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Bioorthogonal Cycloadditions: Computational Analysis with the
Distortion/Interaction Model and Predictions of Reactivities

Fang LiuT#iD Yong Liang™T, and K. N. Houk™+iD
TState Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023, China

*Department of Chemistry and Biochemistry, University of California, Los Angeles, California
90095, United States

CONSPECTUS

Bioorthogonal chemistry has had a major impact on the study of biological processes in vivo.
Biomolecules of interest can be tracked by using probes and reporters that do not react with
cellular components and do not interfere with metabolic processes in living cells. Much time and
effort has been devoted to the screening of potential bioorthogonal reagents experimentally. This
Account describes how our groups have performed computational screening of reactivity and
mutual orthogonality. Our collaborations with experimentalists have led to the development of new
and useful reactions. Dozens of bioorthogonal cycloadditions have been reported in the literature
in the past few years, but as interest in tracking multiple targets arises, our computational
screening has gained importance for the discovery of new mutually orthogonal bioorthogonal
cycloaddition pairs. The reactivities of strained alkenes and alkynes with common 1,3-dipoles such
as azides, along with mesoionic sydnones and other novel 1,3-dipoles, have been explored. Studies
of “inverse-electron-demand” dienes such as triazines and tetrazines that have been used in
bioorthogonal Diels—Alder cycloadditions are described. The color graphics we have developed
give a snapshot of whether reactions are fast enough for cellular applications (green), adequately
reactive for labeling (yellow), or only useful for synthesis or do not occur at all (red). The colors of
each box give an instant view of rates, while bar graphs provide an analysis of the factors that
control reactivity. This analysis uses the distortion/interaction or activation strain model of
cycloaddition reactivity developed independently by our group and that of F. Matthias Bickelhaupt
in The Netherlands. The model analyzes activation barriers in terms of the energy required to
distort the reactants to the transition state geometry. This energy, called the distortion energy or
activation strain, constitutes the major component of the activation energy. The strong bonding
interaction between the termini of the two reactants, which we call the interaction energy,
overcomes the distortion energy and leads to the new bonds in the products. This Account
describes how we have analyzed and predicted bioorthogonal cycloaddition reactivity using the
distortion/interaction model and how our experimental collaborators have employed these insights
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to create new bioorthogonal cycloadditions. The graphics we use document and predict which
combinations of cycloadditions will be useful in bioorthogonal chemistry and which pairs of
reactions are mutually orthogonal. For example, the fast reaction of 5-phenyl-1,2,4-triazine and a
thiacycloheptyne will not interfere with the other fast reaction of 3,6-diphenyl-1,2,4,5-tetrazine
and a cyclopropene. No cross reactions will occur, as these are very slow reactions.
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l. INTRODUCTION

In the long history of organic synthesis, cycloaddition reactions are among the most
powerful tools to obtain carbocycles and heterocycles, which are often components of
natural products and pharmaceuticals.! The 1,3-dipolar cycloaddition? and the Diels—Alder
reaction3 are the most commonly used cycloadditions to form five-membered heterocycles
and six-membered carbocycles or heterocycles. Much effort has been devoted to
investigating the reactivities and selectivities of these reactions, both experimentally and
computationally. Our group has studied a variety of cycloaddition reactions in detail,
including their mechanisms, intrinsic reactivities affected by electronic and steric factors,
and regio- and stereochemistries.* In the course of our systematic studies of cycloadditions,
we developed a theoretical model (the distortion/interaction (D/I) model® or activation strain
model®) to understand quantitatively the origins of reactivities and selectivities. With the D/I
model, we successfully explained the relative reactivities of a series of 1,3-dipoles,®@ the
tendencies for cycloaddition reactivities of cyclic alkenes as dienophiles or dipolarophiles to
increase dramatically as the ring size decreases,’ and the mutual orthogonality of different
bioorthogonal cycloadditions.® This orthogonal reactivity has recently gained much attention
for applications in live-cell imaging. We describe how the D/I model has provided
understanding and a useful guide to the development of bioorthogonal cycloadditions.

The concept of bioorthogonal reactions was first defined by Bertozzi in 2003.° It refers to
reactions that can occur in living systems without interfering with native biological
processes. Figure 1 represents the bioorthogonal cycloaddition between a reporter that has
been attached to a target biomolecule (here a protein) by a covalent or non-covalent link and
a probe molecule that has a fluorescent group (symbolized by the red star) installed for the
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purpose of imaging. The rapid cycloaddition between the probe and the reporter enables
labeling of the target molecule and subsequent imaging to locate the target in the living cell.
The probe and reporter are both bioorthogonal reagents that are inert to cellular components
such as water, thiols, and amines but highly reactive with each other.

For in vivo applications, the rate constants of the cycloaddition reactions should be 1 M1
s~1 or higher. This requirement arises from the low concentration of specific proteins or
other biomolecules in the cellular environment.1 Figure 2 shows examples of known
bioorthogonal processes and the range of rate constants that are useful for various potential
applications. The examples are color-coded according to their rate constants. These
examples are (1) Bertozzi’s Staudinger ligation,11 one of the first bioorthogonal reactions,
but not a cycloaddition; (2) Bertozzi’s “Cu-free click chemistry” with a strained
cyclooctyne;12 (3) the Sharpless click reaction,!3 a Cu-catalyzed azide—alkyne reaction; and
(4) a tetrazine ligation with a frans-cyclooctene.14 Green (1 to 10° M~1 s71) indicates that
the reaction is good for in vivo bioorthogonal chemistry to follow metabolic processes, and
yellow (1073 to 1 M~1 s71) indicates reactions suitable for labeling but not to track
metabolism, while red (<1073 M~1 s71) shows that the reaction is too slow to be used in
bioorthogonal chemistry. Such reactions may still be useful for synthetic purposes, where
high concentrations and temperatures may be employed.

The commonly used probes and reporters meet the bioorthogonality requirements to various
degrees. Some are extremely stable in biological environments, such as azides and
unstrained alkynes. Others, like tetrazines, degrade by water or thiol additions that are,
however, slow compared with the cycloaddition reactions. Besides the necessity of being
orthogonal to cellular components, mutual orthogonality between the bioorthogonal
reactants is another useful property.

Figure 3 shows an example of two bioorthogonal cycloaddition pairs that are also mutually
orthogonal. frans-Cyclooctene reacts with tetrazines at a much higher rate than with azides,
while dibenzoazacyclooctyne, a sterically hindered cyclooctyne, reacts with azides but not
tetrazines. The D/I model explains the observed mutual orthogonality and has predicted
other orthogonal reaction pairs that were later confirmed by our collaborators (as discussed
later).

Il. DISTORTION/INTERACTION (D/I), ACTIVATION STRAIN (AS), AND OTHER
REACTIVITY MODELS

The D/l or AS model is a relatively new tool for chemists to understand reactivities and
selectivities, but it actually has its origins in the work of Keiji Morokuma in the 1970s.1°
Morokuma was developing an energy decomposition analysis to apply to molecular
complexes and reactivities and noted that when molecules interact, they distort from their
equilibrium geometries. He called the energy required to distort the molecules into the new
geometries the “deformation energy”.15 Later in that decade, Houk and co-workers analyzed
the relative reactivities of alkynes and alkenes and described this quantity as the distortion
energy.16 Recently, we developed a more general model, the distortion/interaction model.?
Bickelhaupt also developed such a model and called this distortion energy by a different

Acc Chem Res. Author manuscript; available in PMC 2017 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 4

term, activation strain,® to signify strain that is introduced into reactants as they achieve the
transition state geometry. This model is the most recent in a long history of reactivity
models, including the Evans—Polanyi treatment and its qualitative version, the Hammond—
Leffler postulate, Morokuma’s energy decomposition analysis, Fukui’s frontier molecular
orbital theory, Marcus theory, and the Woodward—Hoffmann rules.

The D/I model has been applied to a broad range of reactions, including organometallic
reactions and nucleophilic additions as well as cycloaddition reactions. Several reviews of
the D/l model in the literature describe the model in detail and its applications to all types of
reactions.8:17 This Account focuses on the applications of the D/I model to bioorthogonal
cycloadditions.

One dramatic example of the power of the D/I model is our study of different reactivities of
cycloalkenes or cycloalkenones that have different ring sizes.” In both cases, the three- and
four-membered-ring dienophiles show unusually high reactivity in reactions with
cyclopentadiene. One may argue that this is simply a result of strain release, but a closer
look at the reaction with the D/I model shows that it is the difference in distortion energies in
the transition states that leads to the high cycloaddition reactivities of small-ring compounds.
The out-of-plane bending, which is the primary distortion of cycloalkenes or cycloalkenones
in cycloaddition reactions, is less energy-consuming in three- and four-membered rings
because of the higher s character in the hybridization states of the olefin. Recent analyses by
Brian Levandowski and the Bickelhaupt group have shown that the position of the transition
states is changed by the differences in interaction energies as well, causing very early
undistorted transition states with cyclopropene and much later, more distorted transition
states with cyclohexene.’®

Figure 4 illustrates a D/I analysis using the reaction between cyclopentadiene and ethylene
as an example. The solid black curve represents the potential energy surface along the
reaction coordinate, starting from separate reactants at the left, through the transition state in
the middle, and then to the cyclic adduct at the right. The black arrow represents the
activation barrier for this specific reaction. The transition structure is separated into two
fragments—nhere cyclopentadiene and ethylene distorted into the transition structure
geometries. The energy difference between the distorted structures and their equilibrium
geometries is termed the distortion energy (the blue arrow and green arrow). The red arrow
represents the stabilizing interaction between the two pieces. The sum of the distortion
energy and the interaction energy is the activation energy of the reaction.

[Il. APPLICATIONS TO BIOORTHOGONAL CYCLOADDITION

Our density functional theory (DFT) calculations were performed with Gaussian 09.18
Geometry optimizations were carried out at the M06-2X1° level of theory with the 6-31G(d)
basis set. Solvent effects in water were evaluated at the M06-2X/6-311+G(d,p) level with a
self-consistent reaction field (SCRF) using the CPCM model?0 on the gas-phase-optimized
structures. Experimentally measured second-order rate constants 4 for several well-studied
bioorthogonal cycloadditions (shown in Figure 5) were used to calibrate our computational
method.
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Figure 6 shows the correlation between the calculated activation free energies and the
experimentally measured values (derived from 4> via the Eyring equation). Our
computations tend to overestimate the reaction barriers more in relatively slow reactions
than in rapid ones. With a systematic correction to the computed activation free energies, we
can reproduce the observed kinetics within acceptable accuracy.

1. Cyclooctynes and Analogues with Azides

Since strain-promoted 1,3-dipolar cycloadditions of azides were introduced into
bioorthogonal chemistry, great efforts have been made to develop new bioorthogonal
reagents that react rapidly and selectively without interrupting native biological processes. A
series of cyclooctynes, benzocyclooctadienynes, and aza analogues were reported (Figure
7a),12:22 among which biarylazacyclooctynone (BARAC) reacts most rapidly with azides.
We studied the increase in reactivity in cyclooctynes compared with unstrained acetylene,232
which was our first application of the D/l model to bioorthogonal chemistry. We
collaborated with the Bertozzi group to understand the effects of strain and electronics on
reactivities (Figure 7).230

Figure 8 shows the D/I diagrams for compound 1 (representative of the monosubstituted
analogues 2-7) and three other analogues (8-10) that show very different reactivities. The
electronic effect introduced by a fluoride or methoxy group on the aryl rings is not
significant, since the calculated activation energies for these compounds (2-7) are very close
to that for 1. Difluoro-BARAC (8) exhibits a stronger interaction energy and therefore a
lower activation barrier, while the peri substituents on 9 and 10 introduce steric effects that
increase the distortion energy and result in higher activation barriers.

2. Mutual Orthogonality in Bioorthogonal Cycloadditions

Encouraged by the success of the D/I model in explaining the reactivities of BARAC
analogues with azide in bioorthogonal cycloadditions, we extended our analysis to
cycloadditions of #rans-cyclooctene with tetrazines and the orthogonal cycloadditions of
dibenzocyclooctynes with azides. Various strain-promoted (3 + 2) cycloadditions reactions
were developed, and high rate constants (>1 M~1 s™1) were achieved for reactions between
dibenzocyclooctyne derivatives and azides.23P The inverse-electron-demand (4 + 2)
cycloadditions of tetrazine and #rans-cyclooctene have rate constants as high as 104 M1
s71.14 These two types of bioorthogonal cycloadditions are mutually orthogonal, as shown
earlier in Figure 3, and were successfully used to label two different cancer cell types in
biological environments simultaneously.2*2 The concept of mutual orthogonality is an
important one in chemical biology. When two reactions are both bioorthogonal and do not
interfere with each other, then they can be used to enable labeling and imaging of several
proteins or metabolic substrates simultaneously.24°¢ To understand the factors controlling
mutual orthogonality, we studied the reactions shown in Figure 9.8 Electron-deficient
dimethyltetrazine reacts faster with the parent #rans-cyclooctene and cyclooctyne than does
methyl azide (TS12 and TS13 in Figure 9) but much slower in the case of
dibenzocyclooctyne (TS14), just as observed in experiments. The calculated activation
barriers, relative rate constants, and D/I analyses are shown below each structure.
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The interaction energies (Figure 9) for tetrazine cycloadditions are always around 10
kcal/mol more favorable than those for azide reactions. Frontier molecular orbital analysis
showed that the lower-lying interacting orbital of tetrazine (LUMO+1 = 2.5 eV) compared
with azide (LUMO = 3.4 eV) is the origin of its intrinsic high electrophilic reactivity. The
sterically hindered dibenzocyclooctyne, however, reduces the reactivity with tetrazine by
introducing additional distortion energies (TS14b; Figure 9). We therefore proposed a
general principle in designing mutually orthogonal reaction pairs—intrinsically more
reactive substances can be made less reactive by increasing the distortion controlled by steric
effects. On the basis of this principle, we predicted that methylcyclopropene and 3,3,6,6-
tetramethylthiacycloheptyne (TMTH) should be orthogonal in reactions with azide and
tetrazine. Figure 10 shows the predicted relative rate constants for these reactions,
suggesting that tetrazines will react readily with 1-alkylcyclopropenes but not the bulky
thiacyclooctyne, while azides will exhibit the opposite reactivity.

A wonderful coincidence of interests occurred soon after our prediction was published in
JACS,® when the reactions of 1-alkylcyclopropenes with tetrazines were used as
bioorthogonal and mutually orthogonal cycloadditions and reported by the Prescher group in
JACS only a few weeks after our paper.2> We were both excited about the results and started
our collaborations on tetrazine and triazine bioorthogonal chemistry.

3. Cyclopropene Reactivities in Bioorthogonal Cycloadditions with Tetrazines

A variety of substituted cyclopropene analogues were synthesized by the Prescher?® and
Devaraj28 groups. These cyclopropenes were found to be stable in a biological environment.
Multisubstituted cyclopropenes show orthogonal reactivities toward tetrazines and nitrile
imines, suggesting their utility for studies of multiple biomolecules in succession (Figure
11). While 1,3-disubstituted cyclopropenes react rapidly and selectively with tetrazines,2%:26
3,3-disubstituted cyclopropenes preferentially participate in 1,3-dipolar cycloadditions with
nitrile imines, which are generated through cycloreversion reactions of tetrazoles that release
N2.27

We studied the model reactions (Figure 12) with DFT calculations, and the computed
reactivities agree well with the kinetic data obtained from experiments.?12 The calculated
activation barriers and relative rate constants are shown in Figure 12. The sterically less
encumbered nitrile imine is less sensitive to the steric effect at C3 of cyclopropene. The
calculated rate constants for the reactions of nitrile imine with 1,3- and 3,3-disubstituted
cyclopropenes are about the same because of almost identical distortion energies and very
similar interaction energies (TS15a and TS16a; Figure 12). On the contrary, the placement
of a methyl group at C3 of cyclopropene significantly reduces its reactivity with tetrazine by
over 4 orders of magnitude. The methyl group prevents the ideal alignment of the reacting
partners and causes them to distort. An increase in distortion energy and a decrease in
stabilizing interaction energy were observed in going from TS15b to TS16b (Figure 12).

The D/l analysis of orthogonality predicted the application of two pairs of cycloadditions in
multicomponent imaging, where tetrazine probes selectively ligate with 1,3-
dimethylcyclopropenes and the unreacted 3,3-dimethylcyclopropenes can then ligate with
nitrile imines added in a second operation.
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4. Substituent Effects in Tetrazine Cyclopropene Ligations

Cyclopropenes quickly attracted enormous attention after their introduction as bioorthogonal
reporters because of their small sizes, biocompatibility, and cycloaddition reactivities. Our
group and the Devaraj group followed up on the substituent effects on tetrazine—
cyclopropene ligation and successfully identified the origin of the variation in reactivity with
the D/I model 28

A series of 1-methyl-3-substituted cyclopropenes with different functional groups were
synthesized and tested. The second-order rate constants for the reactions of these
cyclopropenes with tetrazine range from 1073 to 1 M~1 s=1 both computationally and
experimentally, as shown in Figure 13. The differences in the reactivities of various
cyclopropenes are dominated by the changes in the interaction energies. Electron-donating
groups increase the HOMO energies of cyclopropenes and shrink the energy gaps with the
vacant sz* orbital of tetrazine, leading to lower activation barriers.

Cyclopropenes are not sensitive to steric hindrance of the probe, while the strain-promoted
alkene champion, frans-cyclooctene, is intrinsically more reactive than cyclopropene in
reactions with tetrazines but becomes less reactive when reacting with sterically hindered yet
extremely stable fert-butyltetrazine.

5. Bioorthogonal Cycloadditions of Triazines

Tetrazines have excellent reactivities in bioorthogonal cycloadditions with trans-
cyclooctenes and cyclopropenes but also undergo reactions with water and nucleophiles. To
overcome this, we expanded our studies of electron-deficient dienes to triazine species. We
predicted that 1,2,4-triazines would be less reactive than tetrazines but still effective in
cycloaddition reactions with activated alkenes.2 Our collaborators, the Prescher group at
UCI, tested the biological stability of 1,2,4-triazines and confirmed their potential as a new
class of bioorthogonal reagents.21P

The decrease in reactivity in going from tetrazine to triazine, as shown in the D/l analysis of
their reactions with ethylene, comes from the decrease in interaction energy and increase in
distortion energy. To achieve better overlap of the interacting orbitals, 1,2,4-triazine has to
distort more to achieve the transition state than 1,2,4,5-tetrazine (Figure 14). The intrinsic
reactivity of triazine can be tuned by installing different substituents. We showed that
various aryl groups at C6 can alter the rate constant for the triazine—frans-cyclooctene
ligation by 1 order of magnitude.?1P

Figure 15 shows that 5-phenyl-1,2 4-triazine has a much higher reactivity than 6-
phenyl-1,2,4-triazine and 3,6-diphenyl-1,2,4,5-tetrazine in reactions with sterically hindered
dienophiles such as TMTH. With a sterically unencumbered cyclopropene, by contrast, the
tetrazine is much more reactive. Our theoretical predictions were proven experimentally by
the Prescher group. 5-Phenyl-1,2,4-triazine reacts with TMTH rapidly with a second-order
rate constant of 0.22 M~1 s™1, while 6-phenyl-1,2,4-triazine and 3,6-diphenyltetrazine show
no reactivity toward TMTH.30
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6. Computational-Guided Discovery of Bioorthogonal Reactions of Sydnones

In order to explore extraordinarily complex biological processes, new bioorthogonal and
mutually orthogonal reactions are needed. Many groups are developing new bioorthogonal
reactions with appropriately high rate constants and selectivities. Experimental screening is
time-consuming, but we have developed a computational screening process that led to the
prediction of the high reactivity of sydnones with two distortion-promoted
dibenzocyclooctyne analogues (DIBAC and BARAC).21€

The mesoionic structure of sydnones was first discovered in 1935,31 but it was about 30
years later when Huisgen reported the (3 + 2) cycloadditions of sydnones with alkynes to
form pyrazoles.32 Widely used as a powerful tool in the synthesis of heterocyclic
compounds, the 1,3-dipolar cycloaddition of sydnone was recently applied to bioorthogonal
chemistry. Taran and co-workers reported the highly efficient and selective copper-catalyzed
cycloadditions of sydnone with terminal alkynes33 and demonstrated the satisfying
biocompatibility of such reactions. Wallace and Chin?1d improved the reaction by
introducing the strain-promoted cyclooctyne, bicyclo[6.1.0]-nonyne (BCN), which reacts
with A-phenylsydnone at ambient temperature with a rate constant of 0.054 M~1s71,

Our group computationally screened a variety of reactions of A-phenylsydnone with a series
of distortion-promoted alkenes and alkynes (Figure 16). DIBAC and BARAC show even
better reactivities than BCN; the rate constants of the two reactions are predicted to be 1 and
10 M1 571 respectively. By contrast, norbornene was found to be the least reactive with
sydnone. We predicted that two pairs of orthogonal reactions could be applied to probe
multiple biomolecules. Our collaborators, the group of Jennifer Murphy at UCLA,
confirmed this prediction and successfully labeled two proteins, bovine serum albumin and
ovalbumin, simultaneously (Figure 17).21€

7. Computational Screening of New Bioorthogonal Cycloadditions

This Account has described the development of a theoretical understanding of a variety of
cycloadditions, using the distortion/interaction model to help extract information on factors
that control reactivities. Given the wealth of information about which diene, 1,3-dipole, and
dienophile or dipolarophile are bioorthogonal, the number of possible combinations of
reactions that might be used to probe biology is enormous! It would be very useful to know
in advance what the rate constants for each of these reactions will be and to screen hundreds
of potential reactions in advance of experiments.

We have begun to amass exactly such information by performing computational predictions
of second-order rate constants for reactions in water at room temperature. The rate constants
are derived from calculated activation barriers corrected with the calibration formula shown
in Figure 6. Figure 18 gives a “heat map” or “reactivity matrix” of predicted rate constants
(in M1 s71) for 121 reactions of 11 1,3-dipoles/dienes with 11 dipolarophiles/dienophiles.
The map is color-coded according to the calculated rate constants.

Comparisons of experimental rates for typical cases to the predicted rate constants in Figure
18 show that our predictions are within an order of magnitude of the experimental rate
constants. For example, the reactions of azide with cyclooctyne species were observed to
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have second-order rate constants within the range of 1073 to 1072 M1 571, in excellent
agreement with our calculations. Diphenyltetrazine has been shown to react more rapidly
with dienophiles than dimethyltetrazine by about 1 order of magnitude. A detailed
discussion of the substituent effects on tetrazine was reported by our group.3* Recently,
triazine was proposed and tested as a bioorthogonal reactant, 2 and 5-substituted triazines
have better reactivities than 3- or 6-substituted triazines toward sterically encumbered
dienophiles such as TMTH.30 All of the functionalities in Figure 18 have been used in
bioorthogonal chemistry, so we know that compounds with these reactive groups will indeed
be bioorthogonal, allowing applications in actual cellular milieu.

A great advantage of this reactivity matrix is that it provides a convenient way to design new
mutually orthogonal reaction pairs. The dashed rectangle at the middle left of Figure 18
shows the mutual orthogonality of methyl azide and dimethyltetrazine with trans-
cyclooctene and dibenzocyclooctyne (as discussed earlier in this Account). Methyl azide
reacts rapidly with dibenzocyclooctyne but slowly with #rans-cyclooctene; on the contrary,
dimethyltetrazine is highly reactive toward #rans-cyclooctene but inert toward
dibenzocyclooctyne. On the reactivity matrix, mutual orthogonality requires two boxes on
two opposing corners (one diagonal) of the rectangle to be green, while those on the other
two corners are red. We mark these corners with green and red circles, respectively, to
indicate that they represent mutually orthogonal pairs. With such general guidelines, we are
able to predict other mutually orthogonal reactions: for a given column (one 4
cycloaddend), we scan down the column to find a green box and a red box, and then we scan
across those two rows to look for red and green complementary boxes in the same column.
One example is shown by the smaller dashed rectangle in Figure 18—sydnone and
diaryltetrazine reacting with dibenzocyclooctyne and norbornene (for details, see Figure 17).
The actual reagents to be used will be substituted versions of those in our reactivity matrix.

IV. CONCLUSION

The development of bioorthogonal cycloadditions has been extraordinarily rapid in the 21st
century since click chemistry began to be used for these purposes. The contributions of
computations to this field began in the past decade and have matured as computations have
become a full partner with experiment for understanding and discovery.
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Figure 1.
Representative bioorthogonal cycloaddition. The probe and reporter contain functional

groups that undergo a cycloaddition to form a new ring, represented by the circle in the
product.
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Figure 2.

Range of rate constants for various examples of bioorthogonal reactions. The first is the
Staudinger ligation, one of the first bioorthogonal reactions developed by the Bertozzi
group, and the other three reactions are later-developed bioorthogonal cycloadditions.
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Examples of bioorthogonal cycloadditions that are also mutually orthogonal. R1-N3 = Alexa
Fluor 647 azide; R% = (CH,)sNH,; R3 = PEG4-CO,H.
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Figure 4.
D/I model. Black arrow, activation energy; red arrow, interaction energy; blue and green

arrows, distortion energies of the diene and dienophile, respectively.
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Experimentally measured second-order rate constants for six bioorthogonal

cycloadditions.14a21
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Figure 6.
Computed activation free energies (AGﬁompt) correlate well with experimentally observed

values (AGL,).
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Figure 7.
(a) Cyclooctynes and dibenzo analogues (Oct, MOFO, DIFO, DIBO, DIBAC, BARAC) and

their rate constants (in M~ s™1) for reactions with benzyl azide. (b) Cycloaddition reactions
of BARAC analogues 1-11 with benzyl azide.
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Figure 8.

D/l analysis of reactions of methyl azide with BARAC analogues 1 and 8-10.
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Figure 9.

D/l analyses of reactions of methyl azide and dimethyltetrazine with frans-cyclooctene,
cyclooctyne, and dibenzocyclooctyne. Calculated energies are shown in kcal/mol.
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Figure 11.
Orthogonal reactions of 1,3-disubstituted cyclopropenes with tetrazines and 3,3-

disubstituted cyclopropenes with nitrile imines.
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Figure 12.
D/I analysis of reactions of nitrile imine and tetrazine with 1,3- and 3,3-

dimethylcyclopropene. Calculated energies are shown in kcal/mol.

Acc Chem Res. Author manuscript; available in PMC 2017 November 07.

TS15b

NN
Ph\P “Ph

1

19.4
0.85

TS16a

N, -Ph

Ph—z N

.

19.3
1.0

11.7

Page 25

TS16b
i
Ph\y “V-Ph
25.5
2.8 X 107

-13.7

24.0

10.3




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Liuetal.

Page 26

1.0

\V 2.3

0.16

MeVO)LNHQ 0.13
hAval

0.0045

Me\v/\ 0.067
H
v

0]
Me /\)J\ ~_OH
AV N

0
Me\v/\ OJLH/\/OH

0.74

0.336

0.20

0.366

o 9
Mevuwu/\/% 0.65

Figure 13.

Tetrazine ligation with 1-methyl-3-substituted cyclopropenes: (left) computed rate constants
(Keompt); (right) experimentally measured rate constants (kexpt). The substrates used in the
calculations were simplified versions of those used in the experiments.
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Figure 14.
D/l analysis of the reactions of 1,2,4-triazine and 1,2,4,5-tetrazine with ethylene and the

LUMO+1 energies of 1,2,4-triazine and 1,2,4,5-tetrazine.
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Figure 15.

D/l analysis of factors controlling mutually orthogonal cycloadditions involving triazines
and tetrazines.
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Figure 16.
Computational screening of cycloadditions of A~phenylsydnone (3 + 2) with dipolarophile
candidates.
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Figure 17.
Mutual orthogonal cycloadditions of sydnone and tetrazine.
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Figure 18.
Reactivity matrix of cycloaddition reactions among known bioorthogonal compounds. Each

box is color-coded according to the calculated second-order rate constant. Mutual orthogonal
cycloaddition pairs are shown on the corners of the dashed boxes: green circles represent
rapid reactions, while red circles stand for slow/unlikely reactions.
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