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ABSTRACT: The 1,3-dipolar cycloaddition of cyclooctynes with N=N= N
azides, also called “copper-free click chemistry”, is a bioorthogonal (3 > n _ld:ﬁc_ wond |
reaction with widespread applications in biological discovery. The k=9 104~ 16 M5 N

kinetics of this reaction are of paramount importance for studies of )
dynamic processes, particularly in living subjects. Here we performed a
systematic analysis of the effects of strain and electronics on the
reactivity of cyclooctynes with azides through both experimental
measurements and computational studies using a density functional
theory (DFT) distortion/interaction transition state model. In
particular, we focused on biarylazacyclooctynone (BARAC) because
it reacts with azides faster than any other reported cyclooctyne and its modular synthesis facilitated rapid access to analogues. We
found that substituents on BARAC’s aryl rings can alter the calculated transition state interaction energy of the cycloaddition
through electronic effects or the calculated distortion energy through steric effects. Experimental data confirmed that electronic
perturbation of BARAC’s aryl rings has a modest effect on reaction rate, whereas steric hindrance in the transition state can
significantly retard the reaction. Drawing on these results, we analyzed the relationship between alkyne bond angles, which we
determined using X-ray crystallography, and reactivity, quantified by experimental second-order rate constants, for a range of
cyclooctynes. Our results suggest a correlation between decreased alkyne bond angle and increased cyclooctyne reactivity.
Finally, we obtained structural and computational data that revealed the relationship between the conformation of BARAC’s
central lactam and compound reactivity. Collectively, these results indicate that the distortion/interaction model combined with
bond angle analysis will enable predictions of cyclooctyne reactivity and the rational design of new reagents for copper-free click
chemistry.

X-ray crystallography y, B3LYP/6-31G(d)

B INTRODUCTION Cyclooctyne 1 (also called “Oct”, Figure 1b), the first
Since its initial introduction as a bioorthogonal reaction, the cyclooctyne developed specifically as a bioorthogonal lreaglent,
strain-promoted 1,3-dipolar cycloaddition between cyclo- displays a second-order rate cor;sétant 0f 24X 107 M™' 57" for
octynes and azides (Figure 1a) has been utilized in a range of the reaction with benzyl azide.”” It was later shown that this
biological studies." The reaction was developed in response to rate can be enhanced through installation of fluorine atoms at
the dearth of tools available for the study of biomolecules in the propargylic position. Monofluorinated cyclooctyne
their native environments, and was designed to proceed rapidly (MOFO, 2) displays a second-order rate constant of 4.3 X
and selectively in vivo without perturbing native biochemical 107 M 57", whereas difluorinated cyclooctyne (DIFO, 3)
functionality. Due to the strain activation inherent to reacts with a rate constant of 7.6 X 10_32 gvrl s7! (1.8-fold and
2 . . . ; i 3 - i
cyclooctynes,” the reaction proceeds at a rate that is sufficient 32-fold faster than Oct, respectively).”®” The rate-enhancing
for in vivo labeling while avoiding the use of the toxic copper(I) effects of strain were subsequently derrl}onstrated in the context
catalysts traditionally employed in “click chemistry” with of dibenzocyclooctyne (DIBO, 4),” dibenzoazacyclooctyng
terminal alkynes.>* As a result, the reaction between cyclo- (DIBAC, 5),” and biarylazacyclooctynone (BARAC, 6),”
octynes and azides is often referred to as “copper-free click which respectively react with azides 24-fold to 375-fold faster
chemistry.” than is observed for Oct (Figure 1d).

In an effort to further enhance the utility of the strain- The intention implicit in the design of compounds 4—6 was
promoted reaction, several groups have contributed to a series to increase strain by adding sp” centers to the cyclooctyne ring.
of structurally varied cyclooctyne scaffolds that display However, there may be more subtle consequences of these
differential reactivities toward the azide. A selection of these compounds’ structural modifications that actually oppose the
compounds is shown in b—d of Figure 1. All were designed on
the basis of assuming that one can alter the reactivity of a Received: January 4, 2012
cyclooctyne through modulation either of strain or electronics. Published: May 3, 2012
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Figure 1. Reagent development for copper-free click chemistry. (a)
The 1,3-dipolar cycloaddition between azides and cyclooctynes. (b)
Oct, the first cyclooctyne developed as a bioorthogonal reagent, and its
correspondmg second-order rate constant for the reaction with benzyl
azide.”® The reactivity of a cyclooctyne can be altered through (c)
electronic®** and (d) strain modulation.” All rate constants are second
order (M™' s7") and were measured at room temperature in CD;CN
except for values noted with an asterisk (*) which were measured in
CD,0D.

desired reactivity outcome. For example, while aryl ring fusion
may enhance strain, the “flagpole” hydrogen atoms ortho to the
aryl/cyclooctyne ring junction were predicted by Goddard and
co-workers to decrease reactivity by steric interference with the
azide in the transition state.®® The experimentally observed
reactivity of biarylcyclooctynes likely reflects a balance of these
rate-enhancing and -diminishing effects. This example under-
scores the difficulty inherent to rational design of new
cyclooctynes with tailored kinetic properties. Many structural
perturbations affect more than one contributor to reactivity,
e.g., strain, sterics, and electronics. Without a better under-
standing of their relative influence on transition state activation
energies, these parameters cannot be readily optimized to
achieve a desired outcome. In principle, one might derive a set
of rules that links structure and reactivity solely on the basis of
empirical data. However, cyclooctynes are generally challenging
synthetic targets that do not lend themselves to extensive
analoging.

In previous work, density functional theory (DFT) models
have been employed to analyze reactions of cyclooctynes with
azides and have proven to be useful predictors of relative
transition state activation energies.8 Here we performed a
systematic analysis of the effects of strain and electronics on the
reactivity of cyclooctynes with azides, using both empirical data
and a DFT-based distortion/interaction transition state
model.*™ We focused our analysis on a series of differentially
substituted BARAC analogues, comparing their second-order
rate constants in the cycloaddition reaction with benzyl azide to
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those predicted by DFT calculations. We also investigated the
relationship between alkyne bond angles and reactivity and
determined the conformation of BARAC’s central lactam,
which has significant energetic consequences. The results
herein provide a framework for understanding and predicting
cycloaddition kinetics.

B DISTORTION/INTERACTION MODEL

The distortion/interaction model deconstructs the activation
energy of a reaction into two components: the distortion
energy, which is dependent on ground state strain, and the
interaction energy, which is governed by transition state
electronics.®™ In this model, the transition state energy
(AE¥) of a reaction is defined as the sum of distortion energy
(AE¥)), the energy required to distort the alkyne and azide into
their preferred transition state conformations, and interaction
energy (AEY), the energy lowering upon favorable orbital
overlap between the azide and the alkyne (AE* = AE*; +

AE*). Thus, the activation energy of a reaction can be altered
by changing either the distortion energy or the interaction
energy required to reach the transition state.

In the case of the 1,3-dipolar cycloaddition of 2-butyne with
methyl azide (Figure 2a), our calculations indicate that 29.9
kcal/mol energy is required to distort the ground state
substrates into their preferred transition state conformations.
Upon distortion, the alkyne and azide interact, lowering the
energy of the overall system by —9.0 kcal/mol through a
favorable orbital overlap that can only be achieved via the
geometry of the distorted state. Combining the effects of
distortion and interaction, we calculate an overall transition
state activation energy of 20.9 kcal/mol (AEF = AE¥, + AE¥).
In reality, distortion and interaction are not independent
processes but instead occur simultaneously to bring reactants
directly to their transition state geometries. However, this
model breaks up activation energy into two imaginary
distortion and interaction processes to allow a more detailed
analysis of reaction strain and electronics.

An example of how electronic perturbation can affect
interaction and distortion energies is illustrated by comparing
the above reaction coordinate to that for the reaction of
1,1,1,4,4,4-hexafluoro-2-butyne with methyl azide (Figure 2b).
In this case, the interaction energy is more negative than that
calculated for 2-butyne (AE* hexafluoroaliyne = —12.2 keal/mol vs
AE* i2bugne = —9:0 keal/ mol). This change results from
electronic perturbation of the alkyne LUMO energy via mixing
of the alkyne 7-system with o*c_g. Alabugin and co-workers
have shown that the observed acceleration results from
hyperconjugative stabilization of the cycloaddition transition
state via electron donation from the in-plane alkyne 7-orbital to
the ¢*_g-orbital.”

As both 1,1,1,4,4,4-hexafluoro-2-butyne and 2-butyne are
relatively unstrained molecules, we would expect their
distortion energies to be similar for the reaction with methyl
azide. However, calculations indicate a larger total distortion
energy for the reaction of 2-butyne by 5.3 kcal/mol
(AE* ot bune = 29-9 keal/mol and AE¥ o pexafivoroatigne =
24.6 kcal/mol). The data in a and b of Figure 2 indicate that
this difference results both from a change in alkyne transition
state distortion energy upon perfluorination as well as from a
decrease in azide distortion energy. That both the alkyne and
azide undergo shifts in distortion energy in the perfluorinated
case indicates that the transition state occurs at an earlier point
on the reaction coordinate. Calculated azide bond angles
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Figure 2. Distortion/interaction model. (a) Activation energy (AE¥) for the reaction between 2-butyne and methyl azide is the sum of distortion
energy (AE*,) and interaction energy (AE¥). (b) Perfluorination of the alkyne reduces AE¥ of the reaction by increasing the magnitude of
stabilizing interactions in the transition state and decreasing distortion energy. (c) Constraining the alkyne into an eight-membered ring reduces AE¥
by decreasing the distortion energy required to bend the starting materials into their preferred transition state conformations. For a—c, calculated
values are electronic energies, the potential energy of the molecule on a vibrationless potential energy surface. As all reactions are represented on
separate energy diagrams, the depictions are only intended to facilitate comparisons of AE¥, AE¥,, and AE¥; values and not the overall energies of
starting materials or triazole products. Calculations were performed using B3LYP/6-31G(d). See Supporting Information for details.

provide further evidence for an early transition state upon
perfluorination. Whereas the azide is bent to 137° in the
transition state of the 2-butyne reaction, it is only bent to 143°
in the transition state of the perfluorinated-alkyne reaction
(Figure 2). Thus, the effect of propargylic fluorination is 2-fold
when considering the distortion/interaction model; the fluorine
atoms enhance transition state interaction energies, which
facilitates an early transition state where less distortion is
required for both reactants.

The effects of distortion energy modulation in the context of
the cyclooctyne have previously been discussed®™ and are
summarized in Figure 2c. The alkyne bond angles in
cyclooctyne are bent from linearity, and the molecule is
therefore destabilized relative to a linear isomer. Because it is
already distorted toward the transition state geometry, the
cyclooctyne requires less distortion energy to reach its
preferred transition state geometry than does a linear alkyne
(AE* 43 puyne = 10.1 keal/mol and AE¥;_ qoouyne = 2.1 keal/
mol). In addition, calculations show that the distortion energy
of methyl azide is lower for the reaction with cyclooctyne than
it is for the reaction with 2-butyne. We again attribute this
difference to the position of the transition state along the
reaction coordinate; here, ground state destabilization of the
strained cyclooctyne generates an early transition state, thereby
reducing the distortion required for the azide to reach its
transition state geometry. This shift in the position of the
transition state in response to the greater exothermicity of the
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strained alkyne reaction is also consistent with the Hammond
Postulate. As a result of this significant reduction in distortion
energy, cyclooctyne displays a lower overall activation energy
for the cycloaddition reaction than does 2-butyne. In this way,
strain (i.e., distortion) promotes the cycloaddition.

Because this model is capable of distinguishing the effects of
strain and electronics on transition state energies, we chose to
apply it to the study of cyclooctyne reactivity. We began by
preparing a series of substituted BARAC analogues and
analyzing their reactivities experimentally and computationally.

B REACTIVITY OF BARAC AND ANALOGUES

The modular nature of BARAC’s synthesis’® rendered this
scaffold amenable to derivatization with aryl ring substituents.
Previous analyses of the difluorinated cyclooctyne DIFO (3,
Figure 1c) suggested that addition of fluorine atoms at the
propargylic position enhances reaction rates by increasing
interaction ener%ies and decreasing distortion energies in the
transition state.”” We were curious as to whether comparable
interaction energy changes might be affected through
installation of fluorine atoms on BARAC’s aryl rings, and,
alternatively, whether electron-donating methoxy groups would
affect reaction kinetics in an opposite manner. As well, we
sought to analyze the steric effects of flagpole methyl
substituents on the rate of the reaction. Accordingly,
compounds 7—16 (Figure 3a) were selected as the targets for
our study. Compounds 7—10 possess a single fluorine atom

dx.doi.org/10.1021/ja3000936 | J. Am. Chem. Soc. 2012, 134, 9199—9208



Journal of the American Chemical Society

a) N = = E = — F E = E
Q0 X0 . o o
N F N N F N N N
Mé O Mé O Mé O Mé O Mé O Mé O
6 7 8 9 10 1
F Me Me _
OO0 co, a0 Lo 0
MeO N N OMe N Me N Me N
Mé O Mé O Mé © Mé O mMé o
12 13 14 15 16
b)
fL T 3w o
X =
N
Me O
c)
o 0, -1 _—1 A G:exp AEtd,calc A E:i,calc A Etcalc A Gtcalc*
Compound  anglea () angleb () kexp(M57) (kcallmol)  (kcallmol)  (kcal/mol) (kcal/mol)  (kcal/mol)
152.7 153.0 syn=16.5 syn=-8.2 syn=28.3 syn =24.0
6 (153) (153) 0.9£041 175 anti=167  anti=-8.8 anti=8.0  anti=24.1
syn = 16.6 syn=-8.3 syn =8.2 syn =241
7 152.4 1531 1.1£01 174 anti = 16.6 anti=-8.9 anti=7.7 anti = 24.0
syn=16.4 syn=-8.4 syn=28.0 syn =23.8
8 1630 152.7 1.10£0.04 174 anti=16.8  anti=—8.9 anti=7.9  anti=24.0
syn =16.6 syn=-8.6 syn =8.0 syn =23.7
° 152.3 153.4 10£0.1 17.4 anti=16.7  anti=-9.0  anti= anti = 23.7
syn=16.4 syn=-8.4 syn =28.0 syn =23.7
10 153.0 152.7 12101 17.3 anti=16.8  anti=-9.0 anti=7.8  anti=23.9
syn=16.4 syn=-8.7 syn=7.7 syn =23.5
" 152.5 1531 1.6+01 171 anti=16.7  anti=-9.2  anti= anti = 23.6
12 152.6 152.8 1.0£0.1 17.4 syn=162  syn=-82  syn=81  syn=23.9
: : : : ) anti=16.5 anti = -8.7 anti=7.9 anti = 24.0
152.5 153.0 syn=16.4 syn=-8.1 syn =8.3 syn =23.8
13 (154) (153) 1.1£01 7.4 anti=166  anti=-8.7 anti=8.0  anti=23.9
syn=17.3 syn =-8.2 syn=9.1 syn = 24.7
14 1511 183.7 0.058 +0.003 191 anti=19.4 anti=-8.3 anti=11.1 anti = 26.0
153.6 152.1 - syn=19.6 syn=-79 syn=11.7 syn = 28.2
15 (155) (152) 0.0019 +0.0003 211 anti=217  anti=-82 anti=13.4  anti=30.1
163.0 162.7 - syn=19.7 syn=-7.7 syn=12.0 syn =28.3
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Figure 3. Bond angles and reactivities of BARAC analogues. (a) BARAC analogues targeted for our initial study of distortion/interaction
modulation. (b) Reactivity was probed empirically by measuring the second-order rate constant for the reaction of each analogue with benzyl azide in
CD;CN at rt by 'H NMR spectroscopy. (c) Table shows both calculated and measured (X-ray crystallography data shown in parentheses) alkyne
bond angles for compounds 6—16 as well as measured second-order rate constants and activation free energles (AGH, ) for the model reaction with
benzyl azide. Also shown are calculated interaction (AE* alc) and total distortion energles (AE* deale = = AE¥ dcalc, azide T AE dee, a[kym) as well as overall

electronic energies of activation (AE*_) and free energies of activation (AG*

) for the reaction of each analogue with methyl azide. All

cale

computational data provided for compounds 6—16 are for the trans-BARAC isomer. *Free energies were calculated for the reaction in acetonitrile.
**The second-order rate constants shown for 15 and 16 were measured in CDCl; due to the limited solubility of 15 in CD;CN.

variously positioned around BARAC’s two aryl rings.
Compound 11 is doubly fluorinated. On the other end of the
spectrum, compounds 12 and 13 have single methoxy groups
on the aryl rings. Compound 14 is monofluorinated at the
flagpole position, potentially generating steric hindrance in the
transition state. Finally, compounds 15 and 16 possess methyl
substituents at the flagpole position. All analogues were
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synthesized according to the route published by Jewett et
al.’® Details are provided in the Supporting Information (SI).
As a platform for computational studies, we first analyzed the
bond angles and conformation of the parent compound
BARAC using X-ray crystallography and DFT calculations.
Figure 4a shows DFT geometry optimizations performed with
B3LYP and the 6-31G(d) basis set. The results indicate that the
trans conformation of the central amide bond is preferred to the
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Figure 4. Structural analysis of BARAC. (a) DFT calculations (B3LYP/6-31G(d)) of cis- and trans-BARAC. (b) Front and side view of BARAC
obtained via X-ray crystallography. Crystalline BARAC exists as the trans conformer. Thermal ellipsoid plots are shown at 50% probability.

cis conformation by AAG,,, = 9.4 kcal/mol in acetonitrile. X-
ray data support this model, indicating that in crystal form,
BARAC preferentially occupies the trans conformation (Figure
4b).

Interestingly, DFT calculations show that the conformation
of the amide functionality dramatically influences BARAC’s
alkyne bond angles. As shown in Figure 4a, both alkyne angles
in trans-BARAC are 153°, whereas in cis-BARAC the angles are
compressed to 143° and 150°. These results suggest that cis-
BARAC is higher in energy than trans-BARAC due to increased
alkyne distortion and also imply that cis-BARAC would display
enhanced reactivity relative to that of trans-BARAC in the
cycloaddition reaction with azides. DFT calculations of free
energies of activation in acetonitrile (AGT,) for this reaction
support our hypothesis. trans-BARAC has a AGT;, of 24.0
kcal/mol, whereas cis-BARAC has a AG¥;, of 18.0 kcal/mol.

We performed energy optimization calculations on sub-
stituted BARAC analogues 7—16 as well, and the results also
indicated that the trans conformation is preferred to the cis
conformation by AAG,,, = 9.1—9.7 kcal/mol (SI). We then
calculated AG¥,;, values for the reactions of compounds 7—16
with methyl azide, and results indicate that for compounds 7—
13, reaction of the trans-conformer is a lower-energy process by
3.0—4.5 kcal/mol than is isomerization to the cis-conformer
followed by reaction to form the triazole. These results suggest
that compounds 7—13 react predominantly as the trans
conformer. Thus, we focus the remainder of the calculations
in this section on trans-BARAC. As discussed later, AG¥,,,’s for
reactions of the cis- and trans-conformers are similar in energy
for compounds 14—16, suggesting a Curtin-Hammett con-
trolled reaction.

The table shown in Figure 3c shows the results of DFT
calculations of alkyne bond angles as well as empirical bond
angle measurements obtained by X-ray crystallography (shown
in parentheses) for select compounds in the trans conforma-
tion. We conclude from these data that aryl substitution does
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not impose significant structural changes, as all compounds
exhibit alkyne bond angles close to 153°.

We next measured the second-order rate constants of the
reactions of 6—16 with benzyl azide (Figure 3b). Compounds
6—10 and 12—13 exhibited rate constants between 0.9 and 1.2
M 57!, with differences that do not lie outside the range of
experimental error.'”"" Compound 11, however, showed a
roughly 75% increase in reactivity relative to that of 6 (k,, = 1.6
+ 0.1 M~ 57! versus kg = 0.9 + 0.1 M~' s7%). Given the similar
reactivities of 6—10, 12, and 13, we expected these compounds
to display transition state distortion and interaction energies of
similar magnitude. DFT calculations were used to model the
reaction of each analogue with methyl azide, as calculations
show that methyl azide behaves similarly to benzyl azide for the
reaction with 6 (data provided in the SI). In discussing the
results of these calculations, we define triazole 17 (Figure 3b)
as the syn-regioisomer and triazole 18 (Figure 3b) as the anti-
regioisomer.

Computational data indicate that compounds 6—10, 12 and
13 do in fact exhibit similar energetics in their transition states,
with distortion energies for all seven compounds lying between
16.2 and 16.6 kcal/mol for the syn-regioisomer and between
16.5 and 16.8 kcal/mol for the anti-regioisomer. These data are
consistent with our observations that the compounds have
nearly identical alkyne bond angles (additional structural data
are provided in the SI). Similarly, calculated interaction
energies were alike for these compounds with values between
—8.1 and —8.6 kcal/mol for the syn-regioisomer and between
—8.7 and —9.0 kcal/mol for the anti-regioisomer. As a result,
overall energies of activation (AE¥ = AE¥y + AE¥) for these
compounds are quite comparable, falling within the range of
8.0—8.3 kcal/mol for the syn-regioisomer and between 7.7—8.0
kcal/mol for the anti-regioisomer.

Calculated free energies of activation in acetonitrile (AG*,)
are also similar for compounds 6—10, 12 and 13. For both the
syn- and anti-regioisomers, AG*_, lies between 23.7 and 24.1
kcal/mol. These calculations systematically overestimate the
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true free energies of activation by about 6.5 kcal/mol. This
error has been previously noted in applications of B3LYP to
cycloaddition reactions.'"* Such calculations also overestimate
the entropic penalty associated with the transition states of
bimolecular reactions.

Compound 11 was the only analogue with substantially
increased reactivity compared to BARAC, and accordingly, its
transition state interaction energies (AEijlC values of —8.7
keal/mol (syn) and —9.2 kcal/mol (anti)) were the largest
measured in this study. Interestingly, we found that the
transition state distortion energies for this analogue lie within
the range of those calculated for the other compounds
(AE*4 e = 164 keal/mol (syn) and AE¥, . = 16.7 kcal/mol
(anti)). As a result, combined activation energies for compound
11 are lower than those observed for the other analogues
(AE*,. = 7.7 kcal/mol (syn) and AE* . = 7.5 kcal/mol
(anti)). The calculated free energies of activation in acetonitrile
(AG* ) for compound 11 follow a similar trend (Figure 3c).
These data indicate that the enhanced reaction rate observed
for 11 is a result of electronic modulation that generates
enhanced stabilizing interactions in the transition state.
Modulation of strain and distortion energy does not appear
to play a significant role in the rate enhancement.

Our experimental results also provide insight into the effects
of sterics on cyclooctyne reactivity. We were surprised to find
that compounds 14—16, which all contain a flagpole substituent
ortho to the alkyne, exhibit dramatic decreases in their rates
relative to the parent BARAC (k;, = 5.8 + 0.3 X 102 M~ s7*
in CD,CN, k;5 = 1.9 + 0.3 X 10> M~ 57! in CDCl,, and k¢ =
9+ 1x 107" M™ s7! in CDCL). Calculations show that these
three compounds display corresponding increases in transition
state distortion energies relative to analogues 6—13. This
enhanced distortion is due to the close proximity of the
substituent to the alkyne and its orientation directly toward the
path of the incoming azide, requiring both the azide and the
alkyne to distort to a higher degree in the transition state.
Figure § gives both a front and side view of the transition state
of the reaction of compounds 6 and 15 with methyl azide, and
it is clear that the methyl group is causing disfavorable steric
interactions. Even a relatively small fluorine atom in this
position, as in compound 14, causes a significant increase in
transition state distortion energy (Figure 3c). By contrast, the
transition state interaction energies of compounds 14—16 are
similar to those of the other BARAC analogues. As a result,
14—16 have higher activation barriers than do the other
analogues tested, resulting in the observed orders of magnitude
decrease in reactivity.

Overall, our analyses of compounds 6—16 indicate that aryl
substitution can affect minor reactivity changes by altering
transition state interaction energies (e.g., compound 11) and
substantial rate changes by increasing steric hindrance in the
transition state (e.g., compounds 14—16). For compounds 6—
13, we did not observe any changes in reactivity due to
modulation of transition state distortion energies, and we
hypothesize that the enhanced distortion energies observed for
14—16 are a result of sterics rather than alkyne strain.

B ALKYNE BOND ANGLES AS A MEASURE OF
REACTIVITY

Compounds 6—13, which share similar reactivities and
transition state distortion energies, also possess similar
structures with alkyne bond angles close to 153° (Figure 3c).
This observation led us to hypothesize that alkyne bond angles
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a)

Figure S. Flagpole methyl substituents sterically hinder the transition
state. (a) Front and side views of the transition state of the reaction of
6 with methyl azide. (b) Front and side views of the transition state of
the reaction of 15 with methyl azide. Transition states were modeled

using B3LYP/6-31G(d).

may correlate with transition state activation energies for the
cycloaddition with organic azides. If so, one may be able to
predict the reactivity of a given cyclooctyne by determining its
alkyne bond angles either through X-ray crystallography or
DFT geometry optimizations.

Table 1 shows compiled X-ray structural data for a series of
cyclooctynes as well as second-order rate constants for the
reaction of each compound with benzyl azide (complete
crystallographic data sets for compounds 2, 6, 20, and 21 are in
the SI; crystallographic or electron diffraction data for the other
compounds are referenced in Table 1). Although kinetic
parameters for the reaction of cyclooctyne itself (19) with
organic azides have not been reported, we include the average
bond angle of cyclooctyne' in Table 1 as a point of
comparison.

The data in Table 1 indicate a general correlation between
alkyne bond angle distortion and cyclooctyne reactivity.
Dimethoxyazacyclooctyne (DIMAC," 20) exhibits bond angles
of 158° and 157°, structural deviations of only 1° and 2°,
respectively, from the parent cyclooctyne 19. Thus, neither
DIMAC’s endocyclic nitrogen nor its exocyclic substituents
distort the alkyne bond angles to a significant extent.
Installation of a fluorine atom at the propargylic position in
MOEFOQ® (2) slightly enhances alkyne distortion at angle b
through a bond polarization mechanism that has been
extensively documented in substituted arynes.'® Angle b in
MOFO is 4° more distorted than the average bond angle in
cyclooctyne (155° versus 159°, respectively). Conversely, angle
a is less distorted in MOFO (160° versus 159°). Overall, the
structural differences between MOFO and DIMAC are small,
and, correspondingly only minor reactivity differences between
the two are observed (kyoro = 4.3 X 10 > M ' s™! and kppyac
=30x 107 Mt s OB

As previously mentioned, installation of an additional
fluorine atom at the propargylic position as in DIFO2'7 (21)
further enhances alkyne distortion at angle b (151°) through

dx.doi.org/10.1021/ja3000936 | J. Am. Chem. Soc. 2012, 134, 9199—9208



Journal of the American Chemical Society

Table 1. Reactivity and Alkyne Bond Angles”

rate constant

rate constant

cyclooctyne a(°) b (°) (M-'s) ref. cyclooctyne a(°) b (°) (M-1s™1) ref.
159 N/A N/A 14 O O 152 157 N/A 18
l\\l—NH
19
cyclooctyne 02N
22 NO,
MeOa 52N =S
) P
MO Ny 158 157 3.0x 103 15, Sl * N/A N/A 6.1x 10 7o
N-=O o)
ohcozH \_<
20 23 OH
DIMAC
CO,H
B O 160 155 43x10° 6, Sl 156 155 63x102* 14,19
SN N
24
2
MOFO
— F
a b
162 151 42x102 17, Sl 153 153 9x10™ 7d, Sl
N
21 Q Mé o
DIFO2  coume 6
BARAC

“Cyclooctyne bond angles and second-order rate constants for the reaction with benzyl azide in acetonitrile at rt. All bond angles were measured via
X-ray crystallography with the exception of compound 19, which was analyzed by electron diffraction in the gas phase. All data are referenced in the
table, and details of the measurements first reported in this publication are located in the SI. N/A = data not available. Rate was measured for the

acid form of DIFO2. “"Rate constant measured in methanol.

bond polarization. This additional bending at angle b is
accompanied by a reduction in distortion at angle a (162° for
DIFO?2 vs 160° for MOFO). Despite strain reduction at angle
a, however, the data suggest that the highly distorted nature of
angle b in DIFO2 may contribute to the order of magnitude
rate enhancement observed for this compound relative to that
for MOFO (kpjpo, = 42 X 1072 M™ 57! versus kyopo = 4.3 X
1073 Mt 7.0V

The structure/reactivity trend observed for DIMAC, MOFO,
and DIFO2 is also evident in the biarylcyclooctyne series.
Dibenzocyclooctyne 22, reported by Kornmayer et al., exhibits
bond angles of 152° and 157° and therefore is only slightly less
distorted than DIFO2 at one an§le but significantly more
distorted than DIFO2 at the other.'® Although rate data are not
available for this particular compound, a related oxime-
substituted dibenzocyclooctyne (23) has been reported by
Boons and co-workers to display a second-order rate constant
of k=6.1 X 1072 M™" 57" for the reaction with benzyl azide in
methanol.”” The enhanced alkyne distortion observed at both
alkyne angles in compound 22 (vs just one alkyne bond angle
in DIFO2) may contribute to its heightened reactivity.
Dibenzocyclooctadiyne 24, with alkyne bond angles of 156°
and 155°'*" seems to distribute alkyne distortion more
symmetrically across the bond but overall is not significantly
more distorted than 23. The reaction of compound 24 with
benzyl azide was reported by Kii et al. to proceed with a
second-order rate constant of k = 6.3 X 1072 M™! s71.'%" As

9205

expected given their similar degrees of overall alkyne distortion,
the reactivity of compound 24 is similar in magnitude to that
measured for compound 23 (k = 6.1 X 10 2 M~ s71).
Relative to compounds 23 and 24, BARAC (6) is
significantly more distorted. With both alkyne bond angles at
153°, BARAC’s structure exhibits the greatest overall deviation
from cyclooctyne (159°). Accordingly, BARAC exhibits a
second-order rate constant that is an order of magnitude
greater than that of compound 24 (kgapac =9 X 107! M~' 57!
vs kyy = 63X 1072 M s71).* In summary, compounds 6 and
22—24 follow the same distortion/reactivity trend observed for
DIMAC, MOFO, and DIFO2, with increased overall alkyne
bond angle distortion correlating with increased reactivity.

B EFFECTS OF BARAC'S AMIDE BOND STRUCTURE
ON REACTIVITY AND REGIOSELECTIVITY

The extreme distortion of BARAC’s alkyne bond angles
compared to that of bond angles of other dibenzocyclooctynes
may reflect adjustments of the cyclooctyne ring geometry to
accommodate the lactam functionality. We speculate that
BARAC’s endocyclic amide bond enhances the overall ring
strain of the compound by contributing some partial double
bond character to the position directly opposite the alkyne.
Semi-empirical calculations by Meier et al. predict that the fully
unsaturated cyclooctyne 25 (Figure 62) would possess almost
3-fold more ring strain than the parent cyclooctyne 192" A

dx.doi.org/10.1021/ja3000936 | J. Am. Chem. Soc. 2012, 134, 9199—9208



Journal of the American Chemical Society

a)

sp?? )

sp2.0 r

Figure 6. Strain modulation through rehybridization. (a) Ring strain in
cyclooctynes increases with increased unsaturation. We hypothesize
that BARAC’s fused aryl rings and central lactam contribute
significantly to the compound’s ring strain. (b) X-ray crystal structures
show that the nitrogen atom of BARAC's central lactam is sp*>
hybridized, whereas DIMAC’s amide nitrogen atom is sp’ hybridized.
Thermal ellipsoid plots are shown at 50% probability.

related dibenzocycloocteneyne (26, Figure 6a) has been
synthesized but is not bench-stable,'* consistent with the
notion that ring strain increases with cyclooctyne unsaturation.
BARAC shares structural features with compounds 25 and 26
but is relatively stable, prompting us to investigate the
properties of BARAC’s central amide bond.

An interesting comparison can be made between the
hybridization indices of the nitrogen atoms in BARAC’s and
DIMAC’s (20, Table 1) amide bonds, which we calculated
using the sum of the bond angles surrounding the atom.*
Whereas the amide nitrogen of DIMAC displays the expected
sp> hybridization, that of BARAC is slightly pyramidalized with
an sp>* hybridization index. Though deviation from sp>
hybridization in amides is generally thermodynamically
disfavored, such distortion may reduce BARAC’s overall ring
strain by diminishing the double bond character and planarity
of the lactam. This structural flexibility allows BARAC to
balance reactivity and stability through amide nitrogen
rehybridization.

Another notable feature of BARAC’s amide bond is that its
conformational state appears to impact regioselectivity in the
alkyne—azide cycloaddition reaction. Whereas parent com-
pound 6 reacts with benzyl azide to give a 1:1 mixture of syn-
and anti-triazole products, analogues 15 and 16 generate syn-/
anti-triazole product ratios of 3:1 and 2:1, respectively, wherein
the favored product reflects the more sterically hindered
transition state. Though counterintuitive on its face, this
observation follows the general trend predicted using the
distortion/interaction model.*! However, the magnitude of the
regioisomeric preference is strongly affected by the conforma-
tion of BARAC’s lactam in the ground state. For both 15 and
16, our calculations predict a 25:1 preference for the syn-
regioisomer when BARAC reacts through its lowest-energy
trans-conformer, but when the calculation was performed using
cis-BARAC as a substrate, the predicted product ratio was 1.2:1
syn/anti for 15 and 0.8:1 syn/anti for 16. Our experimentally
observed product ratio may therefore reflect the presence of
both conformers in solution, which, if interconvertible, would
generate a Curtin-Hammett-controlled product distribution.

We calculated the barrier to amide bond isomerization for
BARAC (6) and analogues 15 and 16 (a and b of Figure 7).
For BARAC, the barrier to cis/trans isomerization is 15.9 kcal/
mol. With the energy of trans-BARAC set to 0 kcal/mol,
reaction of the trans-conformer with methyl azide has an
energetic barrier of 24.0 or 24.1 kcal/mol for formation of the

a)
A A
oo
3 / ‘ 1
Y ;6\{ syn*: 27.6 keal/mol
N . anti*: 27.4 kcal/mol
anti*: 24.1 kcal/mol
AGMe()N

syn*: 24.0 kcal/mol

kcal/mol

9.4 kcal/mol
0.0 kcal/mol CIS isomer
trans isomer

ffff r’rf{rf

\

reactlon coordinate

b)
A
\ \[ ’\.*o
i d ~f)
ey pos
anti*: 30.1 kcal/mol : r >
syn¥: 28.8 kcal/mol
syn*: 28.2 kcal/mol anti*: 28.7 kcal/mol
AGMeCN

16.2
kecal/mol

9.3 kcal/mol

0.0 kcal/mol cis |somer

o0 0,

reaction coordinate

\

Figure 7. Under Curtin-Hammett conditions, BARAC’s amide conformation influences reactivity and regioselectivity. (a) The reaction coordinate
diagram displays calculated activation free energies for reaction of the parent BARAC compound 6 with methyl azide in acetonitrile. Also shown are
the relative energies of cis-6 and trans-6 and the barrier to cis/trans interconversion. Transition state images show only the lowest-energy
regioisomers. (b) Calculated values for the interconversion and reaction of analogue 15 with methyl azide in acetonitrile. Transition state images

show only the lowest-energy regioisomers.
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syn- and anti-regioisomers, respectively. Isomerization to and
reaction of the cis-conformer have barriers of 27.4 (anti) and
27.6 (syn) kcal/mol, respectively. Because the energetic barrier
to isomerization is significantly lower than the barrier to
reaction, we hypothesize that BARAC isomerizes during the
course of the cycloaddition. However, because the activation
energy for reaction of the trans-isomer is lower than the
activation energy for isomerization to and reaction of the cis-
isomer, we conclude that BARAC (6) reacts mainly through the
trans-isomer. As a result, the energetic barriers shown in Figure
7a, which predict a roughly 1:1 ratio of regioisomeric products,
accurately predict the experimentally observed ratio of
regioisomers (also 1:1).

The calculated barriers to cis/trans isomerization for both
compounds 15 and 16 are about 16 kcal/mol, on par with that
observed for the parent BARAC. Interestingly, however, for 15,
the transition state energies of the trans- and cis-isomers are
much closer in energy than they are for those of the parent
compound. Reaction of the trans-isomer of 15 displays
activation energies of 282 (syn) and 30.1 (anti) kcal/mol,
and reaction of the cis-isomer displays similar activation
energies of 28.7 (anti) and 28.8 (syn) kcal/mol. Because the
transition state energies of the cis- and trans-isomers are similar,
we hypothesize that 15 may undergo the 1,3-dipolar cyclo-
addition with methyl azide by reacting through both the cis and
the trans pathways. On the basis of this hypothesis and the
aforementioned transition state energies, we calculate a syn/anti
product ratio of 3:1 for 15. Compound 16 also showed similar
trans and cis transition state energetics, and gave a calculated
syn/anti product ratio of S:1. These values are close to the
observed product ratios (3:1 and 2:1 syn/anti for 15 and 16,
respectively).

Bl CONCLUSION

We have performed a systematic analysis of the effects of strain
and electronics on the reactivities of various cyclooctynes using
the distortion/interaction model. We found that aryl ring
substitution with electron-withdrawing and -donating groups
produces only minor alterations in reactivity. The majority of
the analogues tested did not display significant rate changes
relative to that of the parent compound 6 for the reaction with
benzyl azide. However, we did see a ~75% increase in reactivity
for the difluorinated analogue 11, which subsequent DFT
calculations attributed to increased stabilizing interaction
energy in the transition state of the reaction.

We observed more significant rate changes upon aryl
substitution with groups capable of imposing steric hindrance
in the transition state. Methyl-substituted analogues 15 and 16
and fluorine-substituted analogue 14, which possess substitu-
ents at the flagpole position (ortho to the alkyne) displayed
second-order rate constants between 2 and 3 orders of
magnitude lower than that observed for parent BARAC. DFT
data confirmed significantly increased transition state distortion
energies for the reactions of these compounds with methyl
azide. We also identified a correlation between total alkyne
bond angle distortion and reactivity for the series of
cyclooctynes shown in Table 1. Thus, computed alkyne bond
angles as well as transition state distortion and interaction
energies may be used in the informed design of cyclooctynes
with tailored reactivities.

Analysis of BARAC’s amide bond structure provided insight
into its reactivity and regioselectivity with azides. X-ray
structures of BARAC analogues provided evidence that
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BARAC is able to modulate stability through amide bond
rehybridization. As well, we found that BARAC’s lactam has the
trans configuration in crystal form. Computations confirmed
that the trans conformation is energetically preferred to the cis
conformation by 9.4 kcal/mol in acetonitrile and that this
significant energetic difference may be in part a result of
enhanced alkyne distortion upon isomerization to the cis-
conformer (Figure 4). These data suggest that a cis-constrained
BARAC analogue may display enhanced reactivity toward the
azide as a result of enhanced strain.

Overall, our results show that DFT calculations can be a
valuable resource in predicting the reactivity of potential new
cyclooctynes. Accordingly, tools and trends summarized here
should be useful for crafting new bioorthogonal reagents.

B ASSOCIATED CONTENT
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Details of the syntheses of compounds 6—16, full character-
izations of 6—16, kinetics data for the reactions of 6—16 with
benzyl azide, computational (DFT) details, and X-ray
crystallography data for 2, 6, 20, and 21. This material is
available free of charge via the Internet at http://pubs.acs.org.
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