 

Bond lengths are reported in Angstroms, and reported energies are Gibbs free energies in 

kcal mol−1 determined assuming a standard state of 1 M and 298.15 K.
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Figure 3. 
Graph of activation, distortion, and interaction energies for TS-a5, TS-b5, and TS-g5 
(black, activation energies; green, distortion energies of dipolarophile; blue, distortion 

energies of azides; red, interaction energies). Calculated using M06-2X/6-311+G(d,p)/

IEFPCMCHCl3//M06-2X/6-31G(d)/IEFPCMCHCl3.
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Figure 4. 
Computed LUMOs of azides a, b, and g and the HOMO of enamine 5. Orbital energies are 

reported in eV and calculated using HF/6-31G(d)//M06-2X/6-31G(d)/IEF-PCMCHCl3.
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Scheme 4. 
(3 + 2) Cycloadditions of Phenyl and Benzyl Azides to Norbornene
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Figure 5. 
Transition structures for the (3 + 2) cycloadditions of norbornene (9) and a, b, and g. 

Computed using M06-2X/6311+G(d,p)/IEFPCMCHCl3//M06-2X/31G(d)/IEFPCMCHCl3.
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Figure 6. 
Graph of activation, distortion, and interaction energies for TS-a9, TS-b9, and TS-g9 
(black, activation energies; green, distortion energies of dipolarophile; blue, distortion 

energies of azides; red, interaction energies). Calculated using M06-2X/6-311+G(d,p)/

IEFPCMCHCl3//M06-2X/6-31G(d)/IEF-PCMCHCl3.
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Scheme 5. 
Some Cyclooctynes DIBO, DIBAC, DIFO, and DIBO Known To Participate in 

Bioorthogonal Reactions
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Scheme 6. 
Regioisomeric Products Resulting from the Reaction of 10 with Azides (a, b, or g)
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Figure 7. 
Lowest energy conformer of dibenzocyclooctyne 11. Alkyne bond angles are reported in 

degrees.
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Figure 8. 
Lowest energy syn and anti transition structures for cycloadditions of g to 11. Bond lengths 

are reported in Angstroms and energies in kcal mol−1. Computed free energies in solution 

are for the standard state of 1 M and 298.15 K using M06-2X/6-311+G(d,p)/IEFPCMCHCl3//

M06-2X/6-31G(d)/IEFPCMCHCl3.
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Figure 9. 
Graph of activation, distortion, and interaction energies for TS-a11, TS-b11, and TS-g11 
(black, activation energies; green, distortion energies of dipolarophile; blue, distortion 

energies of azides; red, interaction energies). Calculated using M06-2X/6-311+G(d,p)/

IEFPCMCHCl3//M06-2X/6-31G(d)/IEFPCMCHCl3.

Xie et al. Page 24

J Am Chem Soc. Author manuscript; available in PMC 2016 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xie et al. Page 25

Table 1

Rate Constants (kc) for the (3 + 2) Cycloadditions of (a–d, g, and h) to 1a
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Table 2

Rate Constants (kc) for the (3 + 2) Cycloadditions of Azides (a–h) and Phenylacetaldehyde Piperidine 

Enamine 5a
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Table 3

Constants of the Cycloadditions of a and b with 5–8a
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Table 4

Azid–Norbornene (3 + 2) Cycloaddition Rate Constants and Corresponding Activation Free Energiesa
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Table 5

Azide–DIBAC (10) Cycloaddition Rate Constants and Corresponding Activation Free Energiesa
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Table 6

Activation Free Energies for the Cycloadditions Involving a, b, and g to 11a

J Am Chem Soc. Author manuscript; available in PMC 2016 March 04.




